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We identified 255 loci across the human genome that contain
genomic imbalances among unrelated individuals. Twenty-four
variants are present in 410% of the individuals that we
examined. Half of these regions overlap with genes, and many
coincide with segmental duplications or gaps in the human
genome assembly. This previously unappreciated heterogeneity
may underlie certain human phenotypic variation and
susceptibility to disease and argues for a more dynamic human
genome structure.

Variation in the human genome is present in many forms, including
single-nucleotide polymorphisms, small insertion-deletion polymorph-
isms, variable numbers of repetitive sequences, and genomic structural
alterations1. Molecular genetic and cytogenetic analyses have catalo-
gued many variations in the human genome, but little is known about
large-scale copy-number variations (LCVs) that involve gains or losses
of several kilobases to hundreds of kilobases of genomic DNA among
phenotypically normal individuals. To investigate these LCVs in the
human genome, we applied array-based comparative genomic hybri-
dization (array CGH)2 to the genomes of 55 unrelated individuals.
The arrays used contain selected large insert DNA fragments, dis-
tributed roughly every 1 Mb throughout the human genome. We
compared genomic DNA samples isolated from 39 unrelated healthy
control individuals with normal karyotypes and from 16 individuals
with previously characterized chromosomal imbalances3 with pooled
male or female genomic DNAs from karyotypically and phenotypi-
cally normal control individuals (Supplementary Methods online).
Including samples from individuals with chromosomal imbalances
allowed us to monitor the sensitivity and specificity of experiments,
and we did detect all expected abnormalities (we excluded the regions
of known imbalances from our analysis).

Our experiments identified 255 individual genomic clones that
showed comparative gains or losses among the samples that we tested.
Most of the clones seemed to be randomly distributed throughout the
genome (Fig. 1 and Supplementary Table 1 online). On average, we
observed 12.4 LCVs per individual. Most of these variants involve
single large-insert genomic clones, suggesting that each of the

identified LCVs may result from gains or losses involving as much as
2 Mb of DNA sequence (1 Mb to each flanking clone). We identified 102
LCVs (41%) that occurred in more than one individual and 24 LCVs
that were present in 410% of the individuals studied. The remaining
153 clones may represent LCVs that occur at lower frequencies. The
genomic regions that we identified probably do not represent false
positives, because control self-versus-self hybridization experiments
indicated that there was less than 1 false positive clone for every two
experiments (o1 per 5,264 clones; Supplementary Fig. 1 online). Of
the 102 recurring LCVs, 26 (25.5%) mapped to regions overlapping
previously recognized segmental duplications4,5. This proportion is
significantly higher than that observed for all clones on the array
(7.3%; P o 0.0001). Moreover, 13 (12.7%) of the recurring LCVs
reside within 100 kb of gaps in the current presentation of the human
genome sequence; this proportion is also significantly higher than the
expected 3.6% for all the clones of the array (P o 0.0001). This
suggests that the presence of these LCVs may complicate the accurate
assembly of sequences at these chromosomal loci3,5,6.

We found that 142 of 255 (56%) polymorphic clones overlapped
with known coding regions and that 67 clones encompassed one or
more entire genes. This suggests that LCVs are not limited to
intergenic or intronic regions. Fourteen LCVs were located near loci
associated with human genetic syndromes or with cancer (Supple-
mentary Table 2 online). Because these variants exist in the genomes
of phenotypically normal individuals, they may not be a direct cause
of genetic disease, but their presence could lead to chromosomal
rearrangements that give rise to disease7–9 or more subtle phenotypic
variation by influencing expression of specific genes10.

The most common LCV (identified in 49.1% of the individuals
studied) encompassed the amylase alpha 1a and alpha 2a locus
(AMY1A-AMY2A) at chromosome region 1p13.3 (ref. 11). We
detected relative gains (in 23.6% of cases) and losses (in 25.5% of
cases) at this locus and confirmed the array CGH results using
metaphase-interphase fluorescence in situ hybridization (FISH),
high-resolution fiber FISH and quantitative PCR (Fig. 2 and Supple-
mentary Methods online). The length of this polymorphic region was
estimated to range from 150 kb to 425 kb, and quantitative PCR
results indicated that the length varied by a factor of 2.5 among the
same individuals. Metaphase and interphase FISH data for this locus
and 18 others indicated that each of the LCVs analyzed was confined
to localized chromosomal regions (Supplementary Table 1 online).
Therefore, the formation of these LCVs probably reflects, as with the
amylase locus, tandem copy-number changes rather than duplication
events involving other chromosomal loci. Eight identified LCVs map
to regions previously described to exhibit variable copy numbers of
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genes or pseudogenes in the general population (Supplementary
Table 2 online).

We described more than 200 LCVs in the human genome.
Twenty-four of these variants are present in 410% of the individuals
that we studied, and six of these variants are present at a frequency of
420%. Because the array platform used for these studies comprises
only 12% of the total human genome sequence, denser arrays12 will
probably detect additional new genomic variations. In contrast to
most small-scale genetic polymorphisms, the LCVs described here

may have an important functional effect on the evolution of the human
genome. To catalog this large-scale genomic variation, we collated all
the available information into a database (the Genome Variation
Database), which will be a crucial resource in correlating these genomic
variations with experimental findings and clinical outcomes.

URLs. The Genome Variation Database is available at http://projects.

tcag.ca/variation/. The Human Recent Segmental Duplication Browser is avail-

able at http://projects.tcag.ca/humandup/.
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Figure 1 Distribution of LCVs in the human genome. Circles to the right of each chromosome ideogram show the number of individuals with copy gains
(blue) and losses (red) for each clone among 39 unrelated, healthy control individuals. Green circles to the left indicate known genome sequence gaps within

100 kb of the clone, or segmental duplications known to overlap the clone, as compared to the Human Recent Segmental Duplication Browser. Cytogenetic

band positions are shown to the left.
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Note: Supplementary information is available on the Nature Genetics website.
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Figure 2 The most common polymorphism (BAC RP11-259N12) reflects differing numbers of tandem repeats in amylase genes. Arrows on the right side

of chromosome 1 array CGH profiles indicate relative losses (a), normal ratios (b) or relative gains (c) for the LCV represented by BAC RP11-259N12 in

three unrelated healthy individuals. FISH analyses with a Spectrum Green–labeled RP11-259N12 probe on metaphase chromosome preparations from

these same individuals showed a normal hybridization pattern of one signal per chromatid. Likewise, two signals (or pairs of signals) were observed in 50

scored interphase nuclei from these same individuals. Quantification of signal intensities showed a correlation of probe hybridization with respective array

CGH gain and loss data (data not shown). High-resolution fiber FISH was done on stretched DNA fibers from the same cases using the RP11-259N12 probe

cohybridized with a 5¢ amylase gene probe (green) and a 3¢ amylase gene probe (red). The case with a relative loss showed 6 gene signals (a), the case

with a normal signal showed 9 gene signals (b), and the case with a gain showed 12 signals (c). The approximate length of the polymorphic region was

estimated to vary from B150 kb (a) to B425 kb (c). Quantitative PCR (d) done on DNA from the same individuals was consistent with the array CGH

and FISH findings.
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