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Abstract

As natural selection must act on underlying genetic variation, discovering the number and
location of loci under the influence of selection is imperative towards understanding adaptive
divergence in evolving populations. Studies employing genome scans have hypothesized
that the action of divergent selection should reduce gene flow at the genomic loca-
tions implicated in adaptation and speciation among natural populations, yet once “‘outlier’
patterns of variation have been identified the function and role of such loci needs to be
confirmed. We integrated adaptive QTL mapping and genomic scans among diverging
sympatric pairs of the lake whitefish (Coregonus clupeaformis) species complex in order
to test the hypothesis that differentiation between dwarf and normal ecotypes at growth-
associated QTL was maintained by directional selection. We found evidence of significantly
high levels of molecular divergence among eight growth QTL where two of the strongest
candidate loci under the influence of directional selection exhibited parallel reductions of

gene flow over multiple populations.
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The role of natural selection in population divergence is
fundamental towards a comprehensive understanding of
biodiversity. Although directional selection is accepted
as the predominant driving force of phenotypic diver-
sification (Rieseberg et al. 2002), detecting the number and
location of chromosomal regions under the influence of
selection during adaptive divergence has been challenging
(Black et al. 2001; Luikart et al. 2003). Implicit within this
goal is an understanding of the genetic basis of adaptive
phenotypic differentiation and the action of selection on
this variation. Such knowledge will arguably become in-
creasingly central towards our interpretations of population
structure, speciation, and ultimately conservation.

Studies of genetic architecture (e.g. Via & Hawthorne
2002; Ungerer & Rieseberg 2003) and genome scans (e.g.
Akey et al. 2002; Brumfield et al. 2003; Storz & Nachman
2003) have attempted to address these issues. By mapping
the genome of a species through informative crosses, the
number of loci associated with trait variation, i.e. QTL,
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may be used to infer the genetic basis of adaptive traits
underlying species differences. How selection has shaped
genetic architecture has been increasingly documented
in plants (e.g. Bradshaw et al. 1995; Rieseberg et al. 1996;
Schemske & Bradshaw 1999; Juenger ef al. 2000) yet rarely
in animals (e.g. Nuzhdin et al. 1999; Slate et al. 2002). How-
ever, livestock and agricultural quantitative genetics
have substantially contributed to our knowledge of genetic
architecture along artificially selected lines (e.g. see Dekkers
& Hospital 2002). Globally, it is evident that general pat-
terns are more complicated than previously believed
(Via & Hawthorne 2002; Pigliucci 2003), due partly to the
unknown effect that selection may have on corresponding
adaptive traits (Hoekstra & Nachman 2003) as well an
inherent limit on how well genetic architecture of species’
differences can predict the action of selection in nature
(Rieseberg et al. 2003).

Genome scans partially circumvent these problems
through the simultaneous study of a large number of loci
in order to better understand the action of evolutionary
forces on variation among populations at a locus-specific
level (Black et al. 2001; Beaumont & Balding 2004). Such
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studies hypothesize that the action of divergent selection
should reduce gene flow at genomic regions implicated in
adaptation and speciation. Few studies have attempted
to characterize such loci among natural populations. Yet,
empirical and simulation data strongly suggest that detect-
ing loci subjected to directional selection is feasible on the
basis of genetic differentiation estimates such as Fgamong
loci (Beaumont & Nichols 1996; Wilding ef al. 2001; Akey
et al. 2002; Brumfield et al. 2003; Storz & Nachman 2003;
Beaumont & Balding 2004; Campbell & Bernatchez 2004).
In these cases, outlier loci exhibit patterns of differentiation
significantly greater than expected under conditions of
neutrality. However, genome scans must still confirm the
function and role of outlier loci in order to demonstrate
that the increased molecular divergence is due to selection
(Luikart ef al. 2003).

