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The human genome contains numerous blocks of highly homologous duplicated sequence. This higher-order ar-
chitecture provides a substrate for recombination and recurrent chromosomal rearrangement associated with ge-
nomic disease. However, an assessment of the role of segmental duplications in normal variation has not yet been
made. On the basis of the duplication architecture of the human genome, we defined a set of 130 potential
rearrangement hotspots and constructed a targeted bacterial artificial chromosome (BAC) microarray (with 2,194
BACs) to assess copy-number variation in these regions by array comparative genomic hybridization. Using our
segmental duplication BAC microarray, we screened a panel of 47 normal individuals, who represented populations
from four continents, and we identified 119 regions of copy-number polymorphism (CNP), 73 of which were
previously unreported. We observed an equal frequency of duplications and deletions, as well as a 4-fold enrichment
of CNPs within hotspot regions, compared with control BACs (P ! .000001), which suggests that segmental
duplications are a major catalyst of large-scale variation in the human genome. Importantly, segmental duplications
themselves were also significantly enriched 14-fold within regions of CNP. Almost without exception, CNPs were
not confined to a single population, suggesting that these either are recurrent events, having occurred independently
in multiple founders, or were present in early human populations. Our study demonstrates that segmental dupli-
cations define hotspots of chromosomal rearrangement, likely acting as mediators of normal variation as well as
genomic disease, and it suggests that the consideration of genomic architecture can significantly improve the as-
certainment of large-scale rearrangements. Our specialized segmental duplication BAC microarray and associated
database of structural polymorphisms will provide an important resource for the future characterization of human
genomic disorders.

Introduction

Segmental duplications (also termed “low-copy repeats”)
are blocks of DNA that range from 1 to 400 kb in length,
occur at more than one site within the genome, and
typically share a high level of (190%) sequence iden-
tity (reviewed by Eichler [2001]). Both in situ hybridi-
zation and in silico analyses have shown that ∼5% of
the human genome is composed of duplicated sequence
(Cheung et al. 2001; Bailey et al. 2002; Cheung et al.
2003; She et al. 2004a), and many studies have noted
a significant association between the location of seg-
mental duplications and regions of chromosomal insta-
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bility or evolutionary rearrangement (Ji et al. 2000; Sa-
monte and Eichler 2002; Armengol et al. 2003; Locke
et al. 2003a, 2003b; Bailey et al. 2004). Indeed, seg-
mental duplications have been implicated as the prob-
able mediators of 125 recurrent genomic disorders (re-
viewed by Stankiewicz and Lupski [2002]). Molecular
studies have shown that the presence of large, highly
homologous flanking repeats predisposes these regions
to recurrent rearrangement by nonallelic homologous
recombination, resulting in deletion, duplication, or in-
version of the intervening sequence (Chance et al. 1994;
Shaw et al. 2002).

A growing body of evidence now suggests that the
duplication architecture of the genome may also me-
diate normal variation. The existence of large genomic
polymorphisms, originally termed “heteromorphisms”
or “euchromatic variants,” has been recognized since
the advent of high-resolution cytogenetic banding tech-
niques (summarized at the Chromosome Anomaly Reg-
ister Web site). With the use of more-targeted molecular
analyses, a number of submicroscopic polymorphic re-
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arrangements between homologous blocks of sequence
have been identified in the normal population (Sinis-
calco et al. 2000; Sprenger et al. 2000; Giglio et al.
2001; Osborne et al. 2001; Gimelli et al. 2003; Skalet-
sky et al. 2003). Recently, the use of methods such as
array comparative genomic hybridization (array CGH)
and representational oligonucleotide microarray anal-
ysis (ROMA) have revealed the presence of numerous
copy-number polymorphisms (CNPs) in the human ge-
nome and have suggested an enrichment of segmental
duplications associated with these variants (Iafrate et
al. 2004; Sebat et al. 2004). However, these studies used
arrays with either limited genomic coverage or limited
resolution with respect to regions of segmental dupli-
cation, and even current tiling-path arrays with 130,000
BAC clones (Ishkanian et al. 2004) do not achieve com-
plete coverage of regions rich in segmental duplications
(Z.C. and E.E.E., unpublished data).

