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We present a method to detect copy number variants (CNVs) that are differentially present between two groups of
sequenced samples. We use a finite-state transducer where the emitted read depth is conditioned on the mappability and
GC-content of all reads that occur at a given base position. In this model, the read depth within a region is a mixture of
binomials, which in simulations matches the read depth more closely than the often-used negative binomial distribution.
The method analyzes all samples simultaneously, preserving uncertainty as to the breakpoints and magnitude of CNVs
present in an individual when it identifies CNVs differentially present between the two groups. We apply this method
to identify CNVs that are recurrently associated with postglacial adaptation of marine threespine stickleback (Gasterosteus
aculeatus) to freshwater. We identify 6664 regions of the stickleback genome, totaling 1.7 Mbp, which show consistent
copy number differences between marine and freshwater populations. These deletions and duplications affect both pro-
tein-coding genes and cis-regulatory elements, including a noncoding intronic telencephalon enhancer of DCHSI. The func-
tions of the genes near or included within the 6664 CNV:s are enriched for immunity and muscle development, as well as
head and limb morphology. Although freshwater stickleback have repeatedly evolved from marine populations, we show
that freshwater stickleback also act as reservoirs for ancient ancestral sequences that are highly conserved among distantly

related teleosts, but largely missing from marine stickleback due to recent selective sweeps in marine populations.

[Supplemental material is available for this article.]

Comparing closely related vertebrate species, such as humans
and chimpanzees, reveals that duplications and deletions are the
classes of mutations that have affected the greatest number of
base pairs (Cheng et al. 2005). Duplications and deletions underlie
copy number variation, which occurs when a genomic segment
appears a variable number of times in different species or in indi-
viduals of the same species.

Copy number variation is not only common (Sharp et al.
2005; Chain et al. 2014), but also capable of producing large
phenotypic effects. Many of these effects are deleterious, and
both increases and decreases in copy number are associated with
human diseases. For example, duplications are associated with
Charcot-Marie-Tooth disease (Lupski et al. 1991) and deletions
with cri-du-chat syndrome (Punnett et al. 1964). Somatic copy
number changes, such as those harboring ERBB2 and BRCA1, are
also associated with cancer (Savinainen et al. 2002; Birgisdottir
et al. 2006).

However, some copy number variants are advantageous.
Greater copy number of the amylase gene has been found in hu-
man populations that eat high-starch diets (Perry et al. 2007),
and more copies of the CCL3L1 gene are associated with decreased
susceptibility to HIV/AIDS (Gonzalez et al. 2005). Deletions
have also been shown to be adaptive. For example, stickleback
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fish have repeatedly lost their pelvic apparatus in particular
environments (Bell et al. 1993). The causative mutations are recur-
rent deletions of a pelvic enhancer near the PITX1 gene, and these
deletion alleles show molecular signatures of positive selection in
freshwater populations (Chan et al. 2010). Since the split with
chimpanzees, humans have deleted enhancers near the androgen
receptor gene AR, the bone morphogenetic protein gene GDF6,
and the tumor-suppressor gene GADD45G, which have likely con-
tributed to the loss of penile spines, the modification of digits, and
an increased brain size in humans (McLean et al. 2011; Indjeian
et al. 2016).

Sanger sequencing allowed copy number to be inferred by
analyzing read depth (Bailey et al. 2002), studying the spacing
and orientation of paired reads (Tuzun et al. 2005), identifying
reads that span junctions not present in the reference genome
(Mills et al. 2006), or assembling reads and aligning the assembly
to a reference genome (Levy et al. 2007). Second-generation se-
quencing technologies that produce relatively inexpensive short
reads are now commonly used to identify copy number variation
in samples (Mills et al. 2011). Most of these methods identify
copy number variants in a single sample, often in relation to a
reference genome for the species or a reference specific to an indi-
vidual in the case of tumor and matched normal tissue (Chiang
et al. 2009). Pairwise methods have also been developed that
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Detecting differential copy number between groups

identify copy number differences between two samples when
mapped to the same reference genome (Kim et al. 2010). A recent
method uses a population-based approach which identifies CNVs
in the pool of samples and then genotypes each individual for
those CNVs (Handsaker et al. 2015).

We present a method to identify copy number variation
that correlates with an ecological or phenotypic variable, which di-
vides a set of samples into two groups. The method is in the form of
a finite-state transducer. Although transducers have only recently
seen increased use in biological applications (Bradley and Holmes
2007), finite-state machines, in the form of the hidden Markov
model, have been widely used in biological sequence analysis for
decades (Krogh et al. 1994; Burge and Karlin 1997; Eddy 1998).
Compared to hidden Markov models, transducers allow for condi-
tional probabilities.

