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Figure 4.  Genome architecture of the CCL3/CCL3llocus in humans and chimpanzees. (A) Log ratio distributions of the WGTP clones Chr17tp-10G9
and Chr17tp-6G12 from the human 1712 locus for humans (top) and chimpanzees (bottom; ref., reference). (B) Sequence annotation of this locus
based on the human reference genome (hg18), with locations of the WGTP clones and fosmids used in this study. We compared two human samples
and Clint to NA10851 by aCGH with a human oligonucleotide platform covering the 1712 locus with a median spacing of 50 bp. The high-resolution
profiles are concordant with the WGTP results displayed inA: NA18916 shows an increase inCCL3L1copy number together with a decrease in TBC1D3
copy number compared with NA10851, while NA19108 shows relative copy number gains for both genes. In contrast, no difference in CCL3L1copy
number can be detected between Clint and NA10851. Instead, a high-fold relative copy number loss of the TBC1D3gene is identified in Clint, thus
explaining the CND loss detected with the WGTP platform. (C) Absolute CCL3L1copy number measurement by fiber-FISH, using probes containing
CCL3(green), CCL3L1(red), and a DNA segment between these two genes (in white). NA10851 carries a single copy of CCL3LIper chromosome, while
NA18916 carries one copy of CCL3L1on one chromosome, but two copies on the other chromosome. For Pt205 and Pt296, no DNA fiber shows green
and red signals together, suggesting that CCL3and CCL3L1are not adjacent genes in chimpanzee. In addition, we observed only single red signals for
these two chimpanzee individuals, with no evidence of tandem CCL3L1duplication. (D) Interphase-FISH with probes containing CCL3(green) and
CCL3L1(red). In NA10851 cells, the signals corresponding to CCL3and CCL3L1cannot be discriminated spatially. In contrast, gaps between the red and
green signals can be observed in chimpanzee nuclei, confirming major structural differences in the architecture of the CCL3L1locus between human
and chimpanzee. These results are concordant with the published sequence of chimpanzee chromosome 17 (panTro2 assembly), where a single copy
of CCL3L1is present at 19.41 Mb and CCL3is mapped at 21.07 Mb.

Evolutionary origins of copy number variation tion of variants under extreme and long-term balancing selection
pressures (e.g., the MHC locus) (Lawlor et al. 1988), it is unlikely
By comparing the respective locations of human and chimpan- that genetic polymorphisms present in the human—chimpanzee
zee CNVs to each other and with particular features of our ge- common ancestor would have been maintained to our extant
nomes, we may gain considerable insight into the evolution of species (for discussion, see Perry et al. 2006). This theoretical
genomic instability, and specifically, copy number variation. We expectation is supported by empirical studies of variants with
found that 144 of the 353 human CNVRs (42%) overlapped relatively low likelihoods of multiple hits (recurrent mutation at
chimpanzee CNVRs, versus the random expectation of only 39 the same site) on this timescale (Hacia et al. 1999; Weber et al.
CNVRs (11%; permutation test; P<1  10'° ). With the excep- 2002; Asthana et al. 2005). For example, Hacia et al. (1999) found
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that none of the 271 human single nucleotide polymorphisms
(SNPs) they examined were also polymorphic in 23 chimpanzees.
Therefore, the presence of both human and chimpanzee CNVs in
orthologous genomic regions likely reflects recurrent CNV gen-
esis rather than maintenance of ancestral polymorphisms, sug-
gesting that sequence motifs or architectures shared between the
human and chimpanzee genomes may predispose certain chro-
mosomal regions to structural instability in both extant species.

Previous studies in humans (Redon et al. 2006), chimpan-
zees (Perry et al. 2006), rhesus macaques (Macaca mulatta) (Lee et
al. 2008), and mice (Mus musculus) (Graubert et al. 2007) have
reported that CNVs are significantly enriched for segmental du-
plications (SDs; low-copy repeats =1 kb and =90% similarity)
(Bailey et al. 2002), suggesting that nonallelic homologous re-
combination (NAHR) mechanisms may play important roles in
the formation of CNVs (see Cooper et al. 2007) in diverse mam-
malian lineages. To examine in more depth these genomic pat-
terns using our multispecies CNV data set, we identified the lo-
cations of SDs in the human and chimpanzee genomes, applying
size and similarity cutoffs (=10 kb and =94% identity, respec-
tively) to achieve roughly similar resolution in our databases of
human and chimpanzee SDs (i.e., accounting for the more lim-
ited power to identify SDs of smaller size and lower similarity in
the chimpanzee genome). We then compared the locations of
the human and chimpanzee CNVs with those of SDs and used
permutations to gauge levels of enrichment relative to random
expectations.

