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ABSTRACT The outcome of selection on genetic variation depends on the geographic organization of individuals and populations as
well as the organization of loci within the genome. Spatially variable selection between marine and freshwater habitats has had a
significant and heterogeneous impact on patterns of genetic variation across the genome of threespine stickleback fish. When marine
stickleback invade freshwater habitats, more than a quarter of the genome can respond to divergent selection, even in as little as
50 years. This process largely uses standing genetic variation that can be found ubiquitously at low frequency in marine populations,
can be millions of years old, and is likely maintained by significant bidirectional gene flow. Here, we combine population genomic data
of marine and freshwater stickleback from Cook Inlet, Alaska, with genetic maps of stickleback fish derived from those same
populations to examine how linkage to loci under selection affects genetic variation across the stickleback genome. Divergent selection
has had opposing effects on linked genetic variation on chromosomes from marine and freshwater stickleback populations: near loci
under selection, marine chromosomes are depauperate of variation, while these same regions among freshwater genomes are the
most genetically diverse. Forward genetic simulations recapitulate this pattern when different selective environments also differ in
population structure. Lastly, dense genetic maps demonstrate that the interaction between selection and population structure may
impact large stretches of the stickleback genome. These findings advance our understanding of how the structuring of populations
across geography influences the outcomes of selection, and how the recombination landscape broadens the genomic reach of
selection.
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BIOLOGISTS have long known that natural populations
harbor abundant genetic variation that is distributed

heterogeneously across geography (Dobzhansky and Queal
1938; Hubby and Lewontin 1966; Lewontin and Hubby
1966). A recent wave of discoveries reveals that genetic var-
iation is distributed heterogeneously across genomes as well
(Turner et al. 2005; Begun et al. 2007; Hohenlohe et al. 2010;
Ellegren et al. 2012). Are these patterns related? For exam-

ple, does the manner in which evolutionary processes play
out across the geography of organisms influence heteroge-
neous genomic patterns of genetic diversity? With ever-
increasing access to DNA sequence data, evolutionary
biologists have come to recognize that selection strongly in-
fluences patterns of linked neutral variation (Charlesworth
et al. 1993; Hahn 2008; Langley et al. 2012; Schrider and
Kern 2017). Linked positive or purifying selection can affect
genetic variation far beyond the causal mutations in the
surrounding genomic neighborhood (Elyashiv et al. 2016;
Schrider and Kern 2017). Indeed, persistent and pervasive
linked selection can structure genetic variation during speci-
ation (Burri et al. 2015) and lead to predictable genome-
wide genetic divergence across multiple speciation events
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(Stankowski et al. 2018). Consequently, any process that can
influence linkage across the genome, such as variation in re-
combination, will affect the outcome of linked selection on
patterns of genetic variation (Begun and Aquadro 1992;
Charlesworth et al. 1993; Gillespie 2000).

Interacting with the genomic context of physical link-
age is the geographic context over which evolutionary
processes play out (Charlesworth et al. 1997; Lenormand
2002; Stankowski et al. 2017). A single selective sweep in
one population can eliminate genetic variation at a se-
lected locus and at linked sites (Maynard Smith and Haigh
1974; Fay and Wu 2000; Hermisson and Pennings 2005;
Nielsen et al. 2005; Cutter and Payseur 2013). However, in
nature, selective pressures tend to vary across time and
space in ways that can maintain variation (Clausen et al.
1941; Endler 1977; Lenormand et al. 1999). Temporally
fluctuating selection can maintain alleles at intermediate
frequencies, as has been observed in Drosophila mela-
nogaster (Bergland et al. 2014) and the yellow monkey-
flower, Mimulus guttatus (Troth et al. 2018). Local
adaptation in a geographically structured species can lead
to the partitioning of variation among populations and the
maintenance of alternatively adaptive alleles (Charlesworth
et al. 2003; Wallbank et al. 2016; Nelson and Cresko 2018)
as has been observed in insects (Mettler et al. 1977; Nosil
and Crespi 2006; Van Belleghem et al. 2018), plants
(Clausen et al. 1941; Angert et al. 2018; Tavares et al. 2018),
and vertebrates (Hoekstra et al. 2004; Jones et al. 2018). Con-
sequently, gene flow can strongly influence the geographic
distribution of genetic variation among populations (Wright
1931; Slatkin 1985, 1991) and across species boundaries
(Pardo-Diaz et al. 2012; Fontaine et al. 2015). Although
genetic introgression from one species to another may im-
pede neutral divergence, it is now recognized as an impor-
tant source of adaptive variation (Lewontin and Birch 1966;
Stankowski and Streisfeld 2015; Wallbank et al. 2016;
Meier et al. 2017; Jones et al. 2018).

Even in the absence of selection, population subdivision
alone may affect the overall abundance of neutral ge-
netic variation within a species. Theoretical models pro-
vide useful—but at times contradictory—predictions on
this matter, with subdivision either increasing or decreas-
ing expected coalescence times depending on model spec-
ifications and assumptions. For example, Slatkin (1991)
generalized the island model to demonstrate that popula-
tion structure increases coalescence times (TT) in a struc-
tured population by:

TT ¼ T0 þ ðd21Þ2
2dm

; (1)

where d is the number of demes,m is the migration rate, and
T0 is the expected coalescence time with no population struc-
ture (using the nomenclature of Charlesworth et al. 2003).
However, Whitlock and Barton (1997) used a similar model,
but allowed deme extinction and variable contributions of

each deme to the total population. The result was a decrease
in effective population size (Ne) with increasing subdivision,
and, thus, a decrease in expected levels of genetic variation.

Despite this growing understanding of the general impor-
tance of genomic organization of selected loci and geographic
context of organisms in the wild on the structuring of genetic
variation, precise understanding of how they interact to pro-
duce heterogeneous patterns of genetic variation across the
genome is still lacking. Therefore, empirical and simulation
studies that examine the joint effects of selection regime,
geographic context, and recombination are necessary to fully
understand the effects of these biological factors on genomic
patterns of genetic variation in the wild.

Here, we investigate how multiple evolutionary forces
interact to shape the genomic and geographic distribution
of genetic variation in the threespine stickleback fish,
Gasterosteus aculeatus. The threespine stickleback is distrib-
uted holarctically in coastal marine, brackish, and freshwater
habitats. The large marine population has repeatedly given
rise to derived freshwater populations, resulting in pheno-
typic divergence and parallel evolution throughout the spe-
cies range (Bell and Foster 1994; Cresko et al. 2004; Jones
et al. 2012). Whenmarine stickleback invade freshwater hab-
itats, more than a quarter of the genome can rapidly respond
to the action of divergent selection (Hohenlohe et al. 2010;
Terekhanova et al. 2014; Bassham et al. 2018). This process
largely uses standing genetic variation (Colosimo et al. 2005;
Schluter and Conte 2009; Roesti et al. 2015; Samuk et al.
2017) that can be found ubiquitously at low frequency in
marine populations (Bassham et al. 2018), much of which
has likely been maintained for millions of years by significant
bidirectional gene flow (Caldera and Bolnick 2008; Kitano
et al. 2008; Berner et al. 2009; Nelson and Cresko 2018).

While previous work has often focused on the genomic
targets of selection, we focus here on the processes that
maintain and structure variation in regions of the genome
physically linked to those targets. We use a combination of
population genomics of wild stickleback, forward-time simu-
lations using SLiM (Haller and Messer 2017), and dense ge-
netic maps to support a model whereby differences in
population structure between marine and freshwater habi-
tats has led to divergent outcomes of molecular evolution
at loci linked to adaptive variants. Our results provide new
links between theoretical and empirical evolutionary genet-
ics, new tools for future work in the stickleback system, and
new perspectives on the maintenance of genetic variation.

Materials and Methods

Study populations and natural genetic variation

Wild threespine stickleback were collected from Rabbit
Slough (RS; N 61.5595, W 149.2583), Boot Lake (BT; N
61.7167, W 149.1167), and Bear Paw Lake (BP; N
61.6139, W 149.7539). RS is an offshoot of the Knik Arm
of Cook Inlet, and is known to be populated by anadromous
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populations of stickleback that are stereotypically marine in
phenotype and genotype (Figure 1; Cresko et al. 2004). BT
and BP are both shallow lakes formed during the end-
Pleistocene glacial retreat �12,000 years ago. Fish were
collected in the summers of 2009 (RS), 2010 (BP), and
2014 (BT) using wire minnow traps and killed in situ with
Tricaine solution. Killed fish were immediately fixed in 95%
ethanol and shipped to the Cresko Laboratory at the Univer-
sity of Oregon (Eugene, OR).

Wegenerated restriction site-associatedDNA(RAD) librar-
ies of five fish each from RS and BT, and four fish from BP.
GenomicDNAwas isolated fromethanol-preservedfinclips by
proteinase K digestion followed by DNA extraction with
solid phase reversible immobilization (SPRI) beads. We cre-
ated RAD libraries using the single digest and shearing
method of Baird et al. (2008), with the modifications of
Nelson and Cresko (2018). Genomic DNA from each fish
was digestedwith PstI-HF (New England Biolabs) and ligated
to Illumina P1 adaptors with 6-bp inline barcodes. All barc-
odes differed by at least two positions, allowing for recovery
of sequence reads with single errors in the barcode sequence.
Ligated samples were then multiplexed at approximately
equimolar concentrations, and mechanically sheared via son-
ication to a fragment range of �200–800 bp. Sheared DNA
was size selected by extraction from a 1.25% agarose gel to
generate a narrow insert size range of 425–475 bp. This size
range allowed consistent overlap of paired-end Illumina
reads for the construction of local contigs surrounding re-
striction enzyme cut sites. We then ligated Illumina P2 adap-
tors to the size-selected libraries and amplified P1/P2-
adapted fragments with 12 cycles of PCR using Phusion-HF
polymerase (New England Biolabs). RAD libraries were then
sequenced in a single lane on an Illumina HiSeq 2500 to
generate paired-end 250 bp sequence reads. All libraries gen-
erated for this study were sequenced at the University of
Oregon’s Genomics and Cell Characterization Core Facility
(GC3F: http://gc3f.uoregon.edu).

We used the Stacks analysis pipeline to process RAD se-
quence read pairs and call SNPs (Catchen et al. 2011, 2013b).
Raw reads were first demultiplexed without quality filtering
using process_radtags, and then quality filtered using proc-
ess_shortreads. This allowed for read trimming, rather than
strict removal, if quality decreased toward the end of the first-
end read. Overlapping read pairs were then merged using
fastq-join (Aronesty 2011), allowing for up to 25% of bases
in the overlapping region to mismatch, and the resulting con-
tigs were trimmed to 350 bp. Any read pairs that failed to
merge, or were less than 350 bp, were removed from fur-
ther analysis. This step was required for processing reads
through the Stacks pipeline. Below, a “locus” refers to the
combined sequence assembled from a single restriction site
in the stickleback genome.