To better understand the contribution of copy number
variation to ecological adaptation in vertebrates, we applied this
method to the genomes of 21 geographically diverse marine and
freshwater threespine stickleback (Gasterosteus aculeatus) fish
(Jones et al. 2012). The stickleback is a powerful model organism
for understanding the molecular basis of vertebrate adaptation,
because marine fish have repeatedly colonized a wide variety of
freshwater habitats following the melting of glaciers, beginning
approximately 10,000-20,000 yr ago (Bell and Foster 1994; Clark
et al. 2009). Similar phenotypes have repeatedly evolved in similar
ecological contexts, which suggests that the corresponding traits
have been positively selected in the new environment. By identi-
fying regions of the genome where the copy number at a locus
correlates with an ecological variable, as opposed to the typical cor-
relation with geography (Chain et al. 2014), we can discover copy
number differences that are associated with recurrent adaptation
to a particular environment. Previous studies in human genetics
have also identified copy number variants that show strong differ-
entiation between populations (Sudmant et al. 2015). Sticklebacks
have the advantage that many replicate populations have evolved
in similar environments, making it possible to test whether the
same copy number variants show repeated differentiation among
independent populations adapting to similar ecological condi-
tions. In this paper, we contrast populations from marine and
freshwater habitats as our ecological variable of interest, but the
methods we have developed could be applied to any binary ecolog-
ical variable or phenotypic trait.

Results

Data set

To detect copy number variation that repeatedly differentiates
freshwater from marine stickleback populations, we used a data
set of 21 whole-genome sequencing libraries from 11 freshwater
and 10 marine stickleback fish that were collected from through-
out the Northern Hemisphere (Fig. 1; Jones et al. 2012). The se-
quence reads are 36 bp in length, and the coverage ranges from
0.4x to 3.2x with a median of 1.7x.

Model

We used the framework of a finite-state transducer to identify
locations in the genome where the resequencing data supports
the canonical marine copy number being different from the
canonical freshwater copy number. The finite-state transducer
considers the following canonical copy numbers: homozygous
deletion, heterozygous deletion, consistent with reference, hetero-
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Figure 1. The collection locations of the 11 freshwater stickleback (blue)
and 10 marine stickleback (red). Of the 21 sites, 14 belong to marine-
freshwater pairs in which the sampling sites are geographically adjacent
and have likely experienced ongoing or historical gene flow. Such gene
flow reduces the number of genetic differences that are not related to dif-
fering marine and freshwater habitats.

zygous duplication, and homozygous duplication for freshwater
genomes and marine genomes. The transducer has a state for all
possible combinations of copy number for each ecological group,
resulting in 25 states (Fig. 2).

The transducer does not emit only one depth of coverage,
but rather a tuple of coverages, one for each sample, thereby ana-
lyzing all samples simultaneously (Supplemental Methods). This
enables the detection of copy number variation that is shared by
many of the samples, even in cases in which there is insufficient
power to detect copy number variation in an isolated individual.
In addition, the ecologically differentiated deletions or duplica-
tions need only share regions that are gained or lost in common.
The algorithm does not require the individual samples to share
deletion and duplication breakpoints. This allows the method to
find both the reuse of identical alleles selected from standing
variants shared among populations, as well as the repeated dupli-
cation or deletion of a region through de novo mutations. The
method is robust to assembly errors in the reference genome since
itisidentifying regions where the canonical marine and freshwater
genomes differ, rather than identifying differences from the refer-
ence assembly.

Read depth emission probabilities for each sample are specific
to each base pair in the genome. Previous methods used the bino-
mial or Poisson distributions to model read depth, and when the
observed distribution of read depths was found to be overdis-
persed, the negative binomial was used to better fit the data
(Magi et al. 2012). We present the read depth over a genomic seg-
ment as a mixture of binomial distributions, in which each base
has its own uniquely calculated probability of being covered by a
read, based on the mappability and GC-content of the reads that
could cover that base. Thus, the read depth over an interval of x
bases is a mixture of x binomial distributions (Supplemental
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Figure 2. The transducer model. (A) The transducer reads from s - k+k tapes containing the GC-bias and mappability of all overlapping reads, where s is
the total number of individuals being analyzed, and k is the length of sequencing reads. g, ,; is the GC-bias of the jth of k read position that would cover
assembly position ifor sample n of s. b;;is the mappability of the jth of k read position that would cover position i. There are multiple output tapes, one for
each individual, containing the read depth for that sample. d; , is the depth of reads at assembly position i for sample n of s. (B) The 25 states represent the
variation in canonical copy number that can be detected by the transducer. (C) One example of the emission probabilities for a single base with the state
representing no change in freshwater copy number, while the marine fish have a duplication. We show the marginal probability distribution for four

individuals.