We found that 182 of the 353 human CNVRs (51.6%) over-
lapped segmental duplications in the human genome, compared
with 47 (13.4%) expected by chance alone (permutation test;
3.9-fold enrichment; P<1 X 10~ '%), A similar level of enrich-
ment was observed for chimpanzees: 171 of 453 CNVRs (39.0%)
overlapped SDs in the chimpanzee genome versus only 41 (9.3%)
expected (4.2-fold enrichment; P <1 X 10~ '%). While levels of
enrichment were highest for common CNVRs, rare (singleton)
CNVRs were still threefold or more enriched for SDs in each
species (Supplemental Table 2). When we isolated and classified
individual CNV events (i.e., a given CNVR may be comprised of
two or more overlapping CNV events, distinguished by log, ratio
profiles), we found that the frequency of SD overlap is consider-
ably higher for certain CNV types—especially multiallelic and
deletion + duplication CNVs—in humans as well as in chimpan-
zees (Table 1). Such CNVs appear to occur almost without excep-
tion in genomic regions that are hotspots for SD-mediated
NAHR.

Table 1. Percentage of CNVs overlapping SDs, by CNV type

We were particularly interested in comparing relationships
between CNVs and SDs while considering whether they were
observed in one or both species. For these analyses, we isolated
subsets of SDs found only in the human genome, only in the
chimpanzee genome, or in orthologous regions in both species
(shared SDs), and compared these with similar groupings of
CNVRs (Fig. 5A). We found that “human-specific CNVRs” (i.e.,
human CNVRs that do not overlap any chimpanzee CNVRs in
our data set) were enriched 3.5-fold for human-only SDs versus
only 2.2-fold for chimpanzee-only SDs mapped onto the human
genome. Similarly, “chimpanzee-specific CNVRs” (i.e., chimpan-
zee CNVRs that do not overlap any human CNVRs in our data
set) were enriched 5.4-fold for chimpanzee-only SDs compared
with 2.2-fold for human-only SDs. Here, it is important to note
that since SD identifications for any given genomic region are
based largely on the sequence of a single individual, all human-
only and chimpanzee-only SDs do not necessarily reflect species-
specific duplications (i.e., there may be a subsequent deletion
polymorphism in the region in one species). Still, these results
strongly suggest that species-specific CNV patterns are directly
associated with architectural differences between the human and
chimpanzee genomes.

Therefore, it is reasonable to ask whether the observed ex-
cess of CNVs in orthologous genomic regions in both species
might have been driven by recurrent NAHR of shared SDs, which
are inferred to have been present in the genome of the human-
chimpanzee common ancestor and maintained in both lineages.
In fact, we found that the existence of a large majority of such
CNVs could be explained by this mechanism: 96 of 140 human-
chimpanzee CNVRs (69%) overlapped shared SDs, compared
with 20 CNVRs that were expected to overlap shared SDs based
on chance alone (14%; 4.8-fold enrichment; P <1 X 10715),

To explore in more detail the evolutionary relationships be-
tween CNVs and SDs, we estimated nucleotide sequence similari-
ties for intra- and interchromosomal SD paralogs in the human
genome and examined their intersection with the above-
classified CNVRs. For CNVRs that overlapped more than one SD,
we assigned one intra- and one interchromosomal SD percent
similarity value, based on the overlapping SD paralog with the
greatest product of percent identity and length. Although similar
patterns were observed for rare CNVRs (Supplemental Table 3),
the observed enrichments were greatest for CNVRs observed in
two or more individuals (Fig. 5B). For human-specific CNVRs, a
significant 2.7-fold enrichment was observed for SDs with >99%
intrachromosomal nucleotide sequence identity (P = 0.007),

Chimpanzee (n = 30)°

Human (n = 30)° Human HapMap (n = 269)°

No. of Percent of CNVs No. of Percent of CNVs No. of Percent of CNVs
Type of CNV event?® CNVs overlapping SDs? CNVs overlapping SDs¢ CNVs overlapping SDs¢
Deletion 125 24% 88 38% 428 19%
Duplication 99 29% 79 M1 % 397 34%
Deletion + duplication 23 74% 28 50% 92 75%
Multi-allelic 23 87% 26 92% 19 95%
Complex 224 52% 203 64% 121 76%
Total 494 43% 424 55% 1057 37%

*We used the same CNV classification system as in Redon et al. (2006) (see Methods).

PHuman and chimpanzee CNVs from this study.

“Human autosomal CNVs identified among 270 HapMap individuals (Redon et al. 2006). Only data from the WGTP platform are included.
9Human and chimpanzee CNVs were analyzed with size-matched SDs identified in the respective genomes (see text). The HapMap CNVs were

reanalyzed with the same SD data set.
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Figure 5. Colocalization of CNVs and SDs in the human and chimpanzee genomes. (A) Observed
and expected proportion of human-specific CNVs (i.e., human CNVs that do not overlap any chim-
panzee CNVs), chimpanzee-specific CNVs, and CNVs that were observed in orthologous regions in
both species that overlap human-only, chimpanzee-only, and shared SDs. A given CNV may intersect
more than one type of SD. Expected values are based on 10,000 randomized permutations. (B) Ratio
of observed (obs) versus expected (exp) number of common CNVs (observed in two or more indi-
viduals) overlapping SDs in the human genome, binned by nucleotide sequence similarity between
intrachromosomal SD paralogs. For CNVs overlapping multiple SDs, the SD with maximum (similarity
x length) is reported. Expected values are based on 1000 randomized permutations. *P < 0.01;

