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Abstract

Despite recent progress, we still know relatively little about the genetic architecture that
underlies adaptation to divergent environments. Determining whether the genetic
architecture of phenotypic adaptation follows any predictable patterns requires data
from a wide variety of species. However, in many organisms, genetic studies are
hindered by the inability to perform genetic crosses in the laboratory or by long
generation times. Admixture mapping is an approach that circumvents these issues by
taking advantage of hybridization that occurs between populations or species in the
wild. Here, we demonstrate the utility of admixture mapping in a naturally occurring
hybrid population of threespine sticklebacks (Gasterosteus aculeatus) from Enos Lake,
British Columbia. Until recently, this lake contained two species of sticklebacks adapted
to divergent habitats within the lake. This benthic-limnetic species pair diverged in a
number of phenotypes, including male nuptial coloration and body shape, which were
previously shown to contribute to reproductive isolation between them. However, recent
ecological disturbance has contributed to extensive hybridization between the species,
and there is now a single, admixed population within Enos Lake. We collected over 500
males from Enos Lake and found that most had intermediate nuptial colour and body
shape. By genotyping males with nuptial colour at the two extremes of the phenotypic
distribution, we identified seven genomic regions on three chromosomes associated with
divergence in male nuptial colour. These genomic regions are also associated with
variation in body shape, suggesting that tight linkage and/or pleiotropy facilitated
adaptation to divergent environments in benthic-limnetic species pairs.
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gress, many questions about the genetics of adaptation

Introduction . . . . . .
still remain and addressing these questions will require

A major challenge in evolutionary biology is to under-
stand the genetic mechanisms by which organisms
adapt to divergent environments. Despite recent pro-
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empirical data from a variety of species and systems
(Hoekstra & Coyne 2007; Stern & Orgogozo 2008). The
development of genetic and genomic resources for a
number of organisms has made it possible to use meth-
ods such as quantitative trait locus (QTL) mapping to
investigate the genetic changes that occur during adap-
tation (reviewed by Orr 2005). However, QTL mapping
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has not been feasible in most natural populations of
vertebrate species or in any taxa with a large physical
size and a long generation time. As an alternative, pop-
ulation genomic approaches that use genome-wide pan-
els of molecular markers to identify regions of the
genome with genetic signatures of selection have been
used (Luikart et al. 2003; Schlotterer 2003; Storz 2005;
Stinchcombe & Hoekstra 2008; Nosil et al. 2009; Hohen-
lohe et al. 2010; Stapley et al. 2010). An obstacle in these
studies is the difficulty of correlating molecular signa-
tures of selection with the actual phenotypic traits
under selection (Stinchcombe & Hoekstra 2008; Nielson
2009; Nadeau & Jiggins 2010).

Alternative mapping approaches circumvent these
limitations by taking advantage of historical recombina-
tion events that have occurred within a population to
identify genotype—phenotype associations in naturally
interbreeding populations (Slate 2005; Buerkle & Lexer
2008; Stinchcombe & Hoekstra 2008). This linkage dis-
equilibrium (LD) or association mapping approach has
now been widely used in human genetic studies (Hind-
orff et al. 2011). Whole-genome association studies gen-
erally require a very dense map of genetic markers
when populations have been interbreeding for hun-
dreds to thousands of generations (Stinchcombe &
Hoekstra 2008). Although the recent development of
genotyping  strategies based on next-generation
sequencing suggests that association mapping will be
feasible in any organism (Nadeau & Jiggins 2010;
Stapley et al. 2010; Davey et al. 2011), the number of
individuals required and the associated costs of geno-
typing can still be prohibitive (Winkler ef al. 2010). As
an alternative, it is possible to use ‘admixture mapping’
in recently interbreeding populations. Although the
regions of LD are much larger in recently interbreeding
populations, resulting in lower resolution than can be
obtained by association mapping, fewer individuals and
markers are needed for an initial mapping study
(Winkler et al. 2010). Admixture mapping has now
been widely used to identify loci for human disease
susceptibility (Winkler et al. 2010), and to identify geno-
mic regions that contribute to reproductive isolation
and phenotypic divergence in nature (Rieseberg &
Buerkle 2002; Buerkle & Lexer 2008; Lexer et al. 2010).

In this study, we use admixture mapping to study
the genetics of adaptive traits that also contribute to
reproductive isolation in natural populations of three-
spine sticklebacks (Gasterosteus aculeatus). These fish are
known for their rapid morphological, physiological and
behavioural divergence, which occurred after marine
ancestors invaded newly created freshwater lakes and
streams at the end of the last ice age 10-15 000 years
ago (Bell & Foster 1994). Divergent populations can be
crossed in the laboratory, and recently available genetic

and genomic tools (Peichel et al. 2001; Kingsley et al.
2004; Kingsley & Peichel 2007; Hohenlohe et al. 2010;
Jones et al. 2012) can be used to investigate the genetic
mechanisms of adaptation in these fish. In particular,
QTL mapping has been performed to identify regions
of the genome and, in some cases, the actual genes that
underlie variation in a number of morphological and
behavioural traits (Peichel et al. 2001; Colosimo et al.
2004, 2005; Cresko et al. 2004; Shapiro ef al. 2004;
Kimmel ef al. 2005; Miller et al. 2007; Albert et al. 2008;
Kitano et al. 2009; Chan et al. 2010; Greenwood et al.
2011). Although QTL mapping with laboratory crosses
of sticklebacks has been successful, there are some limi-
tations that can be overcome by admixture mapping.
First, taking advantage of historical recombination
events that have occurred in a natural population cir-
cumvents the time and space required to rear the large
number of fish required for QTL mapping. Second,
some phenotypes such as colour and behaviour are
more robustly expressed in natural habitats (J. Bough-
man and C. Peichel, unpublished), broadening the types
of phenotypic traits that can be productively studied.
Third, recombination over the successive generations of
hybridization breaks up the chromosomal blocks. Thus,
even recently hybridizing natural populations are likely
to harbour smaller blocks than those that are obtained
after two generations of intercrossing, which is what is
typically used for QTL mapping studies in sticklebacks.