Because regions flanked by segmental duplications are
susceptible to rearrangement by nonallelic homologous
recombination, we hypothesized that these regions rep-
resent potential hotspots of genomic instability that are
prone to copy-number variation. It has been shown that
several factors—including the length, sequence identity,
and orientation of and the distance between duplica-
tions—influence the probability of meiotic misalign-
ment (Stankiewicz and Lupski 2002). Most of the
blocks of duplicated sequence that have been implicated
in known genomic disorders are large (10–400 kb in
size) and have 196% sequence identity. This level of
sequence sharing between intrachromosomal sites pro-
vides ample substrate for aberrant recombination, on
the basis of the estimated minimal efficient-processing
segment length (Waldman and Liskay 1988). In general,
the larger and more homologous the block of duplicated
sequence is, the more frequently sporadic segmental
aneusomy events occur. For example, the most fre-
quently occurring microdeletion syndrome (velocardio-
facial and DiGeorge syndromes; frequency 1/3,000) oc-
curs between blocks of duplications that are in excess
of 300 kb in length and that share 99.7% sequence
identity (Edelmann et al. 1999; Shaikh et al. 2000).

Thus, a review of the recurrent genomic disorders
characterized to date suggests a strategy for the iden-
tification of novel regions of genomic instability. With
a focus on regions flanked by intrachromosomal du-
plications that are 110 kb in length, share 195% se-
quence identity, and span from 50 kb to 10 Mb of
intervening sequence (Stankiewicz and Lupski 2002),
novel sites of genomic variation may be uncovered. On
the basis of these criteria, in silico analysis of the human
genome defines a map of potential rearrangement hot-
spots (Bailey et al. 2002). In total, 130 regions—cov-
ering 274 Mb, or ∼10% of the entire genome—are
flanked by intrachromosomal duplications whose char-

acteristics suggest a potential predisposition to geno-
mic instability. Whereas 25 of these regions are asso-
ciated with known genomic disorders, the remainder
represent novel sites whose genomic architecture is sus-
ceptible to either polymorphic or disease-causing rear-
rangement. We have constructed a custom BAC array,
termed the “segmental duplication microarray” (SD mi-
croarray), specifically targeted to these rearrangement
hotspots, and we used it to investigate copy-number
variation in a panel of ethnically diverse normal indi-
viduals. We report the discovery of numerous novel
CNPs distributed throughout the human population
and demonstrate an enrichment of copy-number vari-
ation in regions of the genome flanked by segmental
duplications.

Material and Methods

A total of 130 nonredundant regions of potential ge-
nomic instability (termed “rearrangement hotspots”)
were defined by the presence of intrachromosomal du-
plications 110 kb in length, with 195% similarity and
flanking 50 kb to 10 Mb of intervening sequence in the
July 2003 build of the human genome (Bailey et al. 2002;
She et al. 2004b). A total of 1,986 nonredundant BACs
(mean insert size 164 kb) were ultimately selected from
the RPCI-11, CTC, and CTD libraries to encompass
each rearrangement hotspot and were processed for con-
struction of a microarray in accordance with protocols
established elsewhere (Snijders et al. 2004) (table A1 in
appendix A [online only]). When possible, three classes
of BAC were selected: (1) BACs that were contained
entirely within each rearrangement hotspot, (2) BACs
overlapping the segmental duplications, and (3) flank-
ing BACs in the peripheral unique sequence (as a local
control) (fig. 1). During the design of this microarray,
we confirmed the identity and location of all BACs by
end-sequencing and by alignment of the end sequences
against the human genome reference (builds 33 and
34). During our first-pass analysis, ∼93% of all selected
clones were confirmed. A second round of surrogate
BAC selection resulted in a total of 1,986 identity-con-
firmed BACs. Of these, 1,206 overlapped a rearrange-
ment hotspot, and 760 were contained within segmental
duplications. As a control, an additional 192 randomly
selected single-copy clones that had been extensively
tested elsewhere (Snijders et al. 2001) were incorporated
into the array. In total, our BAC array consisted of 2,194
confirmed BACs. All BAC DNA was amplified by li-
gation-mediated PCR (Snijders et al. 2004), and each
BAC was printed in triplicate on GAPS II glass slides
(Corning), with a spot diameter of 80 mm and 130-mm
spacing.