**P<0.001; ***P<1 X 1078

with generally concomitantly decreasing enrichments for lower
SD percent similarity bins. This pattern for human-specific
CNVRs provides several evolutionary insights. First, given that
human-chimpanzee nucleotide sequence divergence is ~1.23%
(The Chimpanzee Sequencing and Analysis Consortium 2005), a
subset of SDs in the >99%-100% similarity frequency bin may be
human specific and thus unavailable as a substrate for NAHR-
mediated CNV genesis in chimpanzees. In addition, NAHR is
more likely to occur among sequences with higher nucleotide
similarity (Bailey and Eichler 2006); therefore, duplication and
deletion mutation rates and CNV diversity levels may be rela-
tively high in regions containing nearly identical SD paralogs.
Finally, some human SD paralogs with the very highest similari-
ties (near 100%) may not even represent previously fixed dupli-
cations, instead reflecting duplication CNVs for which the donor
for the human genome reference sequence carried the derived
allele.

In contrast to human-specific CNVRs, chimpanzee-specific
CNVRs are not significantly enriched for human SDs in the two

>99-100 >98-99 >97-98 >96-97 >95-96 >94-95 >93-94 >92-93 >91-92 90-91
SD paralog nucleotide sequence similarity (%) in the human genome

strikingly, the highest level of enrich-
ment for these CNVRs was with SD para-
logs that are less diverged than our a
priori expectations for shared SDs (a
minimum of ~1.23%; the level of hu-
man-chimpanzee nucleotide sequence
divergence (The Chimpanzee Sequenc-
ing and Analysis Consortium 2005) in
the absence of subsequent gene conver-
sions or duplications or both.

We expected to find CNVRs and in-
terchromosomal SD paralogs to intersect
no more than would be expected by
chance. However, surprisingly, the enrichment patterns we ob-
served for CNVRs with interchromosomal SDs were broadly simi-
lar to those with intrachromosomal SDs (Supplemental Table 3).
To examine this interesting result in more detail, we compared
the locations of human CNVRs with both intra- and interchro-
mosomal SD paralogs in a single analysis, as many SD loci are
organized in mosaic architectures of juxtaposed duplicated seg-
ments, where intra- and interchromosomal SDs overlap within
and around core duplications (Jiang et al. 2007). Of the 139 com-
mon CNVRs that overlapped SDs, 126 (91%) were associated with
intrachromosomal SD paralogs, including 87 CNVRs (69%) that
also overlapped interchromosomal SD paralogs. Therefore, there
are relatively very few CNVRs that overlapped interchromosomal
but not intrachromosomal SDs (13 of 139, or 9%; Supplemental
Fig. 3). Thus, we believe that the observed association between
CNVRs and interchromosomal SDs is predominantly a shadow-
ing effect from intrachromosomal SD paralogs, which, via NAHR,
are likely responsible for the structural instability of the majority
of these genomic regions.
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CNV frequency distribution analyses

It has been noted that genes with sensory perception and im-
mune response functions are over-represented in human CNV
regions (Redon et al. 2006; Cooper et al. 2007). This enrichment
has been interpreted to reflect positive selection for copy number
variation of these genes (Nguyen et al. 2006). However, such a
pattern could also arise if CNV mutation rates were relatively
higher for sensory perception and immune response genes, or if
copy number changes for genes with other functions (i.e., non-
sensory and nonimmune response) were relatively more delete-
rious (Nguyen et al. 2008; Young et al. 2008). For example, in a
recent study, Nozawa et al. (2007) observed that a similar pro-
portion of functional olfactory receptor genes and nonfunctional
olfactory pseudogenes overlapped CNVs that were identified
among 270 HapMap individuals (Redon et al. 2006), leading
them to suggest that CNV patterns for functional olfactory re-
ceptors may largely reflect neutral evolution (i.e., genetic drift),
rather than positive or purifying selection.

To address these issues, we examined CNVR frequency dis-
tributions for Gene Ontology functional categories (Ashburner et
al. 2000), based on the number of rare versus common variants
containing one or more genes (for each category). Purifying se-
lection may prevent deleterious variants from reaching interme-
diate frequencies. Therefore, by identifying Gene Ontology func-
tional categories with relatively high proportions of rare variants,
we can identify classes of genes for which copy number variation
is the most likely to be deleterious (Ohta 1973; Akashi 1999;
Williamson et al. 2005). We focused our analyses on SD-
overlapping CNVRs, because CNV mutation rates (and thereby
neutral frequency distributions) may differ considerably between
SD and non-SD regions, and in humans, considerably more gene-
containing CNVRs overlap SDs (see Supplemental Note).