Methods). Deleted regions may not be completely devoid of reads,
because some reads from elsewhere in the genome may mismap
into the region. Duplicated regions may not fully double their
number of reads, because some reads from the region may mismap
to paralogous regions that were not duplicated. Based on the
mappability of reads that could cover a base, we estimated how
likely a base is to be covered by a read even when deleted and
how likely a base is to lose additional read depth to other places
in the genome when duplicated (Methods). We also modeled the
GC-bias of sequencing libraries (Ross et al. 2013) at base-level for
each sample (Methods). This statistical framework not only better
captures the overdispersion previously observed when the cover-
age of all bases in a genomic region are pooled together, but it
also tailors the expected read depth for each base position instead
of using the same emission probabilities for all genomic positions.
The improvement is minor in duplications, but substantial in
deletions (Supplemental Figs. S1, S2).

We computed the most likely series of hidden states that
would produce the observed read depth, given the GC-content
and mappability as inputs to the transducer. This decoded series
of hidden states represents the canonical copy number of samples
in group one (freshwater) and the canonical copy number of sam-
ples in group two (marine) at each genomic position. States in
which the canonical copy numbers for the two sample groups
are not equal identify regions of the genome where copy number
variation correlates with group membership (marine or freshwater
environment).

Performance on simulated data sets

To evaluate the performance of the transducer, we simulated data
sets that are analogous to the sequences collected from wild
fish, but with known introduced regions of copy number variation
between the marine and freshwater ecotypes (Supplemental
Methods). We optimized the transducer’s transition probabilities
to detect true differences, while limiting the expected number of
false positives to 0.2 (Supplemental Methods).

We detected the majority of randomly placed simulated dele-
tions down to <40 bp and duplications down to ~250 bp, when
these mutations are present in all members of one group, while
the other group is consistent with the reference genome (Fig. 3;
Supplemental Figs. S3, S4). To put these results in perspective,
we repeated the analysis using previously available approaches to
detect repeated deletions or duplications that correlate with mem-
bership in one of two groups. CNVnator (Abyzov et al. 2011),
1SW-seq (Kim et al. 2010), cn.MOPS (Klambauer et al. 2012), and
Genome STRiP (Handsaker et al. 2015) are widely used programs
for detecting copy number variation from short sequencing reads.
Although these programs do not explicitly annotate CNVs that
differentiate two groups of samples, they represent the types of
current methods that might be used in such an analysis.

One current method of identifying copy number variants
that correlate with group membership is to identify copy number
variants in individuals and then perform an additional analysis to
test whether the individuals in one group are significantly more
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Figure 3. Detecting simulated duplications (A) and deletions (B) present in freshwater, but not marine,
individuals. We simulated data analogous to our main data set of 10 marine and 11 freshwater stickleback
genomes sequenced to a median coverage of 1.7x, except we randomly placed deletions and duplica-
tions that ranged from 30 to 1000 bp in the genomes of all freshwater individuals. We recorded the per-
formance of existing methods (at 0.2 false positives) either based on the annotations of individual
genomes (cn.MOPS and Genome STRiP) or after we pooled all marine samples into a pseudo-individual
and all freshwater samples into a pseudo-individual (rSW-seq and CNVnator). We also tested the trans-
ducer’s ability to detect heterozygous duplications and deletions. Heterozygous deletions are especially
difficult to detect because, with 36-bp reads, regions with SNP divergence may exhibit reduced mapping
efficiency, which results in read coverage similar to that of a heterozygous deletion.

likely to have a variant than the other group. We used CNVnator,
cn.MOPS, and Genome STRiP to identify CNVs in individuals,
followed by Fisher’s exact test to identify those regions that corre-
late with group membership (Supplemental Methods). CNVnator
analyzes each sample in isolation and was not able to reliably
detect copy number variants <1 kb in our simulated data set.
Genome STRiP and cn.MOPS are aware of all samples in the anal-
ysis, even when assigning copy number to a specific sample, and
this additional information likely improves their performance.
In our simulations, both Genome STRiP and ¢cn.MOPS are able to
detect CNVs that correlate with group membership, but not with
the sensitivity of the transducer presented here (Fig. 3).

An alternative approach with existing tools is to combine
the reads from all freshwater individuals into a single pseudo-indi-
vidual and all reads from marine individuals into a second pseudo-
individual. We then used the CNVnator algorithm on each pool
and identified regions of the genome where the copy number
assigned to one pool differed from the copy number assigned to
the other pool (Supplemental Methods). We also used the rSW-
seq algorithm on the two pools, because it analyzes exactly two
samples at once and identifies regions of differing copy number.
On our simulated data sets, the pooling methods performed
well, but had reduced sensitivity compared to the transducer pre-
sented here (Fig. 3; Supplemental Table S1).