Here, we focused on divergence in two traits, male
nuptial colour and body shape, in benthic and limnetic
species from Enos Lake. This is one of seven lakes in
British Columbia that has contained two species of stick-
lebacks: a bottom dwelling, deep-bodied benthic species
that feeds on macroinvertebrates and an open water,
streamlined limnetic species that feeds on plankton
(McPhail 1984, 1992, 1994; Gow et al. 2008). Divergence
in male nuptial colour and body shape are both adapta-
tions to the different environments inhabited by limnetic
and benthic sticklebacks and contributes to reproductive
isolation in the species pairs (Schluter & McPhail 1992;
Boughman 2001; Boughman et al. 2005; Head & Bough-
man unpublished). Differences in body shape facilitate
specialized feeding and are heritable (McPhail 1984,
1992, 1994; Schluter & McPhail 1992). Differences in
male nuptial colour are conspicuous in the distinct pho-
tic environments found within Enos Lake. Limnetic
males mate in shallow areas where the water is clear,
and these males display breeding coloration consisting
of a red throat, bright blue eyes and a blue or green
back. By contrast, benthic males mate in deeper vege-
tated areas where the water is red-shifted, and they
develop a dark black colour throughout the body (McP-
hail 1984; Boughman 2001). Divergence in male nuptial
colour contributes to reproductive isolation between the
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benthics and limnetics in Enos Lake, suggesting that it
is adaptive and has contributed to speciation in these
fish (Boughman 2001; Boughman et al. 2005). These dif-
ferences in male nuptial colour have a genetic basis (Le-
wandowski & Boughman 2008), but males do not
express these colours as robustly in the laboratory as in
the wild, making nuptial colour a particularly appealing
trait for admixture mapping in sticklebacks.

The unique evolutionary history of the Enos Lake
species pair has also created an ideal population for
admixture mapping. Although the benthic and limnetic
species in Enos Lake were once reproductively isolated
(McPhail 1984; Ridgway & McPhail 1984), both morpho-
logical and genetic data demonstrate that these popula-
tions have been interbreeding for at least ten
generations (Kraak et al. 2001; Gow et al. 2006; Taylor
et al. 2006). Fish sampled prior to 1994 can be classified
both morphologically and genetically as benthics or lim-
netics, but by 2002, fish are neither morphologically nor
genetically classifiable to species, suggesting that inter-
breeding between the two Enos Lake species has cre-
ated one admixed population (Taylor et al. 2006).
Ecological disturbance is thought to have contributed to
the increased hybridization, both by reducing sexual
isolation (Lackey & Boughman unpublished) and by
ecologically dependent postmating isolation (Behm
et al. 2010). This reverse speciation event in Enos Lake
has made it difficult to obtain individuals from the pure
species for standard QTL mapping. However, recent
hybridization does make it possible to use admixture
mapping to identify genomic regions associated with
colour and shape differences, and to determine whether
these two key components of reproductive isolation are
linked to the same regions of the genome.

Materials and methods

Fish sampling and colour measurements

We collected a total of 508 males with minnow traps and
dip nets throughout Enos Lake, Vancouver Island, Brit-
ish Columbia, during the breeding seasons of 2006 (June
1-4; n = 227 males) and 2007 (May 21-24; n = 281 males).
We scored seven traits relating to male nuptial colour on
live males in the field. Five traits (red throat area, red
throat intensity, eye colour intensity, body darkness and
body brightness) were numerically scored on a scale
from 0 (no colour) to 5 (maximal colour), with 11 values
possible (e.g. 0, 0.5, 1, 1.5; Fig. S1, Supporting informa-
tion). The presence or absence of erythrophores and mel-
anophores was scored as two independent traits.

The left side of each individual was photographed
under a canopy with a digital camera (Canon G7). To
account for fluctuating natural light conditions, we used
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a constant neutral grey background in the photographs.
This allowed for levelling of each digital image using
Adobe Photoshop 7.0.1. After each image was taken, we
clipped half of the caudal fin and stored it in 95% etha-
nol. Each male was released into the lake after the
tissue sample was obtained.

Once the images were processed, two independent
people examined all photographs from the June 2006
and May 2007 collections to select individuals with the
most extreme nuptial coloration for bulk segregant anal-
ysis. Males with a red throat colour and no visible mel-
anophores on the throat were placed in the extreme red
group, males that were black throughout the entire
body with no visible erythrophores on the throat were
placed in the extreme black group, and males that dis-
played both red throats and black coloration throughout
their bodies were placed in the intermediate group
(Fig. 1). For each of these categories, each person inde-
pendently selected fewer than 5% of the total individu-
als (person 1: n =14 red males; n =21 black males;
n =19 intermediate males; person 2: n = 18 red males;
n =16 black males; n =18 intermediate males). A
majority of these males were independently chosen by
both parties (n =10 red males; n =16 black males;
n =15 intermediate males). To create DNA pools with
an equal number of red and black males (1 = 17 males
in red pool; n =17 males in black pool), seven addi-
tional red males and one additional black male were
chosen from the combined list of males originally cho-
sen by each person. Spearman’s correlation coefficients
were used to test whether there were significant correla-
tions between each of the five numerically scored colour
traits (red throat area, red throat intensity, eye colour
intensity, body darkness and body brightness) and col-
our category (red or black) in these 34 males.