Compared with the ratios for all gene-containing CNVRs, in
both species there were relatively high proportions of rare CNVRs
that overlap genes with sequence-specific DNA-binding and pro-
tein phosphatase activity functions (Table 2). In contrast, there
were no rare CNVRs that overlap genes with defense response or
lipid metabolic process functions in either species. These results

provide evidence that levels of evolutionary constraint on gene
copy number variation may vary considerably among functional
categories. Specifically, CNVRs containing genes with sequence-
specific DNA-binding and protein phosphatase activity functions
are most likely to be under purifying selection. These CNVRs are
intriguing candidates for disease association studies. Further-
more, defense response and lipid metabolic process genes appear
relatively tolerant to copy number change in both humans and
chimpanzees, although at present we are unable to distinguish
between neutral evolution and positive or balancing selection
hypotheses for these CNVRs (Supplemental Note).

Comparisons of copy number fixation and polymorphism

Recent genome comparison studies have discovered an elevated
rate of gene-containing duplications in the human lineage
(Fortna et al. 2004; Cheng et al. 2005; Demuth et al. 2006), rais-
ing the possibility that some of these duplications may have been
fixed by positive selection. Therefore, identifying the specific
genes or gene families affected may help us to better understand
hominin evolution. In the McDonald-Kreitman (MK) test (1991),
the ratio of the number of between-species fixed differences to
the number of intraspecific polymorphisms for a putatively func-
tional class of variation is compared with that for a neutral class
of variation. These ratios will be similar under neutrality, whereas
a relative excess of fixed differences for the functional class
would suggest that some functional variants may have been fixed
by positive selection (McDonald and Kreitman 1991). The MK
test was originally developed to identify signatures of selection in
gene coding regions. Here, we have adapted this framework for
use with CNV data.

For this analysis, we determined the number of fixed CNDs
between human and chimpanzee and the number of CNVs
within each species that contained one or more genes with a
given Gene Ontology function, compared with a similar ratio for
intergenic CNDs and CNVs that did not overlap any genes. Al-
though some intergenic variants may be of functional impor-
tance (for example, by influencing the expression levels of
nearby genes; Stranger et al. 2007), as a whole, this group likely

Table 2. Gene contents and frequency distributions of human and chimpanzee CNVRs

Genes Human CNVRs Chimpanzee CNVRs
Category® Description R c Ratio R/C Score® R® c Ratio R/C Score€
All genes — 40 137 0.29 1.00 57 121 0.47 1.00
Lowest scores
GO:0006952 Defense response 0 13 0.00 0.07 0 9 0.00 0.10
G0O:0006629 Lipid metabolic process 0 10 0.00 0.09 0 7 0.00 0.13
G0:0003924 GTPase activity 0 11 0.00 0.08 2 8 0.25 0.58
GO:0006886 Intracellular protein transport 0 12 0.00 0.08 2 6 0.33 0.75
G0:0004871 Signal transducer activity 3 10 0.30 1.03 0 12 0.00 0.08
GO0:0004984 Olfactory receptor activity 3 10 0.30 1.03 0 9 0.00 0.10
Highest Scores
G0:0007601 Visual perception 3 7 0.43 1.41 3 4 0.75 1.47
G0:0005488 Binding 4 9 0.44 1.47 4 5 0.80 1.58
GO:0004674 Protein serine/threonine kinase activity 4 8 0.50 1.63 5 7 0.71 1.45
G0O:0043565 Sequence-specific DNA binding 5 11 0.45 1.51 6 5 1.20 2.29
G0O:0004725 Protein tyrosine phosphatase activity 4 6 0.67 2.10 2 2 1.00 1.75
GO:0006470 Protein amino acid dephosphorylation 5 6 0.83 2.59 2 2 1.00 1.75

#Selected Gene Ontology (GO) categories, with =10 SD-containing CNVRs that overlap one or more genes of a given GO category in at least one

species.
PR, rare (frequency = 1); C, common (frequency = 2).

“The score is a normalized R/C ratio for each GO category. It was calculated for each species using the formula (1 + R/A)/(1 + C), where A is the ratio
R/C for all genes. Only the GO categories with the six lowest and six highest averaged scores are listed.
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better reflects neutral evolution than gene-containing CNDs and
CNVs.

A subset of the MK results is provided in Table 3. Due to the
small number of variants representing any one functional cat-
egory, we lacked statistical power to identify significant outliers
(the P-values reported in Table 3 are not corrected for multiple
tests)—therefore, these findings should be considered prelimi-
nary. Relative to fixation and polymorphism in intergenic re-
gions, there were lower proportions of fixed differences overlap-
ping genes with peptidase activity, ion and intracellular protein
transport, and carbohydrate metabolic process functions. This
pattern may be consistent with either purifying selection against
the fixation of copy number changes or selection for the main-
tenance of CNVs (i.e., balancing selection). Ratios for immune
response and olfactory receptor genes—often discussed in terms
of CNVs and natural selection—were similar to those for inter-
genic regions, which is consistent with neutrality (see also Zhang
2007). In contrast, inflammatory response and cell proliferation
function categories were both characterized by a relative excess
of fixed CNDs, suggesting that some of these duplications or
deletions may have been fixed by positive selection. Therefore,
the affected genes will be of particular interest for subsequent
studies focusing on the evolution of adaptive phenotypic-level
differences between humans and chimpanzees.