DNA was extracted from 47 lymphoblastoid cell lines
(NIGMS Cell Repository), representing seven ethnici-
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Figure 1 Targeted design strategy for choosing BACs for array
CGH on the basis of genomic architecture. We hypothesized that the
presence of large, highly homologous segmental duplications predis-
poses certain regions of the genome to microdeletion and/or micro-
duplication by nonallelic homologous recombination (Bailey et al.
2002). Termed “rearrangement hotspots,” these are defined by the
presence of flanking intrachromosomal duplications 110 kb in length
with 195% similarity and separated by 50 kb to 10 Mb of intervening
sequence. For each region, we selected BACs that were contained en-
tirely within each rearrangement hotspot, BACs that overlapped the
segmental duplications, and BACs in the peripheral unique sequence
for microarray manufacture. The SD microarray comprised a total of
2,194 BACs.

ties from Asia, Europe, sub-Saharan Africa, and South
America. This collection comprised 8 Chinese, 4 Jap-
anese, 10 Czech, 2 Druze, 7 Biaka, 9 Mbuti, and 7
American Indian samples (table A1 in appendix A [on-
line only]). All hybridizations were performed in du-
plicate—once with test and reference DNAs labeled
with Cy3 and Cy5, respectively, and a second time with
the fluorochrome dyes reversed. All hybridizations used
reference DNA isolated from blood lymphocytes from
a single anonymous male donor of unknown ethnicity.
A single reference genome was analyzed, as opposed to
a pool of normal individuals, to increase signal-to-noise
ratios over sites of polymorphic variation. In cases in
which the reference sample represented the rare allele
(i.e., the majority of individuals showed a change in the
fluorescence intensity ratio), we classified the CNPs as
minor-allele variants.

Test and reference DNAs were labeled with Cy3 or
Cy5 (Amersham Biosciences) by random prime labeling
(Bioprime DNA Labeling System [Invitrogen]) and were
mixed and purified using Sephadex G-50 Spin Columns
(Roche). Labeled DNA was coprecipitated with 75 mg
of COT DNA (Roche), was resuspended in 50 ml of
hybridization mix (50% formamide, 10% dextran sul-
fate, 2# saline sodium citrate [SSC], and 4% SDS), was
denatured, and was prehybridized at 37�C for 1 h to
allow blocking of repetitive sequences. Array hybridi-
zations were performed in a humid chamber at 37�C
for 40 h in open rubber-cement wells on a gently rocking
platform, to allow circulation of hybridization solution

over the array (Snijders et al. 2004). Hybridization so-
lution was removed under a stream of buffer (0.1 M
Na2HPO4 and 0.1% Nonidet P-40; pH 8.0), and slides
were washed for 15 min at 45�C in 50% formamide
and 2# SSC, were rinsed in buffer, and were mounted
(in 90% glycerol, 10% PBS, and 1 mM 4′,6-diamidino-
2-phenylindole) under a glass cover slip before being
scanned with a custom-built CCD system.

Array image analysis and normalization were per-
formed using UCSF Spot and Sproc software (Jain et
al. 2002). BACs for which only one of the triplicates
printed on the array yielded data, or for which the stan-
dard deviation of log2 ratio for the triplicates was 10.2,
were removed from final analysis. Furthermore, we dis-
carded BACs that failed to yield data in !20% of cases.
For each hybridization experiment, we established a
threshold log2 ratio of 2 SDs from the mean of all au-
tosomal clones, and BACs that exceeded this threshold
in both independent dye-swap experiments were clas-
sified as variant.

For comparison, we also hybridized a subset of our
samples to a genomewide BAC microarray contain-
ing clones selected to minimize segmental-duplication
content, spaced at an average resolution of ∼1.4 Mb
throughout the genome (Snijders et al. 2001). For these
experiments, we used an identical protocol, except for
the use of a different reference DNA (from GM15724,
a male Czech). Verification of array CGH results by
FISH was performed on the lymphoblastoid cell lines
derived from the individuals used for array profiling, in
accordance with standard procedures, by use of isolated
BAC DNA as a probe source (Nucleobond [BD Biosci-
ences]) (Pinkel et al. 1986).

Results

Initial Array Validation

To assess the performance of the SD microarray and
to establish appropriate thresholds for the detection of
copy-number changes, we performed a series of test hy-
bridizations. First, we analyzed three previously char-
acterized individuals possessing one, four, or six copies
of the 15q11-q13 region (Locke et al. 2004). There was
a strong correlation ( ) between copy number2r p 0.945
and relative fluorescence ratios yielded by BACs within
the variant region, which demonstrates the ability of our
array to detect bona fide rearrangements and to reliably
distinguish deletions, duplications, and triplications. Sec-
ond, to determine the false-positive rate, we performed
four self-versus-self hybridizations. Results indicated
that the use of the threshold of log2 hybridization ratios
deviating 12 SDs from the mean in both replicates of an
experiment yields a false-positive rate of ∼3 per 4,000
clones, or ∼0.08% (table A1 in appendix A [online
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only]). As has been reported elsewhere (Vissers et al.
2003), we found that, by performing all hybridizations
in duplicate and incorporating a dye reversal, we sig-
nificantly reduced the false-positive rate.