Microsatellite genotyping

Genomic DNA was isolated from fin clips of all sam-
ples by phenol-chloroform extraction, followed by etha-
nol precipitation. For bulk segregant analysis
(Michelmore ef al. 1991), two DNA pools containing
equal concentrations (10 ng/pL) of each individual
DNA were prepared: the red pool contained DNA from
the 17 reddest males and the black pool contained
DNA from the 17 blackest males (Fig. 1). These two
DNA pools were each genotyped with 576 microsatel-
lite markers distributed throughout the stickleback gen-
ome on an Al 3100 (Applied Biosystems) as previously
described (Peichel et al. 2001). Peak sizes for each mar-
ker were viewed with GENEMAPPER 3.7 software (Applied
Biosystems). Only seven microsatellites on three linkage
groups (Stn5 on LG1, Stn43, Stn46 and Stn292 on LG4,
and Stn71, Stn74 and Stn321 on LG7; Table S1, Support-
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Fig. 1 Individuals representing the diversity of colour phenotypes present within the recently formed hybrid population of Enos
Lake. Representative males shown are a sample of those used in each colour pool: red phenotype (red with no presence of melano-
phores on the throat), intermediate phenotype (red throats and black coloration throughout the body) and black phenotype (black

with no presence of erythrophores on the throat). Scale bars = 0.5 cm.

ing information) displayed greater than a threefold dif-
ference in the fluorescence intensity of an allele between
the red and black pools. Differences in allele frequency
at these seven markers were first verified by genotyping
the 34 individuals used in the red and black pools.
Then, these seven markers were used to genotype all
508 individuals to analyse associations between geno-
type and phenotype.

Genetic ancestry analysis

To test for the possibility that individuals in the extreme
colour pools simply represent genetically pure benthics
or limnetics, individuals from the black (1 =17), red
(n=17) and intermediate pools (n =13) were geno-
typed with five unlinked microsatellite markers (Stn386
on LG2, Stn43 on LG4, Stn254 on LG12, Stn295 on LG19
and Stn216 on LG20; Table S1, Supporting information)
that have previously been used to classify individuals
from British Columbia species-pair lakes as benthic, lim-
netic or hybrid (Gow et al. 2006, 2008). STRUCTURE 2.2
(Pritchard et al. 2000; Falush et al. 2003, 2007) was then
used to cluster individuals based on likelihood of ances-
try. Analysis was performed under the admixture and
correlated allele frequency models with a ‘burn-in” per-
iod of 50 000 iterations followed by 200 000 Markov
chain Monte Carlo (MCMC) repetitions. To determine
the most likely number of genetic clusters (K), five runs
of each probable K value (one through five) were car-
ried out with the same number of ‘burn-in’ iterations
and MCMC repetitions as earlier. The optimal value of

K =2 was determined both by the estimated natural
logarithm probability of data (L(K)) and by the ad hoc
statistic AK (Evanno et al. 2005).

Analysis of association between colour and genotype

Nonparametric Kruskal-Wallis tests were used to test
for associations between colour phenotypes and geno-
types in the sample of all 508 individuals for each of
the seven markers first identified in the bulk segregant
analysis. The false discovery rate (FDR; Benjamini et al.
2001) was used to adjust significance thresholds for
multiple tests. In addition, we performed single marker
linear models, as well as a joint model with all markers
examined simultaneously (full model). Unless specified,
all analyses are based on the full model incorporating
all markers, size and year. These analyses were per-
formed in Rr (V2.12.1) using custom scripts (available on
DRYAD).

Shape analysis

Morphometric analysis was carried out on the digital
images of the 508 wild-caught individuals. The 20 land-
marks (Fig. 2a) were chosen based on a previous analy-
sis of benthic and limnetic shape in Enos Lake (Taylor
et al. 2006), and a QTL mapping study of shape differ-
ences between Paxton Lake benthic and marine stickle-
back (Albert et al. 2008). Landmark coordinates were
created using tpsDig2 (Rohlf 2004) and used for relative
warp analysis using tpsRelw (Rohlf 2005) as previously

© 2012 Blackwell Publishing Ltd
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(a) Landmarks

(b) PLS1

(c) PLS2

Fig. 2 Morphometric analysis of body shape, and its association with colour. (a) The 20 numbered landmarks are shown on a ran-
domly chosen Enos Lake male: (1) anterior tip of upper lip; (2) anterior extent of eye; (3) dorsal extent of eye; (4) posterior extent of
eye; (5) supraoccipital notch lateral to the dorsal midline; (6) point of intersection between the dorsal midline and the line starting in
landmark 5; (7) anterior insertion of first dorsal spine; (8) anterior insertion of second dorsal spine; (9) anterior insertion of third dor-
sal spine; (10) posterior insertion of dorsal fin; (11) posterior extent of caudal peduncle; (12) posterior insertion of anal fin; (13) ante-
rior insertion of anal fin; (14) insertion of pelvic spine into pelvic girdle; (15) ventral extent of operculum; (16) posteriodorsal extent
of operculum; (17) dorsal extent of preopercular; (18) posterioventral extent of preopercular; (19) anterioventral extent of preopercu-
lar; (20) posterior tip of upper lip. The shape changes that maximally covary with colour in the sample of 508 individuals were deter-
mined using partial least squares (PLS) analysis. (b) PLS1 accounts for 79.99% of the covariation between shape and colour and
shows covariation of overall body depth with red throat area and intensity, and to a lesser degree with body brightness and darkness
(Fig. S3 and Table S3, Supporting information). Deeper-bodied fish (dark blue outline) are darker and have less intense red throats.
(c) PLS2 accounts for 17.35% of the covariation between shape and colour and largely shows covariation between head shape and
the brightness—darkness axis (Fig. S3 and Table S3, Supporting information). Fish with smaller heads (dark blue outline) are
brighter. In (b) and (c), the light blue outline represents the population mean.

described (Taylor et al. 2006). Given that different scal-
ing factors were used for the camera between the two

S Sw2
. . . . S»1 S
sampling years, we adjusted by centring and scaling by

the medians for the samples. This allows for a suitable
correction for scaling; however, any overall differences
in size between years will be confounded in the
analysis.

