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Abstract
In recent years, the explosion of affordable next generation sequencing technology has
provided an unprecedented opportunity to conduct genome-wide studies of adaptive
evolution in organisms previously lacking extensive genomic resources. Here, we characterize genome-wide patterns of variability and differentiation using pooled DNA from
eight populations of the nine-spined stickleback (Pungitius pungitius L.) from marine,
lake and pond environments. We developed a novel genome complexity reduction protocol, defined as paired-end double restriction-site-associated DNA (PE dRAD), to maximize read coverage at sequenced locations. This allowed us to identify over 114 000
short consensus sequences and 15 000 SNPs throughout the genome. A total of 6834
SNPs mapped to a single position on the related three-spined stickleback genome,
allowing the detection of genomic regions affected by divergent and balancing selection,
both between species and between freshwater and marine populations of the ninespined stickleback. Gene ontology analysis revealed 15 genomic regions with elevated
diversity, enriched for genes involved in functions including immunity, chemical stimulus response, lipid metabolism and signalling pathways. Comparisons of marine and
freshwater populations identified nine regions with elevated differentiation related to
kidney development, immunity and MAP kinase pathways. In addition, our analysis
revealed that a large proportion of the identified SNPs mapping to LG XII is likely to
represent alternative alleles from divergent X and Y chromosomes, rather than true autosomal markers following Mendelian segregation. Our work demonstrates how population-wide sequencing and combining inter- and intra-specific RAD analysis can uncover
genome-wide patterns of differentiation and adaptations in a non-model species.
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Introduction
The field of ecological genomics seeks to understand
the ecological significance of genomic variation and the
function of single or multiple genes in the wild (Feder
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& Mitchell-Olds 2003; van Straalen & Roelofs 2006;
Ellegren & Sheldon 2008; Ungerer et al. 2008). Linking
genome-wide variation with phenotype in an organism
ultimately requires genome sequence information, and
as a result, much of the progress in this field to date
has been limited to genetic model organisms (e.g. Fournier-Level et al. 2011; Jelier et al. 2011). However, the
recent explosion in affordable and high-throughput
technologies for next generation sequencing (NGS),
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microarray and mass spectrometry means that genomewide studies in non-model organisms are now much
more achievable (Tautz et al. 2010; Ekblom & Galindo
2011), and several studies have demonstrated that novel
functional genomic insights can be gained for species
without fully sequenced genomes (e.g. Vera et al. 2008;
Papakostas et al. 2012).
One promising NGS approach in species lacking genome sequence information is restriction-site-associated
DNA (RAD) sequencing, a method that sequences the
DNA flanking specific restriction sites throughout the
genome (Baird et al. 2008; Hohenlohe et al. 2010). This
approach allows ultra-high coverage sequencing of the
same sites over many individuals and/or populations,
providing a reduced representation of the genome and
sufficient read depth for the detection of sequence polymorphisms, particularly single nucleotide polymorphisms (SNPs), whilst using a relatively small number
of sequencing runs. The RAD method has been successfully applied in a number of non-model organisms to
develop thousands of SNPs (e.g. Scaglione et al. 2012),
study hybrid zones (Hohenlohe et al. 2011) and to create high-density genetic linkage maps (Baxter et al.
2011; Miller et al. 2012). The aforementioned studies
have generally adopted a genotyping-by-sequencing
approach, where sequencing and SNP genotyping are
conducted on an individual basis. However, several
empirical and theoretical studies have evaluated the
alternative strategy of allelotyping-by-sequencing,
which estimates allele frequencies from DNA pools
rather than from individual genotypes (van Tassell et al.
2008; Futschik & Schlötterer 2010; Mullen et al. 2012).
This approach enables cost-effective SNP discovery, as
well as fast and accurate allele frequency estimation
from DNA pools for genome-wide population genetic
studies (Futschik & Schlötterer 2010). Therefore, allelotyping-by-sequencing is expected to be a very costeffective approach for population genetic studies of
multiple populations at a genome-wide scale.
The nine-spined stickleback (Pungitius pungitius L.) is
a small fish distributed across marine and freshwater
habitats throughout the Northern Hemisphere. In Fennoscandia (Fig. 1), nine-spined stickleback populations
share a common ancestry after recolonization of the
region from the southern latitudes following the last
glacial maximum (Shikano et al. 2010c; Teacher et al.
2011). There is extensive habitat variation throughout
this region, through both abiotic factors, such as salinity, temperature and habitat structure, and biotic factors, such as prey abundance, competition and
predation. As a result, differences in selection pressures
are expected to lead to adaptive divergence between
populations. Earlier works have revealed significant
differences in morphological, behavioural and life-his-

tory traits between freshwater and marine nine-spined
stickleback populations, with evidence supporting the
idea that adaptation in freshwater pond populations is
driven by intra-specific competition, whereas adaptation
in marine populations is driven by predation. Freshwater populations typically exhibit higher aggression and
boldness (Herczeg et al. 2009a; Herczeg & Välimäki
2011), reduced or absent body armour (Herczeg et al.
2010), gigantism and variation in growth strategies
(Herczeg et al. 2009b, 2012; Shimada et al. 2011) and
divergent brain architecture (Gonda et al. 2009, 2012) in
comparison with marine populations.
To date, population genetic and linkage mapping studies in nine-spined stickleback have relied on markers
developed from species-specific genomic libraries (Shapiro et al. 2009), or more recently, sequence information
from the related three-spined stickleback, Gasterosteus
aculeatus (Shikano et al. 2010a,b). Nine-spined and threespined sticklebacks shared a common ancestor more than
13 million years ago (Bell et al. 2009) and have 21 visible
chromosomes (Chen & Reisman 1970). Linkage mapping
of North American nine-spined sticklebacks showed conserved synteny of microsatellite marker locations
between the two genera (Shapiro et al. 2009); linkage
groups (LGs) in the nine-spined stickleback can be
referred to in terms of their three-spined counterparts.
Despite this synteny, there is evidence that convergent
phenotypic evolution between these genera has a divergent genetic architecture. For example, Shapiro et al.
(2009) uncovered major quantitative trait loci (QTL) associated with morphological traits such as pelvic reduction
and lateral plate number variation, but these did not
correspond to QTL for similar traits within the three-