The number of individuals in a group that must deviate from
the reference copy number before the model will identify the re-
gion as having differential copy number between the two groups
is dependent on the sequencing depth of each sample. When sim-
ulating deletions in a subset of the freshwater fish in our data set,
the model begins to reliably detect a difference between the groups
when four of the 10 freshwater fish have deletions compared to
zero of the 11 marine individuals.

Validation of deletions and duplications

After testing the transducer on simulated data sets, we first investi-
gated a small subset of the genome in the true data set before iden-
tifying copy number variation genome-wide. Although we intend

our simulated data sets to be representa-
tive of true sequencing libraries, it is like-
ly that some biases and anomalies are not
properly represented in the simulated
reads. Thus, we used polymerase chain
reaction (PCR) followed by gel electro-
phoresis to test five predicted deletions,
and we used quantitative PCR (qPCR) to
test four predicted duplications that
were identified in this initial analysis of
the true data set (Supplemental Tables
— S2, S3). These validation experiments

1000 were performed using DNA samples
from a subset of the 21 fish used to
make the sequencing libraries and sam-
ples from four unrelated individuals.
This allowed us to technically validate
that the predicted deletions and duplica-
tions are in fact present in the sequenced
individuals and to biologically validate
that consistent differences seen in this
sampling of marine and freshwater stick-
leback are predictive of individuals not
yet sequenced. All nine deletions and
duplications identified by the model are consistent with the PCR
and qPCRresults seen in the individuals used to make the sequenc-
ing libraries and in the four unrelated individuals (Supplemental
Fig. S5). Although these validation experiments are not extensive
enough to estimate the rate of false positives at the same resolution
as our simulations, they do indicate that the method is able to
identify copy number variation that consistently differs between
two groups based on low-coverage resequencing data.

Copy number variation correlated with ecotype

Having validated the method with both simulations and PCR-
based assays, we applied the transducer genome-wide on the
data set of 21 wild-caught marine and freshwater stickleback with-
out masking or excluding any genomic locations. The transducer
identified 6664 regions of the genome where the canonical marine
and freshwater copy numbers are different (Supplemental Table
S4). These regions total 1.7 Mbp (0.4% of the stickleback genome),
have an average size of 250 bp, and are distributed across all
chromosomes without obvious biases in location (Supplemental
Fig. S6). In many cases, the underlying evolutionary events are
larger than the regions identified by the model. The three main
reasons are (1) in the case of de novo mutations, the model will
identify only the shared region that is repeatedly deleted or dupli-
cated, which may be much smaller than some of the individual
overlapping events; (2) the model is not aware of splicing, so dupli-
cation by processed retrotransposition identifies a separate region
for each exon; and (3) deletions and duplications unique to the
reference assembly will partition otherwise continuous evo-
lutionary events into multiple regions (Supplemental Fig. S7). By
merging regions when they appear in the same protein-coding
transcript or if they are within 10 kb of each other, we can address
the latter two issues. This enables us to estimate that these 6664
regions are the result of 2643 evolutionary events repeatedly
shared by individuals within the same ecotype.

The transducer is not aware of the ancestral state, so it cannot
discriminate between insertions in one group versus deletions in
the other group. However, we can distinguish those insertion
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and deletion (indel) events that toggle between the presence and
complete absence of a region from those states that signify duplica-
tion polymorphisms between one and many copies. In our results,
indels are nine times more common than duplications, but this is
atleastin part a function of our model having more power to detect
indels than duplications (Fig. 3). For duplications or indels at least
1kb long, a length that provides sufficient power to detect almost
all events in both groups, indels are only twice as prevalent.

These insertions, deletions, and duplications are likely to be
of functional significance and under selective pressure to maintain
different copy numbers in marine and freshwater populations.
This is because alleles following a distribution correlated with an
ecological variable represent a departure from what is normally
seen for both SNPs and copy number variants, which tend to cor-
relate with geography (Jones et al. 2012; Chain et al. 2014). Based
on a Pacific-Atlantic split of our data set, we identified 14,459
regions of copy number variation correlated with ocean basin
(approximately 5846 evolutionary events). There are some regions
of the genome that give a signal for both ecotypic and geographic
variation. These regions tend to represent alleles that are found in
freshwater populations in the Pacific, but not Atlantic, region
(Supplemental Fig. $8). With so much standing copy number var-
iation in stickleback populations, it is possible that some variants
correlated with ecotype could also be due to only sampling 21 pop-
ulations. When shuffling the group membership of samples 30
times, we identified an average of 2512 regions (maximum 2969
regions) where copy number correlates with a shuffled group as-
signment. Based on these data, it is likely that some copy numbers
correlate with the marine-freshwater ecotype by chance, but that
the marine—freshwater set as a whole is not due to the random as-
signment of standing variation. In an effort to further study the
possible functions of the differentiated loci, we analyzed the anno-
tation of these regions, tested sequences experimentally, and ex-
amined signatures of selection based on mutational signatures
between and within species.