Covariation between shape and colour

To assess covariation between shape and colour in the
entire sample of 508 males, two-block partial least
squares (PLS) analysis (Klingenberg & Zaklan 2000;
Rohlf & Corti 2000) was used. This method performs a
singular value decomposition on the matrix of covari-
ances between two blocks of variables, in this study
represented by colour and shape, respectively. This can
be represented as follows:

© 2012 Blackwell Publishing Ltd

where S;; and Sy, represent the variance-covariance
matrices for shape (Procrustes residuals) and colour,
respectively. Sp,, the matrix of interest, contains the
covariances between shape and colour variables. Singu-
lar value decomposition is used on Sj, to extract vec-
tors representing linear combinations of the original
variables that maximally covary (between shape and
colour). The first singular value represents the maximal
degree of covariation between shape and colour, with
each additional set of new variables representing statis-
tically independent sets of shape and colour variables
that covary (each successively smaller than the last). For
these analyses, it was first confirmed that the residuals
of the numerically scored colour traits conformed to a
normal distribution. The analysis and visualizations
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were generated using MorPHOJ (Klingenberg 2011), with
1000 permuted data sets to generate an empirical sam-
pling distribution under the null model of no covaria-
tion. These results were confirmed using custom R
scripts (available on DRYAD). In addition to using
these vectors to assess and visualize the relationship
between colour and shape, we additionally used them
as covariates in the mapping analyses (below) to adjust
for the potential pleiotropic effects of the markers on
both shape and colour.

A scalar measure of covariation between shape and
colour, the RV coefficient, was used (Escoufier 1973;
Robert & Escoufier 1976; Klingenberg 2009):

B trace (S12521)
\/trace (S11S11) trace (S22522)

RV

where the numerator can be interpreted as the total
amount of covariation between the shape and colour
(Rohlf & Corti 2000), and the denominator as the total
amount of variation in the two sets of variables, thus
scaling the numerator (Klingenberg 2009). For the bivar-
iate case, this is equivalent to the Pearson correlation
coefficient. The RV coefficient was estimated in MORPHOJ
(Klingenberg 2011) and confirmed with custom R scripts
(available on DRYAD).

Multivariate analysis of the association between shape
and genotype

To test the association between genotype at each of the
seven microsatellite markers identified in the bulk seg-
regant analysis and shape phenotypes in the entire sam-
ple of 508 males, two approaches were utilized. First,
single marker analysis was performed, in which just the
marker of interest plus covariates of size and year of
collection were each used in a separate maNova. For the
shape data, both the Procrustes residuals for all land-
marks and the partial warps and uniform components
were examined (Rohlf & Bookstein 2003). These two
methods were used to confirm that the results using the
Procrustes residuals were stable given the need to use a
generalized inverse for the calculations and to provide
comparison. Because both methods give similar results,
we report just the results from the analysis of partial
warps and uniform components. For statistical infer-
ence, individual marker level permutation tests (with
10 000 permutations), as well as experiment-wise error
rates (Churchill & Doerge 1994), were performed using
custom R scripts (available on DRYAD).

Second, a model was examined that included all
seven markers, as well as size and year as covariates, to
allow for adjustments due to any lack of independence
among markers. To evaluate how colour and shape are

jointly influenced by the same loci, the same models as
described earlier (both single marker and all markers)
were used, this time including the PLS scores for the
colour variables (both PLS1 and PLS2).

Given that most of the microsatellite markers had
more than two alleles, pairwise comparisons on geno-
types within markers were made using canonical vari-
ates analysis in MoOrrHO]. Both Procrustes and
Mahalanobis distance for the observed value were
examined and compared to an empirical distribution
generated using 10 000 permutations under the null
model of no influence of genotype. Percent variance
explained (PVE) was calculated by estimating the full
and partial coefficients of determination from the indi-
vidual marker models, as well as from the complete
model (with all markers, size and colour PLS scores) by
comparing the ratio of total variance for the fitted val-
ues over the total variance for the original data, using
modified functions from (Claude 2008). In these analy-
ses, it is possible that PVE is overestimated because
these markers were first identified in the extreme colour
pools. However, these analyses were conducted using
the phenotype and genotype data from the full sample
of 508 males and should reflect the relative effect sizes
of these loci in the population sampled.

Results

Distribution of phenotypes among Enos Lake males

The majority of Enos Lake males collected in 2006 and
2007 had intermediate nuptial coloration, with aspects
of both red and black nuptial coloration appearing in
various combinations (Fig. 1). There was substantial
variation in all the traits scored across the 508 males
(Fig. S1, Supporting information). Approximately 3%
(n =17) of the males were categorized as having an
extreme red nuptial colour, and 3% (n =17) of the
males were categorized as having an extreme black
nuptial colour (Fig. 1). Within these red and black cate-
gories, red throat area, red throat intensity, body dark-
ness and body brightness were significantly correlated
with colour category and with each other, but not with
eye intensity (Table S2, Supporting information).