All polymorphismswere called relative to the threespine
stickleback reference genome v1.0 (Jones et al. 2012),
using the updated scaffolding of Glazer et al. (2015).
Trimmed contigs were aligned to the reference using

bbmap with the most sensitive settings (“vslow = t”;
http://jgi.doe.gov/data-and-tools/bbtools/). We then used
the Stacks core pipeline to identify read stacks, call SNPs,
and identify alleles and haplotypes based on genomic align-
ment (pstacks and cstacks); find homologous RAD tags
across individuals (sstacks); and catalog biologically plau-
sible haplotypes based on within- and among-individual
haplotype variation (populations). We required that a RAD
tag be present in all three populations, and in at least four fish
in each population.

We used the programPHASE (Stephens et al. 2001; Scheet
and Stephens 2006) to combine sequence information from
both RAD tags at a PstI cut site, and generate phased haplo-
types at each RAD locus. We wrote custom Python scripts to
identify all unique haplotypes at each pair of RAD tags and
code them as alleles at a single, multiallelic locus (Nelson
and Cresko 2018; available at www.github.com/thomnelson/
ancient-divergence). We required that each individual in-
cluded in this analysis was genotyped at both RAD tags.
Loci containing individuals genotyped only at a single
RAD tag were removed from further analysis. RAD haplo-
types at each locus represent 696 bp of contiguous genomic
sequence, giving us high-quality estimates of sequence
diversity and divergence even with our relatively small
population-level sample sizes (Nei 1987, chapter 13;
Cruickshank and Hahn 2014; Nelson and Cresko 2018).
Sequencing of wild stickleback resulted in 57,992 RAD loci
distributed across all 21 threespine stickleback chromo-
somes, averaging 7514 bp between adjacent RAD loci.

Population genetic statistics

The scripting languageR version 3.5 (RCore Team2016)was
used for all downstream data analysis. We estimated dif-
ferentiation among threespine stickleback populations (all
pairwise combinations) and among ecotypes (combined
freshwater ponds vs. RS) using a haplotype-based FST (equa-
tion 3 in Hudson et al. 1992) implemented in the R package
“PopGenome” (Pfeifer et al. 2014). We calculated p per site
within and among populations and absolute sequence diver-
gence (dXY) at each RAD locus by calculating pairwise dis-
tances between all RAD haplotypes with the R package “ape”
(Paradis et al. 2004; Popescu et al. 2012).

Previously, we detected patterns of reciprocal monophyly
between marine and freshwater haplotypes using maximum
clade credibility trees generated in BEAST v1.7 (Drummond
and Rambaut 2007; Drummond et al. 2012; Nelson and Cre-
sko 2018; Suchard et al. 2018). Tree topologies for all RAD
loci were inferred from MCMC runs of 106 states with 10%
burn-in periods. We used blanket priors and parameters
across all RAD loci, including a coalescent tree prior and
the GTR+G substitution model. Monophyly of haplotypes
from each population (RS, BT, BP) and each habitat (marine,
freshwater) was assessed using the is.monophyletic() func-
tion of the R package “ape.” Here, we use topological classi-
fications that we inferred previously, and designate gene
trees with reciprocally monophyletic marine and freshwater
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haplogroups (1129 of 57,992 RAD loci) as “divergent” loci
(Figure 2B, see also Nelson and Cresko 2018).

Forward simulations using SLiM

We used forward simulations implemented in SLiM (Haller
and Messer 2017) to model the effects of selection, linkage,
and population structure in a manner that reflects the stick-
leback metapopulation structure (Figure 2). We simulated a
metapopulation of 2000 diploid individuals in two habitats,
HM and HF, to model the marine and freshwater stickleback
populations, respectively. The genome consisted of a single
chromosome with a genetic length of 10 cM, containing
50 kbp of freely recombining sequence (recombination rate
1 3 1026 per bp) on either side of a 2 kbp nonrecombining
“core,” which contained the locally adaptive locus. Per-base
mutation rate was kept constant at 5 3 1027, resulting in a
population-scaled mutation rate (4Nm = 0.004) aligned
with genome-wide estimates of genetic diversity in stickle-
back (Hohenlohe et al. 2010; Nelson and Cresko 2018). The
general form of the simulations was as follows:

1. Initialize population HM.
a. N = 1000 diploids.
b. Evolve for 10,000 generations.

2. Create k new populations, collectively “HF.”
a. Each of size N/k.
b. Set migration rate m to HM.
c. Evolve for 10,000 generations.

3. Introduce mutation as single copy into HF.
a. Deleterious in HM, advantageous in HF.
b. Run selection for [4,10,20]N generations.
c. (If locally adaptive mutation is lost, go to [3]).

4. End simulation.

Simulations included three phases: (1) a burn-in without
population structure, (2) a burn-in after creating population
structure, and (3) a selection phase contingent on establish-
ment of a locally adaptive allele. Thefirst burn-in beganwith a
single panmictic population of size N = 1000 and no se-
quence variation. We evolved this population for 10N
(10,000) generations. The second burn-in of 10N generations
began by creating k new populations, each of size N/k, by
sampling variation from the existing population (Figure 2). k
ranged from 1 to 25. We set bidirectional migration rates
equivalent to one migrant per generation between the exist-
ing population, now designated habitat HM, and each new
population, now collectively referred to as habitat HF. We
chose this migration structure to reflect the stickleback meta-
population, where freshwater stickleback populations are
thought to be derived most often from marine ancestors,
and because gene flow among freshwater populations occurs
primarily through the marine population, especially across
broader geographic scales.

To start the selection phase, we introduced a mutation at
the centerof the coreof a single chromosome inhabitatHF that
is advantageous in HF and deleterious in HM. Progression
through the selection phase was conditional on establish-
ment of the locally adaptive mutation: if the mutation was
lost from the metapopulation, the simulation restarted at the
end of the second burn-in.

Genetic diversity among chromosomes carrying HM- and
HF-adaptive alleles was assessed at the end of the selection
phase. We sampled 10 chromosomes of each allelic state and
calculated nucleotide diversity (p) and Watterson’s u (uW)
within and among chromosomes of the two allelic states in
nonoverlapping 250 bp (0.025 cM) bins. We include results

Figure 1 Sampling locations of marine and freshwater stickleback populations from southcentral Alaska. Inset: Geography of Cook Inlet near
Anchorage, AK. Marine stickleback were sampled from Rabbit Slough (RS, red). Freshwater stickleback were sampled from Boot Lake (BT, dark blue)
and Bear Paw Lake (BP, light blue). All areas in the inset were glaciated during the Late Wisconsin glaciation until �10,000 years ago.
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from uW because this statistic is based on the number of
segregating sites, and is therefore more reflective of the
abundance of sequence variation and less affected by
shifts in allele frequencies. We fold the calculations of ge-
netic diversity about the locally adaptive locus to empha-
size the effects of evolutionary forces on variation at a
given distance from the locus (Figure 2C). These summa-
ries mirror our estimates of genetic variation on stickle-
back chromosomes and results from theoretical work
on the effects of local adaptation on linked variation
(Charlesworth et al. 1997).

Laboratory crosses and genetic mapping

To compare how heterogenous genomic divergence on the
physical map is distributed across the genetic map, we gen-
erated mapping families from laboratory lines of fish derived
from BT and an F1 hybrid female (hereafter F1) produced
from a cross between a BT female and a RS male. These
crosses allowed us to examine variation in the recombina-
tional landscape within and among chromosomes in distinct,
evolutionarily relevant genetic backgrounds. We also gener-
ated a genetic map of a RS-derived male (Supplemental Ma-
terial, Figure S1), but, because ecotype was confounded with
sex (Sardell et al. 2018), we limit our discussion to the BT and
F1 maps.

All maps were constructed using a pseudotestcross design,
which takes advantage of existing heterozygosity in outbred
individuals without the need to generate inbred lines or F1
mapping parents. To generate the BT mapping family, we
manually crossed unrelated laboratory-reared individuals.
We mapped the F1 female by backcrossing it to a BT male.
All progeny were raised to 14 days postfertilization, eutha-
nized with MS-222 (Sigma Aldrich, St. Louis, MO), and fixed
in 95% ethanol. We extracted genomic DNA from whole
progeny, and from pectoral and caudal fins from all parents

using proteinase K digestion (Qiagen, Germantown, MD) fol-
lowed by DNA purification with SPRI beads.

RAD genotyping of progeny and parents was used to
identify segregating haplotypes using a RAD-seq protocol
similar to that described previously but using the restriction
enzyme SbfI. RAD-seq data from all mapping crosses were
processed with the Stacks analysis pipeline (Catchen et al.
2013b). We demultiplexed and quality filtered sequences
with process_shortreads and aligned them to the stickleback
reference genome with GSNAP (Wu and Nacu 2010). We
used ref_map.pl to identify RAD tags and call genotypes.
The Stacks component program genotypes was used to iden-
tify segregating markers for export to genetic mapping soft-
ware. We specified a minimum coverage of 33 to call
individual genotypes and required that a marker be geno-
typed in at least 50% of progeny. Below, we use the term
“RAD marker” to refer to a RAD tag with segregating
haplotypes.

Below,we present geneticmaps for the female parent from
each cross (Table 1 and Table S1). By conducting pseudotest-
crosses, we identified polymorphic RAD markers segregat-
ing in all mapping parents. However, to investigate the
genome-wide recombination landscape, as well as rela-
tionships between recombination rate and natural levels
of polymorphism and divergence, we restricted our analysis
to parents of the same sex for which we observed segregat-
ing markers on all 21 chromosomes with no gaps greater
than 1 Mbp between adjacent markers.

We estimated genome-wide recombination rates between
RADmarkers under the assumptionof collinearity betweenall
genetic maps and the stickleback reference genome (Glazer
et al. 2015) (with some exceptions, see below). We used the
mapping software Lep-MAP2 (Rastas et al. 2015) to estimate
map positions of RAD markers with the marker order fixed
to the aligned positions on the reference genome. Known

Figure 2 The structure of simulations to test the effects of population structure on genetic variation in a model of local adaptation. (A) Habitat HM (red)
consists of a single deme while habitat HF (blue) consists of k demes. We adjust the size of each deme in HF so that the total census size of each habitat is
constant across simulations. Diamonds represent a single locus with locally adaptive alleles. (B) We assessed genetic diversity at the locally adaptive locus
and in nonoverlapping windows. We used the pattern of reciprocal monophyly (outlined in gold) to classify RAD loci as divergent in the threespine
stickleback population genomic dataset. [See Materials and Methods and Nelson and Cresko (2018)]. (C) Genetic diversity within (red and blue) and
among (gray) allelic classes in a simulation where k = 1. Shown are 95% confidence intervals of nucleotide diversity (p) and Watterson’s u after 10N
generations of selection. Because patterns of variation are symmetrical about the locus under selection, we present “folded” curves [(C) right]
throughout this work.
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marker orders increased throughput of mapping iterations
and reduced the impact of genotyping errors on recombina-
tion rate estimation.