Fig. 1 Sampling locations of nine-spined stickleback in Fennoscandia. Marine, pond and lake populations are marked as
filled squares, filled circles and open circles, respectively. For
population abbreviations, see Table 1.
© 2012 Blackwell Publishing Ltd
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spined stickleback (Cresko et al. 2004; Shapiro et al. 2004;
Coyle et al. 2007). Similarly, the sex-determining locus in
nine-spined sticklebacks has been mapped to chromosome 12 (LG XII) in both North America and Eastern
European lineages (Shapiro et al. 2009; Shikano et al.
2011), whereas that of the three-spined stickleback has
been mapped to chromosome 19 (LG XIX; Peichel et al.
2004). Recently, several high-density genome scans using
RAD sequencing have provided new and valuable information on genomic regions affected by adaptation in
three-spined stickleback (Hohenlohe et al. 2010; Deagle
et al. 2011; Roesti et al. 2012), and full genome sequencing
of multiple marine and freshwater three-spined stickleback individuals has also been carried out (Jones et al.
2012). However, the nine-spined stickleback still lacks a
comprehensive population genomic perspective on the
genome-wide patterns of variation and differentiation.
Such studies on the nine-spined stickleback represent a
promising opportunity to generalize findings from the
three-spined stickleback and indicate whether the same
or different chromosomal regions and genes are involved
in adaptation to similar environments in different
species.
In this study, we combined information from next
generation sequencing in the nine-spined stickleback
with genomic resources from the related three-spined
stickleback. This allowed us to characterize, for the first
time, a genetic profile for a significant proportion of the
nine-spined stickleback genome. By developing a novel
genome complexity reduction protocol (referred to as
paired-end double RAD, or PE dRAD) on pooled DNA
samples from a number of populations, we demonstrate
how inter- and intra-specific RAD analysis can reveal
novel genome-wide patterns of differentiation between
populations of a non-model species.

Materials and methods
Population sampling
Fin clips were collected from two marine, two lake (surface area > 20 ha) and four pond-dwelling (surface
area < 5.8 ha) populations of nine-spined stickleback
across Fennoscandia between 2006 and 2007 (Fig. 1;
Table 1; see Shikano et al. 2010c for further details). Of
these, one marine, one lake and two pond populations
were selected from Baltic Sea and White Sea drainage
systems (Table 1). DNA was extracted using a proteinase K digestion protocol and a silica-fine based purification method (Aljanabi & Martinez 1997; Elphinstone
et al. 2003). DNA quality was checked in 1% agarose
gel, and DNA concentration was measured using a
Nanodrop ND-1000 spectrophotometer. For each
population, equimolar amounts (10 ng/lL) of high© 2012 Blackwell Publishing Ltd

quality genomic DNA from 48 individuals were pooled
and concentrated to 30 ng/lL using a vacuum concentrator (5301, Eppendorf).

RAD tag library creation and sequencing
Restriction-site-associated DNA libraries were generated
using the protocol outlined in Baird et al. (2008), with
two key modifications to improve efficacy of allelotyping-by-sequencing: (i) the 5′ end of the Modified Adapter 1 was labelled with biotin using streptavidincoupled Dynabeads® (MyOneTM C1, Invitrogen GmbH),
and a magnet was used to efficiently separate desired
fragments prior to PCR; (ii) instead of physically shearing the DNA, we used a second restriction enzyme
(HaeIII) to create small fragments suitable for sequencing. These adaptations simplified the library preparation protocol and produced fully overlapping reverse
reads, maximizing the reverse read coverage. As this
new method combines the use of double restriction and
paired-end sequencing, we refer to it as a paired-end
double-RAD (PE dRAD) approach.
For each pooled sample, 1200 ng of genomic DNA
was digested for 20 min at 37 °C in a 50 lL reaction
containing 30 U of EcoRI in 1 9 NEBuffer 4 (New England Biolabs, hereafter denoted as ‘NEB’), before being
heat-inactivated for 20 min at 65 °C. 1 lL of 2 lM Modified Adapter 1 (top: 5′-Biotin-ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3′, bottom: 5′-Phos-AATTA
GATCGGAAGAGCGGTTCAGCAGGAATGCCGAG-3′)
was added to 45 lL of the restriction product, along
with 1 lL of 100 mM rATP (Promega), 0.5 lL 10 9 NEBuffer 4 and 2.5 lL (1000 U) T4 DNA Ligase (400 U/
lL, NEB). A ligation reaction was carried out at room
temperature for 30 min, before heat-inactivation for
20 min at 65 °C. The ligation product was then cut by
adding 2 lL of second restriction enzyme, HaeIII (20 U,
NEB). These samples were digested for 20 min at 37 °C,
heat-inactivated for 20 min at 75 °C, purified using NucleoSpin Extract II columns (Macherey-Nagel) and eluted in
16 lL of 10 mM Tris-HCl pH 8.5. The sample was then
mixed with 16 lL of 2 9 Washing and Binding buffer (Invitrogen GmbH). DNA fragments containing Modified
Adapter 1 were immobilized using streptavidin-coupled
Dynabeads® (MyOneTM C1, Invitrogen GmbH), washed
three times and eluted in 34 lL of water. 6.5 U of Klenow
exo(NEB) was used to add adenine (10 mM, dATP) overhangs on the 3′ end of the DNA fragments at 37 °C,
followed by heat-inactivation for 30 min at 65 °C. The sample was then immobilized, washed twice and eluted in
14 lL of water. After the purification, 1 lL of 2 lM Modified Adapter 2 (top: 5′-Phos-XXXAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAG-3′, bottom: 5′-ACA
CTCTTTCCCTACACGACGCTCTTCCGATCTXXXT-3′,
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Table 1 Information and basic summary statistics for each population subject to PE dRAD sequencing

Population

Location

Coordinates

Habitat

Drainage

Lane and
barcode

ABB
BYN
PYÖ
RYT
POR
SKA
HKI
LEV

Abbortjärn, Sweden
Bynastjärnen, Sweden
Pyöreälampi, Finland
Rytilampi, Finland
Iso-Porontima, Finland
Västre-Skavträsket, Sweden
Helsinki, Finland
Levin Navolok Bay, Russia

64°29′N,
64°27′N,
66°16′N,
66°23′N,
66°13′N,
64°26′N,
60°12′N,
66°18′N,

Pond
Pond
Pond
Pond
Lake
Lake
Marine
Marine

Baltic Sea
Baltic Sea
White Sea
White Sea
White Sea
Baltic Sea
Baltic Sea
White Sea

3_TTG
1_CAC
3_CTT
1_CTT
6_TTG
5_CAC
2_TCT
5_TCT

19°26′E
19°27′E
29°26′E
29°19′E
29°16′E
19°27′E
25°11′E
33°24′E

where XXX is a barcode sequence specific to the population pool, Table 1) was ligated to the DNA fragments
with adenine overhang at room temperature, as in the
first ligation reaction with Modified Adapter 1. The sample was immobilized, washed and eluted in 50 lL of
water, and 10 lL of this product was used for PCR amplification in a 50 lL reaction volume containing 0.5-lL Platinum Pfx DNA polymerase (Invitrogen), 20 mM dATPs,
100 mM MgSO4, 50 lM of primers (forward: 5′-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTA-3′; reverse: 5′-CAAGCAG
AAGACGGCATACGAGATCGGTCTCGGCATTCCTGCT
GAACCGCTCTTCCGATCT-3′) and 5 lL of 10 9 amplification buffer (Invitrogen). The PCR program consisted
of an initial denaturation at 94 °C for 2 min, followed
by 18 cycles of denaturation in 94 °C for 15 s, annealing
at 60 °C for 30 s, extension at 68 °C for 30 s, with a
final extension at 72 °C for 5 min. PCR products were
purified using a MinElute PCR Purification Kit (Qiagen)
and eluted in 12 lL of 10 mM Tris-HCl pH 8.5. The
purified PCR products were then separated on a 2%
agarose gel, and the bands within the size range 250–
400 bp were excised with sterile scalpels. DNA within
the excised band was purified using MinElute Gel
Extraction Kit (Qiagen), eluted in 27 lL of 10 mM TrisHCl pH 8.5 and diluted to 10 nM. Paired-end sequencing was carried out on the Illumina GAII sequencing
platform, indexed by population (Table 1).