Identification of genomic regions associated with male
colour differences

Of the 576 microsatellite markers used to genotype the
two extreme colour DNA pools, PCR products were
obtained for 498 markers (86%) and 439 markers (76%)
were informative (i.e. polymorphic). Only seven mark-
ers showed differences in allele frequencies between the
red and black pools. These markers are located on three
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linkage groups: Stn5 on LG1; Stn43, Stn46 and Stn292
on LG4; Stn71, Stn321 and Stn74 on LG7 (Table Sl1,
Supporting information). When the individuals from
the pools were genotyped with these seven markers,
there were significant differences in the relative fre-
quencies of the alleles present in red and the black indi-
viduals (P < 0.0001 for all markers; Fig. 3). A single
allele was primarily associated with black colour for all
markers, while several alleles were associated with red
colour at some markers (Fig. 3). However, when com-
paring the mean number of alleles between the black
and red pools, this difference did not quite reach signif-
icance (f = 1.84; P = 0.08).

The full sample of 508 individuals was then geno-
typed with the markers identified in the bulked segre-

individuals at these seven markers were analysed, there
were significant associations between colour phenotypes
(red throat area, red throat intensity, body brightness
and body darkness) and genotype (Kruskal-Wallis test;
P < 0.0005 for all seven markers; Table 1).

Assessing benthic—limnetic ancestry

Given the small number of males with extreme red or
black nuptial colour, it was possible that the black
males are the remaining ‘pure’ benthic forms and that
the red males are the remaining ‘pure’ limnetic forms
in Enos Lake. To assess genetic ancestry, the 47 individ-
uals from the red, black and intermediate categories
were genotyped using five unlinked markers that have

gant analysis. When the genotypes of all 508 previously been used to distinguish sympatric benthic
_ Linkage group 1: Stn5
8 30
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o
e 10
° 5
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Fig. 3 Allele counts in males of the black pool (black bars) and males of the red pool (red bars) at seven markers (Stn5 on LGI;
Stn43, Stn46, Stn292 on LG4; Stn71, Stn321, Stn74 on LG7). The alleles present in males displaying extreme red colour differ signifi-
cantly from the males displaying extreme black colour at all seven markers (P < 0.0001), using either a Pearson chi-square test or
Fisher’s exact test with a continuity correction when only two alleles were present.

Table 1 Associations between male colour phenotypes and genotypes in all 508 individuals sampled. P-values are shown and were
calculated using the Kruskal-Wallis test. All associations are statistically significant using a false discovery rate of « = 0.05

Marker LG Red throat area Red throat intensity Body brightness Body darkness
Stnb 1 8.28E-08 9.11E-15 9.65E-06 1.39E-07
Stn43 4 2.88E-04 5.59E-10 1.63E-15 2.75E-13
Stn46 4 4.31E-06 9.56E-12 1.42E-15 1.78E-13
Stn292 4 9.88E-04 9.03E-07 1.35E-18 4.02E-19
Stn71 7 3.08E-16 2.21E-26 4.43E-08 1.09E-05
Stn321 7 8.20E-10 8.08E-25 1.16E-11 1.50E-10
Stn74 7 9.64E-11 1.44E-26 2.91E-09 9.43E-09
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and limnetic forms in British Columbia (Gow et al.
2006, 2008; Table S1, Supporting information). When
these data were analysed using STRUCTURE, the most
likely number of population clusters was two (Fig. 4a;
see Methods). Red males had a higher average probabil-
ity (85 +0.04%) of belonging to one cluster, which
likely represents limnetic ancestry. Conversely, black
males had a higher average probability (71 + 0.07%) of
belonging to the other cluster, which likely represents
benthic ancestry. Males that had an intermediate pheno-
type also had a higher average probability of belonging
to the same cluster as those of the black phenotype
(62 £ 0.09%).

To investigate whether any one of the five markers
had a strong influence on these results, the STRUCTURE
analysis was repeated, excluding each of the five mark-
ers from the analysis one at a time. When Stn43 was
excluded, the four remaining markers showed complete
admixture; individuals had an average probability of
50 + 1% (range, 45-55%) of belonging to either of the
two genetic clusters (Fig. 4b). Stn43 was one of the
seven markers found to have a significant difference in
allele frequency between the red and black pools in the
bulk segregant analysis. Thus, with the exception of the
marker linked to colour, the males used for bulk segre-
gant analysis appear to be genetically admixed.

Associations between body shape and male colour

Benthics and limnetics differ dramatically in their over-
all body shape: limnetics have streamlined bodies,
while benthics have deeper bodies (Schluter & McPhail

1992). To determine whether shape is segregating inde-
pendently of colour in the population, an analysis of
body shape was performed by placing 20 landmarks on
digital images of the complete set of individuals
(n = 508; Fig. 2a). When the first and second relative
warps of shape are plotted, a single cluster is observed,
consistent with previous studies (Taylor et al. 2006;
Behm et al. 2010). However, there is some evidence that
males from the black and red pools show differences in
shape (Fig. S2, Supporting information). Consistent
with this analysis, using two-block partial least squares
(PLS) analysis, significant covariation between colour
and shape was observed in the complete set of 508 indi-
viduals (Fig. 2). The overall magnitude of covariation
between shape and colour variables was 0.11, as mea-
sured using the RV coefficient, consistent with a modest
degree of phenotypic covariation. The first PLS
accounted for 79.99% of the explained covariance and
is most strongly associated with a vector dominated by
the influence of red throat intensity and area, and with
decreasing darkness (Fig. S3 and Table S3, Supporting
information). Fish with more negative values of PLS1
(i.e. darker) tend to be deeper-bodied than fish with
positive values of PLS1 (i.e. greater red throat area and
intensity) (Fig. 2b; Fig S3, Supporting information). The
second PLS accounts for 17.35% of this covariance and
is most strongly associated with variation in head
shape, body darkness and body brightness. Fish with
more positive values of PLS2 (i.e. brighter) tend to have
smaller heads (Fig. 2c; Fig. S3 and Table S3, Support-
ing information). Interestingly, variation in eye intensity
does not load substantially on either PLS.