Previous efforts that have combined the study of genetic
architecture with patterns of genetic diversity among nat-
ural populations have been prolific towards characterizing
the genetic bases of population and species divergence
(e.g. Rieseberg et al. 1999; Carney et al. 2000; Lexer ef al. 2003;
Shaw & Danley 2003; Streelman et al. 2003; Emelianov et al.
2004). A complementary approach combining the study of
genetic architecture with genome scans in natural popu-
lations represents a potentially powerful tool to discover
how the genetic bases of species differences at adaptive
QTL are maintained by selection among natural popula-
tions. By identifying QTL linked to phenotype-environment
associations, complementary genome scans employing
QTL loci should be able to confirm which, if any, target
QTL exhibit a significant reduction of gene flow among
natural populations. Genome scans are also amenable to
the possibility of identifying parallel trends of divergence
through the analysis of multiple populations. Parallel
evolution provides strong evidence for natural selection
in trait evolution, as genetic drift is unlikely to produce
predictable changes in independent lineages in correlation
with the environment (Schluter & Nagel 1995).

The lake whitefish (Coregonus clupeaformis) species com-
plex represents an ideal nonmodel organism to address
these questions. Sympatric dwarf (limnetic) and normal
(benthic) whitefish ecotypes coinhabit several lakes in
Maine, USA, and Québec, Canada (Bernatchez & Dodson
1990). Dwarf ecotypes mature as early as one year and sel-
dom exceed a body size of 20 cm and weight of 100 g while
the normal ecotypes typically mature at two to five years of
age and commonly exceed 40 cm and 1000 g. Under natural
conditions, the food consumption rate of dwarf whitefish
is 40-50% higher than that of normal ecotype, yet their
respective conversion efficiency of these resources is two to
three times lower than the normal ecotype (Trudel ef al.
2001). These observations raised the hypothesis that com-
petitive interactions within the derived dwarf ecotype may
have led to a physiological cost associated with inhabiting

a limnetic environment (Bernatchez 2004). They also sug-
gest that directional selection for growth is likely a major
contributing factor underlying the genetic basis of ecotype
divergence. Furthermore, a genome scan employing 440
AFLP loci has recently identified outlier loci among natu-
ral populations of four sympatric pairs of these ecotypes
(Campbell & Bernatchez 2004). If the action of directional
selection were responsible for the locus-specific reduction
of gene flow observed at these loci, we would predict that
the genetic basis underlying these loci should be associated
with major adaptive traits such as selection for differential
growth driving the divergence between ecotypes (Rogers
et al. 2002; Bernatchez 2004).

In this paper we tested the hypothesis that differentiation
between dwarf and normal ecotypes at growth-associated
QTL has been maintained by directional selection. This was
accomplished by first evaluating growth as a phenotype-
environment association, detecting genetic associations
with QTL mapping, screening natural populations for
outlier levels of differentiation at QTL homologues, and
finally assessing observed patterns of divergence for out-
liers over multiple environments.

Materials and Methods

Experimental families and growth phenotypes

The parental generation of dwarf and normal whitefish for
laboratory crosses was sampled in 1996 from Témiscouata
Lake (47°36" N, 68°45" W) and Aylmer Lake (45°50’ N,
71°26" W), respectively. The F1 generation consisted of
reciprocal pure dwarf, pure normal, and hybrid dwarf/
normal crosses as previously described in Lu & Bernatchez
(1998). Experimental groups were reared under identical
temperature and photoperiod regimes that simulated
natural lake conditions. Every six months between 1996
and 1999, a sample of F1 dwarf and normal fish (per group
N age 0+ =10, age 1+ =20, age 2+ = 30) were anaesthe-
tized with 0.001% Eugenol solution whereupon body
weight was measured. During each measurement, biomass
densities among tanks were equilibrated (<20 g/L) and
food rations were adjusted to maintain feeding at 0.8%
body mass per day for all groups.

In November of 1999, a mapping family was generated
by backcrossing an F1 hybrid female (HyD,,) with an F1
dwarf male (denoted as H.D,,) (Rogers et al. 2001). In Sep-
tember of 2001, H.D,, progeny were surgically implanted
with passively integrated transponder (PIT) tags (Biomark,
Inc.) for long-term individual identification while samples
of adipose tissue were removed and stored in 95% EtOH
for DNA extraction. A sample (N = 50) from this H.D,, family
were weighed monthly starting in July of 2002 (age 2 years
and over) until November of 2002 using the same protocol
as used for the F1 measurements. In these fish, successive
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body weight measurements permitted the calculation of
individual absolute growth rate in order to determine
which period yielded the highest rate of growth and thus
likely represented the best candidate for QTL phenotypes.

