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Advances in genomic techniques are greatly facilitating the study of molecular signatures of selection in diverging natural pop-

ulations. Connecting these signatures to phenotypes under selection remains challenging, but benefits from dissections of the

genetic architecture of adaptive divergence. We here perform quantitative trait locus (QTL) mapping using 488 F2 individuals and

2011 single nucleotide polymorphisms (SNPs) to explore the genetic architecture of skeletal divergence in a lake-stream stickleback

system from Central Europe. We find QTLs for gill raker, snout, and head length, vertebral number, and the extent of lateral

plating (plate number and height). Although two large-effect loci emerge, QTL effect sizes are generally small. Examining the

neighborhood of the QTL-linked SNPs identifies several genes involved in bone formation, which emerge as strong candidate

genes for skeletal evolution. Finally, we use SNP data from the natural source populations to demonstrate that some SNPs linked

to QTLs in our cross also exhibit striking allele frequency differences in the wild, suggesting a causal role of these QTLs in adaptive

population divergence. Our study paves the way for comparative analyses across other (lake-stream) stickleback populations, and

for functional investigations of the candidate genes.
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Exploring the genetic basis of adaptation promises to illuminate

several long-standing issues in biological diversification. These

include the number and genomic location of genetic changes

underlying adaptation, their role in developmental pathways,

their phenotypic effects and resulting ecological consequences,

and their predictability (Orr 1998; Barton and Keightley 2002;

Phillips 2005; Hoekstra and Coyne 2007; Mitchell-Olds et al.

2007; Wray 2007; Arendt and Reznick 2008; Stern and Orgogozo

2008; Mackay et al. 2009; Rockman 2011; Wake et al. 2011;

Yeaman and Whitlock 2011). Currently, perhaps the most popular

approach to investigating the genetics of adaptation is divergence

mapping (Nielsen 2005; Storz 2005; Oleksyk et al. 2010). Here

a large set of genome-wide molecular markers is screened for

putative signatures of divergent selection between ecologically

distinct populations. In well-developed empirical systems, this is

proving a powerful method for the discovery of genomic regions

or candidate genes involved in adaptive divergence (e.g., Akey

et al. 2002; Voight et al. 2006; Hohenlohe et al. 2010; Lawniczak

et al. 2010; Jones et al. 2012; Nadeau et al. 2012; Roesti et al.

2012a, 2014; Mateus et al. 2013; Stölting et al. 2013). A shortcom-

ing of divergence mapping, however, is that in general molecular

signatures alone cannot tell us much about the traits actually tar-

geted by selection (Mitchell-Olds et al. 2007; Stinchcombe and

Hoekstra 2008; Storz and Wheat 2010). In the years to come, we

can thus anticipate a surge of information about genome regions

putatively influenced by divergent selection in many organisms,

but knowledge about the phenotypes transferring selection to the

molecules is likely to lag behind. Understanding the genetics

of adaptation will thus benefit greatly from the combination of

purely genomic investigations with extensive data on the genetic

architecture of phenotypic divergence, as for instance obtained by

quantitative trait locus (QTL) mapping.

In the present study, we report a QTL mapping experiment

performed in a powerful system for studying adaptive divergence:
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lake and stream populations of threespine stickleback fish (Gas-

terosteus aculeatus). Following the retreat of the last Pleis-

tocene ice sheets, the colonization of freshwater by ancestral

marine stickleback has resulted in the establishment of numer-

ous populations occurring in adjacent lake and stream habitats

(Reimchen et al. 1985; Lavin and McPhail 1993; Thompson

et al. 1997; Hendry and Taylor 2004; Berner et al. 2008, 2010a;

Aguirre 2009; Bolnick et al. 2009; Deagle et al. 2012; Moser

et al. 2012; Lucek et al. 2013; Ravinet et al. 2013). Lake and stream

stickleback are often ecologically divergent, with the most consis-

tent difference concerning their foraging modes: lake stickleback

partly or exclusively exploit pelagic food resources (zooplankton),

whereas stream stickleback generally use benthic prey (macroin-

vertebrates; Gross and Anderson 1984; Berner et al. 2009;

Kaeuffer et al. 2012; Moser et al. 2012; Ravinet et al. 2013).

This divergence in foraging modes is associated with relatively

consistent phenotypic differences in traits presumably important

for prey capture and handling, such as overall body shape and gill

raker structure (Reimchen et al. 1985; Lavin and McPhail 1993;

Berner et al. 2008, 2009, 2010a; Kaeuffer et al. 2012; Lucek

et al. 2013; Ravinet et al. 2013). The existence of replicate, eco-

logically and phenotypically divergent population pairings makes

lake-stream stickleback an appealing system for the search of

molecular signatures of divergent selection. Indeed, divergence

mapping has already been performed in some lake-stream stick-

leback systems (Deagle et al. 2012; Roesti et al. 2012a).

By contrast, very little is known about the genetics of phe-

notypic divergence between lake and stream stickleback. Quanti-

tative genetic (common-garden) experiments have demonstrated

a genetic basis to divergence in some foraging traits (Lavin and

McPhail 1993; Sharpe et al. 2008; Berner et al. 2011), but QTL

dissections of the genetic architecture of phenotypic divergence

have yet to be performed. We here take up this challenge by us-

ing QTL mapping to explore the genetic basis of divergence in

skeletal features between lake and stream stickleback populations

from Central Europe.

Materials and Methods
CROSS

Our study is based on an F2 intercross population derived from a

single in vitro cross of a male from Lake Constance (sampled at

the ROM lake site described in Berner et al. 2010a) with a female

from a stream draining into Lake Geneva (the CHE stream site

in Berner et al. 2010a). The F2 panel comprises 492 individuals

(251 males, 237 females) selected haphazardly at one year of

age from 35 separate F1 crosses, each produced by a unique full-

sib pairing. All details on crossing, husbandry, and handling are

exactly as described in Roesti et al. (2013), a recombination study

based on a subset of 282 individuals from the full F2 population

used here for QTL mapping.