Assessment of CNPs in the Human Population

Using the SD microarray, we analyzed a diverse panel
of 47 unrelated humans representing four continental
groups. On the basis of our conservative criteria, we
identified 160 variant BACs among these 47 individuals.
We identified 27 regions where neighboring or overlap-
ping clones yielded concordant results, which suggested
that some copy-number variations extended over regions
of several hundred kilobases. Under the assumption that
concordantly variant neighboring clones separated by
!250 kb represent the same copy-number variation, the
160 variant clones correspond to 119 nonredundant
regions. Whereas 66 of these 119 regions were poly-
morphic in multiple individuals, 53 were observed in
only a single individual (fig. 2 and table A2 in appendix
A [online only]). Conversely, 38 regions were variant in
110% of the individuals studied (fig. 2). The proportions
of gains and losses were approximately equal (table 1).

Validation of CNPs Detected by Array CGH

Two analyses were performed to assess the validity of
our hybridization results. First, we compared sites of
copy-number variation with those identified recently in
two other studies (Iafrate et al. 2004; Sebat et al. 2004).
Of the sites we detected, 39% (46 of 119) had been
reported elsewhere (within a 250-kb overlap), which
thus validates the ability of our array to detect known
copy-number alterations and which indicates that 73 of
the 119 genomic regions we identified in the present
study are novel. A comparison of our set of CNPs with
those detected in a similar study that used ROMA (Sebat
et al. 2004) revealed excellent concordance (table 1). Of
the 31 CNPs detected by ROMA that were represented
on the SD microarray, we detected 22 (71%). Seven of
the nine variations that we did not detect were observed
by Sebat et al. (2004) in only one individual, and there-
fore those variations probably represent rare polymor-
phisms that were not represented in our sample popu-
lation. We also identified many other previously reported
copy-number changes—for example, the b-defensin gene
cluster at 8p23.1 (Hollox et al. 2003), the IGHG1 gene
cluster at 14q32.33 (Sasso et al. 1995), and the IGVH/
SLC6A8/CDM pseudogene cluster at 16p11.2 (Barber
et al. 1999) (fig. 3A). Figure 4 shows an example of the
pattern of copy-number variation detected on chromo-
some 15 by use of the SD microarray. A genomewide
map showing all 119 CNPs detected is shown in figure
5.

Second, we selected 11 BACs that showed putative

duplication or deletion by array CGH for use as FISH
probes (fig. 3 and table A2 in appendix A [online only]).
Although multiple signals were evident in some cases,
as a result of the presence of segmental duplications in
the BAC probe, the results in metaphase and/or inter-
phase nuclei for 7 of the 11 BACs were consistent with
copy-number changes at these loci. For two loci, copy
number could not be reliably determined because of the
high segmental-duplication content; thus, results were
ambiguous. For the remaining two loci, FISH results did
not support the presence of CNPs. However, at one of
these loci (CTD-3185D7), results by array CGH showed
copy-number variation in seven of the individuals we
tested, and, in addition, this same locus was indepen-
dently reported in another study (Iafrate et al. 2004).
Thus, it seems unlikely that this represents a false-pos-
itive result, and this structural variation simply may not
be easily resolved by FISH. For the remaining BAC
(RP11-325E8), only 1 of the 47 individuals analyzed by
array CGH showed a log2 ratio 12 SDs from the mean
for this locus, which suggests that this is a potential false-
positive result.

Analysis of variation with respect to ethnicity revealed
very little population stratification. Almost all of the
CNPs detected were present in multiple ethnic groups,
with no apparent clustering with respect to geographic
origin. Among the 50 regions that were polymorphic in
more than two individuals, only two CNPs (in regions
12 and 91) were confined to a single ethnicity, being
present specifically in sub-Saharan Africans (table A2 in
appendix A [online only]). It is surprising, however, that
the African population did not show significantly more
variation than any other continental group (table 1 and
fig. 2).