Changes in protein-coding exons

Although it is still difficult to identify the functionally important
regions of a genome, protein-coding exons are relatively well an-
notated and understood. Of the 6664 regions with consistent
copy number difference between stickleback ecotypes, 305 overlap
protein-coding exons of 211 genes. This includes all 24 genes pre-
viously identified as having copy number variants under marine/
freshwater parallel selection in a separate study (Hirase et al.
2014), as well as an additional 187 genes.

Relative to the reference genome, 177 of the 211 genes show
evidence of indel events in one ecotype (Supplemental Table S5),
72 genes show evidence of duplication (Supplemental Table S6),
and 38 genes show evidence of both. These results indicate that
>1% of stickleback genes show copy number variation in their pro-
tein-coding exons that is repeatedly different between marine and
freshwater ecotypes. As would be expected, this group of genes is
enriched for having gene expression level differences between ma-
rine and freshwater stickleback based on microarray expression
surveys (Jones et al. 2012) of multiple adult tissues (P<1077).
The deletion events tend to affect only one exon of the protein
and are enriched for genes involved in the immune system and
muscle development (Supplemental Table S7). The duplication
events are more likely to include the entire protein and show en-
richments for muscle development and immunity and head and
limb morphogenesis (Supplemental Table S8). These enrichments

for copy number differences are consistent with phenotypic differ-
ences that have previously been studied. For example, the stickle-
back immune system varies with ecotype (Scharsack et al. 2007),
marine and freshwater stickleback have different muscle mass and
morphology (Dalziel et al. 2012), and marine and freshwater stick-
leback show consistent morphological differences in their head
and limbs (Taylor and McPhail 1986; Caldecutt and Adams 1998;
Kimmel et al. 2005). These differences in canonical copy number
may thus contribute to many of the phenotypes commonly asso-
ciated with the divergence of marine and freshwater stickleback.

Changes in gene regulation

More than 95% of the 6664 genomic locations with repeated copy
number differences are found outside of coding exons and may af-
fect sequences involved in regulating the expression of nearby
genes. Losses of enhancer elements may eliminate tissue-specific
expression patterns (Chan et al. 2010), and duplications may
make expression patterns more robust to environmental perturba-
tions or increase the level of transcription (Perry et al. 2010). The
noncoding regions showing repeated copy number variation are
significantly more likely to be located next to a gene involved in
the immune system (Supplemental Table S9). This enrichment
was also seen for the protein-coding regions and is consistent
with known differences between marine and freshwater stickle-
back populations (Scharsack et al. 2007).

To test whether any of the identified regions function as tis-
sue-specific enhancers, we further studied a region from the
DCHS]1 gene that is consistently deleted in freshwater fish (Fig. 4;
Supplemental Table S10). We cloned the intact noncoding region
from a marine stickleback into an expression vector upstream of a
minimal promoter attached to an open reading frame for the green
fluorescent protein (GFP). Multiple transgenic lines generated
with this construct showed GFP expression in the developing
telencephalon (Fig. 4). DCHS1 is known to be expressed in the de-
veloping telencephalon of zebrafish, mice, and humans (Cappello
et al. 2013; B Thisse and C Thisse, unpubl., https://zfin.org/ZDB-
PUB-040907-1). Decreasing the expression of Dchs1 in the devel-
oping mouse brain leads to additional cell proliferation and differ-
ences in neuronal migration (Cappello et al. 2013). Therefore, the
loss of the enhancer in freshwater fish could lead to a larger telen-
cephalon. The size and morphology of the telencephalon is highly
plastic, but wild-caught freshwater threespine stickleback consis-
tently have larger and morphologically distinct telencephalons
compared to those from marine populations (Park and Bell 2010;
Park et al. 2012).