De novo assembly of consensus sequences
Forward and reverse sequence reads were assigned to
each population based on barcode information (Table 1),
and restriction site and barcode sequences were
removed. De novo assembly of consensus sequences was
conducted incorporating read quality information in the
software CAP3 (Huang & Madan 1999) for forward and
reverse reads separately, and consensus sequences
matching the median-trimmed read lengths (69 and 68

No. forward
reads

No.
reverse
reads

Mean SNP
alignment
depth

396
577
652
175
321
78
446
361

428 807
599 202
675 123
187 008
333 744
81 633
485 602
376 011

6.36
10.06
9.13
3.06
4.56
1.24
7.14
4.79

861
420
455
685
539
983
765
187

bases for forward and reverse reads, respectively) were
retained. All consensus sequences were aligned to one
another using blastn in BLAST+ v2.2.25 (Altschul et al.
1990) to identify repetitive sequence motifs and identical
or extremely similar consensus sequences (sometimes
observed in CAP3 assemblies; Shahin et al. 2012). Consensus sequences were discarded if they contained
motifs of  15 bases which had  50 matches in the
BLAST+ alignment (where thresholds were empirically
selected based on the distribution of motif lengths and
match count), and a common consensus sequence was
selected where two consensus sequences had a unique
match with  62 matching bases and no gaps.
Finally, consensus sequences were screened for
microsatellite repeats (mono-, di- or tri-nucleotide of
length  10 bases, respectively) using SCIROKO v3.4 (Kofler et al. 2007).

Read alignment and SNP discovery
The overall miscall rate on the Illumina platform is
around 1% (Nielsen et al. 2011), and the average quality
score of each base decreases towards the 3′ end of the
sequence read. To minimize false SNP detection, bases
were removed from the 3′ end of all reads until the
Phred quality score was  20 (equivalent to a 1% error
rate) using Fastq Quality Trimmer implemented in
Galaxy Tools (Goecks et al. 2010); remaining reads with
a length of <40 bases were discarded. Read alignment
to the consensus sequences and SNP discovery was carried out using the map function in MAQ v0.7.1 (Li et al.
2008). The positions of putative SNP loci on the consensus sequences were estimated using the assemble and
cns2snp functions, utilizing information from each population individually and all populations combined, to
identify putative SNPs within and between populations,
respectively. Alignment information for each putative
SNP was extracted from individual populations using
the pileup function.
© 2012 Blackwell Publishing Ltd
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SNP determination and allele frequency estimation
Read alignment information at each putative SNP locus
was concatenated and further validation conducted in
R v2.14.1. Alleles with a frequency below the estimated
error rate (i.e.  0.01) were removed to reduce the likelihood of false allele detection. To avoid false SNP
detection because of repetitive regions and/or sequencing error, the remaining SNP loci were retained if they
met the following selection criteria: biallelic; read alignment depth (coverage) of  10 and  1000;  3 reads
per SNP allele; no more than one additional SNP on the
same consensus sequence; and not falling  5 bases of
identified microsatellite regions. Uniquely to our study,
a power failure experienced during the sequencing
affected two positions at the 3′ end of the reverse reads;
any SNPs detected at these positions were removed. In
cases where more than one SNP was detected on the
same consensus sequence, only those with two haplotypes were retained, with the SNP closest to the 5′ end
of the sequence scored. Finally, the read alignment
depths and allele frequencies at each SNP locus were
calculated across all populations and within each population/habitat.

Genetic diversity and genetic relationships between
populations
An unbiased estimator of gene diversity, Hs (Nei &
Roychoudhury 1974), and proportion of polymorphic
loci were calculated for all and for a subset of SNPs
(2067 SNPs with >60 overall coverage; at least one read
observed per population). SNP variability estimates
were compared to published microsatellite diversity
values for the same populations (12 loci; HE, HO, PIC
and proportion of polymorphic loci; Shikano et al.
2010c). Cavalli-Sforza chord distance (Cavalli-Sforza &
Edwards 1967) and a neighbour-joining tree building
algorithm were used to infer the genetic relationships
between populations. Several trees were constructed
based on different number of SNPs (3624 markers with
at least one read observed per population and 589
markers with at least four reads per population).
Branch support was evaluated by performing 1000
bootstrap replications; all analyses within this section
were conducted using PHYLIP v3.69 (Felsenstein 2004).

Mapping of the consensus sequences to a closely
related reference genome
To perform a genome scan for the nine-spined stickleback, the three-spined stickleback (Gasterosteus aculeatus)
genome sequence was used as a reference to determine
the approximate genomic location of the nine-spined
© 2012 Blackwell Publishing Ltd

stickleback consensus sequences. Nucleotide to nucleotide and translated nucleotide to protein alignments
were carried out using blastn and blastx in BLAST+
v2.2.24, using the nucleotide top-level database and the
protein all-peptides database from the Ensembl depository for three-spined stickleback as reference databases
(Ga database release 56 for DNA and 65 for peptides,
available at http://www.ensembl.org/, Flicek et al.
2011). Mapping locations of the consensus sequences
were accepted if they met at least one of the following
three criteria, tested in this order: (i) the ratio of the
lowest blastn e-value to the second lowest e-value was
 105 (blastx results consistent with those blastn location
were simultaneously validated); (ii) blastx results and
blastn results not fulfilling criterion (i) had consistent
genomic locations and an e-value product  105; (iii)
the ratio of the two lowest blastn e-values was  103,
with the lowest e-value being  104, for blastn results
not fulfilling criteria (i) or (ii); no further blastx results
were validated after this point. These criteria were similar to those used in earlier studies with inter-specific
comparisons (Stemshorn et al. 2005; Shapiro et al. 2009)
and were chosen to provide a conservative sequence
alignment, whilst accounting for the fact that the reference genome was not from the same species.