While fixed marker orders do not explicitly allow the
detection of structural variation among genomes—such as
chromosomal inversions that are known to exist among stick-
leback populations—discrepancies in the estimated map do
provide indirect, and correctable, evidence of changes to
map order (Figure S2). For example, inversions in genetic
map order relative to the reference order spuriously inflate
recombination rates between markers closely flanking inver-
sion breakpoints when inverted segments are forced into
the wrong orientation. This is because genetic map distances
are estimated independently while the physical distance be-
tween markers is drastically underestimated. The observed
jumps in map distance on either side of the inversion are
equal to each other and to the total map length of the in-
version. Reversing the marker order within the inversion
removes these artifacts and reduces the overall map length
of the region. We observed and corrected this artifact for a
single previously known inversion on chromosome 21 (Fig-
ure S1, Figure S2, Jones et al. 2012). Two other known in-
versions on chromosomes 1 and 11 were too small to create
artifacts in our data.

Recombination rate correlations

We employed three methods to investigate the relationships
between the recombinational landscape and patterns of poly-
morphismwithinandamongnaturalpopulations.Tocompare
our results to other studies in stickleback (Samuk et al. 2017),
we quantified genome-wide correlations among recombina-
tion rate and population genetic statistics. We divided the
stickleback genome into nonoverlapping windows, and cal-
culated average recombination rates (in cM/Mbp), sequence
diversity (pBT, pRS, and p), and genetic divergence (FST, dXY)
in each window. We calculated FST between RS and BT as a
measure of recent genetic differentiation, and dXY between
RS and the combined freshwater populations as a measure of
long-term genetic divergence (Nelson and Cresko 2018). We
additionally measured the distance between each window
and the centromere based on known centromeric repeats
(Urton et al. 2011; Cech and Peichel 2015; Sardell et al.
2018). RAD marker density made estimates of local recom-
bination rates less reliable and more variable when using
small window sizes (e.g., 100 kbp windows; Figures S3
and S4). As a result, we show results from 1-Mbp genomic
windows. We used nonparametric correlations to test for

correlations between variables because the distributions of
most variables lacked normality even using standard data
transformations. Below we present Spearman’s rank order
correlations. Kendall’s tau and parametric linear models gave
qualitatively similar results (Table S2).

Genomic heterogeneity exists not only in the proportion of
the genome affected by divergent selection, but also in how
genetic variation and divergence are clustered within the
genome. Marine-freshwater genomic divergence in stickle-
back is clustered into few, large regions that can encompass
most of the length of a chromosome. We sought to directly
compare the genomic distributions of population genetic
statistics along the physical genome and on the genetic maps
we constructed.We used awindowing approach that allowed
direct comparisons across maps despite differing numbers
and distributions of markers among genetic maps. Using
the R package “ksmooth,” we binned each chromosome into
equally sized intervals, the number of which we set equal to
the number of segregating RAD markers on the genetic map
with fewest markers. For each interval, we calculated genetic
position from each laboratory cross and FST between RS and
BT populations (Hohenlohe et al. 2010; Nelson and Cresko
2018) within a 250 kbp normally distributed kernel. We
also imputed the genetic positions of all divergent loci using
the lm() function in R: we found the nearest flanking RAD
markers in each mapping cross and predicted the genetic
position of the divergent locus assuming a constant recom-
bination rate between the flanking markers. With these
approaches, we were able to make direct comparisons be-
tween recombination within and among genetic maps from
different genetic backgrounds and patterns of polymorphism
in the populations from which the laboratory lines were
derived.

Data availability

Raw sequence data are available on NCBI under BioProjects
PRJNA429207 and PRJNA507799. RAD sequences for map-
ping families are available on the Sequence Read Archive,
BioSamples SAMN10498162-10498548. Supplemental ma-
terial, including scripts and processed data, are available on
GitHub at https://github.com/thomnelson/linkedvariation
and at FigShare: https://doi.org/10.25386/genetics.8061755.

Animal care and compliance

Treatment of animals followed protocols approved by the
University of Oregon Institutional Animal Care and Use Com-
mittee (IACUC).

Table 1 Genetic map statistics for the three maps used in this study

Family Progeny Markers Map lengtha Genomic coverageb cM/Mbp

Boot Lake (BT) 189 6041 2255 0.993 5.20
BT subset 94 6169 2396 0.993 5.52
F1 hybrid 102 6669 1878 0.995 4.33
F1 subset 94 7678 1958 0.995 4.51
a Map length given in centiMorgans (cM).
b Genomic coverage is a percentage of the reference genome assembled onto chromosomes (436.6 Mbp)
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Results

Chromosomes from freshwater but not marine
stickleback contain abundant variation linked to loci
under divergent selection

Toexaminepatternsof variation linked to loci under selection,
we first partitioned RAD loci from the population genomics
dataset into those with evidence of complete marine-fresh-
water lineage sorting (“divergent,” with allelic states “ma-
rine” and “freshwater,” see Figure 2B), those on the same
chromosome as a divergent locus (“linked”), and those on
chromosomes without divergent loci (“unlinked”). At diver-
gent loci, average sequence diversity was partitioned almost
entirely among chromosomes carrying marine and freshwa-
ter alleles; overall p averaged 0.0067 per site (Figure 3A,
black-filled diamond, genome-wide mean = 0.0042); aver-
age dXY between marine and freshwater alleles was 0.0124,
nearly threefold higher than the genome-wide average
(0.0044). In contrast, and as expected at locally adaptive loci
(Figure 2C),pwas substantially reducedwithin allelic states;
p among marine alleles averaged 0.0012 per site (Figure 3B,
red-filled diamond) while average p among freshwater al-
leles at divergent loci was 0.0015 per site (Figure 3C, blue-
filled diamond).

Patterns of linked variation among habitats and onmarine
chromosomes followed the expectations from simulated local
adaptation (Figure 2C and Figure 3, A and B). Sequence di-
versity at linked loci was highly correlatedwith proximity to a
divergent locus (Figure 3, A–C, Spearman’s r: all P-values #
10210).When all populations were combined,p at linked loci
decreased sharply in the first �250 kbp from a divergent
locus (Figure 3, A and D), and linked loci in closest proximity
to divergent loci were nearly as polymorphic as those directly
impacted by divergent selection. As expected under local ad-
aptation, p among chromosomes sampled from marine RS
stickleback was lowest in close proximity to divergent loci
(Figure 3B), and a substantial fraction (12%) of RAD loci
within 250 kbp of a divergent locus showed no variation at
all on these chromosomes (pRS = 0; 1651/13762 loci).

In stark contrast, diversity among freshwater chromo-
somes showed a proximity effect that was distinct from either
RS or the combined populations (Figure 3, C–E). Rather than
being lowest near divergent loci, diversity actually increased
with proximity to a divergent locus, peaking�200 kbp away
on average before reversing direction. This pattern persisted
using either p or Watterson’s theta (uW), indicating that the
density of segregating sites on freshwater chromosomes is
highest near divergent loci and that the signal we observe
is not simply due to a greater abundance of intermediate
frequency alleles. We also note that this increase in diversity
qualitatively persisted within both freshwater populations
individually (Figure S5).

Linkage to divergent loci, therefore, was associated with
opposing effects on genetic variation in stickleback: decreasing
it among marine chromosomes while increasing variation
among freshwater chromosomes (Figure 3E). Chromosomes

with no evidence of divergent selection had a slightly higher
density of segregating sites in RS than the combined freshwa-
ter populations (Figure 3E and Table 2), though p was indis-
tinguishable (Figure S6). However, within 500 kbp of a
divergent locus, genetic diversity (p and uW) was greater
among freshwater populations than in RS (Figure 3E, Figure
S6, and Table 2; population*proximity interaction P# 10210).

Population structure maintains linked variation on
simulated chromosomes

To determine howpopulation structurewithin the freshwater
habitat influences patterns of linked variation in stickleback,
we conducted forward simulations of chromosomes under a
model of local adaptation with migration using SLiM v2.6
(Haller and Messer 2017, Figure 2). In simulations with two
habitat types, each composed of a single, panmictic popula-
tion (Figure 4, column 1), total genetic diversity was highest
at, and adjacent to, the locally adaptive locus (Figure 2C).
Within allelic classes diversity was lowest in proximity to the
locally adaptive locus and recovered equally within both al-
lelic classes with increasing recombinational distance from
the selected locus (Figure 2C and Figure 4). This scenario is
essentially the same as that presented by Charlesworth et al.
(1997), and the results are qualitatively the same.

The addition of population structure to these simulations
led to habitat-specific effects on genetic variation. When the
second habitat (HF)—representing the freshwater stickleback
habitat—consisted of two or more demes (Figure 2A and
Figure 4, columns 2 and 3) the additional structure main-
tained greater variation exclusively on HF-adaptive (HF

+)
chromosomes—an effect dependent on the duration and
strength of selection and the number of demes. Under strong
selection (s = 0.20), population structure had a barely notice-
able effect on variation until the length of the selection phase
was on the order of the neutral coalescence time (�9N gener-
ations, Slatkin 1991; Charlesworth et al. 2003; Equation 1).
Beyond this point, any amount of population structure resulted
in higher levels of variation on HF

+ than HM
+ chromosomes

within �0.2 cM from the selected locus. Moderate selection
(s = 0.02)was generally ineffective at altering among-habitat
levels of variation, though we did observe a modest effect on
HF
+ chromosomes immediately adjacent to the selected locus.
Increasing population structure in HF led to substantial

levels of variation near the selected locus (Figure S6, column
3; Figure S7). When HF consisted of five demes, genetic var-
iation on HF

+ chromosomes was greatest �0.1 cM from the
selected locus even though levels of variation among allelic
states remained indistinguishable in distal regions of the
chromosome. Greater subdivision of HF first accentuated
the accumulation of variation (5 # k # 15, Figure S7)
but eventually attenuated it when k $ 20. While we did
not fully explore this attenuation, we note that we held both
N and m (the average number of migrants per generation)
constant across simulations; higher values of k were there-
fore accompanied by greater total migration between habi-
tats and stronger within-deme drift in HF.
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The interaction we observed between selection and geo-
graphic structure in simulated populations closely mim-
icked the patterns found in stickleback, but the extent of
this effect seemed limited. Even in the case of strong selection
(s = 0.20) and substantial population structure, increases
in genetic diversity extended ,0.5 cM away from the locus
under selection; maximal levels of variation required even
tighter linkage. We therefore examined how recombination
rate varies across stickleback genomes to better understand
the extent to which selection may influence linked genetic
variation.

The recombination landscape varies among individuals

RAD sequencing of both the BT and F1 Hybrid (F1) mapping
crosses resulted in over 6000 segregating markers, with
markers averaging 70 kbp apart on the BT map, and 56 kbp
apart on the F1 map (Table 1). Mean per-locus sequencing
depth was 35 and 233 for the BT and F1 families, respectively
(range: BT = (283, 573), F1 = (103, 903); Table S1].

RAD markers were consistently genotyped in over 90%
of progeny [BT: mean = 98%, range = (95%, 99%); F1:
mean = 91%, range = (57%,99%)].

Patterns of recombination were generally consistent be-
tween the genetic maps (Figure 5 and Figure S1). As has been
described previously (Roesti et al. 2013; Glazer et al. 2015),
recombination on the larger metacentric chromosomes in the
stickleback genome (e.g., chromosomes 4 and 7) was biased
toward chromosome ends, with little recombination occur-
ring across central, presumably centromeric, regions. Recom-
bination rates across a number of the smaller chromosomes,
in contrast, was typically highest toward one end (Figure 5,
chromosome 15; Figure S1).