All fish were euthanized with an overdose of MS-222, pho-

tographed immediately as described in Berner et al. (2009), and

stored in absolute EtOH. After six months of preservation, a fin

clip was taken for genetic analysis and each individual was sub-

jected to a digital X-ray scan of the whole body and a higher

resolution scan of the head. This was performed by using a Fax-

itron Digital Specimen Radiography System LX-60 (tube voltage

35 kV, tube current 0.3 mA), including a reference size scale in

all scans.

PHENOTYPING

Our study focuses on aspects of skeletal morphology, here defined

broadly as bone traits. The first trait of interest was the length of

the gill rakers (bony tubercles) located on the first branchial arch

(Fig. 1). Gill rakers are important to foraging because they in-

fluence prey retention and handling performance (Gerking 1994;

Sanderson et al. 2001). In particular, longer gill rakers gener-

ally promote foraging on small prey items (such as zooplankton),

whereas shorter gill rakers are favored in fish foraging on larger

prey (such as macroinvertebrates). Indeed, the natural source pop-

ulations of our cross are highly divergent in this trait, with the

lake population displaying 25% longer size-corrected gill rakers

than the stream population (standardized mean difference: 0.99;

see Fig. 2 in Berner et al. 2010a), and this divergence coincides

with distinct foraging modes: Lake Constance stickleback forage

pelagically on zooplankton (Lucek et al. 2012; Moser et al. 2012),

whereas their conspecifics from the CHE stream site feed on larger

benthic macroinvertebrates (Berner et al. 2010a). Given that such

concurrent divergence in gill raker length and prey utilization has

also been found in other (lake-stream) stickleback systems (Gross

and Anderson 1984; McPhail 1984; Schluter and McPhail 1992;

Bolnick 2004; Berner et al. 2008, 2010a,b; Matthews et al. 2010;

Ravinet et al. 2013), and even in distantly related fish species

(Kahilainen and Ostbye 2006; Pfaender et al. 2011), the diver-

gence between ROM and CHE stickleback is very likely adap-

tive. We note that benthic versus pelagic resource specialization

often coincides with additional divergence in gill raker number,

but because the source populations are not divergent in this trait

(Berner et al. 2010a), we did not include this trait in the current

analysis. Gill raker length was measured on the left first branchial

arch of the preserved specimens under a stereomicroscope fitted

with an ocular micrometer at 50× magnification (precision: 0.01

mm). We measured and then averaged the length of the rakers

two to five (counted from the joint with the dorsal arch bone, see

Berner et al. 2008).

Next, we considered two aspects of head morphology: snout

length and overall head length (Fig. 1). The pelagic ROM lake

population displays lower values for both traits relative to the
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Figure 1. Traits subjected to QTL mapping in lake and stream stickleback. (A) X-ray scan of a partially plated stickleback visualizing snout

length (SL), head length (HL), the vertebrae, and the lateral plates. Plate height was measured on the plates 11 and 13 posterior to the

pelvic girdle (PG). (B) Detail of the head, showing the gill rakers (GR) on the first lower branchial arch (BA). The subpanels (C) and (D)

display, on the same scale as (B), the gill rakers of two size-matched individuals from the upper and lower end of the gill raker length

distribution.

CHE stream population foraging on benthic prey (Berner et al.

2010a), and similar foraging-related divergence is also seen in

other stickleback systems (Caldecutt and Adams 1998; Albert

et al. 2008). Moreover, head morphology typically shows sex-

ual dimorphism (Caldecutt and Adams 1998; Kitano et al. 2007;

Albert et al. 2008; Aguirre and Akinpelu 2010; Berner et al.

2010a, 2011; Ravinet et al. 2013). This dimorphism is possibly

also related to differential foraging modes. The reason is that

in stickleback, males tend a nest and provide parental care. The

(presumably ancestral) necessity of males to forage on benthic

resources during the breeding season while females can con-

tinue to exploit pelagic prey may have driven divergence in head

structure between the sexes (Bentzen and McPhail 1984; Bentzen

et al. 1984). Both snout length and head length were measured

from the head X-ray scans. The former was defined as the distance

from the joint to the tip of the lower jaw, the latter as the distance

from the tip of the lower jaw to the dorsal posterior edge of the

cranium.

The next trait quantified was vertebral number. Stickleback

populations often differ in the number of vertebrae (Hagen and

Gilbertson 1972; Moodie and Reimchen 1976; Reimchen et al.

1985). Although the functional basis of this variation remains

poorly understood (but see Swain 1992), genetic analysis in stick-

leback may provide insights into vertebral diversification in other

fish (Ward and Brainerd 2007; McDowall 2008) and vertebrates in

general. As a first step, we thus produced whole-body X-ray scans

of 14 specimens from each natural source population, counted all

vertebrae excluding the urostyle (Fig. 1), and tested for a popu-

lation difference in mean count using 9999 random permutations

of the trait over the populations (Manly 2007; all significance

testing in this study was performed using analogous permutation

procedures). This analysis made clear that ROM stickleback have

a higher number of vertebrae than CHE fish (see Results). Follow-

ing the same methods, we therefore quantified vertebral number

for the full F2 panel. Because of skeletal anomalies, 18 individuals

could not be scored unambiguously, leaving 474 datapoints.

