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Abstract

Genetic differentiation across populations that is maintained in the presence of gene flow is a hallmark of spatially
varying selection. In Drosophila melanogaster, the latitudinal clines across the eastern coasts of Australia and North
America appear to be examples of this type of selection, with recent studies showing that a substantial portion of the D.
melanogaster genome exhibits allele frequency differentiation with respect to latitude on both continents. As of yet there
has been no genome-wide examination of differentiated copy-number variants (CNVs) in these geographic regions,
despite their potential importance for phenotypic variation in Drosophila and other taxa. Here, we present an analysis
of geographic variation in CNVs in D. melanogaster. We also present the first genomic analysis of geographic variation for
copy-number variation in the sister species, D. simulans, in order to investigate patterns of parallel evolution in these
close relatives. In D. melanogaster we find hundreds of CNVs, many of which show parallel patterns of geographic
variation on both continents, lending support to the idea that they are influenced by spatially varying selection. These
findings support the idea that polymorphic CNVs contribute to local adaptation in D. melanogaster. In contrast, we find
very few CNVs in D. simulans that are geographically differentiated in parallel on both continents, consistent with earlier
work suggesting that clinal patterns are weaker in this species.
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Introduction
Latitudinal clines in Drosophila represent a classic system for
investigating the role of spatially varying selection in the main-
tenance of genetic variation. The species that has received the
most attention is Drosophila melanogaster. A large body of
work amassed over several decades has revealed many genet-
ically determined phenotypic clines, chromosome inversion
clines, and allozyme clines (reviewed in De Jong and
Bochdanovits 2003; Hoffmann and Weeks 2007; Adrion et al.
2015), whereas more recent work on spatial variation has fo-
cused on sequence variation (Sezgin et al. 2004), including
genome-scale investigations (Turner et al. 2008; Kolaczkowski
et al. 2011; Fabian et al. 2012; Reinhardt et al. 2014). Many traits
and genetic variants exhibit patterns consistent with spatially
varying selection on multiple continents, as expected under
the simplest scenario of similar selection pressures correlated
with latitude acting on ancestral variation. However, interesting
differences between continents in patterns of spatial variation
are also observed (Turner et al. 2008; Reinhardt et al. 2014).

The question of patterns of spatial variation in D. simulans,
a sister species to D. melanogaster, has received relatively little
attention. Both species are recent colonizers of Eurasia, the
Americas, and Australia, and they are currently broadly sym-
patric (Capy and Gibert 2004). For these species, overall sim-
ilarities and differences with respect to geographic
differentiation could be properties of colonization histories,

biology, or mechanisms by which selection acts. Most phe-
notypic work on clines in D. simulans has investigated varia-
tion in Australia (Arthur et al. 2008), and these studies suggest
that clines in this species are less common or weaker than
those observed in D. melanogaster. This observation supports
earlier work suggesting that “clinality” is weaker in D. simulans
than in D. melanogaster, even in North America (Singh and
Long 1992; Gibert et al. 2004), though patterns of shared
latitudinal gene expression differentiation in the two species
(Zhao et al. 2015) have raised new questions about the influ-
ence of spatially varying selection in D. simulans.

Population genomic work on latitudinal differentiation in
flies has largely focused on single-nucleotide polymorphisms
(SNPs) (Turner et al. 2008; Kolaczkowski et al. 2011; Fabian
et al. 2012; Reinhardt et al. 2014). However, because copy-
number variants (CNVs) can be quite large and often contain
genic sequence (Schrider and Hahn 2010), their phenotypic
effects may typically be greater than those of SNPs, which
suggests that such variants may play an important role in
local adaptation. Copy-number variation is widespread in D.
melanogaster (Huang et al. 2014) and D. simulans (Rogers
et al. 2014), and population genetic evidence suggests that
newly occurring CNVs in flies are often deleterious (Emerson
et al. 2008; Cridland and Thornton 2010; Cardoso-Moreira
et al. 2011; Langley et al. 2012; Schrider, Houle, et al. 2013),
consistent with data from humans (McCarroll and Altshuler
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2007; Stankiewicz and Lupski 2010; Girirajan et al. 2011).
However, the extent to which segregating CNVs contribute
to adaptive evolution in D. melanogaster and D. simulans is
unknown. Here, we use genomic data to address this question
and to determine the extent of parallelism in CNV differen-
tiation in these closely related species.