Analysis of CNPs

Analysis of the sequence properties of structurally
variant regions revealed some important trends. We ob-
served a significant enrichment of copy-number varia-
tion within rearrangement hotspots (defined by the pres-
ence of flanking intrachromosomal duplications 110 kb
in length, with 195% similarity and separated by 50 kb
to 10 Mb of intervening sequence [fig. 1]), when those
regions were compared with the control loci (Bailey et
al. 2002). Of the 718 BACs that were contained within
rearrangement-hotspot regions, 113 (15.7%) were var-
iant, compared with 46 (4.1%) of the 1,110 BACs that
were located outside of hotspot regions (3.8-fold en-
richment; ; ). There was also an2x p 73.8 P ! .000001
enrichment of rearrangement-hotspot sequence within
the more frequent CNPs. The 96 BACs that were variant
in multiple individuals contained an average of 76.4%
hotspot sequence, compared with an average of 50.8%
hotspot sequence in the 64 BACs that were variant in
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Figure 2 Observations of minor alleles in CNP regions. The 47 samples were categorized as American Indian, sub-Saharan African (Biaka
and Mbuti), white (Czech and Druze), and Asian (Chinese and Japanese), and the 119 CNPs identified were plotted (see table A2 in appendix
A [online only]). In cases in which the reference sample represented the rare allele (i.e., the majority of individuals showed a change in fluorescence
intensity ratio), we classified the CNPs as minor-allele variants. Some previously identified CNPs are indicated by numerals above the bars: 1
p CHRNA7/CHRFAM7A at 15q13.3 (Riley et al. 2002); 2 p IGVH/SLC6A8/CDM pseudogene cluster at 16p11.2 (Barber et al. 1999); 3 p
CCL3-L1/CCL4-L1 at 17q12 (Townson et al. 2002); 4 p IGHG1 gene cluster at 14q32.33 (Sasso et al. 1995); 5 p IGL gene cluster at
22q11.22 (van der Burg et al. 2002); 6 p NF1/IGVH/GABRA5 pseudogene amplification at 15q11.2-q13 (Fantes et al. 2002); and 7 p b-
defensin gene cluster at 8p23.1 (Hollox et al. 2003).

only a single individual. In total, CNPs were identified
in 51 (39%) of 130 rearrangement hotspots.

It is interesting that both intrachromosomal and in-
terchromosomal segmental duplications showed an as-
sociation with copy-number variation. Variant BACs
contained an average of 52.1% intrachromosomal du-
plication, compared with 12.0% in nonvariant BACs
(4.3-fold enrichment). Similarly, interchromosomal du-
plications comprised 28.8% of variant BACs, compared
with 5.9% of nonvariant BACs (4.9-fold enrichment).
However, despite the accumulation of segmental dupli-
cations within pericentromeric and subtelomeric regions
(Bailey et al. 2002), we observed no significant bias for
copy-number variations within these regions of the
genome.

Regions showing evidence of copy-number variation
were not particularly gene poor. The 160 BACs exhib-
iting copy-number variation completely encompass a to-
tal of 108 genes and partially overlap a further 33 coding
regions (table A3 in appendix A [online only]). This

includes numerous gene families, consistent with the ob-
served enrichment of segmental duplications with CNPs.

Hybridizations to a Genomewide Array

A subset of the samples were also hybridized to a
second BAC microarray containing clones spaced at an
average resolution of ∼1.4 Mb throughout the genome
(Snijders et al. 2001). With the use of this nontargeted
array, only 8 (0.3%) of 2,460 BACs were variant in the
eight individuals analyzed (table A4 in appendix A [on-
line only]), compared with 82 (3.7%) of 2,194 BACs
that were analyzed using the SD microarray, which rep-
resents an 11.5-fold difference. Two of the eight BACs
that were classified as variant on the genomewide array
overlapped clones on the SD microarray that were also
classified as variant, thus yielding concordant results.

Discussion

We have performed an analysis of copy-number varia-
tion in the human genome by using a targeted BAC array.
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Table 1

Summary of CNPs Detected by Array CGH

ETHNIC GROUP

NO. OF

SUBJECTS

ANALYZED GAINS LOSSES

NO. OF CNPS

Showing Both
Gain and Loss

Detected in
Present Study

Detected by
Sebat et al. (2004)

Detected by
Iafrate et al. (2004) Novel

American Indians 7 9 22 13 44 18 9 22
Sub-Saharan Africans 16 27 31 17 75 24 14 43
Whites 12 17 22 12 51 16 13 25
Asians 12 26 27 15 68 21 14 37

Nonredundant total 47 52 50 17 119 22 21 73

NOTE.—CNPs were scored as either increased or decreased log2 ratios (i.e., gains or losses), relative to the reference DNA. In total, 46 (39%)
of 119 of the CNPs we identified have been reported previously, which thus validates the ability of our array to detect known copy-number
variations. In our sample population, we identified 22 (71%) of the 31 CNPs detected by Sebat et al. (2004) and 22 (39%) of the 57 CNPs
detected by Iafrate et al. (2004) that were represented on the SD microarray.