We also observed stark differences between genetic maps.
As expected, recombination in the hybridmapwas completely
suppressed within, and immediately surrounding, an inver-
sion on chromosome 21, but this region recombined freely in
the collinear BT map (length 4.3 cM, Figure 5). Conversely,
on chromosome 1, the BT map showed the expected bias in

Figure 3 Patterns of sequence variation differ on marine and freshwater stickleback chromosomes. (A–C) Genome-wide sequence diversity (p) as a
function of the distance from a RAD locus with reciprocal monophyly of marine and freshwater haplotypes. Diamonds show average sequence diversity
among reciprocally monophyletic RAD loci. Density of RAD loci at x distance from the nearest reciprocally monophyletic locus with y level of diversity is
shown in shades of gray. Bold lines are smoothed splines, dashed lines are genome-wide means. (A) Sequence diversity in the combined dataset [marine
(RS) + freshwater (BT and BP)]. (B) Sequence diversity on chromosomes carrying marine haplotypes. (C) Sequence diversity on chromosomes carrying
freshwater haplotypes. (D) Smoothed splines as in (A–C). (E) Splines as in (A–D) of Watterson’s u. (F) uW of RAD loci within 0.5 Mbp of a reciprocally
monophyletic RAD locus and on chromosomes not carrying a reciprocally monophyletic locus (“unlinked”). Data are means 6 1 SD ***P , 0.001.
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recombination away from the centromere (Spearman’s
r = 0.43, P , 0.05). This bias was almost entirely absent
in the hybrid map (Spearman’s r = 0.14, P . 0.47), with
recombination occurring steadily throughout the chromo-
some. In both cases, the total map lengths of each chro-
mosome were similar (chromosome 1: BT = 129 cM,
F1 = 137.5 cM; chromosome 21: BT = 61.0 cM;
F1 = 75.7 cM), indicating that these differences were due
to differences in the distribution but not the number of
crossovers.

Much of the genome is tightly linked to loci under
divergent selection

Genomic regions of greatest differentiation were compressed
into proportionally smaller regions of the genetic maps (Fig-
ure 6, Table S2, and Appendix 1). Some of the largest regions
of differentiation we observed—including those surrounding
eda, the major effect locus for lateral plate number (Colosimo
et al. 2005), and the chromosome 21 inversion—had aver-
age FST values . 0.4. Regions above this threshold spanned
8.1% of the physical genome (35.3 Mbp) but only 3.7% of
the BT genetic map and 3.3% of the F1 hybrid genetic map
(Figure S8). On chromosome 4, the large central regions of
differentiation are similarly compressed on both genetic
maps, but this was not always the case. On chromosome 21,
recombination was suppressed—and genomic differentiation
compressed—only on the heterokaryotypic F1 map (Figure
S1). A similar effect was seen across a large region of differ-
entiation on chromosome 7 (Figure 6B), despite this chro-
mosome being collinear between marine and freshwater
stickleback genomes (Figure S1). On the physical map, chro-
mosome 7 contained three peaks of strong differentiation
between BT and RS spanning over 9 Mbp. All three peaks
were clearly separated on the BT map—though they com-
prise a relatively smaller region than on the physical map—
but collapsed to a single locus on the hybrid map (span:
0 cM, position 57.7 cM on the map).

Because our simulations suggested that population struc-
ture could interact with selection to maintain variation, but
only with tight linkage (#0.2 cM), we imputed the positions
of RAD loci from the population genomic dataset onto the BT
and hybrid genetic maps. Based on average genome-wide
recombination rates, 0.2 cM equates to less than 50 kbp of
sequence space (BT map: 36 kbp; F1 map: 44 kbp) and in-
cludes �6% of sequenced loci. However, the clustering of
divergent loci in regions of low recombination resulted in

�20% of all loci in the dataset fitting this linkage criterion
(BT map: 19.5%; F1 map: 20.4%; Figure 6, C and D and
Figure S9). These tightly linked loci averaged over 200 kbp
away from a divergent locus (BT map: 219 kbp; F1 map:
256 kbp) and included loci greater than 2 Mbp away
(max, BT map: 2.3 Mbp; max, F1 map: 2.9 Mbp).

Discussion

Asymmetric population structure maintains
asymmetries in patterns of linked genetic variation

The patterns of linked variation that we document here
highlight not only the importance of selection, but also the
structure of the threespine stickleback metapopulation in
maintaining genetic variation. Throughout the species range,
the marine population is remarkably uniform phenotypically,
which we now know is reflected genetically by minimal iso-
lation-by-distance over thousands of kilometers (Bell and
Foster 1994; Catchen et al. 2013a; Defaveri et al. 2013). This
large population with few barriers to migration is contiguous
with thousands of freshwater lake and stream populations
that are more clearly isolated by geography. While the in-
fluence of freshwater populations on the evolution of the
species was once unclear (Bell and Foster 1994), it is now
evident that gene flow between freshwater and marine
stickleback populations is common, and may facilitate adap-
tation through the indirect sharing of alleles among fresh-
water populations (Schluter and Conte 2009).

Our findings suggest that the structuring of the freshwater
habitat acts asa reservoir of genetic variation in the species, and
that this effect is particularly potent in regions of the genome
experiencing divergent selection. In genomic regions that are
recombinationally distant to targets of divergent selection,
gene flow among habitats homogenizes variation such that
levels of genetic variation are similar (Figure 3) and differen-
tiation is low (Figure 6) across habitats. At divergent loci them-
selves, selection has maintained a small number of haplotypes
in each habitat, and variation is partitioned almost entirely
among habitats (Figure 2 and Figure 3, Nelson and Cresko
2018). However, in the substantial fraction of the genome that
is tightly linked to divergent loci, we hypothesize that selection
has reduced the effective migration rate between alternative
habitats such that the geographic structuring of the freshwater
habitat becomes a significant factor affecting levels of genetic
variation. Because migration among freshwater populations
occurs primarily through the marine environment, divergent
selection accentuates the effect of population structure in the
freshwater habitat.

Forward simulations support this hypothesis. We found
that under realistic migration rates (Caldera and Bolnick
2008; Berner et al. 2009) and selection coefficients (Barrett
et al. 2008; Kitano et al. 2008), such asymmetric population
subdivision by itself provides a simple explanation for the
counterintuitive observation that smaller, isolated popula-
tions contain abundant linked variation (Figure 3 and Figure
4). The degree to which population structure increased levels

Table 2 ANOVA results for proximity-by-ecotype analyses

F1,34068 Tukey’s HSD vs. RSunlinked

Ecotype Linkage Ecotype*linkage RSlinked FWlinked FWunlinked

p 858.8*** 62.5*** 382.8*** — + =
uW 343.4*** 149.6*** 358.9*** — — —

F statistics are from ANOVAs on untransformed values, ***P # 10210. For Tukey’s
Honest Significant Difference (HSD), “+” and “2” indicate an increase or decrease in
diversity, respectively, compared to variation at unlinked loci on marine (RS) chromo-
somes. “linked” indicates loci #500 kbp from a divergent locus, as in Figure 3
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of diversity depended both on the amount of substructure
and the length of time over which selection acted. While
even minimal substructure eventually resulted in patterns
of diversity mirroring those we observed in stickleback, this
effect required a selection phase on the order of the expected
coalescence time of the metapopulation. This follows from
the fact that selection and population structure protect vari-
ants from fixation or loss at adaptive and linked loci, respec-
tively. Our findings generally agree with expectations from
Slatkin’s (1991) model, where limited migration among
demes increases the expected coalescence times of chromo-
somes sampled from ametapopulation (Equation 1). Near an
alternatively adaptive locus, selection accentuates this effect
by reducing effective migration rates among demes of alter-
native habitats.

Our empirical and simulated results, in combination with
previous findings in threespine stickleback (Reimchen 1994;

Kaeuffer et al. 2012; Roesti et al. 2014), have important im-
plications for the long-term evolution of the species. Fresh-
water populations are ecologically diverse (Bell and Foster
1994; McKinnon and Rundle 2002; Kaeuffer et al. 2012;
Leaver and Reimchen 2012; Reimchen et al. 2013), and the
relative impacts of parallel vs. nonparallel selection pressures
among freshwater populations is actively debated (Kaeuffer
et al. 2012; Stuart et al. 2017). While it is possible that mul-
tifarious selection pressures also contribute to the mainte-
nance of more genetic diversity on chromosomes from
freshwater fish, our model does not require additional selec-
tion to maintain linked variation. Furthermore, the freshwa-
ter pond populations studied here are ecologically similar
and geographically proximal (Cresko et al. 2004), so it is
likely that parallel selection on a common pool of variation
is largely responsible for the patterns of variation we observe.
Put another way, we find no need to invoke more complex

Figure 4 Asymmetric population structure generates asymmetric patterns of linked variation on simulated chromosomes. Simulations were performed
as described in Materials and Methods and Figure 2. Bands are 95% confidence intervals of Watterson’s u at a given distance from a locally adaptive
locus (red: uW on chromosomes carrying the HM-adaptive allele, blue: uW on chromosomes carrying the HF-adaptive allele). Columns show the effect of
increasing population structure (k) in habitat HF. Rows show the effect of increasing the length of the selection phase of the simulations. Rows 1–3
show results under strong selection (s = 0.20). Row 4 shows results for simulations identical to row 3 but with moderate selection (s = 0.02). All
simulations were performed using a migration rate, m, of one migrant per generation between habitat HM and each population of habitat HF. Total
diversity (see Figure 2) is excluded to highlight variation within each allelic class.
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selection regimes in order to explain the patterns of variation
we observe. Also studying ecologically similar freshwater
populations, Roesti et al. (2014) found that parallel adapta-
tion led to increases in FST among freshwater populations
near peaks of marine-freshwater divergence, and inferred
that sweeps of common SNPs on different genetic back-
grounds led to this pattern. We have shown these linked
genomic regions to be not only the most heavily partitioned
but also the most diverse in the genome (Figure 3F and
Figure S6). We find it likely that selection and gene flow
happening over shorter evolutionary timescales (tens to
thousands of years), like those investigated by Roesti
et al. (2014), have occurred throughout the evolutionary
history of this species and have long-lasting, collective ef-
fects on patterns of genomic variation over the course of
millions of years.

A variable recombination landscape increases the
genomic reach of selection and simplifies the
architecture of divergence

In addition to the consequences of asymmetric population struc-
ture inmaintaininggenetic variationunevenlyacross geography,
the recombination landscape also can have profound effects on
heterogenous genome-wide patterns of genetic variation. Link-
agetooramongselectedsites isnowthought toaffectmany, ifnot
most, variable sites in the genome (Schrider and Kern 2017;
Kern and Hahn 2018), and suppression of recombination
among the genomes of diverging populations and species ap-
pears in large part to determine patterns of genetic differentia-
tion and divergence (Burri et al. 2015; Samuk et al. 2017; Vijay
et al. 2017; Stankowski et al. 2018). In the threespine stickle-
back, genetic differentiation among phenotypically divergent
populations is known to accumulate in regions of low recombi-
nation (Roesti et al. 2013; Marques et al. 2016; Samuk et al.
2017). Our work adds an important outcome of this phenome-
non: low recombination adjacent to targets of divergent selec-
tion extends selection’s reach into linked regions, maintaining
genetic variation, and structuring it among chromosomes with
divergent evolutionary histories.