Evaluating adaptive nature of growth differentiation

The overall hypothesis that differential growth between
ecotypes is maintained by directional selection was first
tested by comparing the extent of body weight differ-
entiation (Qgp) between the F1 pure dwarf and normal
groups with that of neutral expectations (Spitze 1993). Q¢
was calculated as the proportion of among-population
genetic variance in quantitative traits: Qg = 6%5/(0%5 +
20%,,) where phenotypic variance was equal to twice
the observational component of body weight variance for
individuals within groups and used as a surrogate for
206%,, while body weight variance between groups was
equated to the observational variance component for groups
and used as a surrogate for 62Zg. Variance components
for body weight between F1 dwarf and normal groups
were estimated from the samples measured at ages one,
two, and three years such that overall 95% confidence
intervals for Qg could be estimated. Genetic differentiation
(6) at neutral markers (for estimate of neutral expectation)
between these dwarf and normal groups was assessed
using six microsatellite loci as detailed in Rogers et al. (2002).

Genetic basis of growth differentiation

The AFLP mapping kit (Applied Biosystems, Inc.) was
used according to the protocol of Vos et al. (1995) where 12
selective amplification primer combinations characterized
informative loci in the HD,, backcross family. Loci were
scored using the software BINTHERE (Garnhart and Kocher,
University of New Hampshire) that generates 1 bp size-
specific bin spreadsheets allowing an objective scoring of
presence/absence. An additional manual verification of all
bins was performed in order to identify comigrating loci
within the same bin as well as loci that were inadvertently of
similar size to the 1 bp binning threshold. The average size
and standard deviation of all loci was calculated to identify
potential genotyping errors (denoted by elevated standard
deviation) and to identify homologues between the mapping
family and natural populations. AFLP locus notation con-
sisted of the di-nucleotide extensions representative of
their selective primer combination (EcoRI Axx: Msel Cxx)
followed by the locus size in base pairs.

Sex-specific linkage groups and marker orders for 119
informative AFLP loci were previously determined in this
HpD,, backcross family (Rogers et al. 2001) with MAPMAKER/
exP 3.0 (Lander ef al. 1987). For QTL associations, we geno-
typed the 50 H;D,, individuals employed in the current
growth experiments at these 119 loci in order to determine
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loci potentially associated to growth rate. While this initial
QTL sample is limited, previous studies attempting to
detect associations between genotype and phenotype
(Beldade et al. 2002; O'Malley et al. 2003; Schadlt et al. 2003;
Somorjai et al. 2003) suggest that given sufficient linkage
between markers, such limited sampling would still be
sufficient to detect QTL (Falconer & Mackay 1996), although
certain QTL may go undetected while, the effect for those
detected would certainly be overestimated (Beavis 1994).
Map distances between loci for H.D,; QTL individuals
were verified against the first map and in the event of
significant changes between observed distances, markers
were removed from the analysis until more samples could
be added. Growth rate phenotypes were not normally
distributed and were thus log-transformed. A maximum-
likelihood interval analysis, performed in MAPMAKER/QTL
1.0 (Lander & Botstein 1989), estimated the likelihood of
QTL from intervals spanning 2 cm along each linkage
group between linked markers. As our objective was to
identify markers flanking QTL among intervals for subse-
quent genome scans rather than focusing on the architecture
of single QTL, occasional type-I errors were considered much
less problematic than repeated type-II errors (Peripato
et al. 2004; Verhoeven et al. 2004). We therefore employed a
nominal significance threshold that attempted to maintain
a 5% table-wide error rate considering the number of inde-
pendent markers (M) analysed [LOD = log,,(1/(o./M)],
corresponding to an LOD significance threshold of 2.89
(Lander & Botstein 1989). All loci flanking intervals that
revealed QTL above this LOD threshold were selected as
potential candidates for subsequent genome scans among
the natural populations.