Finally, our phenotypic analysis included elements of lateral

plating. Ancestral marine stickleback display a complete series of

bony plates along their body, whereas the number of plates is typ-

ically greatly reduced in freshwater populations (Bell and Foster

1994). This difference is presumably attributable to differential

exposure to predators (Hagen and Gilbertson 1972; Reimchen

1994; Bergstrom 2002; Leinonen et al. 2011a), although other

ecological factors targeting plate number or other traits correlated

with plate number due to pleiotropy or genetic linkage might influ-

ence plate evolution as well (e.g., Heuts 1947; Giles 1983; Barrett

et al. 2009; Myhre and Klepaker 2009; Leinonen et al. 2011b;

Roesti et al. 2014). Interestingly, Lake Constance stickleback are

a rare example of a freshwater population almost completely fixed

for the fully plated phenotype (Berner et al. 2010a; Moser et al.

2012). Because plating is reduced in several tributary streams to

Lake Constance, the persistence of full plating in the lake likely

reflects an adaptation to high predator exposure associated with

a pelagic life style. By contrast, CHE stickleback represent a
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typical low-plated freshwater population (Berner et al. 2010a),

thus providing the opportunity to map variation in lateral plat-

ing in the F2 cross. Consistent with previous work (Berner et al.

2010a; Moser et al. 2012), we scored the extent of lateral plating

using three discrete phenotypic classes (low, partially, and fully

plated).

Previous mapping efforts and subsequent functional anal-

ysis in Pacific marine and freshwater stickleback have already

identified the Ectodysplasin (EDA) gene as a major driver of evo-

lutionary shifts in the extent of lateral plating (Colosimo et al.

2004, 2005; Cresko et al. 2004; Baird et al. 2008). Moreover,

targeted sequencing of the entire EDA coding region revealed dis-

tinct haplotypes in fully plated Lake Constance versus low-plated

CHE stream fish (Berner et al. 2010a). Our primary objective in

mapping plate morph was therefore to assess if genomic regions

beyond EDA contribute to plating divergence between these Euro-

pean freshwater populations. To this end, we additionally counted

the total number of lateral plates posterior to the pelvic girdle

(including the plates forming the caudal keel) across both body

sides in the subset of F2 individuals genotyped unambiguously as

heterozygotes at our single SNP marker located within EDA. Fo-

cusing on this particular subset (N = 209) allowed us to screen for

loci influencing the extent of plating while controlling rigorously

for the effect of the known major locus.

As an alternative to reducing the extent of lateral plating via

a reduction in the number of plates (see above), stickleback some-

times appear to evolve shallower plates (Leinonen et al. 2012).

Although differences in plate size between ROM and CHE stick-

leback could not be examined adequately because the latter are

low-plated, a preliminary inspection of the F2 population indi-

cated substantial variation in plate height. We therefore measured

the maximal height of the plates 11 and 13, as counted from the

pelvic girdle, perpendicular to the anterior-posterior axis on the

left body side (Fig. 1). Measurements were taken with a digital

caliper (precision: 0.01 mm) handled under a stereomicroscope at

10–30× magnification. As plate height could only be quantified

in the fully and most of the partially plated individuals, sample

size was 358 and 342 for plate 11 and 13.

All metric (length) traits considered in our study scaled

strongly with overall body size (Pearson’s r: 0.49–0.84), whereas

the meristic (count) traits did not (vertebral number: r = 0.042;

lateral plate number: r = 0.045). Prior to QTL mapping, we there-

fore subjected the former traits to size correction by regressing

each trait separately against body size, and treating the residuals

as size-independent variables (Reist 1985; Berner 2011). These

variables were shifted back into the original measurement range

by adding the trait value predicted by the regression at mean body

size across all individuals. To obtain a robust size metric for these

procedures, we used tpsDig (Rohlf 2001) to digitize 16 landmarks

as described in Berner et al. (2010a) on the digital photographs

of all individuals, and extracted geometric morphometric centroid

size using TpsRelw (Rohlf 2001).

Finally, we assessed measurement precision for all traits by

remeasuring 30 haphazardly selected individuals on a second oc-

casion, and calculating the repeatability (Lessells and Boag 1987).

Repeatability was consistently very high, ranging from 0.96 (plate

number) to 1 (vertebral number, plate morph). The complete phe-

notype matrix used for mapping in R/qtl is available on the Dryad

Digital Repository (doi:10.5061/dryad.b2534).

MARKER GENERATION

As markers for mapping, we used single nucleotide polymor-

phisms (SNPs) discovered by RAD sequencing (Baird et al. 2008).

In brief, this involved DNA restriction with the Sbf1 enzyme, and

sequencing pools of 62 barcoded individuals in eight lanes with

100 cycles on an Illumina HiSeq 2000 instrument. RAD library

preparation and the bioinformatics pipeline used for SNP dis-

covery and genotyping were exactly as described in Roesti et al.

(2013). From the 2165 markers thus obtained, we excluded 154

to avoid Sbf1 restriction sites being represented by more than one

SNP. We also discarded four individuals exhibiting more than

10% missing genotypes across all markers. Our final mapping

dataset thus comprised 488 F2 individuals (recall that sample size

was lower for some traits) and 2011 SNPs. The genotype matrix

used for mapping is available on the Dryad Digital Repository

(doi:10.5061/dryad.b2534).

QTL MAPPING

All SNPs were ordered physically according to the stickleback

genome reassembly performed in Roesti et al. (2013; available at

http://datadryad.org/resource/doi:10.5061/dryad.846nj.2), result-

ing in 61–152 markers per chromosome and a median marker

spacing of 118 kb. Next, we excluded 111 individuals with rel-

atively low genotyping quality, as judged by clearly inflated

genome-wide crossover count (we here used 2.5 times the me-

dian autosomal crossover count across all 488 individuals as

threshold). The remaining 377 individuals were used to estimate

the genetic map in R/qtl (Broman and Sen 2009), applying the

Kosambi map function (assuming crossover interference). The re-

sulting genetic map proved highly consistent with that provided in

Roesti et al. (2013) based on fewer individuals but with genotype

errors corrected manually, and was used to specify the genetic

marker distances for QTL mapping. Mapping with genetic dis-

tances estimated by using the full F2 panel produced very similar

results (details not presented).