Although in vivo assays for enhancer activity provide a
wealth of information on the regulatory potential of a DNA seg-
ment, the experiments are difficult to scale genome-wide. In con-
trast, RNA sequencing or microarray analysis makes it possible to
test for differential expression of many different genes at particular
time points and tissue types. We would expect the set of genes
nearest consistent copy number variants to be enriched for genes
previously identified as showing marine and freshwater expression
differences (Jones et al. 2012). We do detect a highly significant
enrichment of marine-freshwater differentially expressed genes,
as predicted (P< 1071). The overall enrichment of 1.2-fold (887
observed with 717 expected) is modest, but many of the regions
may be regulating a gene other than the closest transcription start
site, and any associated changes in gene expression may affect tis-
sues or time points not represented by the eight adult tissues that
were examined.
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Figure 4. Freshwater deletions in DCHST remove a conserved sequence that functions as a telencephalon enhancer. (A) The majority of freshwater
populations do not have any reads (blue bars) mapping to a region within the first intron of DCHST, but the marine populations (red bars) appear to uni-
versally contain this piece of DNA. The deleted region encompasses an element that shows cross-species conservation with medaka. (B) We cloned three
copies of this region upstream of the HSP70 minimal promoter and GFP reporter to test its regulatory potential. (C) We injected this construct into fertilized
eggs and multiple transgenic lines show GFP expression in the developing brain at 5 d post-fertilization (dotted white line shows the outline of the embryo

within the egg).

Another way to identify functional noncoding regions
without being limited to a particular tissue or time point is to
look for evidence of evolutionary constraint. However, cross-spe-
cies conservation has its own limitations. Elements must be at least
100 million years old to be found in another sequenced fish (Near
et al. 2012), and although constrained elements are functional,
many seemingly functional elements show no evidence of con-
straint (The ENCODE Project Consortium 2007). We created a
multispecies alignment and identified 83 Mbp of the genome
showing cross-species conservation as indicated by a resistance
to substitutions (Supplemental Methods). There are 392 noncod-
ing regions with consistent copy number variation (6% of the
set) that overlap regions showing evidence of strong cross-species
constraint, suggesting that these regions are likely to have
functional consequences if they are deleted or duplicated
(Supplemental Tables S11-513).

Derived alleles in marine stickleback

Stickleback researchers typically view the extant marine popula-
tions as representative of the likely ancestral state for recent
freshwater populations, since marine phenotypes have stayed

relatively static and the marine populations likely coped with
environmental changes by shifting their range instead of adapt-
ing to a new environment (Bell and Foster 1994). The freshwater
populations are viewed as derived, since the populations were
likely founded by migratory marine individuals and subse-
quently underwent large phenotypic transformations in lake
and stream habitats created during the glacial retreat (Bell and
Foster 1994). In contrast to this view, we detected 86 cases in
which the derived deletion alleles are found in marine individ-
uals, whereas freshwater populations maintain sequences con-
served to other distantly related teleosts (Supplemental Table
$13). These 86 regions are enriched for being near myosin heavy
chain genes and ontologies related to the function of this gene
family (Supplemental Table S14), perhaps related to differences
in swimming performance between marine and freshwater fish
(Taylor and McPhail 1986; Law and Blake 1996; Dalziel et al.
2012).

Such deletions may have been positively selected in the ocean
after they arose, contributing to their widespread presence
throughout marine habitats in the Northern Hemisphere. In this
case, there should be reduced heterozygosity flanking the dele-
tions in marine fish but not in freshwater fish that share the

Genome Research 261
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.206938.116/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.206938.116/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.206938.116/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.206938.116/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.206938.116/-/DC1

Lowe et al.

ancient allele, and this is what we observe (Supplemental
Methods; Supplemental Fig. S9).

The genomic signature of a selective sweep is slowly eroded
over time by mutation and recombination, which we may use to
estimate when selective sweeps occurred. We simulated sweeps
of various ages and found that the overall distribution of heterozy-
gosity flanking the marine deletions resembles that of alleles that
originated 100,000 generations ago, although with a more dis-
persed distribution, consistent with the alleles being created over
a range of time rather than all at once (Supplemental Methods;
Supplemental Figs. S9, S10). Stickleback typically reproduce once
a year and live from one to three years (Bell and Foster 1994), so
100,000 generations corresponds to ~200,000 yr. Therefore, by
the time the last glacial maximum was ending 20,000 yr ago
(Clark et al. 2009), these deletion alleles were likely already the
predominant alleles in migratory marine fish. How then do we
see intact ancestral alleles, without the deletions, in modern
post-glacial freshwater populations? One possibility is that ancient
intact alleles could spread north from older freshwater populations
that inhabit lakes and streams south of the maximum glacial
extension, presumably by introgressing and being carried at low
frequency in marine populations. To test this hypothesis, we col-
lected hundreds of marine fish from Resurrection Bay in the Gulf
of Alaska. We used PCR to screen the marine fish for the presence
of intact ancestral alleles at four different loci. We found character-
isticintact alleles at all four loci present in the modern marine pop-
ulation, but at low frequencies (0.4%-1.1%) (Supplemental Table
S15). This confirms that these ancient alleles are present both in
freshwater fish and at a low frequency in marine populations,
where they may serve as standing variants that aid in the founding
of new freshwater populations.