The accumulation of genetic diversity adjacent to targets of
selection required tight linkage in our simulations, potentially
limiting the relevance of this model in explaining patterns
of genetic variation. However, because adaptive divergence
has occurred principally in regions of low recombination,
a substantial fraction of the genome is likely near enough
(�0.2 cM) to divergent loci for our model to explain the
accumulation of variation on freshwater chromosomes. The
absolute genetic distance through which divergent selection
can influence linked variation is proportional to the strength
of selection (e.g., Figure 4) and inversely proportional to the
migration rate (e.g., Figure S10, Charlesworth et al. 1997).
While we did not fully explore either parameter space, our
chosen values are congruent with empirical estimates from
stickleback. Estimates of migration rates vary widely across
studies of stickleback, from nearly zero to rates that could
swamp divergent selection (Caldera and Bolnick 2008;
Berner et al. 2009). Estimated selection coefficients on lateral
plate armor are consistently . 0.2 (Barrett et al. 2008;
Kitano et al. 2008), and the total effect of selection on a locus
depends on the total number of nearby selected sites (i.e., the
“selection density”: Aeschbacher et al. 2017). Given the rate
of adaptation observed in recently colonized freshwater hab-
itats (Lescak et al. 2015; Bassham et al. 2018) combined with
generally low recombination rates, the effect of selectionmay
at times extend across entire chromosomes.

Our results also provide general insight into the variability
and evolution of the recombination landscape. First, genomic
divergence that occurs in the centers of the largest chromo-
somes (Hohenlohe et al. 2010; Jones et al. 2012; Bassham
et al. 2018; Nelson and Cresko 2018) occurs within regions of
consistently low recombination across maps from different
genetic backgrounds (Hohenlohe et al. 2012; Roesti et al.
2013; Samuk et al. 2017). The negative association between
divergence and recombination rate is a common finding
across systems (Nachman 2002; Carneiro et al. 2009;
Geraldes et al. 2011; Cutter and Payseur 2013; Burri et al.
2015; Aeschbacher et al. 2017), and can result from both
negative (Burri et al. 2015; Stankowski et al. 2018) and

Figure 5 The recombination landscape varies within and among genetic maps of BT and F1 hybrid threespine stickleback. Each point represents a
RADseq-based marker segregating within a mapping family. Blue: BT, black: F1. Inverted triangles represent the locations of centromeric repeats, where
known, from Sardell et al. (2018). The inset on chromosome 21 shows suppression of recombination due to inversion heterozygosity in the F1. Genetic
maps for all chromosomes and for the marine (RS) map are given in Figure S1.
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positive (Aeschbacher et al. 2017; Samuk et al. 2017) selec-
tion between allopatric populations (Burri et al. 2015) and
those currently exchanging genes (Carneiro et al. 2009;
Aeschbacher et al. 2017). Our results agree that stickleback
are no exception to this rule, and that divergent selection in
the face of (historical) gene flow has generated this relation-
ship both at the local (i.e., specific genomic regions, Figure 6)
and genome-wide (Figure S8 and Table S2) scales. Second,
although these results generally hold using both intra- and
interpopulation genetic maps, we find that recombination
rates in regions of divergence were often lowest in the F1
map (Figure 5, Figure 6B, and Figure S8). This was expected
within chromosomal inversions, where the alternative homo-
zygotes demonstrated steady recombination throughout the
inverted region, but also occurred on chromosome 7 despite
the apparent lack of any large scale, simple structural varia-
tion (Figure 2 and Figure 4) although clusters of smaller
structural variants that could not be detected in our maps
could also reduce recombination. On the hybrid map, this
entire physical region collapsed to a genetic region inherited
essentially as a single Mendelian locus.

The specific reductions in recombination on the hybrid
map are suggestive of the evolution of the recombination
landscape itself, and, if true, couldhaveprofound implications
for adaptation and genomic divergence in stickleback. For
example, inversions are advantageous when recombina-
tion betweenmultiple linked alleles that contribute tofitness
(either in an additive or epistatic fashion) is maladaptive
(Kirkpatrick and Barton 2006). The three previously identi-
fied inversions on chromosomes 1, 11, and 21 (Jones et al.
2012) are associated with divergence between the freshwa-
ter andmarinehabitats and occur in regions of the genome that
readily recombine in chromosomal homozygotes (Figure 4,
Figure S1, and Figure S2). Had inversions not evolved, gene

flow and recombination among marine and freshwater popu-
lations may have been strong enough to prevent adaptive di-
vergence in these genomic regions (Lenormand 2002; Yeaman
and Whitlock 2011; Aeschbacher et al. 2017).

In contrast, our work and that of others (Roesti et al. 2013;
Glazer et al. 2015) has shown that megabase pair-scale in-
versions have not evolved across the largest regions of diver-
gence in the genome. In these regions, low recombination
rates—which may themselves have evolved adaptively or
been ancestral platforms for adaptive divergence—combined
with strong selection has been effective at maintaining allelic
combinations across megabase pairs of genomic space. These
are also regions of exceptional sequence divergence between
marine and freshwater chromosomes (Table S2; Samuk et al.
2017; Nelson and Cresko 2018). Sequence divergence alone
may limit double-strand break resolution as crossovers in
these regions (Modrich and Lahue 1996; Opperman et al.
2004; Li et al. 2006), biasing crossovers toward regions of
lower sequence divergence. Explicit tests of this hypothesis,
for example with F3 mapping families where the effects of
marine-freshwater hetero- and homozygosity in specific ge-
nomic regions can be directly assessed, will be a productive
avenue of research.

The coincidence of reduced recombination and genomic
divergence may help explain the repeatable and rapid adap-
tive divergence in stickleback (Bell and Foster 1994; Lescak
et al. 2015) that is largely the result of the reuse of standing
genetic variation (Colosimo et al. 2005; Schluter and Conte
2009; Deagle et al. 2012; Jones et al. 2012; Terekhanova
et al. 2014; Roesti et al. 2015; Marques et al. 2016; Bassham
et al. 2018). Because freshwater populations are typically
founded by marine stickleback, the sources of standing ge-
netic variation are low frequency variants in the marine
population that nearly always exist in a heterozygous state

Figure 6 The recombination
landscape extends the genomic
reach of divergent selection. (A
and B) RS-BT FST scans were per-
formed on the physical map (top,
Bar, 5 Mbp) and imputed onto
the freshwater and F1 hybrid ge-
netic maps (middle and bottom,
Bar, 10 cM) for chromosomes
4 and 7. Lines connect evenly
spaced windows on the physical
map to the imputed positions on
each genetic map and are shaded
by the kernel-averaged FST for
that window. Positions of diver-
gent RAD loci are shown in gold.
The inverted triangle represents
the position of centromeric re-
peats (Sardell et al. 2018). (C
and D) physical positions of all
RAD loci within 0.2 cM from a di-
vergent locus on the freshwater
map (blue lines) and the F1 hybrid
map (black lines).
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with a marine genome (Bassham et al. 2018). Our results
suggest that the recombination landscape may therefore
facilitate the maintenance of freshwater haplotypes during
their transit through the marine environment by reducing
recombination even in collinear genomic regions. Multi-
megabase haplotypes—potentially containing many alleles
contributing to local adaptation—then have a higher prob-
ability of being selected in concert when a new freshwater
population is established.

Conclusions

Divergent natural selection is a powerful force for the main-
tenance of genetic variation in nature. When local adaptation
plays out on variable geographic and recombinational land-
scapes, we find that the effect of selection on genetic variation
are amplified and shape patterns of linked variation in un-
expected ways. Here, using empirical and simulation studies,
we documented that asymmetric population subdivision
among habitats in stickleback leads to an overall greater
maintenance of diversity in freshwater as compared to the
larger ancestral marine population. Furthermore, we hypoth-
esized that the stickleback recombinational landscape is the
product of repeatedadaptive evolution that transformsa large
genomic architecture of marine-freshwater divergence into a
much more simplified genetic architecture. If true, two con-
sequences are the efficient maintenance of adaptive diver-
gence in the face of gene flow, including larger freshwater-
adapted haplotypes at low frequency in the marine popula-
tions, andwidespread linked selection that eliminates genetic
variation in the panmictic marine population while maintain-
ing genetic diversity in the freshwater habitat. The interaction
of selection, recombination, and population structure has
turned small, isolated freshwater stickleback populations into
primary reservoirs of standing genetic variation that may
potentiate future evolutionary change.

Acknowledgments

We thank Patrick Phillips, John Postlethwait, Kirstin Sterner,
Matt Streisfeld, and members of the Cresko Laboratory for
their guidance and advice. Thanks go to Sean Stankowski,
Nadia Singh, Peter Ralph, Lila Fishman, Madeline Chase,
Emily Beck, Kristin Alligood, and the evolutionary genetics
group at the University of Montana for advice for useful
discussions throughout the development of this project. And
thanks to Katie Peichel, David Begun, and three anonymous
reviewers for their comments on and improvements to this
manuscript. We acknowledge National Science Foundation
(NSF) awards DEB 1501423 (W.A.C. and T.C.N.) and DEB
0919090 (W.A.C.), and National Institutes of Health (NIH)
award T32GM007413 (T.C.N.).

Author contributions: T.C.N., J.M.C., and W.A.C. conceived
of and designed the study. T.C.N., J.G.C., C.M.I., and J.M.C.
performed mapping crosses and prepared sequencing librar-
ies. T.C.N., J.G.C., and J.M.C. performed linkage mapping.

T.C.N. performed population genomic analyses and con-
ducted population genetic simulations. T.C.N. and W.A.C.
wrote the paper.

Literature Cited

Aeschbacher, S., J. P. Selby, J. H. Willis, and G. Coop,
2017 Population-genomic inference of the strength and timing
of selection against gene flow. Proc. Natl. Acad. Sci. USA 114:
7061–7066. https://doi.org/10.1073/pnas.1616755114

Angert, A. L., M. Bayly, S. N. Sheth, and J. R. Paul, 2018 Testing
range-limit hypotheses using range-wide habitat suitability and
occupancy for the scarlet monkeyflower (Erythranthe cardina-
lis). Am. Nat. 191: E76–E89. https://doi.org/10.1086/695984

Aronesty, E., 2011 ea-utils: command-line tools for processing bi-
ological sequencing data. Durham, NC: Expression Analysis,
http://code.google.com/p/ea-utils

Baird, N. A., P. D. Etter, T. S. Atwood, M. C. Currey, A. L. Shiver
et al., 2008 Rapid SNP discovery and genetic mapping using
sequenced RAD markers. PLoS One 3: e3376. https://doi.org/
10.1371/journal.pone.0003376

Barrett, R. D., S. M. Rogers, and D. Schluter, 2008 Natural selec-
tion on a major armor gene in threespine stickleback. Science
322: 255–257. https://doi.org/10.1126/science.1159978

Bassham, S., J. Catchen, E. Lescak, F. A. von Hippel, and W. A.
Cresko, 2018 Repeated selection of alternatively adapted hap-
lotypes creates sweeping genomic remodeling in stickleback.
Genetics 209: 921–939.