Estimation of consensus sequence densities along the
reference genome
The quality of the sequence distributions deduced from
G. aculeatus genome was controlled by checking the
consistency of observed and expected patterns before
performing the actual genome scan. The density of
nine-spined consensus sequences relative to their position on the three-spined genome was estimated using a
kernel density estimation implemented in R v2.14.1
(density function) with a Gaussian kernel and a bandwidth value (defined as the standard deviation of the
kernel) of 400 kb (de Ridder et al. 2006). This kernel
density estimation approximates the probability density
function of a variable and is analogous to a continuous,
smoothed histogram of a distribution. The expected distribution of RAD fragments was generated by carrying
out in-silico digestion of the three-spined reference genome using EcoRI and HaeIII, selecting fragments cut by
both enzymes of 220–440 bases in length. This information was used to generate an expected density distribution to compare to the observed distribution of mapped
consensus sequences. The expected distribution of
exons was also generated, where exon positions were
determined using the G. aculeatus Ensembl database.
This was used for comparison with the observed distribution of consensus sequences assigned to coding
sequences, that is, the consensus sequences with
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validated blastx matches. Comparisons of distributions
were performed using a linear regression model (LRM)
applied to the paired values of the compared distributions for the 10 752 points of the interpolation grid over
the genome.

Identification of regions with elevated and reduced
levels of polymorphism/variability
Density estimates were calculated for all consensus
sequences and SNPs that were mapped to the reference
genome. A permutation test was performed to test for
non-random patterns of polymorphism and detect
genomic regions exhibiting significantly elevated or
decreased levels of polymorphism. Briefly, simulated
distributions of polymorphic positions were generated
by randomly assigning the same number of observed
polymorphic SNPs to positions throughout the genome
to which a consensus sequence had been mapped; new
density estimates were then generated for each simulated data set and compared to the observed one. The
P-values for high and low polymorphism levels at a
given position were calculated as the proportion of simulated density estimates higher or lower than the
observed density estimate at that particular position.
Corresponding q-values were estimated using the qvalue
package in R v2.14.1 (Storey et al. 2004).

Identification of significantly differentiated regions
between habitats by Gst kernel estimation
To increase the accuracy of single locus Gst estimates,
we grouped populations according to habitat type (marine and freshwater). Gst values were calculated using
the formula:
Gst ¼ Ht  Hs =Ht
where Hs is the average of expected heterozygosity
within each habitat and Ht is the overall expected heterozygosity across all habitats. Expected heterozygosities were calculated using the formula:
H ¼ 1  a2 b2
where a and b are the allele frequencies observed within
the habitat type (for Hs) or overall (for Ht). To limit the
effect of sample size differences between habitats when
estimating Ht, we did not calculate the overall allele frequencies from the count of each allele after pooling both
habitats samples, but rather calculated the overall frequency of each allele as the average frequency within
each habitat. Gst values were smoothed over the whole
genome by using a local kernel regression within each

chromosome, similar to Hohenlohe et al. (2010). The
smoothing was performed using a kernel regression
smoother implemented in R v2.14.1 (ksmooth function),
with a normal kernel and a bandwidth value of 350 kb,
defined as the standard deviation (r) of the kernel. Two
analyses were conducted using 10 and 20 as the minimum coverage per SNP, per habitat. Regions showing
significantly high or low smoothed Gst values (i.e.
elevated or reduced differentiation between the habitats)
were identified using a permutation test within each
chromosome data set, allowing the comparison of the
observed kernel regression curve to a distribution of
curves obtained from simulated data sets (Flori et al.
2009; Hohenlohe et al. 2010). Simulated data sets were
generated by shuffling the observed Gst values randomly
over the observed set of chromosomal positions. Corresponding q-values were estimated using the qvalue package in R v 2.14.1 (Storey et al. 2004).

Gene ontology enrichment test
Gene ontology (GO) enrichment tests were used to
identify specific functions showing enriched representation in regions with elevated/decreased variability or
differentiation; these tests were performed using gene
annotations from the Ensemble G. aculeatus database
and the BINGO v2.44 plugin (Maere et al. 2005) in Cytoscape v2.8.2 (Shannon et al. 2003). Gene sets of different
sizes were used for GO enrichment tests and were constructed by choosing the genes with the lowest P-values
for variability and the differentiation tests. As low coverage may introduce noise in our analysis and reduce
our ability to detect significantly enriched GO categories, we performed several tests for each of the three Gst
analyses using different thresholds for the P-values and
for the top genes cut-off values in the ranking. GO term
annotation of the three-spined genes was based on the
HUGO Gene Nomenclature Committee (HGNC) symbols provided in the Ensembl database. The HGNC
symbols were converted to the corresponding UniProt
symbols using the HGNC database and then annotated
using the GO database. The GO enrichment tests were
performed using a hypergeometric test and a Benjamini
and Hochberg false discovery rate correction for multiple testing (Benjamini & Hochberg 1995).

Results
De novo consensus sequence assembly and SNP
detection
A total of 3 010 895 forward and 3 167 130 reverse population-matched reads were produced by Illumina GA
© 2012 Blackwell Publishing Ltd
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II sequencing, with the number of reads varying more
than eightfold between nine-spined stickleback populations (ranging from 78 983 in SKA to 652 455 in PYÖ;
Table 1). We identified 55 193 forward and 58 900
reverse consensus sequences (69 and 68 bases long,
respectively), which are predicted to cover approximately 1.7% of P. pungitius genome, assuming similar
genome size in nine- and three-spined sticklebacks.
15 316 of the consensus sequences contained polymorphic sites used in downstream analysis (13 941 single
SNPs and 1375 haplotypes segregating as SNPs) with a
median read depth of 37 copies across all populations,
and an estimated genome-wide average SNP density of
1.93 SNPs per kb. Consensus sequence and SNP
information is contained in Table S1 (Supporting
information).

Mean population variability and divergence
On the basis of analysis of all 15 316 SNPs and on smaller subsets of markers, we observed large variation in
genetic diversity amongst nine-spined stickleback populations, similar to earlier microsatellite analyses
(Shikano et al. 2010c). Marine populations (HKI, LEV)
exhibited the highest diversity, whereas lake (POR,
SKA) and particularly pond (PYÖ, BYN, RYT, ABB)
populations showed reduced variability irrespective of
diversity measure or number of SNPs used (Table 2).
High correlations were observed between population
diversity indices derived from genome-wide SNP data
and those derived from 12 microsatellite loci (using all
15316 SNP loci, Pearson’s r = 0.97, P = 4 9 105 for
expected heterozygosities and r = 0.88, P = 4 9 103 for
proportions of polymorphic loci; Table 3). Overall,

pairwise correlations between all diversity estimators
were high (Table 3). To control for the potential effect
of unequal SNP coverage per populations, we performed a bootstrap analysis on SNP read data sets normalized to the lowest number of SNP reads in one
population (18 943 reads, SKA population). The
obtained correlations were very similar to the ones from
the whole SNP data set (Pearson’s r = 0.97, P = 2.5 9
105 for expected heterozygosities and r = 0.88, P =
3.5 9 103 for proportions of polymorphic loci). Genetic
distance matrices built using SNPs and microsatellites
were also significantly correlated (Mantel test, Z = 3.36,
P = 0.046). On the other hand, when differentiation patterns among eight populations were visualized using a
neighbour-joining tree, populations clustered according
to their geographic origin (Baltic vs. White Sea basin)
using SNPs, whereas only one node (HKI and LEV)
was supported by bootstrap estimates using microsatellite loci (Fig. 2).