Interestingly, every fixed CND that overlaps inflammatory
response genes is a copy number loss in chimpanzees relative
to humans. Based on an alignment of the two reference ge-
nome sequences (Karolchik et al. 2003), the APOL1, APOL4,
CARDI18 (previously known as ICEBERG, RefSeq accession no.
NM_021571), IL1IF7, and ILIF8 genes have been completely de-
leted in chimpanzees. While these deletions were also identified
and discussed in the initial description of the chimpanzee ge-
nome sequence (The Chimpanzee Sequencing and Analysis Con-
sortium 200S), our analyses in the present study have further

shown that (1) these gene deletions are likely fixed in chimpan-
zees, unlike the B4GALNT?2 first exon deletion depicted in Figure
2 (see also Supplemental Table 5, for additional examples of non-
fixed gene disruptions previously identified in Clint’s genome),
and (2) they may have been driven to fixation by positive selec-
tion.

Discussion

We have constructed a genome-wide map of copy number varia-
tion in humans and chimpanzees using a single human aCGH
platform. These data represent the first comprehensive resource
to examine the evolutionary significance of copy number varia-
tion in both the human and chimpanzee genomes. Human and
chimpanzee CNVs occurred in orthologous genomic regions far
more often than would be expected by chance and were strongly
associated with the presence of highly homologous intrachromo-
somal SD paralogs at these loci. This result seems to reflect, in
large part, recurrent NAHR involving duplicated DNA segments
that probably originated in the human-chimpanzee common
ancestor and have been retained in the genomes of both extant
species. This hypothesis is supported further by observations of
several other genomic instabilities shared between humans and
other non-human primates that also occur in regions of ancestral
duplication (Fortna et al. 2004; Babcock et al. 2007; Dumas et al.
2007; Lee et al. 2008).

Additionally, we have analyzed our data in an evolutionary
population genetic framework, considering CNV data by Gene
Ontology category to perform tests of neutrality. These analyses
have identified specific genes, particularly those with inflamma-
tory response functions, which may have faced exceptional natu-
ral selection pressures at the copy number level during human
and chimpanzee evolution. The specific functional roles of these
genes, such as APOL1, APOL4, CARD18, IL1F7, and IL1F8 that are

Table 3. Rates of copy number fixation and polymorphism by gene functional categories

GO categories® Description Fixed CNDs® Total CNVRs© Ratio F/T Score? P-value®
— No gene (intergenic) 18 117 0.15 1.00 NA
— One or more gene(s) 74 518 0.14 0.93 0.886
Lowest scores
G0:0008233 Peptidase activity 0 25 0.00 0.04 0.048
G0:0048503 GPI anchor binding 0 23 0.00 0.04 0.077
G0:0016301 Kinase activity 0 18 0.00 0.05 0.132
GO:0006811 lon transport 1 48 0.02 0.15 0.027
GO:0005215 Transporter activity 1 45 0.02 0.16 0.029
Other scores (discussed in text)
GO:0006955 Immune response 3 35 0.09 0.57 0.420
G0:0004984 Olfactory receptor activity 5 20 0.25 1.60 0.534
Highest scores
G0:0005506 Iron ion binding 8 28 0.29 1.83 0.197
G0:0051301 Cell division 5 15 0.33 2.09 0.182
G0:0007067 Mitosis 5 15 0.33 2.09 0.182
G0:0008283 Cell proliferation 6 15 0.40 2.50 0.099
G0:0006954 Inflammatory response 5 12 0.42 2.58 0.141

?Gene Ontology (GO) categories were included in the analysis only if F + T > 16, where Fis the number of fixed CNDs and T the total number of CNVRs

with one or more genes from the GO category.

®The number of CNDs between the human and chimpanzee reference individuals that did not overlap any within-species human or chimpanzee CNVR,

that overlap one or more genes assigned to a given GO category.

“The number of total CNVRs (human-only CNVRs + chimpanzee-only CNVRs + CNVRs observed in the same regions in both species; i.e., no CNVR
regions are counted twice) that overlap one or more genes assigned to a given GO category.

9The score is a normalized F/T ratio for each GO category. It was calculated using the formula (1 + F/A)/(1 + T), where A is the ratio F/T for all
CNDs/CNVRs that do not contain genes (intergenic variants). The GO categories with the five lowest and five highest scores are listed, as well as two
categories discussed in the text: see Supplemental Table 4 for complete data set.