Begun, D. J., and C. F. Aquadro, 1992 Levels of naturally occur-
ring DNA polymorphism correlate with recombination rates in
D. melanogaster. Nature 356: 519–520. https://doi.org/10.1038/
356519a0

Begun, D. J., A. K. Holloway, K. Stevens, L. W. Hillier, Y. P. Poh
et al., 2007 Population genomics: whole-genome analysis of
polymorphism and divergence in Drosophila simulans. PLoS
Biol. 5: e310. https://doi.org/10.1371/journal.pbio.0050310

Bell, M. A., and S. A. Foster, 1994 Introduction to the evolution-
ary biology of the threespine stickleback, pp. 1–27 in The Evo-
lutionary Biology of the Threespine Stickleback, edited by M. A.
Bell, and S. A. Foster. Oxford University Press, New York.

Bergland, A. O., E. L. Behrman, K. R. O’Brien, P. S. Schmidt, and D.
A. Petrov, 2014 Genomic evidence of rapid and stable adaptive
oscillations over seasonal time scales in Drosophila. PLoS Genet.
10: e1004775. https://doi.org/10.1371/journal.pgen.1004775

Berner, D., A. C. Grandchamp, and A. P. Hendry, 2009 Variable
progress toward ecological speciation in parapatry: stickleback
across eight lake-stream transitions. Evolution 63: 1740–1753.
https://doi.org/10.1111/j.1558-5646.2009.00665.x

Burri, R., A. Nater, T. Kawakami, C. F. Mugal, P. I. Olason et al.,
2015 Linked selection and recombination rate variation drive
the evolution of the genomic landscape of differentiation across
the speciation continuum of Ficedula flycatchers. Genome Res.
25: 1656–1665. https://doi.org/10.1101/gr.196485.115

Caldera, E. J., and D. I. Bolnick, 2008 Effects of colonization his-
tory and landscape structure on genetic variation within and
among threespine stickleback (Gasterosteus aculeatus) popula-
tions in a single watershed. Evol. Ecol. Res. 10: 575–598.

Carneiro, M., N. Ferrand, and M. W. Nachman, 2009 Recombina-
tion and speciation: loci near centromeres are more differentiated
than loci near telomeres between subspecies of the European
rabbit (Oryctolagus cuniculus). Genetics 181: 593–606. https://
doi.org/10.1534/genetics.108.096826

Catchen, J., S. Bassham, T. Wilson, M. Currey, C. O’Brien et al.,
2013a The population structure and recent colonization
history of Oregon threespine stickleback determined using

Linked Variation in Sticklebacks 1379

https://doi.org/10.1073/pnas.1616755114
https://doi.org/10.1086/695984
https://doi.org/10.1371/journal.pone.0003376
https://doi.org/10.1371/journal.pone.0003376
https://doi.org/10.1126/science.1159978
https://doi.org/10.1038/356519a0
https://doi.org/10.1038/356519a0
https://doi.org/10.1371/journal.pbio.0050310
https://doi.org/10.1371/journal.pgen.1004775
https://doi.org/10.1111/j.1558-5646.2009.00665.x
https://doi.org/10.1101/gr.196485.115
https://doi.org/10.1534/genetics.108.096826
https://doi.org/10.1534/genetics.108.096826


restriction-site associated DNA-sequencing. Mol. Ecol. 22:
2864–2883. https://doi.org/10.1111/mec.12330

Catchen, J., P. A. Hohenlohe, S. Bassham, A. Amores, and W. A.
Cresko, 2013b Stacks: an analysis tool set for population ge-
nomics. Mol. Ecol. 22: 3124–3140. https://doi.org/10.1111/
mec.12354

Catchen, J. M., A. Amores, P. Hohenlohe, W. Cresko, and J. H.
Postlethwait, 2011 Stacks: building and genotyping loci de
novo from short-read sequences. G3 (Bethesda) 1: 171–182.

Cech, J. N., and C. L. Peichel, 2015 Identification of the centro-
meric repeat in the threespine stickleback fish (Gasterosteus acu-
leatus). Chromosome Res. 23: 767–779. https://doi.org/10.1007/
s10577-015-9495-3

Charlesworth, B., M. T. Morgan, and D. Charlesworth, 1993 The
effect of deleterious mutations on neutral molecular variation.
Genetics 134: 1289–1303.

Charlesworth, B., M. Nordborg, and D. Charlesworth, 1997 The
effects of local selection, balanced polymorphism and back-
ground selection on equilibrium patterns of genetic diversity
in subdivided populations. Genet. Res. 70: 155–174. https://
doi.org/10.1017/S0016672397002954

Charlesworth, B., D. Charlesworth, and N. H. Barton, 2003 The
effects of genetic and geographic structure on neutral variation.
Annu. Rev. Ecol. Evol. Syst. 34: 99–125. https://doi.org/
10.1146/annurev.ecolsys.34.011802.132359

Clausen, J., W. M. Keck, and W. M. Hiesey, 1941 Regional differ-
entiation in plant species. Am. Nat. 75: 231–250. https://
doi.org/10.1086/280955

Colosimo, P. F., K. E. Hosemann, S. Balabhadra, G. Villarreal, Jr., M.
Dickson et al., 2005 Widespread parallel evolution in stickle-
backs by repeated fixation of Ectodysplasin alleles. Science 307:
1928–1933. https://doi.org/10.1126/science.1107239

Cresko, W. A., A. Amores, C. Wilson, J. Murphy, M. Currey et al.,
2004 Parallel genetic basis for repeated evolution of armor
loss in Alaskan threespine stickleback populations. Proc. Natl.
Acad. Sci. USA 101: 6050–6055. https://doi.org/10.1073/
pnas.0308479101

Cruickshank, T. E., and M. W. Hahn, 2014 Reanalysis suggests
that genomic islands of speciation are due to reduced diversity,
not reduced gene flow. Mol. Ecol. 23: 3133–3157. https://
doi.org/10.1111/mec.12796

Cutter, A. D., and B. A. Payseur, 2013 Genomic signatures of se-
lection at linked sites: unifying the disparity among species. Nat.
Rev. Genet. 14: 262–274. https://doi.org/10.1038/nrg3425

Deagle, B. E., F. C. Jones, Y. F. Chan, D. M. Absher, D. M. Kingsley
et al., 2012 Population genomics of parallel phenotypic evolution
in stickleback across stream-lake ecological transitions. Proc. Biol.
Sci. 279: 1277–1286. https://doi.org/10.1098/rspb.2011.1552

Defaveri, J., T. Shikano, Y. Shimada, and J. Merilä, 2013 High
degree of genetic differentiation in marine three-spined stickle-
backs (Gasterosteus aculeatus). Mol. Ecol. 22: 4811–4828.
https://doi.org/10.1111/mec.12430

Dobzhansky, T., and M. L. Queal, 1938 Genetics of natural pop-
ulations. II. Genic variation in populations of Drosophila pseu-
doobscura inhabiting isolated mountain ranges. Genetics 23:
463–484.

Drummond, A. J., and A. Rambaut, 2007 BEAST: Bayesian evo-
lutionary analysis by sampling trees. BMC Evol. Biol. 7: 214.
https://doi.org/10.1186/1471-2148-7-214

Drummond, A. J., M. A. Suchard, D. Xie, and A. Rambaut,
2012 Bayesian phylogenetics with BEAUti and the BEAST
1.7. Mol. Biol. Evol. 29: 1969–1973. https://doi.org/10.1093/
molbev/mss075

Ellegren, H., L. Smeds, R. Burri, P. I. Olason, N. Backström et al.,
2012 The genomic landscape of species divergence in Ficedula
flycatchers. Nature 491: 756–760. https://doi.org/10.1038/
nature11584

Elyashiv, E., S. Sattath, T. T. Hu, A. Strutsovsky, G. McVicker et al.,
2016 A genomic map of the effects of linked selection in Dro-
sophila. PLoS Genet. 12: e1006130. https://doi.org/10.1371/
journal.pgen.1006130

Endler, J. A., 1977 Geographic Variation, Speciation, and Clines.
Princeton University Press, Princeton, NJ.

Fay, J. C., and C. I. Wu, 2000 Hitchhiking under positive Darwin-
ian selection. Genetics 155: 1405–1413.

Fontaine, M. C., J. B. Pease, A. Steele, R. M. Waterhouse, D. E.
Neafsey et al., 2015 Mosquito genomics. Extensive introgres-
sion in a malaria vector species complex revealed by phyloge-
nomics. Science 347: 1258524. https://doi.org/10.1126/science.
1258524

Geraldes, A., P. Basset, K. L. Smith, and M. W. Nachman,
2011 Higher differentiation among subspecies of the house
mouse (Mus musculus) in genomic regions with low recombi-
nation. Mol. Ecol. 20: 4722–4736. https://doi.org/10.1111/
j.1365-294X.2011.05285.x

Gillespie, J. H., 2000 Genetic drift in an infinite population: the
pseudohitchhiking model. Genetics 155: 909–919.

Glazer, A. M., E. E. Killingbeck, T. Mitros, D. S. Rokhsar and C. T.
Miller, 2015 Genome assembly improvement and mapping
convergently evolved skeletal traits in sticklebacks with geno-
typing-by-sequencing. G3 (Bethesda) 5: 1463–1472 [corri-
genda: G3 (Bethesda) 6: 769 (2016)].

Hahn, M. W., 2008 Toward a selection theory of molecular evo-
lution. Evolution 62: 255–265. https://doi.org/10.1111/j.1558-
5646.2007.00308.x

Haller, B. C., and P. W. Messer, 2017 SLiM 2: flexible, interactive
forward genetic simulations. Mol. Biol. Evol. 34: 230–240.
https://doi.org/10.1093/molbev/msw211

Hermisson, J., and P. S. Pennings, 2005 Soft sweeps: molecular
population genetics of adaptation from standing genetic varia-
tion. Genetics 169: 2335–2352. https://doi.org/10.1534/genet-
ics.104.036947

Hoekstra, H. E., K. E. Drumm, and M. W. Nachman, 2004 Eco-
logical genetics of adaptive color polymorphism in pocket
mice: geographic variation in selected and neutral genes. Evo-
lution 58: 1329–1341. https://doi.org/10.1111/j.0014-3820.
2004.tb01711.x

Hohenlohe, P. A., S. Bassham, P. D. Etter, N. Stiffler, E. A. Johnson
et al., 2010 Population genomics of parallel adaptation in
threespine stickleback using sequenced RAD tags. PLoS Genet.
6: e1000862. https://doi.org/10.1371/journal.pgen.1000862

Hohenlohe, P. A., S. Bassham, M. Currey, and W. A. Cresko,
2012 Extensive linkage disequilibrium and parallel adaptive
divergence across threespine stickleback genomes. Philos. Trans.
R. Soc. Lond. B Biol. Sci. 367: 395–408. https://doi.org/10.
1098/rstb.2011.0245

Hubby, J. L., and R. C. Lewontin, 1966 A molecular approach to
the study of genic heterozygosity in natural populations. I. The
number of alleles at different loci in Drosophila pseudoobscura.
Genetics 54: 577–594.