Genome scan of homologous growth QTL in natural
populations

The possible role of selection driving observed patterns
of divergence between dwarf and normal ecotypes was
tested by comparing patterns of genetic differentiation
(Fgy) for growth QTL in four sympatric pairs of whitefish.
All sympatric pairs among lakes as well as the mapping
family are known to share a recent, post-Wisconsinian glacial
origin in a zone of secondary contact (Bernatchez ef al.
1999). A total of 440 polymorphic AFLP were recently ana-
lysed in these four populations where it was established
that sympatric pairs among lakes had established equi-
librium and as a result it was possible to compare genome
scan results among lakes (discussed in Campbell &
Bernatchez 2004; but see extended methodology). Homology
between QTL and loci among populations was inferred
when loci from the same selective primers between
samples yielded markers of the same molecular weight
among populations, consistent with observations in other
systems where sequencing AFLP markers of the same
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molecular mass generated by the same primers among
individuals were homologous with an error rate of 0.008
(Parsons & Shaw 2001; Emelianov et al. 2004).

Distribution of Fep values for adaptive QTL outliers
among sympatric pairs

Genetic differentiation estimates at homologous QTL loci
between dwarf and normal sympatric pairs among the
four lakes was estimated using the Fg; of Nei (1977) after
Nei & Chesser (1983). The outcome of differential selection
is to generate an excess of loci with high outlier Fg; values
relative to neutrality (Akey et al. 2002; Luikart ef al. 2003),
thus distributions of Fg were divided into 11 categories
(from -0.1-1.0) where loci falling in the tail of the
distribution (high Fg; values) were interpreted in terms of
the action of directional selection. In order to target the
most likely candidate QTL under the effect of directional
selection, a threshold based on the expected level of
differentiation under neutrality was defined. This threshold
was established from simulations under a neutral model of
evolution implementing an algorithm for dominant loci
(Wilding et al. 2001), and modified for sympatric pairs of
lake whitefish (Campbell & Bernatchez 2004). The 95%
quantile of this expected distribution of differentiation
under neutrality was employed as the threshold to infer
QTL under selection (i.e. when Fg; estimates > 95% quantile).
Thus, growth QTL were considered potentially under the
effect of directional selection (outliers) when there was less
than 5% chance of observing corresponding Fg; estimates
under neutrality.

Given the frequency at which previous empirical esti-
mates of 440 loci resulted in outlier loci among lakes in
Campbell & Bernatchez (2004), we performed a 2 test
assessing the probability of observing more QTL under the
influence of selection than expected by chance alone. The
expected probability of QTL outliers was calculated using
the expected proportions over 440 loci in each lake (East
Lake: nine observed out of 440 = 0.0205; Webster Lake:
11 observed out of 440 = 0.0250; Indian Lake: 19 out of
440 = 0.0432; Cliff Lake: 16 out of 440 = 0.0364). Expected
numbers of outlier QTL loci per lake were therefore obtained
by multiplying these probabilities by the absolute number
of QTL outlier loci observed per lake.

Parallel trends in divergence among candidate QTL
outliers

A 2 test was performed in order to assess if the number
of QTL loci exhibiting parallel trends of divergence were
observed more or less than expected under conditions of
neutrality. A parallel trend in divergence for loci between
ecotypes was inferred when the allelic frequency of
presence (dominant allele) was consistently higher within

one ecotype among lakes. The probabilities of expected
parallel and nonparallel trends under neutrality were
previously estimated from 392 nonoutlier loci [expected
probability of parallel divergence =0.06, expected pro-
bability of nonparallel divergence = 0.94, see Campbell &
Bernatchez (2004) for details or refer to extended metho-
dology]. Expected numbers of parallel and nonparallel
trends in the QTL loci (outlier and neutral) were thus
obtained by multiplying these probabilities by the absolute
number of QTL loci observed in each category.

An extended and more detailed version of the methodology
applied in this study is available in the supplementary
material for this paper (please refer to the end of the paper
for the link).