Discussion

Our study detected copy number variants that show large differ-
ences in allele frequency between marine and freshwater ecotypes
of a magnitude that is not often observed in other organisms
(Hancock et al. 2010; Pritchard et al. 2010). Given ongoing hybrid-
ization in contact zones between marine and freshwater fish,
strong, but incomplete, selection must occur to maintain charac-
teristic differences between ecotypes against the homogenizing ef-
fects of gene flow. Hybridization plays a second important role in
the adaptive radiation of sticklebacks: allowing the spread of adap-
tive alleles between populations. Although previous studies have
shown that derived freshwater-adaptive alleles can “hide” at low
frequencies in the marine population (Colosimo et al. 2005;
Miller et al. 2007; Barrett et al. 2008; Schluter and Conte 2009),
our present study suggests this mechanism may also be important
for the spread of ancestral alleles between freshwater populations
when the derived allele is favored in the marine context. This
work in sticklebacks demonstrates that strong selection on either
ancestral or derived alleles of standing genetic variation can play
an important role facilitating adaptation.

The transducer method presented here should be applicable
to many other data sets. For example, we tested the method on a
subset of human samples from the 1000 Genomes data set
(Sudmant et al. 2015) and were able to detect CNVs not previously
annotated by The 1000 Genomes Project Consortium, including
two events we successfully confirmed by PCR amplification and
sequencing (Supplemental Methods; Supplemental Fig. S11;
Supplemental Tables S16, S17). The method presented here
may be especially applicable to ancient DNA samples, in which

sequence coverage can be sparse and fragment length limits the
use of paired-end or mate-pair reads (Green et al. 2010).

There has been great progress in understanding how copy
number variation contributes to standing phenotypic variation
(Stranger et al. 2007; Yalcin et al. 2011). We leveraged the model
system of the stickleback to identify copy number variation
that is consistently different between wild vertebrate populations
adapting to contrasting environments. We described thousands
of regions where copy number is repeatedly different between ma-
rine and freshwater stickleback. More than 95% of these regions
are likely to affect the regulation of genes since the regions are
found outside protein-coding exons. Whether the genes them-
selves or their regulatory elements are affected by these copy num-
ber variants, the functions attributed to the genes align with
differences that are consistently reported between marine and
freshwater populations: immunity, muscle development, and
morphology of the head and limbs. Multiple case studies also im-
plicate adaptive copy number variation in aiding the immunity of
humans (Gonzalez et al. 2005; Iskow et al. 2012) and mice (Locke
et al. 2015; Pezer et al. 2015), supporting the hypothesis that copy
number variation is a general mechanism for adaptation of the ver-
tebrate immune system.

Both copy number variation and base substitutions have con-
tributed to adaptation of humans and other vertebrates (Grossman
et al. 2010; McLean et al. 2011; Iskow et al. 2012; Kamberov et al.
2013); however, the relative contributions of the two types of mu-
tations are still unknown. A previous analysis of the same stickle-
back data set identified 84 regions associated with adaptation to
freshwater based on nucleotide substitution patterns (Jones et al.
2012). This is a smaller number than the 6664 regions (approxi-
mately 2643 evolutionary events) that we detected for copy num-
ber variation. However, a rigorous comparison of the results is
difficult, because the two methods have different powers to detect
mutations that segregate with ecotype instead of geography. The
method presented in this paper can identify a single location of
copy number variation that correlates with ecotype instead of
geography, whereas the substitution method only has statistical
power when blocks of SNPs travel as a unit in marine and freshwa-
ter populations. These blocks of continuous marine/freshwater
divergence may occur when multiple mutations in the same re-
gion contribute to a phenotype or when mutations remain togeth-
er because of altered recombination patterns, such as in an
inversion. It is likely that the results of the substitution screen
are a small subset of all substitutions contributing to the repeated
colonization of freshwater habitats. The substitution analysis was
also constrained to detect only the reuse of standing genetic vari-
ation, but the method presented in this paper is also able to detect
repeated evolution occurring by different de novo mutations.

Deletions and duplications may produce larger phenotypic
effects than single-base changes. This bias toward large effects
may increase the probability of copy number mutations being
fixed if the corresponding trait is subjected to positive selection
within a population, since the probability of fixation is pro-
portional to the magnitude of the mutation’s benefit (Haldane
1927).

The ecotypically differentiated copy number variants have a
significant overlap with the 84 blocks of marine—freshwater SNP
divergence. Fifty-two blocks contain at least one region of repeated
copy number variation (P < 10~*!). It is possible that some regions
of copy number variation within these divergent blocks of DNA
are neutral and simply linked with other mutations that are driv-
ing selection on the block. However, it is also possible that copy
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number variants may be contributing to, or be the sole cause of,
fitness differences associated with these divergent blocks of DNA.

