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Thomas Hunt Morgan and colleagues identified variation in gene
copy number in Drosophila in the 1920s and 1930s and linked such
variation to phenotypic differences [Bridges CB (1936) Science
83:210]. Yet the extent of variation in the number of chromosomes,
chromosomal regions, or gene copies, and the importance of this
variation within species, remain poorly understood. Here, we focus
on copy-number variation in Drosophila melanogaster. We char-
acterize copy-number polymorphism (CNP) across genomic re-
gions, and we contrast patterns to infer the evolutionary processes
acting on this variation. Copy-number variation in D. melanogaster
is nonrandomly distributed, presumably because of a mutational
bias produced by tandem repeats or other mechanisms. Compar-
isons of coding and noncoding CNPs, however, reveal a strong
effect of purifying selection in the removal of structural variation
from functionally constrained regions. Most patterns of CNP in D.
melanogaster suggest that negative selection and mutational
biases are the primary agents responsible for shaping structural
variation.
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C opy-number polymorphism (CNP) has a dramatic impact on
phenotypic variation within species. In humans, copy-
variable regions account for >15% of the total detected genetic
variation in gene expression (1), and some genes contributing to
disease are contained within known duplication and deletion
polymorphisms (2). In addition to its role in generating trait
variation within species, CNP represents the raw material for
gene family expansion and gene duplication between species.
This raw material has apparently had a major role in evolution
because 30-65% of genes in sequenced eukaryotes have been
duplicated (3). On a larger scale, differences in the number,
orientation, and distribution of chromosome segments are the
most distinguishing features characterizing divergence in ge-
nome architecture between species. As in the case of gene
duplication, the population genetic processes regulating CNP
(and other variation) within species drive these exceptional
differences in genome architecture (4).

Although there is ample incentive to uncover the properties
and dynamics of CNP, other than in humans little is known about
copy-number variation in natural populations. Open questions
remain about how much CNP exists in species’ genomes. The
observation that two unrelated healthy individuals can differ
from one another in copy number across their genome raises
uncertainty about the existence of an archetypal number of
copies for any particular gene. Related to issues of the extent of
CNP are differences in the type of CNP that can be found.
Namely, the frequency, degree of dominance, and size of CNPs
are largely unknown, as are differences between duplication and
deletion polymorphisms. Equally important are the locations,
chromosomal properties, and DNA sequence composition of
CNPs. Finally, of all of the major issues surrounding CNPs, our
knowledge of the evolutionary implications and functional con-
sequences is the most limited.

Here, we address these issues by characterizing how the
structure of the sequenced Drosophila melanogaster genome
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varies among representative populations from across the species
distribution. We focus on differences in copy number between
the sequenced Drosophila reference strain and five wild-type
isofemale fly strains from the United States (New York), West
Africa (Cameroon), East Africa (Kenya), French Polynesia, and
Europe (The Netherlands). To characterize CNP in D. melano-
gaster, we used microarray comparative genome hybridization
(aCGH), a technique that has demonstrated utility for detecting
differences in copy number across diverse species and platforms
(5, 6). We define a CNP as a genomic segment that, as assayed
by aCGH, differs in copy number between a wild-type strain and
the sequenced Drosophila reference strain.

Results and Discussion

Our microarrays are spotted arrays with 21,413 PCRs from
genomic material based primarily on the Heidelberg Assembly
(Eurogentec). Most PCRs amplify open reading frames, but
annotation with Drosophila genomic sequence v5.1 shows that
coding, noncoding (intron or UTR), and intergenic regions are
each represented. The median interval between the PCR probes
is ~4.1 kb and the mean probe length is 400 bp, which is closer
to the optimal length for aCGH (=140 bp) than other array
platforms (e.g., BACs) (7). In total, 11,934 genes are represented
on the array and on average there are 1.2 probes per gene.
The performance of aCGH was validated by self-self and
male—female hybridizations. Probes were interpreted as reveal-
ing a copy-number difference if the standard error of the
log-intensity ratio was beyond an intensity-ratio threshold. This
threshold ratio was established by constraining the number of
false positives to <1% in three replicate self—self hybridizations.
Only 14 of 17,728 high-quality probes were beyond a critical
threshold of +0.3 unit of the log-intensity ratio, giving an
estimated false-positive rate of 0.08% (Fig. 1). The adequacy of
this threshold for detecting copy-number differences was con-
firmed in three replicate male (XY) versus female (XX) hybrid-
izations by comparing the number of X-linked probes that were
beyond the threshold (Fig. 1). Of 2,970 high-quality X-linked
probes, 2,620 were greater than the threshold, yielding an
estimate of 88% and 12% for the rates of true positives and false
negatives, respectively. There is a slight difference in GC content
between true positives and false negatives based on the X
chromosome, but the magnitude of the difference is small and
the effects on the proportion of false negatives is negligible [see
supporting information (SI) Methods]. The error rate did not
differ between probes in coding and noncoding regions, sug-
gesting that any bias due to GC content (or another source) is
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Fig. 1. Average and standard error of log-intensity ratios in self-self hybrid-
ization (A) and male-female hybridization (B) (0.3 threshold is in blue). Red,
Xchromosome; green, chromosome 2L; orange, chromosome 2R;purple, chro-
mosome 3L; yellow, chromosome 3R; gray, chromosome 4.

not systematic in its effect on coding and noncoding regions. Of
15,346 high-quality autosomal probes, 36 were beyond the 0.3
ratio, providing a second estimate of 0.2% for the false-positive
rate.