Results

Spatially Varying Selection on Copy-Number
Variation in D. Melanogaster
We sequenced pooled genomic DNA samples from four lo-
cations: Both the northern and southern ends of the East Cost
of the United States (Maine and Florida), and the northern
and southern ends of eastern Australia (northern Queensland
and Tasmania; supplementary table S1, online). We then used
read depth and paired-end information to identify CNVs dif-
ferentiated in allele frequency between the northern and
southern samples in the United States, and also read depth
only on both continents (see Materials and Methods). This
second approach was essential for the Australian samples for
which only single-end reads were sequenced (see Materials
and Methods). We found 190 CNVs >50 bp in length show-
ing marked allele frequency differences in the United States
(based on differences in read depth and numbers of discor-
dant paired-ends from the two locations; see Materials and
Methods). In Australia, we found 110 differentiated CNVs
(supplementary table S2, Supplementary Material online),
yielding a total of 203 distinct CNVs (64 duplications, and
139 deletions; see Materials and Methods) combined across
both continents. Although the Maine sample had roughly
25% greater coverage than the Florida sample (supplemen
tary table S1, Supplementary Material online), the set of CNVs
found in the United States does not change dramatically after
subsampling reads from Maine to match coverage in Florida
(>86% of CNVs in the original set are recovered; see Materials
and Methods). Thus, our results are not strongly affected by
differences in sequencing depth. The smaller number of dif-
ferentiated CNVs detected in Australia may be due to the lack
of paired-end information—read depth information alone
may have lower power to detect CNVs (Schrider, Begun,
et al. 2013; see Materials and Methods).

The differentiated CNVs have a median length of 1,500 bp;
the length distribution is shown in figure 1. There is little
evidence that these differentiated CNVs are heterogeneously
distributed across chromosome arms (P¼ 0.096, v2 test), and
they are not enriched within large chromosomal inversions
(fig. 2; P ¼ 0.11, permutation test; see Materials and
Methods). Differentiated CNV density is uncorrelated with
recombination rate (P ¼ 0.95, Spearman’s q; see Materials
and Methods). Duplications are not significantly enriched for
exonic sequence (1.25% of the expectation from permuted
data sets; P ¼ 0.0871 from one-sided permutation test; see
Materials and Methods), complete genes (1.22% of the ex-
pectation; P ¼ 0.1373), or intronic sequence (1.20% of the
expectation; P¼ 0.3561). Deletions are depleted of complete
genes (56.4% of the expectation from permuted data; P ¼
0.0185) and exonic sequence (60.1% of the P ¼ 0.0094), but
not significantly depleted of intronic sequence (72.6% of the
expectation; P ¼ 0.1986).

While genetic differentiation across heterogeneous envi-
ronments despite extensive gene flow is a hallmark of natural
selection, confidence in the biological relevance of such differ-
entiation can be increased by asking whether differentiation
occurs in parallel across different geographic regions exhibiting
similar ecological gradients (e.g., Jones et al. 2012). Therefore,
for each differentiated CNV detected on one continent, we
asked whether it was also significantly differentiated on the
other continent and in the same direction with respect to
distance from the equator; that is, if allele A is at higher fre-
quency in Maine, is this allele also at higher frequency in
Tasmania? Of the 190 CNVs differentiated in the United
States, 65 are also differentiated in the same direction with
respect to latitude on both continents (fig. 3a; P < 2.2 �
10�16, binomial test), and 32 are differentiated but in the
opposite direction on the two continents (P ¼ 1.86 �
10�9). Importantly, we observe qualitatively similar results
when examining CNVs detected from read depth alone: We
detect 61 differentiated CNVs in the United States and 71 in
Australia (supplementary table S3, Supplementary Material
online; see Materials and Methods), with 39 of these differen-
tiated along both clines in the same direction with respect to
distance from the equator (P < 2.2 � 10�16), and 20 differ-
entiated in opposite directions (P ¼ 1.8 � 10�10). In our full
set of CNVs, this excess of CNVs differentiated in the same
direction holds for both duplications and deletions (P< 2.2�
10�16 for each). However, the fraction of duplications that are
differentiated in parallel across continents is greater than that
of deletions (45% vs. 26%; P ¼ 0.0094; Fisher’s exact test).

Although Kolaczkowski et al. (2011) report evidence of
differentiated CNVs having on average elevated copy-num-
bers in Tasmania, we found no significant excess of CNVs with
higher or lower read depth at the temperate cline endpoint
on either continent (100 differentiated CNVs with higher read
depth in Maine vs. 90 with elevated read depth in Florida; P¼
0.51; 63 CNVs with higher depth in Tasmania vs. 47 in north-
ern Queensland; P ¼ 0.15; binomial tests). This may be a
result of Kolaczkowski et al.’s treatment of 1-kb windows as
independent observations, causing large CNVs to be counted
multiple times and thereby inflating statistical significance.