Mapping of consensus sequences to three-spined
stickleback (Gasterosteus aculeatus) genome
A total of 54 207 (47.5%) nine-spined stickleback consensus sequences mapped to a single position in the
three-spined stickleback genome. After merging partially overlapping forward and reverse pairs into single
sequences, a total of 49 277 non-overlapping mapped
consensus sequences were obtained (46 411 of which
mapped to a known chromosomal position) and 6834 of
these contained a SNP. Furthermore, 5900 (12%) of the
mapped consensus sequences matched to protein fragments consistent with their genomic location. In total,
423 polymorphic markers were located in coding

Table 2 Diversity indices of eight populations based on RAD and microsatellite data
Habitat type
Diversity index
Marker type

Population

RAD-derived
SNPs

Mean Hs (over 15 316 loci)
Mean Hs (normalized read number)
Proportion of polymorphic loci
(over 15 318 loci)
Proportion of polymorphic loci
(normalized read number)
He
PIC
Ho
Proportion of polymorphic loci

Microsatellites
(n = 12)

Pond
ABB

BYN

PYÖ

RYT

Lake
POR

SKA

Marine
HKI

LEV

0.190
0.181
0.398

0.129
0.120
0.295

0.047
0.047
0.116

0.111
0.110
0.193

0.127
0.119
0.249

0.077
0.077
0.116

0.311
0.298
0.630

0.283
0.271
0.523

0.261

0.164

0.066

0.158

0.172

0.116

0.421

0.371

0.264
0.223
0.272
0.750

0.130
0.111
0.137
0.583

0.004
0.004
0.004
0.167

0.178
0.153
0.175
0.417

0.215
0.195
0.188
0.833

0.155
0.126
0.175
0.417

0.590
0.533
0.590
1.000

0.530
0.491
0.521
0.917

Hs, an unbiased estimator of gene diversity (Nei & Roychoudhury 1974); He, expected heterozygosity; Ho, observed heterozygosity;
PIC, polymorphism information content. Microsatellite data were obtained from Shikano et al. (2010c). Estimators calculated from
normalized read number are the mean values obtained from 100 bootstraps using a subset of 18943 random reads per population.
© 2012 Blackwell Publishing Ltd
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Table 3 Correlation between RAD-derived SNPs and microsatellites diversity estimator values

Marker type
RAD-derived
SNPs

Microsatellites
(n = 12)

Diversity
index
Mean Hs
Mean Hs
(normalized)
Proportion of
polymorphic loci
Proportion of
polymorphic loci
(normalized)
He
PIC
Ho
Proportion of
polymorphic loci

Mean Hs

Mean Hs
(normalized)

Proportion
of polymorphic
loci

Proportion of
polymorphic
loci
(normalized)

He

PIC

Ho

Proportion of
polymorphic
loci

1
1

—
1

—
—

—
—

—
—

—
—

—
—

—
—

0.987

0.984

1

—

—

—

—

—

0.998

1

0.983

1

—

—

—

—

0.975
0.974
0.973
0.888

0.978
0.977
0.977
0.880

0.934
0.932
0.932
0.880

0.980
0.977
0.980
0.885

1
1
0.998
0.874

—
1
0.995
0.872

—
—
1
0.857

—
—
—
1

Pairwise Pearson’s r was calculated using data from Table 2, and diversity indices are for the same data as in Table 2.

(A)

(B)

(C)

Fig. 2 Genetic relationships between populations visualized using neighbour-joining trees and Cavalli-Sforza chord distance. Relationships were determined based on (A) 12 microsatellite and insertion-deletion loci (Shikano et al. 2010c); (B) 3624 polymorphic
RAD markers (minimum read coverage one per population); (C) 589 polymorphic RAD markers (minimum read coverage four per
population). Numbers on the branches correspond to >50% bootstrap support values based on 1000 replications.

regions, corresponding to 271 synonymous and 152
non-synonymous substitutions in nine-spined stickleback. The mean distance between adjacent consensus
sequences was 8780 bases (median 3280 bases), and the
mean distance between successive polymorphic markers
was 61 423 bases (median 36 381 bases). A total of
3 132 161 bases aligned to the three-spined genome,
with 9% mismatches in non-coding regions and 6.4%
mismatches in coding regions. Altogether, 22 858 mismatches between the two species were observed in
coding regions, and 40.8% (9337) of them resulted in
non-synonymous mutations (Table 4).

Genome-wide distribution of consensus sequences
and SNPs
When using the LRM to compare between genomewide fragment densities (at 10 752 positions throughout
the genome), all slopes were highly significant
(P < 1015). Overall, the distribution of the observed
consensus sequence positions in nine-spined stickleback
followed the expected distribution from in-silico digestion of the three-spined stickleback genome (Fig. 3A,
LRM R2 = 0.29). Both the expected and observed distributions showed reduced abundance of EcoRI-HaeIII
© 2012 Blackwell Publishing Ltd
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Table 4 Summary of base and amino-acid changes observed
between three-spined and nine-spined stickleback sequences

Aligned
bases
Mismatches
% of aligned
bases
Synonymous
base changes
Non-synonymous
base changes

Overall

Non-coding
sequences

Coding
sequences

3 132 161

2 775 254

356 907
(118 969
amino-acids)
22 858
6.40

273 147
8.7

250 289
9

—

—

13 521

—

—

9337

fragments towards the chromosome ends, which was
not because of an edge effect from the density estimation procedure. The distribution of the observed coding
consensus sequences in nine-spined stickleback also
matched the distribution of three-spined stickleback
exons (Fig. 3B, LRM R2 = 0.49) and followed the overall
distribution of all mapped consensus sequences (LRM
R2 = 0.25). Similarly, the overall distribution of SNPs
matched the distribution of all mapped sequences
(Fig. 3C, LRM R2 = 0.60) and showed low correlation
when compared with the three-spined stickleback exon
distribution (LRM R2 = 0.02). However, several regions
exhibited significantly higher or lower levels of polymorphism (i.e. deviating significantly from random distribution; Fig. 3D). Fifteen genomic regions, located on
10 chromosomes (LGs I, III, VII, VIII, IX, XIII, XVI, XVII,
XIX, XX) had an excess of SNPs (kernel permutation
test, P < 0.01, q-value < 0.37; Fig. 3D), while 24 regions
on 15 chromosomes (all but LGs II, VI, XII, XV, XVIII)
had reduced polymorphism (kernel permutation test,
P < 0.01, q-value < 0.21; Fig. 3D). Genomic regions with
SNP excess were significantly enriched for the GO
terms representing following biological processes:
immunity, lipid signalling and metabolism, taste stimulus response, axon regeneration and smooth muscle
structure (Table 5). No category was significantly
enriched in regions showing reduced polymorphism.