Results

Adaptive growth differentiation between ecotypes

Significant differences in growth between dwarf and normal
fish were observed for each age class. At age 1+, the dwarf
ecotype (¥ =20.82 g, 6 = 8.68) was significantly smaller
(anova, F=7.13, P=0.016) than the normal ecotype
(¥ =33.32 g, 6 = 12.12). These differences in size between
ecotypes became more apparent by age 3+ (dwarf, ¥ =
180.1 g, 6 = 63.7; normal, ¥ =455.3 g, 6 = 91.0), when even
under the same environmental conditions the dwarf ecotype
weighed on average 2.5 times less than the normal groups
strongly suggesting a genetic basis for these differences
(Fig. 1). Overall, these differences translated into higher
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Fer (0.24, 95% C.I. = 0.13-0.33)
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Fig. 1 Box plots (mean, standard error, standard deviation) of body
weight estimated for F1 dwarf and normal groups reared under
identical laboratory conditions from age 1+ to 3 + 0. Values along
intersections between weight measurements represent average
absolute growth rate during the respective growth period. Q¢ -
Fg; relationship indicates that the proportion of among-population
genetic variance as inferred by phenotypic growth (weight at
age) is higher than expected under neutrally evolving expectations
(inferred from Fgp) thus indirectly suggesting growth is under the
influence of directional selection (see methods for details).
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estimates of absolute growth rate in the normal (0.58 g/
day) than the dwarf fish (0.22 g/day). The level of neutral
genetic differentiation (6) between these dwarf and normal
ecotypes estimated from microsatellite loci was 0.24
(95% C.1. = 0.13-0.33). The corresponding Qg estimate for
growth differentiation between ecotypes (0.91; 95% C.I. =
0.62-1.00) was significantly higher than Fg.

In the HD,, backcross, a significant change in weight
was observed over the experimental period (ANOva, F =
8.31, P < 0.001) with average weight of 182.35 g (c = 56.77)
at the end of the trial. Absolute growth rate was on average
0.37 g/day (o =0.27), with the highest growth rate and
variance (¥ =0.43 g/day, ¢ =0.65) observed between
July and August, concordant with observations for white-
fish in nature during this period. These July to August
absolute growth rates were therefore representative
of the best phenotypic estimates for subsequent QTL
analysis.

Genetic basis of growth differentiation

Linkage analysis with QTL individuals was consistent
with results obtained by Rogers et al. (2001). Out of 119
markers segregated into the first preliminary linkage map,
102 markers exhibited similar pairwise recombination
frequencies resulting in only a slight change in average map
distance between markers, 17.92 cm compared to 15.21 cm
previously observed (Rogers ef al. 2001). Cumulatively, the
current linkage map resulted in 25 sex-specific linkage
groups where distances should be seen as ‘best estimates’
until additional markers can be added to achieve total
genome coverage over the 40 linkage groups present in
lake whitefish. Exigent recombination frequencies measured
in these individuals suggested that observed distances
between markers were sufficient towards detection of QTL
(Liu 1998). QTL analysis revealed significant associations
to growth over 11 linkage groups in total (Table 1). LOD
values were well above the threshold of 2.89 and ranged
between 3.5 (Lgl) and 8.7 (Lg7 and Lgl1). Overall, a
total of 35 loci flanking significant QTL intervals were
potentially useful for further genome scans among the
natural populations (Table 1). Comparison of the size (bp)
and standard deviations with the loci scored in natural
populations by Campbell & Bernatchez (2004) revealed
homology for 27 of these 35 loci (Table 1). In all cases,
standard deviations of locus sizes were under 0.3 bp in
both the backcross family and natural populations, sug-
gesting limited size-shift migrations for AFLP loci. In
cases where no homologous loci were found in the natural
populations, genotypic data from the natural populations
suggested that ambiguous comigrating loci of similar
molecular weight forced the elimination of the loci from
the analysis or the loci were monomorphic in one or more
of the sympatric pairs.
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Genome scan comparing outlier QTL against neutrality

Genome scans estimating locus-specific measures of differ-
entiation between ecotypes for these 27 growth-QTL
among four lakes identified eight QTL with Fg; values higher
than the 95% quantile, which were therefore considered
as candidates under the effect of directional selection (Table 2).
Globally, this proportion of outlier QTL (8 out of 27, 30%)
among lakes was significantly higher (P < 0.0001) than
an overall expected proportion of 11% of loci under the
influence of directional selection by chance alone based on
previous observations for AFLP loci (48 outlier loci out of
440, Campbell & Bernatchez 2004). These outlier QTL were
not randomly distributed on the map, with six of the eight
outliers segregating to only three linkage groups (Table 2).

Distribution of Fe values for adaptive QTL outliers
among sympatric pairs

In East and Webster lake, only 3.7% of QTL exhibited outlier
Fgr values which was not significantly different from
neutral expectation (Fig. 2a-b). In contrast, both Indian
and Cliff lakes revealed a significant skew of Fg; outlier
distributions, with 18.5% (five loci observed vs. one expected,
P =0.0003) and 14.8% (four loci observed vs. one expected,
P =0.0019) of growth QTL under the effect of directional
selection. Within these two lakes there were therefore more
outlier QTL than expected by chance alone.