All phenotypes were subjected to single-QTL interval map-

ping in R/qtl using the extended Haley–Knott regression method

(Broman and Sen 2009) and the full F2 panel. Head length was

mapped both with and without snout length entered as covariate,

as our head length measure included the snout tip. We present
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the former analysis only, noting that both approaches produced

quantitatively very similar results. QTL significance was estab-

lished based on the distribution of genome-wide maximum LOD

(logarithm of the odds ratio for QTL likelihood) scores scores

across 1000 random permutations of the phenotype data over the

genotype data (Broman and Sen 2009). In the Results, we present

only QTLs significant at the 0.05 level, but additional loci are con-

sidered in the Discussion, and a table including suggestive QTLs

(0.05 � P < 0.1) is provided as Table S1. QTL effect sizes were

quantified both as the percentage of the total phenotypic variance

in the F2 cross explained by the QTLs (percent variance explained,

PVE), and as their allelic substitution effect (i.e., the phenotypic

difference between the two homozygous genotype classes). We

present the latter both in the traits’ original measurement scale

(millimeter for all length traits), and standardized by the average

standard deviation within the homozygous genotype classes. All

statistics and plotting were carried out with the R language (R

Development Core Team 2013).

EXPLORING QTLs

Following QTL detection, we retrieved from the Ensembl Genome

Browser all genes located in the physical window spanned by the

two SNPs flanking the marker displaying the LOD peak (this

interval usually coincided with the 1.5 LOD support interval). We

then scanned these gene lists for strong causative candidates, as

judged by information on protein function in vertebrate model

organisms (chicken, mice, rats, humans) compiled in the UniProt

database (The UniProt Consortium 2013).

In addition, the availability of RAD sequences generated

previously for the ROM and CHE population allowed us to in-

spect the magnitude and direction of allele frequency shifts in

the wild at QTLs discovered in the F2 population. Although this

type of follow-up analysis has, to our knowledge, not previously

been carried out, it promised stronger QTL inference because

a genotype–phenotype association shared between a cross and

its natural source populations suggests that the focal QTL is ef-

fectively contributing to divergence in the wild, as opposed to

being specific to the cross. As a caveat, we note that this ap-

proach assumes that the tight linkage detected between marker

and QTL alleles in the cross also persists in the wild. Specifically,

we here capitalized on RAD sequence data from 27 individuals

sampled from each source population. Details on the wet labo-

ratory protocol, the analysis pipeline, and access to the sequence

data are provided in Roesti et al. (2012b; this reference describes

data generation for the ROM population only; the CHE dataset

has not previously been analyzed but was generated in exactly

the same way). Because the RAD libraries of both the cross and

the natural populations were generated using the Sbf1 restriction

enzyme, all RAD loci of interest were shared among the two

datasets. However, the latter libraries were Illumina-sequenced to

76 bases as opposed to 100 bases for the cross, thus precluding

the examination of allele frequencies in the natural populations at

QTL-linked SNPs located distal to the restriction site. We further

ignored SNPs linked to lateral plate height QTLs because we here

lacked information on the direction and magnitude of divergence

between the natural populations (see above).

For those SNPs represented in both the cross and the natu-

ral population datasets (four SNPs in total), we first determined

from which population each of the two alleles present in the cross

originated. This assignment was unambiguous because our study

considered only markers homozygous within each grandparent

(Roesti et al. 2013). Next, we arbitrarily converted the two alle-

les to integers (0, 1) and tested for frequency shifts by random

permutation, using the difference in the population means as test

statistic. While providing a formal test for population divergence

at QTL-linked SNPs, this approach yielded no information re-

garding the potential cause of divergence at these SNPs. To gain

insights into the latter, we performed a second analysis comparing

the SNP allele frequency shifts between the natural populations

to the magnitude of genome-wide baseline divergence between

the populations. The rationale was that an allele frequency shift

clearly exceeding baseline divergence—reflecting the magnitude

of differentiation by drift—offers evidence for divergent selection

having acted in the close neighborhood of the QTL-linked marker.

We recognize the possibility, however, that selection may not have

target the detected QTL itself, but a nearby locus unrelated to the

mapped phenotype.

We thus translated allele frequency differences at the QTL-

linked SNPs to FST (Nei and Tajima 1981, eq. 7), and estimated

the confidence interval for FST as the 95 percentile of the distribu-

tion produced by bootstrap resampling the observed alleles 10,000

times within each population (Manly 2007). This confidence inter-

val was then evaluated against the magnitude of baseline differen-

tiation between the ROM and CHE population samples, defining

baseline differentiation as genome-wide median FST (Roesti et

al. 2012a). Following Roesti et al. (2012a,b), the estimation of

baseline differentiation ignored SNPs with a minor allele fre-

quency <0.25 to avoid polymorphisms with low information

content, and for RAD sites harboring multiple polymorphisms

used only the one SNP yielding the highest FST value. Baseline

differentiation thus calculated was 0.37 across 5429 informative

SNPs.

Results
GILL RAKER LENGTH

We found two significant QTLs influencing gill raker length

(Table 1; an additional suggestive QTL is described in Table S1;
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Table 1. Characterization of the QTLs for skeletal divergence between lake and stream stickleback.