FIG. 1. Histograms of lengths of all CNVs differentiated along one or
both coastlines in Drosophila melanogaster (black) and D. simulans
(gray).
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To be considered differentiated on both continents, we
required that a CNV detected on one continent exhibits a
ratio of read depths in the 5% most extreme tail of the dis-
tribution of depth ratios on the other continent (see
Materials and Methods). This requirement ensures that

only a handful of CNVs would appear to be differentiated
in the same direction in both clines by chance. Thus, the
majority of CNVs showing evidence for geographic differen-
tiation in both the United States and Australia (the intersec-
tion in fig. 3a) are likely to be influenced by spatially varying
selection. Global hitchhiking events can also create patterns
of differentiation in linked regions (Bierne 2010), but repeated
spatially varying selection is a better explanation for the ob-
served parallelism across clines. The hypothesis that the CNVs
differentiated in parallel are the targets of this selection, rather
than linked polymorphisms, is plausible for two reasons. First,
the scale of linkage disequilibrium in D. melanogaster is gen-
erally small (Langley et al. 2012), meaning that it may be
unlikely that a linked mutation is the one under selection.
Second, the fact that a typical differentiated CNV includes a
large number of base pairs suggests that a CNV may be more
likely to be associated with a fitness effect compared with a
SNP. Following this reasoning, we suggest below that several
differentiated SNPs identified in early comparisons of pooled
DNA sequences from ends of the US cline (Turner et al. 2008)
are in fact associated with differentiated CNVs.

To investigate whether the CNVs differentiated on both
continents are the same variants or independent mutational
events, we estimated read depth around these CNVs and
asked whether the ratio of tropical to temperate read depth
returns to background levels at the same genomic location in
the United States and Australia. Of the 34 CNVs detected
with paired-ends and having a tropical:temperate or temper-
ate:tropical ratio�1.25, 25 exhibited a ratio<1.25 within the
400-bp window flanking each putative breakpoint (estimated
from the paired-end US data) of the CNV on each continent
(supplementary table S2, Supplementary Material online).
Thus, the breakpoints of differentiated CNVs appear to be
similar for the Australian and North American data. Although
we cannot rule out recurrent mutation causing CNVs with
identical or very similar breakpoints for some of these pairs of
highly overlapping CNVs, it is likely that much of the parallel
differentiation on the two continents is the result of selection
on ancestral, standing variation that was introduced indepen-
dently to the two continents. Future studies that accurately
resolve breakpoint sequences will be able to more precisely
assess the relative contributions of previously standing varia-
tion and recurrent de novo mutations to shared clinal copy-
number variation.

In contrast, a small number of the CNVs differentiated in
parallel are consistent with different variants segregating on
the two continents. For example, the previously described
duplication of a> 100-kb region on chromosome arm 3R
containing Ace (acetylcholine esterase)—which has been
shown to influence insecticide resistance (Menozzi et al.
2004)—is differentiated in Australia (higher frequency in
Queensland; Turner et al. 2008; Kolaczkowski et al. 2011)
but does not appear to be differentiated in the United
States. However, we did detect a> 10-kb region containing
much of this gene with significantly higher copy-number in
Florida than in Maine (also previously observed in Turner
et al. 2008). Thus, it is plausible that Ace is the target of
selection on both continents, but with independently arising

FIG. 2. Density of differentiated CNVs across the Drosophila mela-
nogaster genome. The numbers of CNVs differentiated along the US
cline (black), the Australian cline (white), or both (gray, whether in
the same or opposite directions) are shown for each 1-Mb window on
each chromosome arm. Approximate locations of large chromosomal
inversions (from Corbett-Detig et al. 2012) are shown as dashed lines.
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variants spreading in a relatively short period of time. This
result for CNVs parallels similar results suggesting that adap-
tive amino acid changes have also occurred independently
multiple times in Ace (Karasov et al. 2010).

No Strong Correlation between Copy-Number
Differentiation and Gene Expression Differentiation
To investigate whether differentiated CNVs affect gene ex-
pression, we examined transcript levels in genes wholly or
partially contained within CNVs using RNA-seq data from
flies originating from opposite ends of the North American
cline and reared at either 21 or 29 �C (Zhao et al. 2015).
Among genes overlapping CNVs differentiated in North
America we found no significant correlation between the
ratio of read depth in Florida to read depth in Maine and
log2 fold-changes in expression between the two cline end-
points (Spearman’s q¼ 0.010 for flies reared at 21 �C, P ¼
0.93; Spearman’s q¼ 0.067 for flies reared at 29 �C, P¼ 0.59).
Thus, these differentiated CNVs do not alter transcript abun-
dance in a manner that is easily predicted from the observed
copy-number change. However, this does not necessarily im-
ply that these differentiated CNVs have no effect on gene
expression: Although some CNVs predictably alter transcript
levels of genes within their breakpoints, many CNVs have no
detectable impact on transcript levels of constituent genes
(Zhou et al. 2011), but some can impact expression of flank-
ing or distant genes (Stranger et al. 2007).