*Two-tailed Fisher’s exact tests for each GO category versus the intergenic F/T ratio (CNDs/CNVRs). P-values are not corrected for multiple tests.
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completely deleted in chimpanzees, are therefore of great inter-
est. In humans, the APOL1 gene (Apolipoprotein L-1) is involved
in resistance to protozoan trypanosome parasites that cause
sleeping sickness (Vanhollebeke et al. 2007). Potential selective
advantages of APOL1 gene deletion for chimpanzees are not im-
mediately apparent; however, we may be able to generate testable
hypotheses once we understand better the other functions of this
gene in humans (Pays et al. 2006). The interleukin-1 family mem-
ber 7 (IL1F7) protein and CARD18 both interact with caspase 1
(Humke et al. 2000; Kumar et al. 2002), which plays critical roles
in innate immunity and inflammation (Kersse et al. 2007). For
example, CARD18 binds to and inhibits the function of caspase
1 (Humke et al. 2000), thereby inhibiting production of the in-
terleukin-1-beta inflammatory cytokine. Therefore, this inflam-
matory pathway is likely regulated differently in chimpanzees
than in humans. Interestingly, a mutation that inactivates the
human CASP12 gene has been driven to near fixation by positive
selection (Wang et al. 2006; Xue et al. 2006), likely because loss-
of-function of caspase 12 confers resistance to sepsis (Saleh et al.
2004). Thus, it is particularly striking that gene-disrupting mu-
tations affecting similar inflammatory response pathways have
now been associated with potential signatures of positive selec-
tion in both humans and chimpanzees. Together, these obser-
vations provide support for Olson’s “less-is-more” hypothesis
(Olson 1999)—which proposes that gene losses can be adaptive—
and highlight the potentially significant role played by turnover
of inflammatory response genes in hominoid evolution.

We also investigated in detail the pattern of copy number
variation at another gene with inflammatory response functions,
CCL3L1 (chemokine C-C motif ligand 3-like 1). Gonzalez et al.
(2005) found that in human populations, lower CCL3L1 copy
numbers were associated with increased susceptibility to HIV in-
fection and progression to AIDS. We were particularly interested
in this locus because Gonzalez et al. (2005) reported extensive
CCL3L1 copy number variation in chimpanzees, with an average
copy number that was substantially higher than that observed in
any human population. This finding is intriguing because HIV
has only recently been a human disease and is therefore unlikely
to have driven any adaptive changes in human CCL3L1 copy
number. In contrast, chimpanzees were likely exposed much ear-
lier to an HIV-like virus (Keele et al. 2006). Thus, one could hy-
pothesize that HIV-related positive selection has led to a rela-
tively increased chimpanzee CCL3L1 copy number.

However, unexpectedly, our results showed no CND for the
CCL3L1 gene between the human and chimpanzee reference in-
dividuals, and no within-species copy number variation at the
17q12 locus among the 30 chimpanzees examined in our study
(Fig. 4A,B). Instead, we identified a relative copy number loss of
the nearby oncogene TBC1D3 in the chimpanzee compared with
the human reference individual (Fig. 4B). In humans, eight
paralogous copies of the TBC1D3 gene (named TBCID3 and
TBC1D3B to TBC1D3H) have been described at 17q12, many
with different expression patterns (Hodzic et al. 2006). In con-
trast, only one copy of TBC1D3 is found in the chimpanzee ge-
nome reference sequence assembly (panTro2) (The Chimpanzee
Sequencing and Analysis Consortium 2005). While future studies
will be required to understand better the relative evolutionary
roles of CCL3L1 and TBC1D3 in shaping the complex chromo-
some 17q12 region, our results raise the possibility that the hu-
man-chimpanzee difference and the unusually high level of hu-
man population differentiation observed at this locus (Gonzalez
et al. 2005; Redon et al. 2006) were driven by positive selection

for TBC1D3, rather than CCL3L1, duplications. Related to this
hypothesis, it was recently demonstrated that TBC1D3 strongly
influences cell proliferation (Wainszelbaum et al. 2008), a func-
tional category with one of the highest relative rates of CND
fixation (Table 3). Moreover, TBC1D3 is located within one of the
14 “core duplicons” that have been identified in the human ge-
nome (Jiang et al. 2007). The rapid expansion of these gene-
enriched cores, which are the focal points for large blocks of
human lineage-specific duplications, may reflect positive selec-
tion for copy number increases in human evolution (Jiang et al.
2007).

In summary, our analysis reveals the power of comparing
within- and between-species patterns of variation at the copy
number level for providing insights into mutational mechanisms
and selective forces acting on this important class of genetic di-
versity. This framework can be expanded to CNV studies in other
species, and augmented for future studies using next-generation
technology platforms to investigate more complete size and class
ranges of structural variation.

Methods

Samples

Human DNAs were obtained from the Coriell Institute for Medi-
cal Research and the HGDP-CEPH Human Genome Diversity Cell
Line Panel. We selected African individuals for this study because
nucleotide sequence genetic diversity in humans is regularly ob-
served to be highest in sub-Saharan Africa, at a level generally
comparable or slightly higher than that of Western chimpanzees
(e.g., Fischer et al. 2006). A sample of only one or a few individu-
als from many different worldwide populations, while possibly
facilitating the identification of a larger number of human CNVs,
would have been less comparable in population genetic analyses
to our chimpanzee sample that is comprised primarily of one
subspecies. Chimpanzee B-lymphoblast cell lines were obtained
from the Coriell Institute for Medical Research and Integrated
Primate Biomaterials and Information Resource. Chimpanzee
whole blood samples were collected at the New Iberia Research
Center and the Primate Foundation of Arizona during routine
veterinary appointments. DNA was isolated from cell lines and
whole blood using the PureGene DNA Isolation Kit (Gentra Sys-
tems). Subspecies identification for wild-born individuals was
based on mitochondrial DNA hypervariable region sequencing
and comparison to individuals from known capture location
(Stone et al. 2002). Estimated subspecies ancestry for captive-
born individuals was based on mitochondrial DNA and Y chro-
mosome sequencing (Stone et al. 2002) and pedigree analysis.
The captive-born reference chimpanzee, Clint, is primarily of
Western subspecies origin (The Chimpanzee Sequencing and
Analysis Consortium 2005).