Chromosome-level differences in SNP density,
divergence and variability
The number of consensus sequences mapping to each
chromosome was approximately proportional to the
chromosome length in the three-spined stickleback
(Fig. 4A, LRM R2 = 0.93). The number of polymorphic
markers identified for each chromosome was also highly
correlated with the chromosome length in three-spined
stickleback (Fig. 4B, LRM R2 = 0.86), with the notable
© 2012 Blackwell Publishing Ltd

exception of the sex-determining chromosome LG XII,
which exhibited a higher number of SNPs than expected
given its length in three-spined stickleback (Fig. 4B). Further investigation revealed that the distribution of SNPs
along LG XII was rather uniform, without obvious differences along the chromosome (Fig. 3C). This chromosome
also showed higher heterozygosity and a significantly
reduced level of divergence between marine and freshwater habitats when compared with the other chromosomes (Kruskal–Wallis test on Gst values: v2 = 37.60,
d.f. = 20, P = 0.01) (Fig. 4C, D).

Genome-wide distribution of differentiation between
marine and freshwater habitats
When comparing marine (HKI and LEV) and freshwater
(ABB, BYN, SKA, PYÖ, RYT and POR) habitats, we identified nine regions with significantly elevated divergence
on eight chromosomes (kernel permutation test,
P < 0.0025, q-value < 0.48). In addition, eight regions
with reduced Gst values (kernel permutation test,
P < 0.002, q-value < 0.55) were detected on eight different chromosomes (Fig. 5). For GO enrichment analysis,
we selected a less stringent significance threshold
(P < 0.01), as possible false-positive regions are not
expected to result in significant enrichment of specific
biological function. Thus, GO tests indicated that genomic regions exhibiting elevated differentiation were
enriched for genes with functions related to kidney
development and function, immunity, and regulation of
MAP kinase pathways (Table 5 and Table S2, Supporting
information). On the other hand, regions that exhibited
decreased differentiation between marine and freshwater populations were enriched for genes related to haemostasis, lipid signalling and metabolism, and energy
reserve metabolism (Table S2, Supporting information).

Discussion
In this study, we have shown that a RAD-based genome complexity reduction protocol can be successfully
used to generate a reduced representation of the ninespined stickleback genome, with a sufficient depth of
coverage not only for SNP detection, but also for preliminary estimation of population- and habitat-wide
allele frequencies. Furthermore, the exploitation of synteny between nine-spined and three-spined stickleback
genomes has provided a foundation for the characterization of genome-wide variability and differentiation
patterns. Our study highlights a number of potential
advantages over more traditional multi-step strategies,
where identification of SNPs is carried out separately
and followed by the development of high-throughput
genotyping platforms with many individuals. In the
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(A)

(B)

(C)

(D)

Fig. 3 Distributions of the mapped expected and observed consensus sequences using the three-spined stickleback genome as reference. (A) Distribution of expected fragments (in-silico Ga) and observed consensus sequences (CS Pp). Expected fragments were
selected for a size range of 220–440 bases after in-silico digestion of the three-spined genome sequence. (B) Distribution of all known
three-spined exonic sequences (exons Ga) and observed nine-spined consensus coding sequences (CCS Pp). (C) Distribution of SNP
(SNP Pp) compared to the distribution of consensus sequences (CS Pp). (D) Evidence for non-random distribution of SNPs across the
genome. Red and blue lines correspond to (log10) transformed P-values from permutation testing indicating regions of elevated
(high polymorphism, HP) and reduced (low polymorphism, LP) variation, respectively.

following discussion, we describe in detail the advantages, limitations and the main molecular evolutionary
and population genetic conclusions of our study, as
well as the implications of the current work for future
genome-wide population genetic studies in non-model
species.

Adaptive divergence in nine-spined stickleback
At the species level, we identified 15 and 24 chromosome regions in nine-spined stickleback with increased
and reduced levels of polymorphism which may correspond to areas affected by balancing and directional
selection, respectively. GO analysis revealed that
regions with an excess of SNPs are enriched for genes
involved in multiple functions such as immunity,
chemical stimulus response, lipid metabolism and signalling pathways (Table S3, Supporting information).
However, caution is warranted when interpreting GO
enrichment tests in the context of genome scans, as
genes with similar function sometimes cluster to specific parts of the genome, such as with olfactory receptor genes in the human genome (Niimura & Nei 2005).
As a result, significant GO categories associated with
multiple distinct outlier regions (such as immune

function, detection of chemical stimuli, contractile fibre
and hexose metabolic process) are more likely to indicate regions where selection is targeting genes with a
specific function than GO categories associated with a
single outlier region (Table 5). There was no obvious
correlation between gene density (i.e. gene deserts or
gene rich regions) and exceptionally high or low
variability.
When comparing marine and freshwater population
groups, we identified nine genomic regions with elevated levels of differentiation (permutation testing,
P < 0.0025, q-value < 0.48), which are potentially
affected by divergent selection between habitats. Subsequent GO tests showed that regions of elevated differentiation were enriched for several functions related to
osmoregulation, such as kidney development and positive regulation of the extracellular signal-regulated
kinase ERK1 and ERK2 cascade. ERK1 and ERK2 are
MAP kinases involved in the response to change in
salinity (Kültz 2001; Madsen et al. 2007), but may have
various other important roles in synaptic plasticity
(Thomas & Huganir 2004; Leal et al. 2006) and muscle
response to exercise (Widegren et al. 2000). The ninespined stickleback populations studied here differ in
their brain anatomy and plasticity (Gonda et al. 2009,
© 2012 Blackwell Publishing Ltd

© 2012 Blackwell Publishing Ltd

Elevated Gst

Glycoside metabolism

SNP excess

MAP kinase regulation

Immunity

Kidney development

Nervous system-related

Lipid metabolism and
signalling pathways

Chemical stimulus
response
Immunity

Smooth muscle-related

Global function

Candidate
regions

Regulation of smooth muscle
cell-matrix adhesion
Detection of stimulus
Sweet taste receptor activity
Cytokine production
Regulation of T-cell migration
Sterol binding
Lipid transporter activity
Cholesterol binding
Regulation of lipoprotein
metabolic process
Regulation of platelet-derived growth
factor receptor signalling pathway
Peripheral nervous system axon
regeneration
Axon regeneration
Metanephric mesenchyme development
Glomerular capillary formation
Renal sodium ion absorption
Immune system development
Positive regulation of T-cell differentiation
Cellular response to macrophage colonystimulating factor stimulus
Cytokine binding
Regulation of protein modification process
Positive regulation of kinase activity
Positive regulation of ERK1 and ERK2 cascade
5
4
5
2
1
7
3
2
3
8
5
3