Parallel trends in divergence among adaptive QTL
outliers

Among QTL with Fg; values lower than the (presumably
neutral) 95% quantile, the number of loci exhibiting parallel
divergence was not significantly different than expected
under neutrality (two QTL out of 17 vs. 1.1 expected, P =
0.375). Conversely, for QTL with Fg; values higher than the
95% quantile, significantly more loci exhibited parallel trends
of divergence among lakes than expected under neutrality
(two QTL out of eight vs. 0.46 expected, P = 0.0198) (Table 2).
These loci therefore represented the best candidate QTL
loci linked to genes associated with differential growth
and under the influence of directional selection among
sympatric pairs inhabiting different lakes. Of these two,
the strongest candidate growth QTL for parallel selection
was CATA-104 which was an outlier in Cliff Lake (Fg =
0.617), and was the only QTL possibly under the influence
of selection in both East (Fg; = 0.450) and Webster (Fg; =
0.369) lakes (Table 2).

Discussion

Our aim was to test the hypothesis that differentiation
between dwarf and normal ecotypes at growth-associated
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Table 1 Summary of QTL interval analysis

Mapping family Natural populations oy Joi that revealed significant associations
(log-likelihood denoted by LOD) to the
Marker interval LG LOD Size (bp) SD Size (bp) SD absolute growth rate phenotype to linkage
groups (LG). Locus size and standard
GGTG199 1 4.8 200.18 0.18 200.29 007  Jeviation illustrate potentially homologous
GGTGO61 61.21 015 61.74 004 QTL loci between the mapping family and
GGTG104 1 35 105.03 017 105.06 011 natural populations where n/a infers loci
GGTG107 106.55 0.28 106.39 014 were either monomorphic or not scored in
- 1 35 natural populations
GGTG148 148.57 0.04 148.64 0.06
CATA108 4 5.8 108.85 0.07 108.87 0.05
CATA104 104.48 0.07 104.50 0.06
- 4 7.8
CATA144 144.55 0.05 144.58 0.03
— 4 7.7
CATA170 171.03 0.04 171.07 0.03
4 5.5
CATA119 120.31 0.05 120.26 0.06
CGTC137 5 53 137.36 0.08 137.39 0.04
CGTC123 123.63 0.26 123.71 0.25
ACTA135 6 54 135.82 0.07 n/a
CTTC220 220.54 0.07 n/a
CATAI131 7 4.8 131.87 0.04 131.96 0.22
CATA142 143.25 0.04 143.19 0.06
— 7 5
CATA120 121.37 0.05 121.30 0.06
- 7 5.6
CATA082 82.73 0.22 n/a
— 7 8.6
CATAO083 83.50 0.24 83.64 0.21
- 7 8.7
CATAO61 61.87 0.29 61.94 0.29
GGTG189 8 6.4 189.71 0.06 189.66 0.06
CCTC122 122.86 0.10 122.85 0.06
- 8 4.4
CGTC060 61.84 0.25 61.67 0.07
CATA135 11 8.7 136.37 0.05 136.32 0.15
CATA087 87.79 0.09 n/a
— 11 8.7
CATA062 62.70 0.15 62.76 0.19
AGACI126 12 3.4 127.13 0.05 n/a
AGAC175 176.04 0.05 n/a
CATA126 13 7.2 127.42 0.05 127.41 0.04
CATA084 84.57 0.14 84.52 0.05
13 53
CATA086 86.46 0.27 n/a
CAAG176 24 8.1 176.76 0.05 176.65 0.24
GGTG119 120.29 0.41 120.03 0.21
CAAGO053 26 7.1 53.55 0.21 53.23 0.17
CATA057 58.54 0.08 n/a
Number of QTL loci 35 27
QTL has been maintained by directional selection screening natural populations for outlier levels of differ-
among natural populations. This objective consisted of entiation at QTL homologues, and finally assessing
evaluating growth as a phenotype—environment associ- observed patterns of divergence for outliers over multiple
ation, determining its genetic basis with QTL mapping, environments.
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Table 2 Summary of loci associated to