Biological Characterization of Differentiated CNVs
There is an excess of cytochrome P450 genes contained either
partially or completely within CNVs that are highly differenti-
ated on one or both continents (P ¼ 0.0002; based on 10,000
permutations of CNV coordinates). These include Cyp12d1-p
and Cyp12d1-d, which are both completely encompassed by a
deletion spanning approximately 10 kb on chromosome arm
2R; the presence allele is more common in the temperate
population on both continents. Cyp12d1 confers improved

insecticide resistance (Daborn et al. 2007). Cyp12a4, another
cytochrome P450 gene associated with insecticide resistance
when overexpressed, lies within a duplication that exhibits
higher copy-number at low-latitudes; this CNV also partially
duplicates Cyp12a5. Interestingly, the region containing
Cyp12a4 was previously identified in a genome-wide scan for
high-FST SNPs (Turner et al. 2008). In addition, we find that
Cyp6g1 and part of Cyp6g2 and CG13175 lie within a duplica-
tion segregating at higher frequency in northern Queensland
(low-latitude) than Tasmania—the region containing Cyp6g1
was also identified as having elevated FST at SNPs in Australia by
Kolaczkowski et al. (2011). Some alleles at Cyp6g1 confer im-
proved insecticide resistance when upregulated (Daborn et al.
2002), but we cannot be certain which Cyp6g1 allele(s) de-
scribed by Schmidt et al. (2010) are differentiated in our
data. Another duplicated cytochrome P450, Cyp12c1, has
higher copy-number in Maine than in Florida. However, several
other genes are included in this duplication event (Chmp1,
CG34254, CG32202, and Sgf11), so it is unclear whether
Cyp12c1 is a target of selection. Cyp28d2 lies entirely within a
duplication with higher frequency in our tropical samples,
whereas Cyp313a4 lies partially within a deletion with higher
frequency in the tropics. Finally, a duplication that contains
Cyp6a17 and parts of Cyp6a22 and Cyp6a23 (another high-FST

region previously highlighted by Turner et al. 2008) exhibits
higher copy-number in Florida (low-latitude) and Tasmania
(high-latitude). Knockdown of Cyp6a17 has been shown to
disrupt temperature preference (Kang et al. 2011).
Interestingly, some cytochrome P450-associated CNVs have
higher copy-number in temperate populations, whereas others
have higher copy-number in the tropics. This suggests that the
connection between gene dosage and fitness variation varies
across different cytochromes. The observation that the CNV
containing Cyp6a17 has higher copy-number in one tropical
(Florida) and one temperate (Tasmania) population also
implies that there may be spatially varying selection that is
poorly correlated with latitude.

FIG. 3. Venn diagrams of differentiated CNVs detected in Drosophila melanogaster and D. simulans. (a) Drosophila melanogaster. Differentiated
CNVs detected in the United States are represented by the gray circle, whereas those detected in Australia are in the white circle. The intersection
represents all CNVs differentiated on both continents, whether in the same or opposite directions with respect to distance from the equator. The
much lower number of CNVs differentiated only in Australia is likely due to the lack of paired-end reads from these samples. (b) Differentiated
CNVs detected in D. simulans.
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More generally, as noted above we find an excess of CNVs
differentiated on both continents but in opposite directions
with respect to distance from the equator. This surprising
result could be due to CNVs that show different correlations
between fitness variation and copy-number on the two con-
tinents, or could be the result of CNVs that show latitudinal
differentiation as a result of selection at linked sites. The ob-
servation that many cytochrome P450-containing regions
identified as containing an outlier FST SNP also contain dif-
ferentiated CNVs implies that the targets of spatially varying
selection in these regions could often be CNVs, rather than
the SNP—some of these SNPs may actually be nucleotide
differences between the two duplicate copies (when the
CNV is a duplication), whereas others may be true SNPs in
linkage disequilibrium with the selected CNV. On the other
hand, the hypothesis that the CNVs are linked to the true
targets of selection cannot be ruled out, in which case it is the
linkage disequilibrium of these CNVs to other selected mu-
tations that drives this antiparallel differentiation.

In order to gain broader insights into the types of genes
targeted by spatially varying selection, we conducted a search
for Gene Ontology (GO) terms enriched within the set of
CNVs differentiated in the same direction on both continents
using a permutation test (see Materials and Methods).
Importantly, this search counted each term at most once
per CNV and is therefore robust to the spatial clustering of
functionally related genes (Pavlidis et al. 2012). Biological pro-
cess terms overrepresented with a false discovery rate (FDR)
less than 0.05 include several terms related to insecticide re-
sponse (response to insecticide, response to carbamate, and
response to organophosphorus), similar to terms found to be
enriched by Turner et al. (2008). Additional terms include
response to DNA damage checkpoint, acetylcholine catabolic
process, and response to heat. All significant GO terms ap-
pearing in CNVs differentiated along both clines and their
FDRs are listed in supplementary table S4, Supplementary
Material online.