12 3 45 6 7 8 9 1011 1213 14 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47

Red males

Black males

Intermediate males

12 3 45 6 7 8 9 1011 1213 14 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47

Red males

Black males

Intermediate males

Fig. 4 sTRUCTURE analysis with (a) all five markers included in the analysis and (b) Stn43 omitted from the analysis. Each column rep-
resents a male used in the pool indicated below the bracket. Bars represent the probability that the individual belongs to cluster 1

(red) and cluster 2 (dark grey).
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Linkage between genetic markers, male colour and body
shape

Given the covariation between shape and colour in
these males, we wanted to examine whether the associ-
ations between genotype and colour phenotype were
simply the result of linkage between these markers and
shape phenotypes. Thus, for both individual colour
traits and the linear combinations of colour traits that
explain the greatest covariation with shape (PLS1 and
PLS2), we performed single marker analyses, in addi-
tion to a model including all seven genetic markers, size
and year as explanatory covariates (Table 2). Including
all markers in the analysis, the genotypic effects
accounted for between 21.6% and 36.5% of the varia-
tion in the individual colour traits, 45.0% of the varia-
tion in PLS1 and 11.0% of the variation in PLS2. The

brightness where size accounts for an additional ~8%
of the phenotypic variance). Thus, there is still a signifi-
cant overall association between colour and the genetic
markers, even when covariation with shape is taken
into account.

To examine the association of the markers with
shape, we took an explicitly multivariate approach uti-
lizing both single marker analyses and a model simulta-
neously accounting for all markers, in addition to body
size and year of collection (Table 3). In general, these
results were largely consistent across analyses, with all
markers demonstrating a significant effect on shape,
both for the single and joint marker analyses. From the
single marker analyses, markers generally accounted for
between 4% and 6.6% of the variation in shape. In the
analysis of all markers simultaneously, the model
accounted for 19.3% of the variation in shape, and the

partial coefficients of determination accounted for
between 1.3% and 4.4% of the variation for the individ-

addition of the other covariates only adds a few addi-
tional percent variation (with the exception of body

Table 2 Effects of genotype on male colour phenotypes in all 508 individuals sampled. All seven markers, year and size were
included simultaneously as predictors for each colour trait. The P-value associated with the effect of a given predictor, adjusted for
all others (including all other markers), is given for each colour trait. PLS1 and PLS2 represent the linear combinations of colour
traits that explain the greatest covariation with shape. The percent variance explained (PVE) represents the influence of all markers
considered together (genotype) or all markers plus size and year of collection (full model). See Methods for full description of
models.

LG1 LG4 LG4 LG4 LG7 LG7 LG7 PVE PVE full
Trait Stnb Stn43  Stn46 Stn292  Stn71 Stn321 Stn74 Year Size genotype (%) model (%)
Area 0.0479 0.279  0.327 0.167 3.60E-05 0.0198 1.36E-10 2.68E-04 0.0395 23.8 27.0
Intensity ~ 9.34E-04 0.779  0.0157  0.0446  3.58E-05 6.15E-06 22E-16 6.87E-04 0.584 36.5 38.0
Brightness  0.531 0.328  5.03E-05 6.16E-04 0.0105 1.18E-03 4.66E-09 9.83E-07 1.79E-04 21.6 29.0
Darkness ~ 0.0598  0.724  3.99E-04 4.29E-03 0.0460 1.19E-04 5.84E-09 0.262 5.36E-06 21.6 25.6
PLS1 1.46E-04 0.0397 1.62E-04 0.607 1.14E-06  2.43E-09 2.20E-16 0.0127 0.0961 45.0 45.6
PLS2 0.660 0.630  0.0996 2.41E-04 4.31E-03 0.376 8.69E-03 2.72E-06 2.11E-04 11.0 18.6

Table 3 Associations between shape phenotype and genotype in all 508 individuals sampled. For single marker analysis, the multi-
variate linear model was fit with the focal marker, including size and year as covariates. Wilks lambda and the F approximation
were used to evaluate the probability of observing the data under the null model of no influence of the marker. Marker by marker
permutation tests were performed (1000 permutations computed experiment-wise, not by marker), with P < 0.001 for each marker.
The percent variance explained (PVE) is given for each marker without accounting for any other markers. We also examined all
markers simultaneously (including year and size), evaluated the significance of each marker via permutation and present the partial
PVE for each marker when accounting for other markers, year and size.

Single marker analysis All markers simultaneously

Marker LG Wilks 1 F P PVE (%) P Partial PVE (%)
Stnd 1 0.453 2.213 1.59E-16 4.25 <0.001 2.10
Stn43 4 0.207 1.412 5.03E-09 6.56 0.003 3.60
Stn46 4 0.317 1.413 4.04E-07 5.33 <0.001 2.90
Stn292 4 0.482 2.027 3.61E-13 4.02 <0.001 1.30
Stn71 7 0.314 1.423 2.28E-07 4.74 <0.001 2.20
Stn321 7 0.352 1.412 1.32E-06 4.64 0.02 2.80
Stn74 7 0.205 1.425 1.93E-09 6.14 <0.001 4.40

© 2012 Blackwell Publishing Ltd
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ual markers. Including body size and year of collection
into these models accounts for only an additional 4.5%
of the variation. We also examined an additional model
that included (in addition to markers, year and size) the
colour PLS scores from the partial least squares analy-
sis, to account for covariation between shape, colour
and the markers. While these colour scores are clearly
associated with shape (Fig. 2; Fig. S3 and Table S3,
Supporting information), the inclusion of these colour
vectors did not substantially change any results (with
all markers remaining significant). This model only
accounted for 26.1% of the overall variation as com-
pared to 23.8% without the colour PLS scores, suggest-
ing that colour is having relatively small influences on
the association between the shape and the markers.
Thus, we are able to independently map colour and
shape to the same genomic regions.