Trait Marker Chromosome Position (bp) LOD P PVE HSE Direction Candidate gene

Gill raker length chrVI_12733534 6 13,735,445 4.52 0.027 6.5 0.19 (0.73) L∗
chrIV_570692 4 570,692 4.60 0.019 4.3 0.08 (0.33) S BAPX1 (15)

Snout length chrXIX_19432535 19 69,077 (contig 1730) 45.13 0.001 42.9 0.38 (1.87) M
Head length chrXIX_19432535 19 69,077 (contig 1730) 5.70 0.002 7.7 0.33 (0.58) M

chrUn_11709633 5 464,792 5.57 0.004 6.9 0.45 (0.72) S∗
chrXV_11777081 15 11,777,081 5.01 0.015 4.4 0.38 (0.58) S∗
chrXIV_6849438 14 6,849,438 4.55 0.031 3.2 0.24 (0.37) S∗

Vertebral number chrXXI_2306628 21 4,955,041 7.82 0.001 9.2 0.43 (0.85) L∗ COL11A1 (6)
chrXVII_1670571 17 1,670,571 7.64 0.001 6.4 0.44 (0.78) L∗ ASPN, OGN (11)

Plate morph chrIV_12797213 4 12,797,213 155.45 0.001 76.0 – L∗ EDA (15)
Plate 11 height chrXI_10140558 11 10,140,558 9.69 0.001 12.7 0.79 (1.04) S AXIN2 (36)

chrXI_6239999 11 6,239,999 8.94 0.001 12.0 0.71 (0.97) S PHOSPHO1 (36)
chrIV_4185607 4 4,185,607 4.54 0.041 5.5 0.47 (0.6) L

Plate 13 height chrIV_6474941 4 6,474,941 8.20 0.001 11.8 0.58 (1.07) L
chrXI_10140558 11 10,140,558 5.96 0.002 9.4 0.6 (0.8) S AXIN2 (36)
chrXI_6239999 11 6,239,999 5.79 0.002 8.4 0.47 (0.69) S PHOSPHO1 (36)
chrIX_9659641 9 12,543,749 4.99 0.012 7.7 0.53 (0.71) L

The marker names specify genomic locations (chromosome and base pairs) according to the Broad S1 genome assembly, whereas the chromosome numbers

and positions given in separate columns refer to the improved assembly (Roesti et al. 2013). The position of the marker on chromosome 19 (sex chromosome)

is unclear (it proved linked relatively loosely to the other markers within the nonrecombining domain of this chromosome), hence we provide the position

within its contig. Effect sizes are expressed as percent variance explained (PVE), and as homozygous substitution effect (HSE; in measurement unit, and

standardized in parentheses). HSE is not given for plate morph, as this trait has an ordinal scale, and effect sizes for the two plate height QTLs on chromosome

11 are probably inflated because of linkage. The QTLs are ordered by PVE within each trait. The Direction column indicates whether ROM lake (L), CHE stream

(S), or male (Y-linked; M) alleles cause higher trait values, and asterisks indicate allelic effects in the direction expected from the divergence between the

natural populations (note that this could not be determined for the plate height QTL). The last column lists candidate genes found in the marker intervals

around the QTL SNPs, with the numbers in parentheses indicating the total number of genes in each interval (including predicted genes). This table reports

only QTLs reaching P < 0.05; additional suggestive loci are presented in Table S1.

genome-wide LOD profiles for all traits are presented as Fig. S1).

Both showed a modest effect size. The SNP associated with the

QTL exhibiting the greater effect size (located on chromosome 6)

produced a phenotypic shift in the predicted direction (longer gill

rakers associated with the ROM lake allele), while the other one

did not. Only the chromosome 6 marker could be analyzed for al-

lele frequency shifts in the natural populations, revealing almost

complete fixation of the expected SNP allele within the ROM

and CHE sample (permutation P = 0.0001). This frequency shift

(FST = 0.77, lower and upper 95% confidence limits: 0.65, 0.92)

was much stronger than expected from the populations’ baseline

divergence.

HEAD MORPHOLOGY

The analysis of snout length detected a single large-effect QTL

only (43 PVE; Table 1, Fig. S1). This QTL mapped to the do-

main on the sex chromosome (19) where the X and Y gametologs

do not recombine (Roesti et al. 2013). Males of the F2 pop-

ulation further displayed strikingly longer snouts than females

(Fig. 2). Together, these observations indicated very strong sex-

linked control of snout length. Indeed, mapping sex as a binary

trait produced a single significant QTL (LOD = 380) coincid-

ing exactly with the snout length QTL, whereas mapping snout

length separately within each sex produced no QTL (details not

presented).

Some sex-linked control was observed for overall head length

as well, as the snout length QTL was also the strongest QTL af-

fecting head length (Tables 1, S1, Fig. S1; recall that head length

was mapped with snout length as covariate, so this finding is not

a methodological artifact). Three additional minor head length

QTLs were detected on the autosomes, all of them (and also the

suggestive locus) exhibiting an effect in the direction predicted

from previous phenotypic work (a larger head associated with

the CHE stream alleles). Allele frequencies in the natural popu-

lations could be inspected for the marker linked to the QTL on

chromosome 15 only, which again revealed a shift in the predicted

direction (P = 0.0001; FST = 0.51, CLs: 0.35, 0.68) and exceeding

the baseline level.
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Figure 2. Distribution of size-adjusted snout length in male (dark

gray, pointing upward) and female (light gray, pointing down-

ward) stickleback from the F2 panel.
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Figure 3. Vertebral number in ROM lake and CHE stream stickle-

back. The left panel shows vertebral count histograms based on

a sample (N = 14) from the lake population (dark gray, pointing

upward) and the stream population (light gray, pointing down-

ward). The right panel displays the distribution of vertebral num-

ber in individuals from the F2 cross concurrently homozygous for

either the lake alleles (dark gray; N = 14) or the stream alleles

(light gray; N = 13) at the two QTLs identified on chromosomes 17

and 21.