aCGH experiments

The aCGH platform used in this study was the human Whole-
Genome TilePath (WGTP) array, previously used to identify
CNVs among the genomes of 270 individuals from four human
populations of the International HapMap Project (Fiegler et al.
2006; Redon et al. 2006). After addition of new clones to fill
coverage gaps, the array includes 28,708 large-insert clones, cov-
ering ~97% of the euchromatic portion of the human genome
reference sequence. The clone set and mapping information can
be accessed and downloaded using the Ensembl genome browser
(www.ensembl.org/Homo_sapiens/index.html) by activating the
“30K TPA clones” decoration within the graphical overview. Mi-
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croarray hybridizations were performed as previously described
(Fiegler et al. 2007). All experiments were performed in duplicate
with DNA labeling color reversal (dye swap). Array images were
acquired using a 5-pm resolution Agilent Technologies G2505A
laser scanner. Fluorescence intensities and log, ratio values were
extracted using BlueFuse software (BlueGnome Ltd). Array infor-
mation, experimental design, raw intensities and processed log,
ratio values are all available through ArrayExpress (http://
www.ebi.ac.uk/arrayexpress/) under the accession number E-
TABM-479. Fusion of dye-swap results and subsequent analyses
were performed using custom Perl scripts as previously described
(Fiegler et al. 2006), with one additional step: After image quan-
tification, log, ratio calculation and block median normalization,
we have introduced a G+C correction, which consists of normal-
izing the log, ratios of each clone using the content in G+C
percent of that clone. This correction was performed by linear
regression using the module LineFit in Perl (http://search.
cpan.org/~randerson/Statistics-LineFit-0.07) and applied on each
individual profile before fusion of dye-swap results. Copy-
number variable segments were automatically detected using the
CNVfinder algorithm (Fiegler et al. 2006). The full set of CNV
calls per individual is available in Supplemental Table 6. Because
human-chimpanzee nucleotide sequence divergence is on aver-
age ~1.23% (The Chimpanzee Sequencing and Analysis Consor-
tium 2005), there is an expected sequence mismatch effect for
the between-species Clint versus NA10851 aCGH experiment. To
address this issue, this experiment was carried out following
identical procedures, but with addition of one normalization step
to account for chimpanzee vs. human nucleotide divergence
(which varies among clones; based on an alignment of the hu-
man and chimpanzee genome sequences) and with slight modi-
fications of the CNVfinder algorithm (R. Redon, pers. comm.).
However, we note that we would be unable to identify deletions
that have been fixed in the human lineage, because these se-
quences would not be represented on the array; the same limi-
tation does not exist for chimpanzee-lineage deletions. We also
note that the use of a human platform comprised of large insert
clones is not expected to have a large effect on the quality of the
within-species chimpanzee experiments, because both the test
and reference individuals for these experiments would have simi-
lar numbers of nucleotide sequence mismatches from the clones
on the array. High-resolution aCGH experiments were performed
using a custom oligonucleotide array (NimbleGen Systems) that
cover the hgl8 genome interval chr17:31Mb-34Mb with 40,000
isothermal probes.

CNYV validation by FISH and PCR

For fiber-FISH analyses, DNA fibers were stretched on slides as
previously described (Korbel et al. 2007). Large-insert clone DNAs
were labeled with digoxigenin-11-dUTP (Roche), fluorescein-12-
dUTP (Roche) or biotin-16dUTP (Roche) by using a modified
whole-genome amplification kit (WGA3; Sigma). Approximately
100 ng of each labeled probe was used to carry out FISH experi-
ments following previously published protocols (Korbel et al.
2007). Digoxigenin-labeled probes were detected using a 1:500
dilution of monoclonal mouse anti-dig antibody (Sigma) and a
1:200 of Texas Red-X-conjugated goat anti-mouse IgG (Invitro-
gen); fluorescein-labeled probes using with a 1:200 dilution of
Alexa 488-conjugated rabbit anti-fluorescein IgG and Alexa 488-
conjugated donkey anti-rabbit IgG (Invitrogen); biotin-labeled
probes were detected with one layer Cy3-avidin (final concentra-
tion at 2 pg/mL). After detection, slides were mounted with Slow-
Fade Gol mounting solution containing 4’',6-diamidino-2-
phenylindole (Invitrogen). Images were captured on a Zeiss Ax-

ioplan fluorescent microscope and processed with the
SmartCapture software (Digital Scientific).