7.63 9 103
0.037
0.023
0.05
0.029
0.039
0.02
0.038
0.046
0.05
0.033

4

18
6
5
5
5
4
4
4

0.042

7.10 9 104

103
104

103
104

103

4

6.62 9 105
0.019
1.73 9
0.015
1.15 9
7.10 9
0.045
4.47 9
5.83 9

19

21

6.21 9 103

Glucose metabolic process
0.035

30

1.26 9 104

Hexose metabolic process

Contractile fibre

Number of
genes involved

GO enrichment
test P-value

GO category

IV, XVI
IV, XVII, XVIII
IV, XVII
IV

III
I, XV, XVIII, XIX
IV, XVIII
XVIII
IV, XVII, XVIII
IV, XVII, XVIII
IV, XVII

III, VI

III

II, III, VI, IX, X, XIII, XIX, XX
XII
III, VIII, XIX
III, XIX
III, IX
III, VIII
III
III

continued

II, III, V, VI, VII, X, XIII, XVI, XVII,
XVIII, XIX, XX
III, V, VI, VII, X, XIII, XVI, XVII, XVIII,
XIX, XX
I, II, III, V, VII, VIII, IX, XI, XVI, XVII,
XIX, XX
III

Chromosomes

Table 5 Significantly enriched Gene Ontology (GO) categories in genes exhibiting high Gst values, low Gst values or high polymorphism levels. No category was significantly
enriched in genes exhibiting low polymorphism levels. GO categories for each function are sorted by decreasing order of evidence, based on the GO enrichment test P-value and
the number of distinct genomic regions involved
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IV, XII, XVIII, XIX, XX
XVIII
V, XI, XII, XVIII
V, XVIII, XIX
V, XVIII
XVIII, XIX
XVIII, XIX
XVIII
10
3
6
5
5
8
4
3
0.039
0.046
0.036
0.01
2.99 9 103
0.016
0.015
6.98 9 104
Energy reserve metabolism
Lipid signalling and metabolism

Haemostasis
Reduced Gst

Blood coagulation
Artery morphogenesis
Energy reserve metabolic process
Regulation of lipid biosynthetic process
Cholesterol homoeostasis
Response to inorganic substance
Regulation of steroid metabolic process
Cellular response to prostaglandin stimulus

Global function
Candidate
regions

Table 5 continued

GO category

GO enrichment
test P-value

Number of
genes involved

Chromosomes
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2012) and in their behaviour (Herczeg et al. 2009a;
Herczeg & Välimäki 2011). Therefore, the MAP kinase
regulatory pathways are good candidates for potential
long-range physiological effects in these adaptive
traits. The comparison of marine and freshwater populations also revealed eight genomic regions showing
reduced levels of differentiation (P < 0.002, qvalue < 0.55). In these regions, GO tests indicated that
putative candidates for balancing selection are
enriched for genes involved in blood coagulation and
lipid signalling. This included prostaglandin, which is
involved in haemostasis (Stensløkken et al. 2006),
osmoregulation (Brown et al. 1991) and glucose metabolism regulation (Busby et al. 2002).
In this study, none of the regions with unusual patterns of variability or differentiation between habitat
types in the nine-spined stickleback corresponded to
the candidate regions for adaptive divergence between
oceanic and freshwater three-spined sticklebacks
reported in previous studies (e.g. Hohenlohe et al.
2010; DeFaveri et al. 2011). This finding is not totally
unexpected for several reasons (e.g. Akey 2009; Kaeuffer et al. 2012). First, different founding populations
may differ in genetic architecture for a particular trait
(e.g. Simoes et al. 2008). Second, similar phenotypic
changes may occur because of mutations of different
genes (e.g. Steiner et al. 2009). Finally, genetic architecture of several traits, such as sex, lateral plate number
and reduction of the pelvic skeleton, map to different
chromosomes in nine-spined and three-spined stickleback (Colosimo et al. 2004; Peichel et al. 2004; Shapiro
et al. 2009). Therefore, it is possible that much of the
adaptive divergence and similar phenotypic traits in
these fish species that diverged more than 13 million
years ago (Bell et al. 2009) may have different genetic
origins (Shapiro et al. 2009). Moreover, genetic architecture of the same traits may also vary within species,
as we found no elevated differentiation between habitat types in regions implicated in freshwater adaptation in other marine and freshwater populations of
nine-spined stickleback across Fennoscandia, as identified by Shikano et al. (2010c). Taken together, it
appears that although parallel or convergent evolution
has often been reported, it is certainly not pervasive
(Kaeuffer et al. 2012 and references therein), and several genetic, ecological, functional and sexual factors
may be responsible for genotypic and phenotypic nonparallelism. Therefore, identified regions contain
promising candidate genes that may have been
affected by selection, but additional analyses of individual populations with much higher coverage is
required to provide further insights into parallel vs.
non-parallel genetic changes, and to further strengthen
the evidence of non-neutral evolution.
© 2012 Blackwell Publishing Ltd
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(B)

(C)

(D)

Genetic characterization of the sex chromosome,
LG XII
Our chromosome-level analysis of SNP distribution,
divergence and variability revealed marked differences
between the nascent sex-determining chromosome LG
XII and all other chromosomes. In LG XII, we
observed higher SNP density and heterozygosity, as
well as reduced differentiation between freshwater and
marine populations. We suggest that these observations can be explained by two factors: first, our pooled
samples represent a mixture of both males and females
sampled from the same population; and second,
nine-spined sticklebacks have shown a high degree of
differentiation and fixation of alleles between nascent
X and Y chromosomes (Shikano et al. 2011). As a
result, it is highly likely that a large proportion of the
identified SNPs corresponding to LG XII represent
alternative alleles from divergent X and Y chromosomes, rather than true autosomal markers following
Mendelian segregation. We found that the distribution
of identified variants along XII was rather uniform,
which is consistent with a high level of divergence
between X and Y chromosomes throughout LG XII, a
pattern also observed earlier using 14 sex-linked microsatellite markers (Shikano et al. 2011). Overall, these
results demonstrate the utility and potential of RAD
sequence analysis in sex chromosome evolution,
© 2012 Blackwell Publishing Ltd

Fig. 4 Chromosome-level differences in
SNP density, divergence and variability.
Number of (A) consensus sequences and
(B) polymorphic markers, mapped to
each chromosome. Boxplots of (C) Gst
values and (D) expected heterozygosity
for each chromosome (minimum coverage per habitat of 20 reads).

providing novel insights into sex-specific patterns of
genetic variability.