Little Evidence for Spatially Varying Selection on CNVs
Repeated across Continents in D. simulans
Because D. simulans also migrated relatively recently to North
America (David and Capy 1988) and Australia (Malloch
1923), and is broadly sympatric with D. melanogaster, we
sought to compare geographic variation in copy-number
polymorphism in the two species. Our D. simulans US pop-
ulation samples come from Maine and Florida, and our
Australian samples come from Tasmania and Queensland
(see Materials and Methods). We observed 191 differentiated
CNVs in the United States and 122 differentiated CNVs in
Australia, similar to the overall number of differentiated CNVs
in D. melanogaster. Of these CNVs, however, only six are dif-
ferentiated in the same direction on both continents (fig. 3b;
supplementary table S5, Supplementary Material online); this
does not represent a statistically significant excess of parallel
differentiation (P > 0.3, using binomial tests for excess of US
CNVs differentiated in the same direction Australia, and vice
versa, with expected success rate of P¼ 0.05). Unexpectedly,
we do observe a statistically significant excess of duplications

and deletions differentiated along both clines but in opposite
directions with respect to latitude (62 CNVs, P< 2.2� 10�16

for both duplications and deletions). Although among these
differentiated CNVs a larger fraction of duplications than de-
letions show this pattern of shared anti-parallel differentiation
(33% vs. 21%), this difference is not significant (P ¼ 0.063;
Fisher’s exact test).

Overall, this result contrasts sharply with our findings in
melanogaster where we find a highly significant excess of
CNVs differentiated in the same direction on both continents.
We did find three genes that showed evidence of copy-num-
ber differentiation in both species: Syx16, HERC2, and
l(1)G0004, though this amount of overlap between our D.
simulans and D. melanogaster sets is not in excess of that
expected by chance (P > 0.3139; hypergeometric test).
Thus, although our data do provide some support for spatially
varying selection on CNVs in D. simulans, we find little evi-
dence for parallel selection across the two continents.

Discussion
Uncovering the genetic basis for adaptation is a major goal of
evolutionary genomics, but is often difficult to accomplish
given the joint effects of demography and selection. The par-
allel environmental clines experienced by multiple species of
Drosophila in the Northern and Southern hemispheres offer a
promising system in which the effects of directional and sto-
chastic changes may be partially disentangled. Here, we have
taken advantage of these clines to compare cross-continent
latitudinal differentiation within and between species. Our
argument that genomic regions that are strongly differenti-
ated on multiple continents are enriched for sites influenced
by spatially varying selection hinges on the assumption that
demographic processes are unlikely to generate substantial
parallelism. Several recent studies have suggested that North
American populations experienced recent African-European
admixture (Caracristi and Schlötterer 2003; Duchen et al.
2013; Bergland et al. 2015; Kao et al. 2015), which may con-
tribute to clinal variation. A recent study suggested a similar
phenomenon in Australian populations (Bergland et al. 2015).
However, given the very high levels of gene flow estimated
between ends of the clines on both continents (Agis and
Schlötterer 2001; Kennington et al. 2003; Schmidt et al.
2005), and the strong enrichment of clinal CNVs of genes
involved in responses to insecticide, DNA damage, and
heat, a purely demographic explanation seems unlikely.
Moreover, these two explanations are not mutually exclusive:
There may be CNVs previously differentiated between Africa
and Europe due to local adaptation, leading to the
establishment—and maintenance by selection—of clinal pat-
terns following migration of both European and African flies
to the Australia and North America.

Three main patterns emerged from our characterization of
geographic variation in CNVs on two continents in two spe-
cies. First, in D. melanogaster, there is substantial sharing of
differentiated CNVs in the United States and Australia, as has
also been observed for differentiated SNPs along these clines
(Reinhardt et al. 2014). These results support the idea that
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spatially varying selection is correlated on the two continents
and that this adaptive differentiation is consistent with selec-
tion on ancestral variation (e.g., Aminetzach et al. 2005; Chan
et al. 2010; Kolaczkowski et al. 2011; Domingues et al. 2012;
Jones et al. 2012; Reinhardt et al. 2014). However, there are
also several interesting exceptions that are candidates for in-
dependently evolved adaptations, such as the CNVs encom-
passing Ace. All else being equal, newer adaptive variants
should be associated with larger-scale linkage disequilibrium.
This prediction can be tested in the future for the candidate
CNVs given appropriate genomic sequencing of the break-
points and surrounding regions.