Discussion

Selective DNA pooling strategy

In this study, we took advantage of a unique hybrid
population and used an admixture mapping approach
to identify regions of the genome that contribute to var-
iation in male nuptial colour in the threespine stickle-
back. Using bulk segregant analysis (Michelmore et al.
1991), that is, pooling the individuals with the most
extreme colour phenotypes, we were able to rapidly
screen hundreds of genome-wide microsatellite markers
to identify genomic regions that are associated with
both male colour and body shape on three chromo-
somes. Although we may have lost some power to
detect loci of small effect through this selective DNA
pooling strategy, our preliminary screen was focused
on detecting loci with relatively major effects on male
nuptial coloration. Selective genotyping of pools of phe-
notypic extremes from laboratory crosses had been
shown to result in only a slight loss of power compared
to complete genotyping for detecting QTL of relatively
large effect (Darvasi & Soller 1994). This selective DNA
pooling strategy may also be useful for other admixture
mapping studies in natural hybrid populations, as it
greatly reduces the costs and time associated with geno-
typing a large number of individuals, even when using
next-generation genotyping technologies (Davey et al.
2011).

Assessment of population structure in Enos Lake

A major concern in admixture mapping is that popula-
tion structure can cause unlinked markers to appear
linked, resulting in spurious genotype—-phenotype asso-
ciations (Pritchard & Rosenberg 1999; Pfaff et al. 2001).

One way to determine whether population stratification
exists in an admixed population is to assess the levels
of background LD by genotyping with additional
unlinked markers (Pritchard & Rosenberg 1999; Falush
et al. 2003; Lexer et al. 2007, Gompert & Buerkle 2009).
Microsatellite markers are ideal because they provide
more power to detect any population structure com-
pared to biallelic markers and, as a result, fewer are
needed (Pritchard & Rosenberg 1999). For human popu-
lations, simulation studies suggested that genotyping
with at least 15-20 unlinked microsatellites would be
sufficient to detect any underlying population stratifica-
tion (Pritchard & Rosenberg 1999). However, using only
five markers is sufficient to detect population stratifica-
tion if diagnostic microsatellite markers for the ancestral
populations are available (Shriver et al. 1997; Pritchard
& Rosenberg 1999).

Previous work had identified a set of highly discrimi-
natory markers for the benthic-limnetic species pairs in
Enos, Paxton, Priest and Little Quarry lakes (Gow et al.
2006, 2008). To assess the genetic structure of the Enos
Lake sample, we genotyped the extreme individuals
used in the pools with five of these diagnostic markers
that are located on five independent linkage groups.
This analysis revealed a genetically admixed population
when we used four of five diagnostic markers (Fig. 4b).
Each individual has an approximately equal probability
of belonging to one of two ancestral groups, suggesting
that there is not major population stratification, even
within these individuals chosen for their extreme colour
phenotypes. Although we did not perform this analysis
on all 508 males in our sample, we thought it likely that
the highest levels of background LD would occur in
individuals with the most ancestral-like phenotypes (i.e.
pure red or pure black nuptial colour). Thus, our sTRUC-
TURE analysis with these four markers suggests that
Enos Lake is an admixed population, with little popula-
tion structure found in the individuals chosen for selec-
tive genotyping.

Interestingly, when a fifth diagnostic marker, Stn43,
was included in the analysis, some population structure
was apparent, with the red and black individuals hav-
ing a higher probability of belonging to different popu-
lations (Fig. 4a). This same marker, Stn43, was also
isolated in our bulk segregant analysis and shows a sig-
nificant association with both male nuptial colour and
body shape. Because these diagnostic markers were
identified in what was essentially a population genom-
ics approach to identify ‘outlier’ loci between popula-
tions (Luikart et al. 2003; Schlotterer 2003; Storz 2005;
Stinchcombe & Hoekstra 2008; Nosil et al. 2009), our
study demonstrates that these benthic-limnetic diagnos-
tic markers are likely linked to traits under divergent
selection, with Stn43 particularly linked to colour and

© 2012 Blackwell Publishing Ltd
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shape traits. Our results also suggest that combining a
population genomics approach with pools of individu-
als chosen to represent the extremes of phenotypic dif-
ferentiation between the populations has a high
probability of identifying loci linked to adaptive traits
in natural populations.

Linkage of male colour and body shape

From our genetic analysis, we conclude that the black-
est and reddest fish do not simply represent the
remaining ‘pure’ benthics and ‘pure’ limnetics in Enos
Lake. However, there remains substantial covariation
between body shape and male colour across all 508 fish
collected (Fig. 2; Figs S2 and S3, Supporting informa-
tion). Furthermore, all the markers that are significantly
associated with male nuptial colour are also signifi-
cantly associated with body shape, even after adjusting
for the patterns of phenotypic covariation (Tables 2
and 3). All of the genomic regions detected in our
study were identified in previous QTL studies of mor-
phological divergence between Paxton Lake benthic
and Japanese Pacific marine sticklebacks, including
divergence in body shape and skeletal traits (Colosimo
et al. 2004; Shapiro et al. 2004; Albert et al. 2008;
Table S1, Supporting information), for example, pelvic
reduction and three-shape QTL map to Stnb on LGI,
pelvic reduction, plate number and shape QTL map to
the same region of LG4 as we have identified in this
study, plate number QTL map to Stn71 on LG7 and ele-
ven-shape QTL map to Stn321 on LG7 (Colosimo et al.
2004; Shapiro et al. 2004; Albert et al. 2008). These
genomic regions were also identified as outliers in a
recent population genomic study of three other ben-
thic-limnetic species pairs (Jones et al. 2012). The con-
cordant locations of these mapped traits in stickleback
suggest that, at least in this system, there may be rela-
tively few genomic regions that make a large contribu-
tion to adaptation.