Advantages of the paired-end double-RAD approach
(PE dRAD)
In non-model species, the use of paired-end sequencing
has an advantage over the use of single reads alone, as it
provides information from longer contiguous DNA fragments, from which primers for subsequent SNP validation or/and targeted genotyping can be developed.
Previous studies (e.g. Baird et al. 2008; Etter et al. 2011)
relied on physical shearing of DNA after ligation of the
first adapter, producing fully overlapping forward reads,
but only partially overlapping reverse reads. This
method is useful for the assembly of longer contiguous
sequences, but at cost of reduced coverage in reverse
reads in comparison with the forward reads. Therefore,
rather than carrying out physical shearing of doublestranded DNA, we instead used a second restriction
enzyme with relatively frequent restriction sites throughout the genome (HaeIII) to create fully overlapping forward and reverse reads. Physical shearing requires
substantial ‘hands on’ time and specialized equipment;
therefore, adding the second enzymatic reaction step
provides a simpler and faster method for generating
fully overlapping sequences for both forward and
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(A)

(B)

(C)

(D)

(E)

Fig. 5 Differentiation between the genomes of nine-spined sticklebacks from marine and freshwater habitats. (A) Smoothed Gst profile (green line) using a minimum coverage threshold of 10 per habitat; the black dots correspond to the original Gst values for individual markers. (B) P-values of the Gst profile. These were obtained from permutation testing (transformed to log10P) for elevated
differentiation (red line) and reduced differentiation (blue line) between the habitats. The dashed line indicates P = 0.01. (C) and (D):
As for (A) and (B), but using a minimum coverage threshold of 20 per habitat. (E) Summary of genomic locations of interest. High
Gst lane: regions with significantly elevated Gst (P < 0.01 for at least one Gst analysis). Low Gst lane: regions with significantly
reduced Gst value (P < 0.01). Additional lanes location of genes with significant GO terms; KD, kidney development; I, immunity;
MK, MAP kinases; H, haemostasis; LMS, lipid metabolism and signalling; EM, energy metabolism (Table 5).

reverse reads. This modification is in line with the development of faster, flexible and inexpensive methods that
simplify and streamline genome complexity reduction
procedures (for example, see Elshire et al. 2011).

Allelotyping-by-sequencing and SNP validation
We have shown that DNA pooling is a cost-effective
approach for SNP discovery and allele frequency estimation at a population-wide level. This method avoids
redundant sequences associated with individual genotyping and allows rapid generation of data required for
population genetic studies at the genome-wide level
(Futschik & Schlötterer 2010). However, we acknowledge several limitations associated with the allelotyping
approach. First, the accuracy of the pooling approach
for allele frequency estimation is likely to be influenced
by individual DNA concentration and quality, size of
the DNA pool, variation in amplification during

sequencing and technical differences between sequencing lanes (discussed in Cutler & Jensen 2010 and Mullen et al. 2012). Second, DNA pooling results in loss of
haplotype information (e.g. linkage disequilibrium), but
this is outweighed by the reduced cost and increased
accuracy in population genetic inference (Futschik &
Schlötterer 2010). Finally, stringent quality control
means that rare allelic variants may not be detected;
this is particularly relevant to the current study, where
at least three copies of an allele would have to be present for use in further analysis. Nevertheless, our results
are in line with other studies that suggest that allelotyping of pooled DNA is a powerful tool for genome-wide
characterization of variability and differentiation both
in model and in non-model species (van Tassell et al.
2008; Futschik & Schlötterer 2010; Mullen et al. 2012).
One drawback of this study is that allele frequency
estimates were not validated using a subset of loci. This
is usually carried out in studies that aim to identify
© 2012 Blackwell Publishing Ltd
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single SNPs that strongly associate with the phenotype
of interest (e.g. van Tassell et al. 2008; Mullen et al.
2012). However, the primary purpose of this study was
not to identify single outlier loci that deviate from the
neutrality, but rather to test a modified genomic complexity reduction method and characterize a significant
proportion of the nine-spined stickleback genome. Furthermore, we observed strikingly high correlations
(Pearson’s r > 0.88) when comparing diversity indices
from allele frequencies estimated in this study and from
12 previously published microsatellite loci (Shikano
et al. 2010c). Similarly high correlations were observed
when bootstrap analyses were performed on SNP read
data sets normalized to the lower number of SNP reads
observed in one population (18 943 reads, SKA population). Overall, pairwise correlations between all diversity estimators were high (Table 3). This indicates that
our genome-wide inferences from pooled DNA are
likely to reflect the underlying population genetic patterns. However, genetic relationships between eight
populations showed somewhat different patterns
between SNPs and microsatellites. We suggest that this
discrepancy is most likely explained by the combination
of relatively low power of 12 microsatellite loci and
strong effect of genetic drift in freshwater populations
causing erroneous clustering of the two most polymorphic marine populations (HKI and LEV; Fig. 2A). The
current SNP data set grouped populations together
based on drainage, suggesting the genome-wide markers correctly reflect the post-glacial origin of populations (Fig. 2B, C).

Using a closely related genome as a reference
for a non-model species
At a genome-wide level, chromosomal rearrangements
and displacements between three-spined and ninespined stickleback genomes may introduce a source of
uncertainty in the estimated parameters. However, any
rearrangement of large blocks of the genome would
only introduce uncertainty at the boundaries of such
rearrangements, with little influence on the information
contained within such blocks. By using a kernel
smoothing approach, we aimed to identify genomic
regions, rather than single loci that differ markedly
from the rest of the genome. This approach both
reduces the noise of individual Gst values and enables
identification of regions that significantly differ from
the neighbouring areas via permutation testing, thus
taking the differences in marker density into account
and increasing the statistical power for detecting outlier
regions when several markers with consistent Gst values
are clustered. Furthermore, the high correlation between
expected and observed distributions of mapped RAD
© 2012 Blackwell Publishing Ltd

fragments (Fig. 3), as well as between chromosome
length and the number of aligned consensus sequences
(Fig. 4A), suggests that we can confidently use the
three-spined stickleback genome as a reference for
genomic analysis of nine-spined stickleback. From our
comparative data (Table 4), about 39 Mb (8.7%) is
expected to differ between the two species genomes for
an estimated genome size of 446 Mb, resulting in a
7.8% divergence between the protein amino-acid
sequences. This is in the range of what is observed from
previous studies for nucleotide divergence (3.2% and
13% for nuclear and mitochondrial sequences, respectively), but is higher than estimates for protein divergence (1.7% and 3.8% divergence for nuclear and
mitochondrial encoded proteins, respectively; Kawahara
et al. 2009).

Conclusions
We have described the development of a novel genomic
complexity reduction protocol and combined next generation sequencing technology with a cost-effective
DNA pooling strategy to characterize a significant proportion of the nine-spined stickleback genome. We
increased the genomic resources available for ninespined stickleback from several hundred nuclear and
mitochondrial DNA sequences, to more than 114 000
consensus sequences, of which more than 15 000 contain polymorphic SNPs. As such, this work creates a
valuable genomic resource for future genetic studies of
the nine-spined stickleback. This work also demonstrates how the combination of inter- and intra-specific
RAD analysis can reveal novel genome-wide patterns of
adaptation in a non-model species.
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