Although many of the CNPs we observed were identified
in previous studies—which thus validates the ability of
our array to detect bona fide polymorphisms—our tar-
geted experimental approach significantly improves the
ascertainment of structural rearrangements. We grouped
BACs into those that were contained within each rear-
rangement hotspot, those that overlapped the segmental
duplications, or those that were in the flanking unique
sequence (fig. 1). We observed a 4–5-fold enrichment of
CNPs within regions that were flanked by or contained
large, highly homologous segmental duplications, as
compared with control clones. These data indicate that
genomic duplication architecture is strongly associated
with CNP in the human genome. Presumably, segmental
duplications mediate the deletion or duplication of the
intervening sequence via nonallelic homologous recom-
bination, supporting the notion that certain regions of
the genome are predisposed to rearrangement as a result
of their underlying genomic architecture (Stankiewicz
and Lupski 2002; Stankiewicz et al. 2003; Bailey et al.
2004). Consistent with this hypothesis, we also observed
an enrichment of hotspot sequence in the more common
CNPs, suggesting that the presence of flanking dupli-
cations renders these sites prone to recurrent rearrange-
ment. In total, we detected CNPs within 51 (39%) of
130 rearrangement hotspots. It is surprising that, in most
cases, CNPs were not continuous across entire hotspot
regions. Several factors could account for this obser-
vation. The highly complex segmental-duplication ar-
chitecture bracketing these regions means that there are
multiple potential sites of rearrangement and that these
configurations may differ among individuals. This pro-
vides the potential for alternate sites of rearrangement.
Such an effect has been observed for the Prader-Willi
and Angelman syndromes, for which atypical break-
points have been mapped to other duplication struc-
tures (Amos-Landgraf et al. 1999; Locke et al. 2004).
Other possibilities include genomic misassembly of these
regions and incorrect mapping of the arrayed BAC
clones. The latter possibility, however, seems less likely,

because BAC end-sequence confirmation and/or FISH
verification was performed for every clone on the SD
microarray. Finally, if nonallelic homologous recombi-
nation is the underlying mechanism of rearrangement in
these regions, then additional repair or recombination
events could result in more-complex rearrangements.
Nevertheless, this study demonstrates that segmental du-
plications play an important role in normal variation as
well as in genomic disease, defining hotspots of rear-
rangement that are susceptible to variation among the
normal population. We hypothesize that the remainder
of hotspots that did not show variation in our sample
population represent excellent candidate sites that may
be associated with genomic disease, and this survey pro-
vides the necessary baseline to begin future studies on
disease populations.

Our analysis of different ethnic groups allowed an
assessment of population-specific copy-number vari-
ants. However, almost without exception, the CNPs
were present in multiple populations. Of the 50 regions
that were polymorphic in more than two individuals,
only 2 were confined to a single ethnic group. One of
these CNPs (in region 12) represents a partial deletion
of two overlapping BACs at 1q31.3, observed in 6 of
the 16 sub-Saharan Africans studied. The region of
overlap defined by these two BACs is composed of 70
kb of sequence flanked by a pair of intrachromosomal
segmental duplications with 91% identity. We suggest
that this CNP likely represents a deletion of this 70-kb
segment, mediated by nonallelic homologous recom-
bination between the flanking duplications. Such ethnic
predilections for copy-number variation have recently
been shown to be an important determinant in disease
association studies (Gonzalez et al. 2005).