VERTEBRAL NUMBER

Most stickleback from the ROM lake sample displayed 32 verte-

brae, as opposed to 31 vertebrae predominating in CHE stream

fish (P = 0.0085; Fig. 3). In the cross, vertebral number mapped to

two QTLs, with their effects being in the expected direction (ROM

lake alleles associated with greater vertebral number; the same is

true for the suggestive loci; Tables 1, S1, Fig. S1). Despite mod-

erate effect sizes of the two QTLs when estimated separately (9.2

and 6.4 PVE), their joint effect was striking: individuals homozy-

gous for the ROM lake or CHE stream alleles at both QTL-linked

SNPs simultaneously exhibited almost consistently 32 versus 31

vertebrae (Fig. 3). Comparing a subset of F2 individuals with 31

and 32 vertebrae (N = 30 each) showed unambiguously that the

variation was in the number of caudal as opposed to abdominal

vertebrae (details not presented). Moreover, testing for a differ-

ence in mean body size between individuals with 31 versus 32

vertebrae (together accounting for 97% of all F2 individuals) re-

vealed clearly that vertebral number and body size were unrelated

(P = 0.36, standardized mean difference in size between the two

groups: 0.06; visualized in Fig. S2). Allele frequency shifts could

be examined for the marker linked to the QTL on chromosome 21

only, revealing divergence in the expected direction (P = 0.0001;
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Figure 4. (A) LOD profile for the segment on chromosome 4 con-

taining the detected QTL for lateral plate morph. The gray vertical

lines indicate, from left to right, the position of EDA and the two

candidate genes PDLIM7 and ANXA6. The two LOD peaks (>150)

are separated by two markers. (B) Distribution of the total num-

ber of lateral plates posterior to the pelvic girdle in F2 individuals

heterozygous at the EDA marker.

FST = 0.41, CLs: 0.15, 0.71), but not stronger than expected from

the baseline.

LATERAL PLATING

Mapping lateral plate morph detected a locus of large effect (76

PVE) on chromosome 4, located precisely in the EDA region

(LOD = 155.4 for the SNP 3 kb from the start position of EDA,

and LOD = 155.2 for the SNP within EDA; Table 1, Fig. 4A).

An almost equally strong marker-phenotype association (LOD =
154.6), however, occurred at 13.35 Mb. Inspecting the genotype

frequencies at the two SNPs separating these high-LOD regions

indicated that the drop in the strength of marker-phenotype as-

sociation was not due to low genotyping quality (details not pre-

sented). At the EDA SNP, the natural populations were relatively

close to fixation for the expected alternative alleles (P = 0.0001;

FST = 0.60, CLs: 0.42–0.79), a shift clearly exceeding the base-

line divergence level. No additional plate morph QTL was found

(Fig. S1).

Lateral plate number was variable among the F2 individ-

uals heterozygous at EDA, but never lower than 29 (Fig. 4B).

Hence, EDA heterozygotes in our cross always classified as either

partially or fully plated. We found no significant QTL for plate
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number when only considering EDA heterozygotes (Fig. S1; a

single suggestive QTL is described in Table S1).

The height of lateral plate 11 mapped to two QTLs (Tables 1,

S1, Fig. S1). The locus on chromosome 11 displayed a substantial

effect size (12.7 PVE), with the ROM lake allele associated with

shorter plates. However, this effect size was probably slightly

inflated, as inspecting the LOD profile along chromosome 11

revealed the presence of an additional, nearly equally strong QTL

4 Mb (9.4 cM) away (LOD = 8.94; this second QTL is included in

Table 1). Lacking information on plate height divergence between

the natural populations, we did not investigate population-level

shifts in allele frequencies.

The genetic architecture of lateral plate 13 height overlapped

partly with that of plate 11 (Table 1, Fig. S1), which is not surpris-

ing, given the relatively strong phenotypic correlation of the two

plate height traits within the F2 population (r = 0.84). Specifically,

we detected exactly the same two QTLs located on chromosome

11. However, the strongest effect (11.8 PVE) was now seen in a

QTL on chromosome 4. This locus was 2.3 Mb away from the

QTL on the same chromosome driving plate 11 height (Fig. S1),

and thus perhaps represents a distinct locus, although this cannot

be determined with confidence. In addition, plate 13 height was

influenced by a QTL on chromosome 9.

Discussion
We have used an F2 intercross to investigate the genetic archi-

tecture of divergence in skeletal traits between lake and stream

stickleback. A first suite of traits considered included gill raker,

snout, and head length, traits believed to mediate trophic special-

ization. In particular, gill raker length displays a highly predictable

association with prey use in stickleback and other fish species. To

our knowledge, variation in gill raker length has not previously

been mapped in any species, but common-garden experiments in

stickleback indicated a heritable basis to the phenotypic diver-

gence between benthic and pelagic populations (McPhail 1984;

Day et al. 1994; Wund et al. 2008). In line with these quantitative

genetic observations, our study discovered QTLs for gill raker

length. Despite a mutation screen in zebrafish, implicating the

Ectodysplasin (EDA) signaling pathway in gill raker formation

(Harris et al. 2008), the detected QTLs showed no obvious rela-

tionship to that pathway. However, screening the marker interval

around the QTL on chromosome 4 suggested BAPX1 as a strong

candidate gene, given that BAPX1 is crucial to the formation of

the first branchial arch in zebrafish (Miller et al. 2003).

We also found several autosomal QTLs explaining variation

in head length. The effect sizes were consistently in the direc-

tion expected from the phenotypic divergence between the source

populations (Berner et al. 2010a) and other benthic-pelagic stick-

leback systems (Caldecutt and Adams 1998; Albert et al. 2008).