Second, we observe no connection between the extent of
differentiation of CNVs and expression of genes residing
within these CNVs. Thus, simple dosage changes of genes
within differentiated CNVs do not appear to be the primary
targets of spatially varying selection. Ohno (1970) referred to
such changes as “Duplication for the sake of producing more
of the same,” and they have been proposed to be a major
force in duplicate gene retention (e.g., Sugino and Innan
2006), but they do not appear to account for strong patterns
of clinal variation in gene expression in Drosophila (Zhao et al.
2015). However, there are also examples of CNVs that change
overall levels of expression but that either encode proteins
with different functions (e.g., Labbé et al. 2007) or have dis-
tinct expression domains from their parental copies (e.g.,
Schrider, Navarro, et al. 2013). In fact, an example of CNVs
with different protein functions comes from the multiple
copies of the Ace gene maintained in the mosquito, Culex
pipiens: One copy is resistant to insecticide and one copy
retains the ancestral function (Labbé et al. 2007). In this
way, permanent heterozygosity is maintained in those pop-
ulations that experience strong selection from insecticides,
and again this mechanism has been proposed to act on
many pairs of gene duplicates (reviewed in Hahn 2009). In
addition, many of our CNVs only partially overlap genes; these
CNVs may also affect expression through duplicating or de-
leting regulatory regions or by altering coding sequences. Our
clinal CNVs may also alter expression levels of genes flanking
or distant from the duplication or deletion (Stranger et al.
2007). Distinguishing between these multiple proposed
mechanisms will require further molecular characterization
of the differentiated CNVs that we have detected.

Finally, although our analyses support the idea that CNVs
play an important role in adaptive differentiation within D.
melanogaster, we observe less evidence for this in D. simulans:
Though we do observe an equal number CNVs differentiated
on both continents, very few of these are differentiated in the
same direction with respect to distance from the equator.
This result could imply that spatially varying selection is less
pervasive in D. simulans than D. melanogaster, an interpreta-
tion that is consistent with previous studies suggesting that
clinal variation is less prominent in D. simulans (Singh and
Long 1992; Gibert et al. 2004; Arthur et al. 2008; Machado
et al. 2015). Machado et al.’s (2015) recent analysis of SNP
variation in D. melanogaster and D. simulans sampled along
the American cline again found less differentiation in D. sim-
ulans. Nonetheless, Machado et al. (2015) did find more

overlap among the sets of clinal genes in D. simulans and
D. melanogaster than expected by chance. This suggests that
spatially varying selection is contributing to clinal patterns of
SNP variation in D. simulans as well as D. melanogaster, and
that some of the same genes have been targeted in both
species. These findings combined with our results may imply
that the selective and stochastic forces affecting latitudinal
differentiation have a greater effect on patterns of SNP than
on copy-number variation in D. simulans. However, further
study will be required to illuminate the biological significance
of the intriguing excess of antiparallel differentiation in copy-
number along the two coastlines in D. simulans. More gen-
erally, better data sets and additional analyses will be required
to infer the relative importance of CNVs, SNPs, and other
polymorphisms in latitudinal adaptation, and to explain the
marked difference in the impact of geographically varying
selection on genomic polymorphism in these species.

Materials and Methods

Flies, Sequence Data, and Read Mapping
Drosophila melanogaster isofemale lines from Maine (n¼ 16),
Florida (n ¼ 16), Tasmania (n ¼ 15), and Queensland (n ¼
17) were previously described (Turner et al. 2008). North
American D. simulans isofemale lines were from Fairfield,
ME (n¼ 50) and Homestead, FL (n¼ 33) and were collected
by Perot Saelao. Australian D. simulans samples were col-
lected from Sorrell, Tas (n ¼ 16) and Maryborough, Qld (n
¼ 22) by Arthur et al (2008). For each population sample, a
single female fly was randomly picked from each isofemale
line. The flies from a population were then pooled
and Illumina libraries were constructed—one per population
(Kolaczkowski et al. 2011; Reinhardt et al. 2014). These librar-
ies were then sequenced using the Illumina Genome Analyzer
II (Reinhardt et al. 2014). Both of the Australian melanogaster
sequencing libraries were single-end. The remaining sequenc-
ing libraries were all paired-end. The numbers of se-
quenced fragments, average insert sizes, and average
depths-of-coverage after mapping for each of these eight
pooled sequence runs are shown in supplementary table
S1, Supplementary Material online. Using BWA version 0.5.9
(Li and Durbin 2009), we mapped D. melanogaster reads to
release five of the melanogaster assembly with repetitive ele-
ments masked by RepeatMasker (http://www.repeatmasker.
org), and D. simulans reads to an updated D. simulans assem-
bly (Hu et al. 2013). The D. melanogaster data are from
Reinhardt et al. (2014), and are available on the Short Read
Archive (bioproject accession number PRJNA237820). The D.
simulans data have also been uploaded to the Short Read
Archive (bioproject number PRJNA308157 for Maine sam-
ples; PRJNA307610 for all others).