The occurrence of CNPs across multiple ethnic pop-
ulations suggests that these structural rearrangements
either (1) are evolutionarily ancient, having occurred
prior to the separation of these ethnic groups, or (2)
are recurrent events that have occurred independently
in multiple founders. Distinguishing between these two
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Figure 3 CNPs detected by array CGH, and verification by FISH. A, Genomic profile of GM10473A (a Biaka female). After quality
filtering, 1,967 BAC clones were ordered sequentially from 1pter to Yqter on the basis of physical location in the July 2003 genome assembly
(X-axis). Each data point represents the mean log2 ratio of test:reference intensity of the three replicate spots of each BAC from a single
hybridization experiment (Y-axis). Each hybridization was repeated with reverse labeling (dye swap), and clones that yielded log2 ratios deviating
12 SDs from the mean of all autosomal clones in both experiments were classified as variant. The reference DNA is male; thus, clones located
on the sex chromosomes show log2 ratios consistent with female:male hybridization. Three previously reported CNPs are circled: the b-defensin
gene cluster at 8p23.1 (Hollox et al. 2003) (solid circle), the IGHG1 gene cluster at 14q32.33 (Sasso et al. 1995) (dashed circle), and the IGVH/
SLC6A8/CDM pseudogene cluster at 16p11.2 (Barber et al. 1999) (dotted circle). A novel variant locus, RP11-136P13 (chromosome 10:
81097351–81263857 [green circle]), yielded log2 ratios of 0.44 and 0.48 in replicate hybridizations. B, FISH confirmation of RP11-136P13,
which is composed entirely of segmental-duplication sequence and therefore shows dual signals when used as a FISH probe (green). However,
the presence of an additional signal in interphase nuclei shows the polymorphic nature of this locus in GM10473A. A control probe (red)
confirms that the cells are diploid. This duplication was also observed in two other subjects. C, Array CGH profile of chromosome 8 in GM10493
(a Biaka). Clones are ordered by physical distance from 8pter in kb (X-axis), with error bars showing the SD of the log2 ratios from the three
replicate spots. Two adjacent clones, RP11-159F11 and RP11-46M15 (red circle), yielded log2 ratios of 0.41, indicating the presence of a
duplication. A BAC that yielded a log2 ratio of �0.81 in this experiment (dashed circle) was not confirmed in the replicate dye-swapped
hybridization; thus, it was classified as nonvariant. D, Use of RP11-159F11 as a FISH probe, showing increased signal intensity on a chromosome
8 homologue in metaphase cells, which resolves to dual signals in interphase cells, confirming the presence of a duplication of this region. An
overlapping but nonidentical duplication of 8p23.2 was also observed in GM17051.

hypotheses will require the integration of SNP haplo-
type and array CGH data. If CNPs play a role in phe-
notypic variation or susceptibility to common diseases
(Buckland 2003; Gonzalez et al. 2005), the occurrence
of the same CNP on multiple haplotype backgrounds
as a result of recurrent rearrangement could confound
conventional SNP-based association studies.

We also observed a significant enrichment of seg-
mental duplications within regions of CNP, suggesting
that these duplications themselves show marked vari-
ation in copy number. This is consistent with previous
observations of polymorphic copy-number variation in
segmental duplications (Fredman et al. 2004). A striking
example of such polymorphism is illustrated by a series
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Figure 4 CNPs detected on chromosome 15. For each of the 47 individuals studied, relative duplications (green) and deletions (red) are
represented, with invariant BACs shown in gray. The different sizes of the deletions and duplications in the three patients with known copy-
number changes in the 15q11-q13 region (Locke et al. 2004) are clearly visible. Note that, as expected, none of the 47 normal individuals (94
chromosomes) in our population survey showed variation over these regions associated with disease. Also shown are the locations of segmental
duplications 110 kb in size with 195% identity (pink) and of rearrangement hotspots represented on the array (blue), which illustrates the
targeted nature of our array. Each tick mark represents 5 Mb, with gaps in the sequence assembly represented by gray bars.

of CNPs within the pericentromeric region of chro-
mosome 9, which is composed almost exclusively of
large, highly homologous (199% identity) blocks of in-
trachromosomal duplication that our data suggest vary
in copy number. We hypothesize that many CNPs in the
human genome may be due to the presence or absence
of evolutionarily recent segmental-duplication events
that have not yet become fixed within the population,
providing evidence that the process of duplicative trans-
position is ongoing within the human population. It
should be noted, however, that this study likely under-
estimates the amount of copy-number variation that
exists within regions of segmental duplication. By def-
inition, these sequences occur at multiple genomic lo-
cations, with some present in 140 copies (Horvath et
al. 2003); thus, unlike for unique portions of the ge-
nome, the gain or loss of a single duplication will often
be below the resolution of array CGH, which undoubt-
edly biases our results. Despite the sequence complexity
of these clones, they provided valuable information. We
observed significantly more copy-number variation in
BACs that contained segmental duplications than in
unique regions of the genome. Indeed, the parallel anal-
ysis of samples on both our SD microarray and a second
array with BACs spaced at an average resolution of ∼1.4
Mb throughout the genome showed a 110-fold increase
in the ascertainment of CNPs with the use of the du-
plication-targeted array. This suggests that the inclu-
sion of BACs enriched in segmental-duplication content
significantly increases the ascertainment of structurally
polymorphic regions. We suggest that either the copy
number or the sequence composition of these regions
must differ dramatically among different individuals to

produce significant differences on array CGH. However,
until targeted sequencing of the variant regions from
multiple individuals occurs, the true nature of the var-
iation at these loci will not be fully ascertained.