Other than X-linked probes, we assume that probes beyond
the critical threshold in our male-female validation arrays
represent false positives. In several instances, however, apparent
false positives are likely recording real copy-number differences.
A contiguous set of seven probes on chromosome arm 3L
representing six genes (CG32022, CG6511, Chorion Protein 18,
Chorion Protein 15, Chorion Protein 16, and Paramyosin) show
beyond-threshold negative ratios. Chorion protein and adjacent
genes (e.g., CG32022 and Paramyosin)) are known to be amplified
in the follicle cells of D. melanogaster females, where amplifica-
tion of chorion genes is required for normal eggshell develop-
ment and female fertility (8, 9). From these results we conclude
that the false-positive rate predicted from male—female hybrid-
izations is an upper limit. We can also conclude that copy-
number differences can easily be detected from DNA extracted
from heterogeneous cell populations, such as that from isofe-
male strains that are segregating for CNPs. Segregating variation
is expected within isofemale strains because of heterozygosity
contributed by the collected wild-type female and her multiple
wild-type mating partners (10).

Unambiguous identification of duplications and deletions is
challenging because copy-number changes are relative for aCGH
data. By following the convention used for recent CNP assays of the
human genome (2), we assign the less frequent or minor allele to
the derived state. Minor alleles that are lower in copy number are
interpreted as losses (deletions), whereas minor alleles that are
higher in copy number are interpreted as gains (duplications).
High-frequency CNPs will be misclassified by using this approach,
but because >80% of CNPs in our sample are found in a single
strain (singletons), most CNPs are likely to be properly classified
based on frequency. For those probes in which a minor allele could
not be determined (e.g., if the frequency was 0.5 after removal of
low-quality probes), the probe was dropped from analyses where
gain/loss determination was required.
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Fig. 2. Distribution of probes (black = coding, gray = noncoding + inter-
genic) and copy-number polymorphisms (red) on chromosome arm 3R. (Inset)
Approximately 1 Mb of 3R is shown that illustrates clustering and noncoding
bias.
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CNP Frequency, Size, and Prevalence in Drosophila. In hybridizations
using pooled DNA from ~60 males from each of five wild-type
strains and ~60 males from the sequenced reference strain (four
slides per strain), 8.6% of 18,384 high-quality probes were
variable in at least one strain, and 99% showed only gain or only
loss. CNP in Drosophila is apparently quite common with, on
average, 436 CNPs per strain. Duplication and deletion CNPs are
not equally abundant. When CNPs are polarized into major and
minor alleles (1,465 probes), deletions outnumber duplications
by ~2:1 (987:478). Although a polymorphic deletion bias can be
found in Drosophila (e.g., 11), Redon et al. (2) noted that the
power to detect duplications could be lower as a result of a
smaller ratio of relative change compared with deletions (3:2
versus 1:2). This may in part explain the excess of deletions
detected by their platform and by ours. Singleton alleles account
for 81% of all variable probes. Although some of these are false
positives, this result suggests an appreciable level of between-
strain or between-population differentiation for CNP variants.

Regions that are known to vary in copy number between flies
in nature are detected as copy-number variable by aCGH.
Different Drosophila lines possess different transposable ele-
ment numbers and genomic distributions (12). Of 98 transpos-
able elements represented on the microarray, 58 are variable
between the sequenced strain and at least one of the five
wild-type strains (SI Table 3).

Although our aCGH scan indicates that many chromosome
segments are affected by CNP across the Drosophila genome,
regions equal to or smaller than single genes are most susceptible
to copy-number change. The median length between probes in
coding regions is only 4.7 kb, but single-probe copy-number change
accounts for 91% (1,440) of the total variation. Of those probes
showing evidence for multiprobe change, the median length is ~3
kb. The largest region showing copy gain is 12 kb on chromosome
2L. It includes two probes: one falls within the coding region of the
gene salm and the other is located in the 3’ intergenic region. The
largest region showing copy loss is ~33 kb on chromosome arm 2R.
The region includes two adjacent probes, both of which fall within
an intronic region in the current annotation of the gene luna.

Genomewide Consequences of Mutation and Natural Selection for
CNPs. Although large genomic regions are not commonly in-
volved in copy-number variation in D. melanogaster, clusters of
CNPs are found across the Drosophila genome (P = 0.018) (Fig.
2). This nonrandom distribution suggests the existence of chro-
mosomal segments of structural instability. Structural variation
“hot spots” have been found for human and chimpanzee (Pan
troglodytes), in which ancient segmental duplications (regions of
>1 kb with >90% sequence similarity), and included repeat
regions, have been implicated in the formation of CNPs (6).
Repetitive regions are believed to facilitate structural genomic
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