Nevertheless, in accordance with greater male than female over-

all head length found in many stickleback studies (Caldecutt and

Adams 1998; Kitano et al. 2007; Albert et al. 2008; Aguirre and

Akinpelu 2010; Berner et al. 2010a, 2011; Ravinet et al. 2013),

the strongest head length QTL was sex-linked and also turned out

to be the only (large-effect) locus driving snout length. Hence,

while contrasting foraging habitats likely drive the evolution of

stickleback head morphology among populations, the footprint of

sex-specific selection is much stronger.

VERTEBRAL NUMBER

The source populations of the cross showed clear divergence in

the number of vertebrae, with a higher average count in lake

than stream fish. This trend has also been found in other studies

comparing lake and stream stickleback (Hagen and Gilbertson

1972; Reimchen et al. 1985) and thus likely represents an adap-

tive response to divergent selection on locomotion (Swain 1992).

Although further functional evidence is needed, our finding that

vertebral number is genetically unrelated to body size (as also

found in a different stickleback system; Alho et al. 2011) indi-

cates that population divergence in the number of vertebrae is

unlikely to reflect a correlated response to selection on size (note

that the ROM lake and CHE stream populations differ in size;

Moser et al. 2012).

In our cross, vertebral number mapped to two QTLs. These

loci explained a moderate proportion of the total phenotypic vari-

ance when considered in isolation, but in combination had a high

explanatory power: their joint homozygous substitution accounted

for an approximate shift of one vertebra, roughly the magnitude of

divergence between the natural populations. To our knowledge,

vertebral number has previously been mapped only in two fish

species (medaka and trout) and in pigs. The former studies de-

tected QTLs but were performed with a marker resolution too

low to allow candidate gene identification (Nichols et al. 2004;

Kimura et al. 2012). QTLs also emerged in pigs, where fine map-

ping produced strong candidate genes (NR6A1, VRTN, PROX2,

FOS; Mikawa et al. 2007, 2011; Ren et al. 2012). The stickleback

homologues of these genes, however, are not located on the chro-

mosomes 17 and 21 where we found QTLs for vertebral number.

Instead, screening the target marker interval on chromosome 17

identified OGN (Madisen et al. 1990) and ASPN as candidate

genes. Both genes are involved in bone formation. In particu-

lar, ASPN regulates osteoblast collagen mineralization in vitro

(Kalamajski et al. 2009) and is implicated in human degenerative

diseases of skeletal joint regions, including intervertebral disks

(Kizawa et al. 2005; Song et al. 2008). Also, a strong candidate

gene (COL11A1) emerged in the focal chromosome 21 segment.

Mutations in COL11A1 cause skeletal disorders, including the

malformation of vertebrae (Li et al. 1995; Tompson et al. 2010;

Koyama et al. 2012).
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LATERAL PLATING

At first glance, our mapping of lateral plate morph produced an

expected result: the LOD maximum mapped to the EDA gene,

and the corresponding SNP explained 76% of the total variance,

a value very similar to that reported in Colosimo et al. (2004)

for the plate morph QTL on chromosome 4 (77.6 PVE). Inter-

estingly, however, a nearly equally strong LOD score emerged at

13.35 Mb (roughly 0.5 Mb from EDA), a region identified as high

differentiation outlier in a divergence mapping study using fully

plated marine and low-plated freshwater stickleback from Alaska

(Hohenlohe et al. 2010). Our marker interval in that region con-

tains two strong candidate genes, PDLIM7 and ANXA6 (see also

Hohenlohe et al. 2010). PDLIM7 has been shown to initiate bone

formation de novo, and also to interact with bone morphogenetic

protein (BMP) signaling (Boden et al. 1998; Liu et al. 2002).

Similarly, ANXA6 plays a critical role during the calcification of

skeletal tissue (Kirsch et al. 2000; Wang and Kirsch 2002; Thou-

verey et al. 2009). It is thus possible that the strong effect seen

at the EDA marker in our cross captures variation in lateral plat-

ing driven by polymorphism in one or more additional genes in

its close neighborhood. Unfortunately, the paucity of crossovers

between the SNPs at these QTLs in our cross precludes disentan-

gling their relative effect sizes.

Outside chromosome 4, we found no QTL substantially influ-

encing plate morph or number. This is surprising, given that such

QTLs were discovered previously on chromosomes 7, 10, and 21

(Colosimo et al. 2004; but see Baird et al. 2008). This difference

in genetic architecture likely explains why EDA heterozygotes in

our cross were never low-plated, although low-plated heterozy-

gotes occurred in the mapping panel studied by Colosimo et al.

(2004).

As a complementary route to the adaptive reduction in lateral

plating, stickleback might evolve shallower plates (Leinonen et

al. 2012). Mapping the height of the plates 11 and 13 posterior to

the pelvic girdle, we found QTLs on chromosomes 4, 9, and 11.

These results differ from the previous report of plate height QTLs

on the chromosomes 4 (at around 2 Mb, hence in a different region

than in our cross), 7, and 20 (Colosimo et al. 2004). However,

that study measured plates immediately adjacent to the pelvic

girdle. Combined with our observation that the relative influence

of the QTLs on chromosomes 4 and 11 on the height of the plates

11 and 13 was inverted, and that the QTL on chromosome 9

(and the additional suggestive QTLs) influenced one of the plates

only, we conclude that plate height has a fairly complex genetic

architecture, with several loci acting relatively locally.