Although freshwater stickleback populations have been
viewed as the ones undergoing large phenotypic changes (Bell
and Foster 1994), we identified scores of genomic locations where
marine populations have lost conserved ancestral elements that
are still present both in freshwater populations and other teleosts,
likely due to selective sweeps in the ocean. Viewed as a species
complex, stickleback still maintain these ancient conserved non-
coding regions, but in an overall ecotypic pattern that reflects
selection in the ocean as well as in freshwater environments.
Further application of the current method may aid in the detection
of many other genomic regions consistently associated with other
ecological variables or phenotypic traits, both in stickleback and
other species.

Methods

Estimating mappability for each possible read

We estimated the mappability of each k-mer in the reference
genome by counting the number of identical k-mers appearing
elsewhere in the assembly. If identical reads were the only reason
for mismapping, we would expect the probability of a read being
mismapped to be

identicalKmers

Primismap) = G ticalkmers + 1)

@

This is likely to be an underestimate since many other factors,
such as sequencing errors and differences between the assembly
and sequenced individual, can also cause mismapping. Our esti-
mate appears to capture much of the potential for mismapping
since it predicts a mismapping rate of 0.08, and simulation shows
it to be only slightly higher at 0.09 (Supplemental Methods). We
have added a term, &, which serves to both capture this missing
probability of an incorrect mapping and act as a pseudocount so
that the mismapping probability in seemingly unique regions of
the genome will not be zero.

(identicalKmers + &)

Pr(mapElsewhere) = (identicalKmers + ) + 1"

()]

Solving for € based on the mismapping rate in simulated data
gives a value of 0.01. The performance of the method is not sensi-
tive to small changes in this value (Supplemental Fig. S12). The
mismapping equation allows us to estimate both how likely it is
that a read generated from a location will mismap elsewhere and
how likely a read generated elsewhere will mismap to the given
location

1

Pi H = .
r(mapHere) (identicalKmers + €) + 1

3

Estimating read depth probability

The probability of generating the k-mer being considered (either
by reading the bases being analyzed or reading an identical region
elsewhere in the genome) is dependent on the copy number at the
position being considered, copies (an integer value ranging from 0
to 4 that is defined by the state of the transducer); the number of
times the k-mer appears elsewhere in the genome assembly,
identicalKmers; and the total number of k-mers (unique in genomic
assembly position, but not necessarily sequence) that could be
generated from the assembly, t. The value of copies is multiplied
by 0.5 to convert the number of copies in a diploid genome to
the number of copies that would appear in a genomic assembly.

Half copies represent deletions or duplications that are hetero-
zygous in the individual and would therefore appear half or
one-and-a-half times in a genome assembly.

0.5 - copies + (identicalKmers + &) @)
; .

We combine Egs. 3 and 4 to model the probability of a partic-
ular read mapping back to the location that would cover the cur-
rent position. We sum over all k reads that could cover the base
to get the probability that a randomly selected read will cover
the current base (identicalKmers is now a vector, one position for
each of the k reads that could cover the base). This probability is
used as the binomial probability for read depth at this specific
base in the genome.

Pr(kmerBeingRead) =

k. 0.5- copies + (identicalKmers; + )
p= le ;

J

1
' (identicalKmers; + &) + 1

®)

Correcting for GC-content

We correct the expected coverage for GC-content because pre-
viously published results have shown that reads coming from
regions with very low or very high GC-content are underrepresent-
ed in sequence data sets (Ross et al. 2013). We apply a correction
factor that is specific to each sequencing library because we no-
ticed a significant amount of variability between the libraries
used in our study (Supplemental Fig. S13). With reads of length
k, there are k+1 bins accounting for all possible GC-contents. We
calculate the correction factor for each bin as the fraction of
mapped reads with that GC-content divided by the fraction of k-
mers in the assembly with the same GC-content. We improve
Eq. 5 by adding this GC correction term. g; is the correction factor
for the jth read covering the base of interest.

k . . .
0.5 - copies + (identicalKmers; + €)
p=y ’

=1 t

1
' (identicalKmers; + €) + 1 K
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Software availability

Software is available as Supplemental Materials File S1, as well as
on GitHub (http://www.github.com/craiglowe).

Data access

New sequencing reads for this study have been submitted to the
NCBI BioProject (https:/www.ncbi.nlm.nih.gov/bioproject/) un-
der accession number PRJNA315039. The genomic elements
found to be repeatedly different between marine and freshwater
stickleback populations are available as Supplemental Table S4.
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