Hudson, R. R., M. Slatkin, and W. P. Maddison, 1992 Estimation
of levels of gene flow from DNA-sequence data. Genetics 132:
583–589.

Jones, F. C., M. G. Grabherr, Y. F. Chan, P. Russell, E. Mauceli et al.,
2012 The genomic basis of adaptive evolution in threespine
sticklebacks. Nature 484: 55–61. https://doi.org/10.1038/
nature10944

Jones, M. R., L. S. Mills, P. C. Alves, C. M. Callahan, J. M. Alves
et al., 2018 Adaptive introgression underlies polymorphic sea-
sonal camouflage in snowshoe hares. Science 360: 1355–1358.
https://doi.org/10.1126/science.aar5273

Kaeuffer, R., C. L. Peichel, D. I. Bolnick, and A. P. Hendry,
2012 Parallel and nonparallel aspects of ecological, pheno-
typic, and genetic divergence across replicate population pairs

1380 T. C. Nelson et al.

https://doi.org/10.1111/mec.12330
https://doi.org/10.1111/mec.12354
https://doi.org/10.1111/mec.12354
https://doi.org/10.1007/s10577-015-9495-3
https://doi.org/10.1007/s10577-015-9495-3
https://doi.org/10.1017/S0016672397002954
https://doi.org/10.1017/S0016672397002954
https://doi.org/10.1146/annurev.ecolsys.34.011802.132359
https://doi.org/10.1146/annurev.ecolsys.34.011802.132359
https://doi.org/10.1086/280955
https://doi.org/10.1086/280955
https://doi.org/10.1126/science.1107239
https://doi.org/10.1073/pnas.0308479101
https://doi.org/10.1073/pnas.0308479101
https://doi.org/10.1111/mec.12796
https://doi.org/10.1111/mec.12796
https://doi.org/10.1038/nrg3425
https://doi.org/10.1098/rspb.2011.1552
https://doi.org/10.1111/mec.12430
https://doi.org/10.1186/1471-2148-7-214
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.1038/nature11584
https://doi.org/10.1038/nature11584
https://doi.org/10.1371/journal.pgen.1006130
https://doi.org/10.1371/journal.pgen.1006130
https://doi.org/10.1126/science.1258524
https://doi.org/10.1126/science.1258524
https://doi.org/10.1111/j.1365-294X.2011.05285.x
https://doi.org/10.1111/j.1365-294X.2011.05285.x
https://doi.org/10.1111/j.1558-5646.2007.00308.x
https://doi.org/10.1111/j.1558-5646.2007.00308.x
https://doi.org/10.1093/molbev/msw211
https://doi.org/10.1534/genetics.104.036947
https://doi.org/10.1534/genetics.104.036947
https://doi.org/10.1111/j.0014-3820.2004.tb01711.x
https://doi.org/10.1111/j.0014-3820.2004.tb01711.x
https://doi.org/10.1371/journal.pgen.1000862
https://doi.org/10.1098/rstb.2011.0245
https://doi.org/10.1098/rstb.2011.0245
https://doi.org/10.1038/nature10944
https://doi.org/10.1038/nature10944
https://doi.org/10.1126/science.aar5273


of lake and stream stickleback. Evolution 66: 402–418. https://
doi.org/10.1111/j.1558-5646.2011.01440.x

Kern, A. D., and M. W. Hahn, 2018 The neutral theory in light of
natural selection. Mol. Biol. Evol. 35: 1366–1371. https://
doi.org/10.1093/molbev/msy092

Kirkpatrick, M., and N. Barton, 2006 Chromosome inversions, lo-
cal adaptation and speciation. Genetics 173: 419–434 [corri-
genda: Genetics 208: 433 (2018)]. https://doi.org/10.1534/
genetics.105.047985

Kitano, J., D. I. Bolnick, D. A. Beauchamp, M. M. Mazur, S. Mori
et al., 2008 Reverse evolution of armor plates in the threespine
stickleback. Curr. Biol. 18: 769–774. https://doi.org/10.1016/
j.cub.2008.04.027

Langley, C. H., K. Stevens, C. Cardeno, Y. C. Lee, D. R. Schrider
et al., 2012 Genomic variation in natural populations of Dro-
sophila melanogaster. Genetics 192: 533–598. https://doi.org/
10.1534/genetics.112.142018

Leaver, S. D., and T. E. Reimchen, 2012 Abrupt changes in de-
fence and trophic morphology of the giant threespine stickle-
back (Gasterosteus sp.) following colonization of a vacant
habitat. Biol. J. Linn. Soc. Lond. 107: 494–509. https://
doi.org/10.1111/j.1095-8312.2012.01969.x

Lenormand, T., 2002 Gene flow and the limits to natural selec-
tion. Trends Ecol. Evol. 17: 183–189. https://doi.org/10.1016/
S0169-5347(02)02497-7

Lenormand, T., D. Bourguet, T. Guillemaud, and M. Raymond,
1999 Tracking the evolution of insecticide resistance in the
mosquito Culex pipiens. Nature 400: 861–864. https://
doi.org/10.1038/23685

Lescak, E. A., S. L. Bassham, J. Catchen, O. Gelmond, M. L. Sherbick
et al., 2015 Evolution of stickleback in 50 years on earthquake-
uplifted islands. Proc. Natl. Acad. Sci. USA 112: E7204–E7212.
https://doi.org/10.1073/pnas.1512020112

Lewontin, R. C., and L. C. Birch, 1966 Hybridization as a source of
variation for adaptation to new environments. Evolution 20: 315–
336. https://doi.org/10.1111/j.1558-5646.1966.tb03369.x

Lewontin, R. C., and J. L. Hubby, 1966 A molecular approach to
study of genic heterozygosity in natural populations. II. Amount
of variation and degree of heterozygosity in natural populations
of Drosophila pseudoobscura. Genetics 54: 595–609.

Li, L., M. Jean, and F. Belzile, 2006 The impact of sequence di-
vergence and DNA mismatch repair on homeologous recombi-
nation in Arabidopsis. Plant J. 45: 908–916. https://doi.org/
10.1111/j.1365-313X.2006.02657.x

Marques, D. A., K. Lucek, J. I. Meier, S. Mwaiko, C. E. Wagner et al.,
2016 Genomics of rapid incipient speciation in sympatric
threespine stickleback. PLoS Genet. 12: e1005887. https://
doi.org/10.1371/journal.pgen.1005887

McKinnon, J. S., and H. D. Rundle, 2002 Speciation in nature: the
threespine stickleback model systems. Trends Ecol. Evol. 17:
480–488. https://doi.org/10.1016/S0169-5347(02)02579-X

Meier, J. I., D. A. Marques, S. Mwaiko, C. E. Wagner, L. Excoffier
et al., 2017 Ancient hybridization fuels rapid cichlid fish adap-
tive radiations. Nat. Commun. 8: 14363. https://doi.org/
10.1038/ncomms14363

Mettler, L. E., R. A. Voelker, and T. Mukai, 1977 Inversion clines
in populations of Drosophila melanogaster. Genetics 87: 169–
176.

Modrich, P., and R. Lahue, 1996 Mismatch repair in replication
fidelity, genetic recombination, and cancer biology. Annu. Rev.
Biochem. 65: 101–133. https://doi.org/10.1146/annurev.bi.65.
070196.000533

Nachman, M. W., 2002 Variation in recombination rate across the
genome: evidence and implications. Curr. Opin. Genet. Dev. 12:
657–663. https://doi.org/10.1016/S0959-437X(02)00358-1

Nei, M., 1987 Molecular Evolutionary Genetics. Columbia Univer-
sity Press, New York. https://doi.org/10.7312/nei-92038

Nelson, T. C., and W. A. Cresko, 2018 Ancient genomic variation
underlies repeated ecological adaptation in young stickleback
populations. Evol Lett 2: 9–21. https://doi.org/10.1002/
evl3.37

Nielsen, R., S. Williamson, Y. Kim, M. J. Hubisz, A. G. Clark et al.,
2005 Genomic scans for selective sweeps using SNP data. Ge-
nome Res. 15: 1566–1575. https://doi.org/10.1101/gr.4252305

Nosil, P., and B. J. Crespi, 2006 Experimental evidence that pre-
dation promotes divergence in adaptive radiation. Proc. Natl.
Acad. Sci. USA 103: 9090–9095. https://doi.org/10.1073/
pnas.0601575103

Opperman, R., E. Emmanuel, and A. A. Levy, 2004 The effect of
sequence divergence on recombination between direct repeats
in Arabidopsis. Genetics 168: 2207–2215. https://doi.org/
10.1534/genetics.104.032896

Paradis, E., J. Claude, and K. Strimmer, 2004 APE: analyses of
phylogenetics and evolution in R language. Bioinformat 20:
289–290. https://doi.org/10.1093/bioinformatics/btg412

Pardo-Diaz, C., C. Salazar, S. W. Baxter, C. Merot, W. Figueiredo-
Ready et al., 2012 Adaptive introgression across species bound-
aries in Heliconius butterflies. PLoS Genet. 8: e1002752.
https://doi.org/10.1371/journal.pgen.1002752

Pfeifer, B., U. Wittelsburger, S. E. Ramos-Onsins, and M. J. Lercher,
2014 PopGenome: an efficient Swiss army knife for population
genomic analyses in R. Mol. Biol. Evol. 31: 1929–1936. https://
doi.org/10.1093/molbev/msu136

Popescu, A. A., K. T. Huber, and E. Paradis, 2012 Ape 3.0: new
tools for distance-based phylogenetics and evolutionary analysis
in R. Bioinformat 28: 1536–1537. https://doi.org/10.1093/bio-
informatics/bts184

Rastas, P., F. C. Calboli, B. Guo, T. Shikano, and J. Merila,
2015 Construction of ultradense linkage maps with Lep-
MAP2: stickleback F2 recombinant crosses as an example. Ge-
nome Biol. Evol. 8: 78–93. https://doi.org/10.1093/gbe/
evv250

R Core Team, 2016 R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna.

Reimchen, T. E., 1994 Predators and morphological evolution in
threespine stickleback, pp. 240–276 in The Evolutionary Biology
of the Threespine Stickleback, edited by M. A. Bell, and S. A.
Foster. Oxford University Press, New York.

Reimchen, T. E., C. Bergstrom, and P. Nosil, 2013 Natural selec-
tion and the adaptive radiation of Haida Gwaii stickleback. Evol.
Ecol. Res. 15: 241–269.