A total of 141 genes either completely or partially
overlapped variant BACs (table A3 in appendix A [on-
line only]). However, because the majority of CNPs
do not encompass complete BACs, and, because their
boundaries are difficult to define accurately by use of
array CGH, it is likely that only a subset of these genes
vary in copy number. Because many of the genes pre-
viously confirmed as polymorphic have functions in me-
tabolism and immunity, alterations in copy number of
these genes often have profound effects on an individ-
ual’s metabolic rate or resistance to environmental path-
ogens (Lackner et al. 1991; McLellan et al. 1997; Dalen
et al. 1998; Rao et al. 2000; Sprenger et al. 2000; Town-
son et al. 2002; van der Burg et al. 2002; Hollox et al.
2003; Gonzalez et al. 2005) and, as such, are likely to
be significant susceptibility factors for some common
human diseases.

Although results yielded by array CGH only reveal
copy-number changes relative to the reference sample
used, deletions and duplications were observed in our
sample population at approximately equal frequencies
(they were observed in 50 and 52 regions, respectively).
Of note, a further 17 regions showed both relative de-
letion and relative duplication in different individuals,
which indicates that these loci have multiple variations
in copy number. These may represent a variable number
of tandem repeats or, alternatively, the product of re-
ciprocal nonhomologous recombination events, as has
been observed at sites of known genomic disorders (Bi
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Figure 5 Genomewide map of sites of copy-number variation
detected by array CGH. The legend is available in its entirety in the
online edition of The American Journal of Human Genetics.

et al. 2003). Similarly, many other loci exhibited a wide
range of hybridization ratios among different individ-
uals, suggesting the presence of multiple alleles at these
loci, such as that observed at the AMY1A gene cluster
(Iafrate et al. 2004).

As in a previous study by Iafrate et al. [2004], we
observed a significant increase in the frequency of ge-
nome assembly gaps at sites of copy-number variation.
Of the 160 variant BACs, 42 (26%) were located within
100 kb of an assembly gap, compared with 130 (8%)
of the 1,663 nonvariant BACs (a 3.4-fold enrichment;

; ), suggesting that the presence2x p 58.0 P ! .000001
of these polymorphisms may represent a significant im-
pediment to correct genome assembly. However, be-
cause there was also an association of segmental du-
plications with CNPs, which are themselves known to
be correlated with gap location (Eichler et al. 2004), it
is difficult to draw firm conclusions about the causality
of this relationship. The coinciding of CNPs, segmental
duplications, and sequence assembly gaps highlights the
continued importance of resolving and studying the na-
ture of these biologically relevant regions.

To facilitate the study of structural variation, we have
compiled a Web interface, based on the UCSC Human
Genome Browser, that displays all CNPs reported both
here and in previous studies. Our Structural Variation
Database (see Web Resources) includes an additional
297 sites of fine-scale variation (resolution ∼8 kb) iden-
tified by fosmid paired-end sequence analysis (Tuzun et
al. 2005), including sites of inversion not detectable by
array-based approaches, as well as CNPs identified in
two other studies (Iafrate et al. 2004; Sebat et al. 2004).
Given the importance of this type of variation for ge-
netic disease, a coordinated effort should be made to
incorporate results and the underlying raw data into
central repositories of data on human variation (such
as the dbSNP and the Data Coordinating Center for the
International HapMap Consortium).

In conclusion, this study demonstrates that segmen-
tal duplications define hotspots of chromosomal rear-
rangement in the human genome. Our data suggest not
only that intrachromosomal segmental duplications fre-
quently mediate polymorphic rearrangement of inter-
vening sequence via nonallelic homologous recombi-
nation but also that segmental duplications themselves
are often variant in copy number. Thus, the consider-

ation of genomic architecture can significantly enrich
the detection of large-scale variation. The array we have
constructed includes BACs covering 25 regions associ-
ated with known pathogenic microdeletions/duplica-
tions (Stankiewicz and Lupski 2002) and includes an
additional 105 regions for which the pathological rel-
evance has not yet been determined, thus representing
an excellent resource for the study of genomic disease.
Although we did not detect CNPs in 79 of the 130
rearrangement hotspots in our sample population of
normal individuals, we suggest that these hotspots rep-
resent excellent candidate sites of recurrent rearrange-
ment that may be associated with novel genomic dis-
orders (Bailey et al. 2002; Mehan et al. 2004). This
survey of normal variation provides the requisite base-
line for distinguishing copy-number variation associated
with genomic disease.
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