Fer growth rate QTL exhibiting significant outlier
East Webster Indian Cliff levels of genetic differentiation (> Qgs) be-
Locus LG Qo5 = 0.256 Qo5 = 0.362 Qo5 = 0.196 Qs = 0.456 tween sympatric pairs among four lakes.
LG; refers to linkage group in mapping
CATA-104** 4 0.450* 0.369* 0.032 0.617* family
CATA-108 4 <0.001 0.248 0.199* <0.001
CCTC-122 8 <0.001 0.005 0.043 0.595*
CGTC-060** 8 0.045 0.044 0.229* 0.865*
CATA-120 7 0.094 0.201 0.258* <0.001
CATA-142 7 <0.001 0.225 0.271* 0.184
GGTG-104 1 <0.001 0.162 <0.001 0.865*
CATA-135 11 0.079 0.248 0.339* 0.103
*Outlier: estimate of level of differentiation (Fg;) was higher than expected under neutrality
(> 95% Quantile), therefore possibly under the effect of directional selection.
**Locus exhibited parallel pattern of divergence inferred from allelic frequency differentials
between ecotypes among all lakes tested.
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Fig. 2 Genome scans of differential gene exchange for growth associated QTL (blue bars) among four natural sympatric pairs of dwarf
and normal lake whitefish (a) Webster Lake (b) East Lake (c) Indian Pond, and (d) Cliff Lake. Distributions represent the categorical
frequency of Fg values. Growth QTL were compared to the distribution of differentiation under neutrality (yellow bars, see Campbell &
Bernatchez 2004 for details on simulated distributions). The 95% quantile of simulated distributions delineates outlier growth QTL
potentially under directional selection (i.e. Fg; > 95% quantile). P-values were generated from a x?2 test that tested the hypothesis that QTL
loci associated to growth were observed more or less often than expected by chance (see methods).
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First, highly significant differences in body size between
ecotypes reared under laboratory conditions were indi-
cative of a genetic basis for this trait, which translated into
a higher level of quantitative divergence than expected
under neutrality. Under a framework of ecological diver-
gence (Schluter 2000), these results provided a priori evid-
ence that observed growth differences between dwarf
and normal whitefish ecotypes fulfil the adaptive criterion
and have been driven by the effect of directional selection.
Second, exploring the genetic basis of this differentiation
identified 27 loci possibly associated to growth that were
homologous to loci among natural populations (Table 1),
although we warn that substantially more individuals will
be needed in order to satisfy interpretations of genetic
architecture. Third, a genome scan screening natural popu-
lations identified eight adaptive QTL exhibiting a more
pronounced reduction in gene flow between whitefish eco-
types than expected under neutrality, a number that was
higher than expected by chance alone.

By encompassing four independent sympatric pairs,
parallel patterns of divergence for two QTL under direc-
tional selection (CATA-104 and CGTC-60, see Fig. 2 and
Table 2) provided further evidence for the action of direc-
tional selection in restricting gene flow at these loci. These
results are concordant with recent studies in sticklebacks
where the genetic basis of parallel evolution was inferred
from biased productions of genetic variance in close
relatives (Schluter et al. 2004), and where trait evolution
appears to be under the control of the same genes among
independent populations (Colosimo et al. 2004; Cresko
et al. 2004; Shapiro et al. 2004).

The observation that only eight (and perhaps as little as
two) out of the 27 QTL were identified as potentially under
the effect of directional selection does not strictly rule out
the possibility that other growth QTL may be implicated
in the adaptive divergence but were not detected in QTL
analysis. A relatively sparse map covering only 62.5% of
presumed extant linkage groups (25 out of 40) was used
with limited samples. These results suggest, however, that
the current map includes the major linkage groups associ-
ated with growth differentiation between ecotypes. Within
these regions, gene flow has likely been constrained by
selection against less ‘fit" hybrid recombinant genotypes at
as little as 2% of all mapped loci (potentially representative
of only 1.2% of the genome once all 40 linkage groups are
accounted for). This suggests that only a small proportion
of genes might have been under the effect of directional
selection during population divergence of lake whitefish,
consistent with previous empirical genome scan studies
implicating few loci (Wilding ef al. 2001; Akey ef al. 2002;
Vigouroux efal. 2002; Campbell & Bernatchez 2004).
Admittedly, however, it also begs for explanations as to
why most adaptive QTL exhibit neutral levels of diver-
gence among populations.