Examining the plate height QTL regions produced strong

candidate genes. Notably, the marker interval around the highest

LOD peak observed (chromosome 11) included AXIN2. Loss of

function mutations in AXIN2 lead to ectodermal dysplasia in hu-

mans (Lammi et al. 2004; Mostowska et al. 2006; Callahan et al.
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Figure 5. Distribution of effect sizes (in percent variance ex-

plained) across all QTLs (including in light gray the suggestive

ones with 0.05 � P < 0.1; see Table S1) and all traits except plate

number in EDA heterozygotes. The latter trait was excluded be-

cause mapping was performed with substantially reduced power

(N = 209).

2009; Bergendal et al. 2011)—the same disorder also observed

for disruptions of the EDA pathway (Kere et al. 1996; Bayes

et al. 1998; Monreal et al. 1999; Headon et al. 2001; Chassaing

et al. 2006). The SNP interval around 6.2 Mb on the same chro-

mosome, in turn, proved close to PHOSPHO1, a gene involved in

skeletal tissue mineralization (Houston et al. 1999, 2004; Roberts

et al. 2007). Candidate genes involved in bone formation also

emerged at the suggestive plate height QTLs on chromosomes 5

(PLEKHM1; Van Wesenbeeck et al. 2007) and 17 (ALPL; Weiss

et al. 1988; Henthorn et al. 1992; Table S1).

QTL EFFECT SIZES

Mapping lateral plate morph and snout length identified QTLs of

very large effect (acknowledging that the effect size of the plate

morph QTL is possibly confounded by the presence of multiple

tightly linked loci, see above). The majority of our detected QTLs,

however, had a relatively minor effect, a typical result in QTL

mapping studies (Mackay et al. 2009). Moreover, for some traits

(e.g., gill raker length, head length), inspecting the genome-wide

LOD profile (Fig. S1) suggested the presence of additional loci

with even smaller effect that were missed in our experiment due to

insufficient power—a well-known issue in QTL mapping (Lande

and Thompson 1990; Beavis 1994; Xu 2003; Rockman 2011).

To explore this issue further, we compiled the effect sizes of all

the QTLs (including marginally significant ones) detected in our

study across all traits. This revealed that despite relatively large F2

sample size, we lacked the power to identify QTLs with an effect

size below 3–4 PVE (Fig. 5). (We are aware of the additional

complication that the effect sizes of our detected minor QTLs

are likely to be biased upward; Beavis 1994; Göring et al. 2001;

Xu 2003.) We thus argue that although QTL mapping provides

interesting insights into the genetic architecture of phenotypic

divergence among stickleback populations, our understanding of

adaptive variation in many traits will continue to benefit from

quantitative genetic investigation.
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ALLELE FREQUENCY SHIFTS IN THE SOURCE

POPULATIONS

The availability of marker data from the natural populations un-

derlying our cross made it possible to assess if associations be-

tween trait values and QTL-linked SNP alleles were replicated at

the population level. Such an association is expected under two

conditions. First, SNP alleles must tag QTL alleles reliably at the

population level (as opposed to merely in the grandparents used

for the cross). Second, allele frequency shifts at the focal QTL

need to make some contribution to the trait divergence between

the natural populations. Moreover, a shift at an SNP tightly linked

to a QTL is expected to exceed the level of baseline population

divergence attributable to drift if the QTL has been influenced by

divergent selection between the populations.

All these conditions are indeed met by the EDA locus: phy-

logenetic analysis revealed that alleles at SNPs within EDA are

tightly linked to their corresponding causative variants (which

remain unknown) in the two study populations, and that adap-

tive population divergence in plate morph frequency is paralleled

by frequency shifts at these SNPs (Berner et al. 2010a; see also

Colosimo et al. 2005). We thus predicted very strong population-

level shifts at our EDA maker, which were indeed observed. Simi-

lar analyses could be performed only in a small subset of the other

QTL-linked SNPs, because some relevant markers were missing

at the population level due to a different sequencing protocol, and

because plate height could not be quantified in the (low-plated)

stream population. Nevertheless, all three additional SNPs that

were examined (associated with gill raker length, head length,

and vertebral number) showed clear enrichment for the expected

allele within each source population. Moreover, in three of the

four total cases (including EDA), the observed allele frequency

shifts were stronger than baseline divergence. We thus conclude

that the phenotypic divergence between our study populations is

probably attributable at least partly to allele frequency shifts at

the QTL discovered in the cross, and that some of these shifts

have been driven by divergent selection.

Conclusions
We subjected skeletal traits in European lake and stream stickle-

back to QTL mapping. Although this revealed a few large-effect

QTLs, the majority of the loci detected across all traits exhib-

ited a modest to small effect size. At least for some traits, QTL

mapping seems to permit a relatively incomplete characteriza-

tion of genetic architecture. Nevertheless, the close neighborhood

around the QTLs that were discovered often contained genes in-

volved in bone formation, which thus emerge as strong candidate

drivers of skeletal evolution. Manipulative functional experiments

are now needed to confirm the causative role of these genes, and

comparisons across numerous phenotypically well-characterized

stickleback populations should investigate how consistently these

genes are involved in diversification. Excitingly, a region con-

taining two novel candidate genes for lateral plate morph evo-

lution in our study coincided with an outlier region identified

in a divergence scan using geographically independent stickle-

back populations divergent in lateral plating (Hohenlohe et al.

2010). This illustrates how understanding adaptation can benefit

from the combination of phenotype-based and purely molecular

genome scans. Finally, we attempted to move beyond mere QTL

identification within a cross by screening for QTL-linked SNP

allele frequency shifts in the natural source populations. These

analyses indicated that at least some of our identified QTLs may

indeed contribute to population divergence, and suggested that

allele frequency shifts have been driven by divergent selection.

A deeper understanding of the nature of this selection, however,

will require extensive ecological investigation.
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Novocraft (http://www.novocraft.com) shared their sequence aligner. J.
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