The seven markers that we found to be associated
with both male nuptial colour and body shape are
found on three linkage groups, with one marker on
LG1, three markers on LG4 separated by 9 megabases
(Mb) and three markers on LG7 separated by 14 Mb
(Table S1, Supporting information). As we have not yet
genotyped additional markers on these linkage groups,
we do not know the physical size of the genomic
regions that we have detected. It is possible that each of
the three loci that we have detected on LG4 or LG7 rep-
resents independent loci that each makes a separate
contribution to variation in male nuptial colour or body
shape. It is also possible that there is only a single locus
that contributes to phenotypic variation and that these
three loci might have been detected simply because

© 2012 Blackwell Publishing Ltd

there is a large block of linkage disequilibrium (LD) on
each of these linkage groups. Much additional work is
needed to establish the extent of LD in these regions, to
discern whether the loci we have identified on LG4 and
LG7 represent three distinct genomic regions or one
large genomic interval and to ultimately narrow down
these genomic regions to identify the actual genes that
underlie divergence in male nuptial colour and body
shape.

The blocks of LD we found might exist because they
have not yet been disrupted by recombination in this
recently admixed population. Alternatively, these blocks
of LD might remain because they harbour multiple
traits (such as colour and shape) that were important
for adaptation and/or reproductive isolation between
the benthic and limnetic species in Enos Lake, and are
therefore maintained by selective or genetic mecha-
nisms. Clustering of adaptive traits in few genomic
regions may be the result of multidimensional adapta-
tion. Organisms that colonize novel environments are
likely to be subject to divergent selection from multiple
sources acting on multiple traits. In our system, coloni-
zation of freshwater lakes by the ancestral oceanic stick-
leback would have exposed the fish to different prey
and predator communities and different water chemis-
try, potentially selecting on many morphological,
behavioural and physiological traits. We know that
many traits differ for benthic and limnetic sticklebacks
(Schluter & McPhail 1992). Correlational selection on
suites of adaptive traits could cause clustering of QTL
by favouring particular combinations of traits (i.e. red
colour with streamlined shape), thus favouring physical
proximity in the genome (Butlin 2005, McKinnon &
Pierrotti 2010). Although such tight linkage could be
facilitated by reduced recombination in inversions
(Noor et al. 2001; Rieseberg 2001; Butlin 2005; Kirkpa-
trick & Barton 2006; Hoffmann & Rieseberg 2008), we
do not yet have any evidence for inversions between
benthics and limnetics in these regions of the genome.
These regions may also represent ‘genomic islands of
divergence’ (Nosil et al. 2009) whereby differentiation
in regions under divergent selection accumulates
(including in regions that cause reproductive isolation),
spreading to regions linked to these QTL via hitchhik-
ing (Barton 2000). Finally, it is possible that detecting
linkage to the same genomic regions could arise
because the same genes control multiple traits (i.e. plei-
otropy). Additional work will allow us to disentangle
the selective and genetic mechanisms that underlie mul-
tidimensional adaptation in this system.

Regardless of the underlying mechanism, our data
are consistent with previous empirical work, demon-
strating that genetic linkage of traits underlying ecologi-
cal specialization and reproductive isolation might
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facilitate ecological speciation (Hawthorne & Via 2001;
Kronforst et al. 2006; Lowry & Willis 2010). Divergence
in body shape is important for adaptation to benthic or
limnetic habitats because of effects on foraging and
locomotion, and body shape is an important component
of mate choice in these species (Webb 1982, 1984;
Schluter & McPhail 1992; Walker 1997; Head & Bough-
man in revision). Similarly, divergence in male colour is
an adaptation to the different signalling environments
of benthic and limnetic mating habitat and has previ-
ously been shown to contribute to reproductive isola-
tion between the species pairs (Boughman 2001;
Boughman et al. 2005). Thus, it is possible that genetic
linkage between these traits might have facilitated the
process of ecological speciation in Enos Lake.

Prospects for admixture mapping in sticklebacks
and other organisms

There has been increasing interest in utilizing admix-
ture mapping in natural populations to identify the
genetic basis of adaptation and reproductive isolation
(Buerkle & Lexer 2008). The current study has provided
an example of using admixture mapping to identify
genomic regions associated with divergence in specific
traits that contribute to adaptation and speciation in
sticklebacks. Because admixture mapping relies upon
recent hybridization events, the power to more finely
map these large genomic regions is limited. Thus, fur-
ther work is necessary to determine which genes under-
lie divergence in stickleback male nuptial coloration
and body shape. However, this study demonstrates the
utility of this approach for the initial identification of
genomic regions that contribute to adaptive divergence
between natural populations. Because several morpho-
logical and behavioural traits differ between benthic
and limnetic sticklebacks, we can now use the admixed
Enos population to identify the genomic regions that
contribute to other divergent phenotypes. Although lab-
oratory crosses can be made in sticklebacks and provide
a complement to admixture mapping in hybrid popula-
tions, there are many interesting systems in which labo-
ratory crosses are simply not feasible. Therefore,
pursuing a similar strategy to the one used in our study
may be the only option for exploring the genetic basis
of adaptation in many systems. Admixture mapping
can also be used to identify regions of the genome
under selection or that contribute to reproductive isola-
tion (Gompert & Buerkle 2009, 2010). Due to the advent
of next-generation sequencing, identifying molecular
markers for any species is now feasible (Davey et al.
2011), suggesting that admixture mapping will be a
powerful approach to reveal the genetics of adaptation
and speciation in natural populations.
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