From the perspective of limits associated with genetic
architecture, adaptive growth differences are clearly poly-
genic, whereby it is possible that selection on growth may
be ‘diluted” over many loci such that most QTL appear
to behave neutrally (Lande 1976, McKay & Latta 2002).
Adaptive QTL differentiation may therefore be constrained
in the face of diversifying selection on trait values (Latta
1998), potentially due to the influence of epistatic inter-
actions which may have reduced the resolution of associ-
ation between the population structure of the QTL and
the genetic basis of the adaptive traits (Fenster et al. 1997;
McKay & Latta 2002). Moreover, QTL detection is unavoid-
ably dependent on alleles with significantly different trait
effects segregating in the mapping family. Thus, differential
effects of QTL may be observed across genetic backgrounds
even in the absence of selection (Tanksley & Hewitt 1988;
Leips & Mackay 2000). However, recent evidence in Arabi-
dopsis thaliana found that alleles for fitness-related traits
still responded similarly to selection despite different genetic
backgrounds (Ungerer & Rieseberg 2003). Overall, genetic
background may limit the resolution of detecting selection
among QTL, whereby informative parents used to generate
variation within crosses are assumed to represent the vari-
ation that would be observed under natural conditions.

From an ecological perspective, there may be confound-
ing demographic, spatial, or local effects on adaptive
divergence and, consequently, Fg; among environments
(Storz & Nachman 2003; Beaumont & Balding 2004). It is
equally possible that selection for similar adaptive traits
across environments may not necessarily implicate the
same genetic basis. For example, novel polymorphisms
within New Mexico pocket mice (Chaetodipus intermedius)
melanism genes (Mclr) showed no association to coat
colour unlike their Arizona counterparts indicating that
similar phenotypic change arose more than once, yet had
a different genetic basis (Hoekstra & Nachman 2003).
As selection acts indirectly on genes through phenotypic
expression, parallel evolution of adaptive phenotypes may
not necessarily be accompanied by parallel evolution of a
given genotype. This exemplifies the importance of testing
the action of selection on adaptive divergence across
multiple environments.

Despite these limits, our results demonstrate the import-
ance of addressing how selection operates on the genomic
basis of phenotypic variation across environments once
candidate QTL in natural populations have been identified.
Such inference emphasizes the importance that ecological
factors likely have towards shaping selection regimes dur-
ing evolutionary divergence. For instance, sympatric pairs
of lake whitefish vary with respect to the level of genetic
and phenotypic divergence among lakes, strongly suggest-
ing a role for the extent of niche segregation within respec-
tive limnetic and benthic habitats (Bernatchez et al. 1999).
Our results revealed that gene flow for the two outlier
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growth QTL most likely under the effect of parallel selec-
tion among sympatric pairs (CATA-104 and CGTC-60) was
more restricted in lakes where morphological differentiation
is more pronounced (Indian and Cliff) relative to the other
two lakes (East and Webster) (Lu & Bernatchez 1999).
This raises the hypothesis that locus-specific outcomes of
selection on genetic architecture may be in part predict-
able. In this respect, subsequent studies will be needed
to better characterize candidate QTL architecture towards
gaining a better understanding of the action of selection
and its relationship to the patterns of genetic heterogeneity
across environments (Lexer et al. 2003).

In summary, characterizing the effect of selection at
growth QTL among sympatric pairs of the lake whitefish
species complex resulted in a better understanding of
genetic and phenotypic basis of adaptive variation among
lake whitefish populations. This reinforces the potential of
a complementary QTL/genome scan approach towards
studies of adaptive divergence, consistent with previous
studies where complementary approaches have led to
better interpretations of the evolutionary processes shaping
population divergence (e.g. Rieseberg ef al. 1999; Carney
et al. 2000; Lexer et al. 2003; Streelman et al. 2003; Emelianov
et al. 2004; Lexer et al. 2004). Embracing a genomic perspective
will equally improve inferences into the understanding
of adaptive evolution and population genetics, as even
the initial identification of outlier loci represents a substantial
gain towards understanding numerous facets of evolutionary
history for a given species (Black ef al. 2001; Wilding ef al.
2001; Luikart et al. 2003).
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