Detecting Differentiated CNVs from Pooled Paired-
End Sequencing Data
We detected CNVs differentiated in allele frequency along
each cline in each species using a combination of read depth
and discordant paired-end mapping data as described in
Schrider, Begun, et al. (2013). Briefly, from each pooled sample

Parallel Evolution of Copy-Number Variation . doi:10.1093/molbev/msw014 MBE

1313

 at Indiana U
niversity L

ibrary on M
ay 12, 2016

http://m
be.oxfordjournals.org/

D
ow

nloaded from
 

http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw014/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw014/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw014/-/DC1
http://www.repeatmasker.org
http://www.repeatmasker.org
http://mbe.oxfordjournals.org/


we clustered nearby pairs of reads mapped in an orientation
indicative of a deletion (i.e., mapped further apart from one
another than expected) or of a tandem duplication (in
“everted” orientation; Cooper et al. 2008). We then counted
the number of mapped read pairs (or single reads in single-
end samples) supporting the CNV at the two endpoints of
the cline (zero if the nonreference allele is completely unde-
tected at that endpoint) and took the difference between the
two. We considered CNVs for which this difference was in
either the top or bottom 5% among all candidate CNVs to be
potentially differentiated, but omitted all putative CNVs
<50 bp in length.

We then used read depth information to confirm or reject
each potentially differentiated CNV by asking whether the
ratio of read depths between the two cline ends (again, ig-
noring repetitive DNA) departed significantly from 1:1 in the
direction predicted by the difference in the number of read
pairs supporting the CNV. The significance cutoffs were de-
termined empirically by randomly selecting genomic regions
of a given length and measuring the ratio of read depths
counted from the two ends of the cline, and selecting the
top and bottom 5% cutoffs from the resulting distribution.
CNVs with both a significant difference in supporting read
pairs and a concordantly extreme read depth ratio were con-
sidered to be differentiated between the cline endpoints.
Rather than compute these read depth ratio cutoffs for every
CNV length, we computed cutoffs for various lengths and for
a given CNV we used the cutoffs for the closest length of
lesser or equal value. These lengths were: 50, 100, 150, 200,
250, 300, 350, 400, 450, 500, 600, 700, 800, 900 bp, 1, 1.25,
1.5 kb, 1.75 bp, 2, 2.5, 3, 3.5, 4, 4.5, 5, 6, 7, 8, 9, 10, 20, 30,
400, 50, and 100 kb. Although the number of sampled flies
can impact estimates of allele frequency within pooled sam-
ples and therefore differentiation between populations
(Kolaczkowski et al. 2011; Zhu et al. 2018), our empirical
outlier-based approach should be unaffected, as we constrain
the probability of a differentiated CNV detected on one con-
tinent appearing to be differentiated on the other by chance
alone to be 0.05.

In D. simulans, we detected a large number of CNVs on the
X chromosome between positions 7000000 and 8300000 that
overlapped one another, and a similar region on chromosome
arm 2R between positions 331000 and 722000. Although
these may represent distinct CNVs rather than artifacts of
poor assembly or repetitive sequence in this region, from
these two regions we conservatively removed all overlapping
CNVs of the same type (i.e., duplication or deletion) except
for the largest one to prevent overcounting from affecting
tests of overlap between continents and GO enrichment.
When testing for significance of the overlap between CNVs
differentiated in North America and Australia in D. simulans,
we used a binomial test for an unusual fraction of North
American differentiated CNVs also differentiated in
Australia (expected fraction ¼ 0.05). We then tested the
fraction of Australian CNVs for overlap with North
American CNVs in the same manner. We conservatively
took the greater of the two P values resulting from these
two tests.

Subsampling Reads to Assess the Impact of
Differences in Coverage
In order to assess the effect of the greater coverage in Maine
than Florida on our CNV calls, we subsampled the set of
mapped fragments from the Maine data set to match the
number of fragments in Florida. This resulted in a fraction
(roughly 23%) of read pairs supporting the presence of CNVs
in Maine being thrown out. We then asked what fraction of
the differentiated CNVs in our full data set are also classified
as differentiated (according to the cutoffs described above)
after this subsampling, and repeated this process 1,000 times.
On average, 86.5% of the CNVs in our original North
American were recovered as differentiated in the subsampled
set.