Roesti, M., D. Moser, and D. Berner, 2013 Recombination in the
threespine stickleback genome - patterns and consequences.
Mol. Ecol. 22: 3014–3027 (erratum: Mol. Ecol.22: 5270);
(erratum: Mol. Ecol. 22: 3652). https://doi.org/10.1111/
mec.12322

Roesti, M., S. Gavrilets, A. P. Hendry, W. Salzburger, and D. Berner,
2014 The genomic signature of parallel adaptation from
shared genetic variation. Mol. Ecol. 23: 3944–3956. https://
doi.org/10.1111/mec.12720

Roesti, M., B. Kueng, D. Moser, and D. Berner, 2015 The genomics
of ecological vicariance in threespine stickleback fish. Nat. Com-
mun. 6: 8767 (erratum: Nat. Commun. 6: 10229). https://
doi.org/10.1038/ncomms9767

Samuk, K., G. L. Owens, K. E. Delmore, S. E. Miller, D. J. Rennison
et al., 2017 Gene flow and selection interact to promote adap-
tive divergence in regions of low recombination. Mol. Ecol. 26:
4378–4390. https://doi.org/10.1111/mec.14226

Sardell, J. M., C. D. Cheng, A. J. Dagilis, A. Ishikawa, J. Kitano
et al., 2018 Sex differences in recombination in sticklebacks.
G3 (Bethesda) 8: 1971–1983. https://doi.org/10.1534/g3.118.
200166

Scheet, P., and M. Stephens, 2006 A fast and flexible statistical
model for large-scale population genotype data: applications to

Linked Variation in Sticklebacks 1381

https://doi.org/10.1111/j.1558-5646.2011.01440.x
https://doi.org/10.1111/j.1558-5646.2011.01440.x
https://doi.org/10.1093/molbev/msy092
https://doi.org/10.1093/molbev/msy092
https://doi.org/10.1534/genetics.105.047985
https://doi.org/10.1534/genetics.105.047985
https://doi.org/10.1016/j.cub.2008.04.027
https://doi.org/10.1016/j.cub.2008.04.027
https://doi.org/10.1534/genetics.112.142018
https://doi.org/10.1534/genetics.112.142018
https://doi.org/10.1111/j.1095-8312.2012.01969.x
https://doi.org/10.1111/j.1095-8312.2012.01969.x
https://doi.org/10.1016/S0169-5347(02)02497-7
https://doi.org/10.1016/S0169-5347(02)02497-7
https://doi.org/10.1038/23685
https://doi.org/10.1038/23685
https://doi.org/10.1073/pnas.1512020112
https://doi.org/10.1111/j.1558-5646.1966.tb03369.x
https://doi.org/10.1111/j.1365-313X.2006.02657.x
https://doi.org/10.1111/j.1365-313X.2006.02657.x
https://doi.org/10.1371/journal.pgen.1005887
https://doi.org/10.1371/journal.pgen.1005887
https://doi.org/10.1016/S0169-5347(02)02579-X
https://doi.org/10.1038/ncomms14363
https://doi.org/10.1038/ncomms14363
https://doi.org/10.1146/annurev.bi.65.070196.000533
https://doi.org/10.1146/annurev.bi.65.070196.000533
https://doi.org/10.1016/S0959-437X(02)00358-1
https://doi.org/10.7312/nei-92038
https://doi.org/10.1002/evl3.37
https://doi.org/10.1002/evl3.37
https://doi.org/10.1101/gr.4252305
https://doi.org/10.1073/pnas.0601575103
https://doi.org/10.1073/pnas.0601575103
https://doi.org/10.1534/genetics.104.032896
https://doi.org/10.1534/genetics.104.032896
https://doi.org/10.1093/bioinformatics/btg412
https://doi.org/10.1371/journal.pgen.1002752
https://doi.org/10.1093/molbev/msu136
https://doi.org/10.1093/molbev/msu136
https://doi.org/10.1093/bioinformatics/bts184
https://doi.org/10.1093/bioinformatics/bts184
https://doi.org/10.1093/gbe/evv250
https://doi.org/10.1093/gbe/evv250
https://doi.org/10.1111/mec.12322
https://doi.org/10.1111/mec.12322
https://doi.org/10.1111/mec.12720
https://doi.org/10.1111/mec.12720
https://doi.org/10.1038/ncomms9767
https://doi.org/10.1038/ncomms9767
https://doi.org/10.1111/mec.14226
https://doi.org/10.1534/g3.118.200166
https://doi.org/10.1534/g3.118.200166


inferring missing genotypes and haplotypic phase. Am. J. Hum.
Genet. 78: 629–644. https://doi.org/10.1086/502802

Schluter, D., and G. L. Conte, 2009 Genetics and ecological spe-
ciation. Proc. Natl. Acad. Sci. USA 106: 9955–9962. https://
doi.org/10.1073/pnas.0901264106

Schrider, D. R., and A. D. Kern, 2017 Soft sweeps are the domi-
nant mode of adaptation in the human genome. Mol. Biol. Evol.
34: 1863–1877. https://doi.org/10.1093/molbev/msx154

Slatkin, M., 1985 Gene flow in natural populations. Annu. Rev.
Ecol. Syst. 16: 393–430. https://doi.org/10.1146/annurev.es.
16.110185.002141

Slatkin, M., 1991 Inbreeding coefficients and coalescence
times. Genet. Res. 58: 167–175. https://doi.org/10.1017/
S0016672300029827

Maynard Smith, J. M., and J. Haigh, 1974 The hitch-hiking effect
of a favourable gene. Genet. Res. 23: 23–35. https://doi.org/
10.1017/S0016672300014634

Stankowski, S., and M. A. Streisfeld, 2015 Introgressive hybrid-
ization facilitates adaptive divergence in a recent radiation of
monkeyflowers. Proc. Biol. Sci. 282: 20151666. https://doi.org/
10.1098/rspb.2015.1666

Stankowski, S., J. M. Sobel, and M. A. Streisfeld, 2017 Geographic
cline analysis as a tool for studying genome-wide variation: a
case study of pollinator-mediated divergence in a monkey-
flower. Mol. Ecol. 26: 107–122. https://doi.org/10.1111/
mec.13645

Stankowski, S., M. A. Chase, A. M. Fuiten, P. L. Ralph, and M. A.
Streisfeld, 2018 The tempo of linked selection: rapid emer-
gence of a heterogeneous genomic landscape during a radiation
of monkeyflowers. bioRxiv, https://doi.org/10.1101/342352.

Stephens, M., N. J. Smith, and P. Donnelly, 2001 A new statistical
method for haplotype reconstruction from population data. Am.
J. Hum. Genet. 68: 978–989. https://doi.org/10.1086/319501

Stuart, Y. E., T. Veen, J. N. Weber, D. Hanson, M. Ravinet et al.,
2017 Contrasting effects of environment and genetics gener-
ate a continuum of parallel evolution. Nat. Ecol. Evol. 1: 158.
https://doi.org/10.1038/s41559-017-0158

Suchard, M. A., P. Lemey, G. Baele, D. L. Ayres, A. J. Drummond
et al., 2018 Bayesian phylogenetic and phylodynamic data in-
tegration using BEAST 1.10. Virus Evol. 4: vey016. https://
doi.org/10.1093/ve/vey016

Tavares, H., A. Whibley, D. L. Field, D. Bradley, M. Couchman
et al., 2018 Selection and gene flow shape genomic islands

that control floral guides. Proc. Natl. Acad. Sci. USA 115:
11006–11011. https://doi.org/10.1073/pnas.1801832115

Terekhanova, N. V., M. D. Logacheva, A. A. Penin, T. V. Neretina, A.
E. Barmintseva et al., 2014 Fast evolution from precast bricks:
genomics of young freshwater populations of threespine stick-
leback Gasterosteus aculeatus. PLoS Genet. 10: e1004696.
https://doi.org/10.1371/journal.pgen.1004696

Troth, A., J. R. Puzey, R. S. Kim, J. H. Willis, and J. K. Kelly,
2018 Selective trade-offs maintain alleles underpinning com-
plex trait variation in plants. Science 361: 475–478.

Turner, T. L., M. W. Hahn, and S. V. Nuzhdin, 2005 Genomic
islands of speciation in Anopheles gambiae. PLoS Biol. 3:
e285. https://doi.org/10.1371/journal.pbio.0030285

Urton, J. R., S. R. McCann, and C. L. Peichel, 2011 Karyotype
differentiation between two stickleback species (Gasterosteidae).
Cytogenet. Genome Res. 135: 150–159. https://doi.org/10.1159/
000331232

Van Belleghem, S. M., C. Vangestel, K. De Wolf, Z. De Corte, M.
Möst et al., 2018 Evolution at two time frames: polymor-
phisms from an ancient singular divergence event fuel contem-
porary parallel evolution. PLoS Genet. 14: e1007796. https://
doi.org/10.1371/journal.pgen.1007796

Vijay, N., M. Weissensteiner, R. Burri, T. Kawakami, H. Ellegren
et al., 2017 Genomewide patterns of variation in genetic di-
versity are shared among populations, species and higher-order
taxa. Mol. Ecol. 26: 4284–4295. https://doi.org/10.1111/
mec.14195

Wallbank, R. W., S. W. Baxter, C. Pardo-Diaz, J. J. Hanly, S. H.
Martin et al., 2016 Evolutionary novelty in a butterfly wing
pattern through enhancer shuffling. PLoS Biol. 14: e1002353.
https://doi.org/10.1371/journal.pbio.1002353

Whitlock, M. C., and N. H. Barton, 1997 The effective size of a
subdivided population. Genetics 146: 427–441.

Wright, S., 1931 Evolution in Mendelian populations. Genetics
16: 97–159.

Wu, T. D., and S. Nacu, 2010 Fast and SNP-tolerant detection of
complex variants and splicing in short reads. Bioinformat 26:
873–881. https://doi.org/10.1093/bioinformatics/btq057

Yeaman, S., and M. C. Whitlock, 2011 The genetic architecture of
adaptation under migration-selection balance. Evolution 65:
1897–1911. https://doi.org/10.1111/j.1558-5646.2011.01269.x

Communicating editor: C. Peichel

1382 T. C. Nelson et al.

https://doi.org/10.1086/502802
https://doi.org/10.1073/pnas.0901264106
https://doi.org/10.1073/pnas.0901264106
https://doi.org/10.1093/molbev/msx154
https://doi.org/10.1146/annurev.es.16.110185.002141
https://doi.org/10.1146/annurev.es.16.110185.002141
https://doi.org/10.1017/S0016672300029827
https://doi.org/10.1017/S0016672300029827
https://doi.org/10.1017/S0016672300014634
https://doi.org/10.1017/S0016672300014634
https://doi.org/10.1098/rspb.2015.1666
https://doi.org/10.1098/rspb.2015.1666
https://doi.org/10.1111/mec.13645
https://doi.org/10.1111/mec.13645
https://doi.org/10.1086/319501
https://doi.org/10.1038/s41559-017-0158
https://doi.org/10.1093/ve/vey016
https://doi.org/10.1093/ve/vey016
https://doi.org/10.1073/pnas.1801832115
https://doi.org/10.1371/journal.pgen.1004696
https://doi.org/10.1371/journal.pbio.0030285
https://doi.org/10.1159/000331232
https://doi.org/10.1159/000331232
https://doi.org/10.1371/journal.pgen.1007796
https://doi.org/10.1371/journal.pgen.1007796
https://doi.org/10.1111/mec.14195
https://doi.org/10.1111/mec.14195
https://doi.org/10.1371/journal.pbio.1002353
https://doi.org/10.1093/bioinformatics/btq057
https://doi.org/10.1111/j.1558-5646.2011.01269.x