For EGFL11 interphase FISH analyses, probes were labeled
with SpectrumOrange dUTP and Spectrum Green dUTP using a
nick translation kit (Abbott Molecular Laboratories). B-
lymphoblast cell cultures were subjected to the hypotonic treat-
ment (Ohnuki’s hypotonic solution: five parts 55 mM sodium
nitrate, two parts 55 mM sodium acetate, and 10 parts 55 mM
potassium chloride) for 1 h at 37°C, followed by three fixations
using methanol and glacial acetic acid. Following overnight hy-
bridization and washes, DAPI was applied under a glass coverslip
and hybridization signals were viewed on an Olympus BX-51
fluorescent microscope. Images were captured and processed
with Cytovision software.

The primer sequences used for genotyping the chromosome
17 deletion were (all 5'-3' [F] forward; [R] reverse): F flanking,
TAGCCAATCAAACAATGGTGTC; R flanking, TCCTCTATT
CAACGTGTGTTGC; R internal, TATCCCATTAGGTTTGGTC
CAG. Primer sequences for the chromosome 8 deletion were: F
flanking, CAGAGAACAGGGTCACAGACAGC; R flanking, CTCCT
GAAAGGCTGCTAGTGAT; R internal, TGGCCTAGGTTTTGCT
CATAAT. PCR assays were performed with 25 ng DNA in 25-uL
reaction volumes and HotMaster Taq polymerase (Eppendorf).
Cycling conditions were 93°C for 3 min, followed by 40 cycles of
93°C for 30 sec, 60°C for 30 sec, and 70°C for 2 min, using a DNA
Engine Thermal Cycler (Bio-Rad). PCR products were visualized
by electrophoresis on a 1.2% agarose gel, followed by ethidium
bromide staining.

CNV data analyses

CNVRs for each species were generated by merging all individual
CNV calls into a single list of nonredundant CNV regions inde-
pendently to the size of the overlap and the frequency of the
calls. Human and chimpanzee CNVRs were further merged—
using the same method—in a single list of regions comprising
three classes: human-only CNVRs, chimpanzee-only CNVRs, and
CNVRs found in both species. All CNVRs for both species are
listed in Supplemental Table 7. We defined CNV events (Table 1)
by applying more stringent merging criteria to separate juxta-
posed CNVs, as previously described (Redon et al. 2006). Dupli-
cation and deletion CNV types are designated based on the mi-
nor copy number state. Deletion + duplication variants are spe-
cial cases of multi-allelic CNVs, with low-frequency losses and
gains relative to the majority of individuals. Multi-allelic CNVs
have log, ratio distributions that are more evenly distributed
across four or more discrete clusters. Complex CNVs could not be
classified otherwise: These CNVs may (1) reflect the masking of
true CNV type by experimental noise, (2) comprise multiple
smaller CNV events that cannot be distinguished with the reso-
lution of our aCGH platform, or (3) be truly complex with dif-
ferent breakpoints, juxtaposed gains and losses, or smaller CNVs
contained within larger ones. For the SD-overlap analysis re-
ported in Table 1, we only considered 200 kb at both extremities
for CNV events with a size >400 kb.

SD analyses

We downloaded the positions of human and chimpanzee SDs
from the Segmental Duplication Database (http://humanparalogy.
gs.washington.edu/; http://chimpparalogy.gs.washington.edu/).
For this database, SDs were detected by Whole-genome Shotgun
Sequence Detection (WSSD) (Bailey et al. 2001; Cheng et al.
2005) by mapping 31.3 million chimpanzee and 27.4 million
human sequence reads against the human reference genome
(hg17) to identify regions with significantly deeper read coverage
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depth compared with known unique regions. Regions showing
an excess of both chimpanzee and human reads were considered
to be duplicated in both species (shared SDs). The proportions of
CNVRs (transferred to hgl7 positions based on clone end-
sequence coordinates) expected to overlap SDs by chance alone
were estimated using permutation tests of 10,000 randomized
trials. In each permutation, the locations of CNVRs were ran-
domized based on the midpoint coordinates of all autosomal
clones on the WGTP platform (the sizes of the randomized
CNVRs were maintained) and assessed for SD overlap.

For each SD-overlapping CNVR, we estimated maximum
nucleotide sequence percent identities of human genome intra-
and interchromosomal SD paralogs. For this analysis, we re-
trieved Whole-Genome Assembly Comparison (WGAC) (Bailey
et al. 2002) SD alignments from the human Segmental Duplica-
tion Database. Percent identity calculations include indels. For
CNVRs that overlapped more than one SD, we assigned a single
SD percent identity value based on the SD with the greatest prod-
uct of percent identity and length. This weighted approach is
based on the resolution of the WGTP platform; we are more likely
to have identified the CNVs associated with slightly larger SDs,
rather than internal, smaller SDs. The proportions of CNVRs ex-
pected to overlap SDs were estimated using permutation tests of
1000 randomized trials. The same procedure for calculating
maximum SD paralog percent identities was applied for the ran-
domized CNVRs.
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