Detecting Differentiated CNVs from Read Depth
Alone and Merging CNV Calls
Because the Australian D. melanogaster sequences were sin-
gle-end only, we used a hidden Markov model (HMM) to
detect differentiated CNVs from read depth along both clines
following Schrider, Begun, et al. (2013). Transition and emis-
sion probabilities were estimated from CNVs differentiated
along both clines. For the North American HMM, the ratios of
read depths from the North American data in these CNVs
were used to estimate the parameters. For the Australian
HMM, the ratios of read depths from the Australian data in
these CNVs were used. We then used the Viterbi algorithm to
segment the genome into three states: Higher copy-number
in the temperate cline endpoint, higher copy-number in the
tropical cline endpoint, and no difference in copy-number. To
determine which CNVs uncovered by this HMM were also
differentiated along the other continent, we counted read
pairs mapping within the CNV from each cline endpoint
and asked whether the ratio was in either 5% tail of the
empirical distribution as described above. We also counted
CNVs detected on both clines (by any method) as a single
event if each overlapped the other across at least 50% of its
sequence; in such cases, the CNV was assumed to span the
entire region encompassed by either of these two CNVs.
CNVs detected from read depth only are listed in supplemen
tary table S3, Supplementary Material online.

For each CNV detected by the HMM, we examined the
average read depth in each cline endpoint, and asked which
deviated more from the genome-wide average. If read depth
in this pooled sample was greater than the genome-wide
average, we inferred that the CNV is a duplication relative
to the reference genome, and otherwise inferred the CNV to
be a deletion relative to the reference.

Comparing Expression Differences with Copy-
Number Differentiation
We took the log2 fold-differences in expression between the
northern and southern endpoints of the North American
cline from Zhao et al. (2015) for each gene at least partially
residing in a CNV differentiated in North America (or both
continents). For each of these genes, we then took the ratio of
Florida:Maine read depths as a measure of copy-number
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differentiation between the two cline endpoints. We then
asked whether across genes differentiated in copy-number
there was a correlation between fold difference in expression
and read depth ratio. We performed this analysis twice: Once
using expression data from flies reared at 21 �C, and once
using 29 �C. If a gene was present in multiple differentiated
CNVs, we randomly selected the read depth ratio from only
one of these CNVs for inclusion before computing
Spearman’s rank correlation coefficient. Similarly, if a CNV
contained multiple genes, we randomly selected the expres-
sion value from one of these genes for inclusion in the
analysis.

Identifying CNVs Differentiated on Both Continents
We used two approaches to identify CNVs differentiated on
both continents within a given species. First, if we found two
CNVs, one from each continent, with at least 50% of the
length of each CNV overlapping the other, we treated
them as the same CNV. Second, for any CNV detected in
one continent, we counted the CNV as differentiated on the
other continent if the read depth ratio in that continent was
found within either 5% tail of the distribution of read depths
found in randomly selected regions of a similar (but no
greater) size than the CNV.

Testing for a Correlation between Recombination
Rates and CNV Densities
We used Comeron et al.’s (2012) recombination rate esti-
mates (downloaded from http://www.recombinome.com/),
and counted the number of differentiated CNVs in D. mela-
nogaster whose beginning (leftmost) position were found
within each 100-kb recombination rate window. One CNV
was located very close to the proximal telomere of chr3L
where no recombination rate estimate was available, and
was therefore omitted from the analysis. We then asked
whether there was a significant correlation between the num-
ber of CNVs found in each window and its estimated recom-
bination rate.

Testing for Enrichment of Annotation Categories
We tested for statistical enrichment of complete genes, ex-
onic base pairs, and intronic base pairs, within all differenti-
ated CNVs found in a species, as well as the number of such
CNVs overlapping large inversions. We also tested for enrich-
ment of GO terms associated with genes overlapping CNVs
differentiated on both clines in the same direction with re-
spect to distance from the equator. For enrichment testing in
D. melanogaster, we used gene locations and GO annotations
from FlyBase release 33 (Tweedie et al. 2009). For D. simulans,
we used the locations of orthologs to FlyBase release 33 genes
found by Hu et al. (2013) and again used the FlyBase GO
annotations. We then calculated P values for each GO term
or annotation category by permuting the set of CNV coor-
dinates 10,000 times and comparing the number of occur-
rences of each annotation feature in these permuted sets to
the true set. For observed GO terms, we calculated FDR (q
values) using the approach of Storey (2002), treating the
three GO namespaces (biological process, molecular

function, and cellular component) separately. To avoid over-
counting of GO terms due to spatial clustering of functionally
related genes, we counted each GO term encountered by a
given CNV only once even if that term appeared in multiple
genes overlapping the CNV.

Supplementary Material
Supplementary tables S1–S5 are available at Molecular Biology and
Evolution online (http://www.mbe.oxfordjournals.org/).
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