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Working Group
Large-scale studies of human genetic variation 
have focused largely on understanding the 
pattern and nature of single-nucleotide differ-
ences within the human genome. Recent stud-
ies that have identified larger polymorphisms, 
such as insertions, deletions and inversions, 
emphasize the value of investing in more com-
prehensive and systematic studies of human 
structural genetic variation. We describe a 
community resource project recently launched 
by the National Human Genome Research 
Institute (NHGRI) to sequence large-insert 
clones from many individuals, systematically 
discovering and resolving these complex vari-
ants at the DNA sequence level. The project 
includes the discovery of variants through 
development of clone resources, sequence 
resolution of variants, and accurate typing 
of variants in individuals of African, Euro-
pean or Asian ancestry. Sequence resolution 
of both single-nucleotide and larger-scale 
genomic variants will improve our picture of 
natural variation in human populations and 
will enhance our ability to link genetics and 
human health. 

Background
The information gained from the sequencing 
of the human genome1,2 has begun to revo-
lutionize human biology and genetic medi-
cine. Advances in genomic technologies and 
bio informatics, combined with an enor-
mous reduction in cost, have led to genome 
sequencing projects for dozens of species. It is 
anticipated that the sequencing of individual 
human genomes will ultimately be required 
for a comprehensive genetic understanding 

of disease3, although at present the cost of 
such efforts is prohibitive. The discovery of 
functionally important genetic variation lies 
at the core of these endeavours, and there has 
been considerable progress in understanding 
the common patterns of single-nucleotide 
polymorphism (SNP) in humans. Indeed, of 
the estimated 10–15 million common human 
SNPs, a significant fraction have now been 
identified and genotyped among population 
samples (HapMap release 21)4,5. 

By contrast, our understanding of structural 
variation in the human genome is more recent 
and rudimentary. In its broadest sense, struc-
tural variation can be defined as all genomic 
changes that are not single base-pair substitu-
tions6–8. Such variation includes insertions, 
deletions, inversions, duplications and trans-
locations of DNA sequences, and encompasses 
copy-number differences (also known as copy-
number variants, CNVs)9–11. During the past 
two years, several genome-wide surveys8,12–19 
have described large-scale (>100 kb), inter-
mediate-scale (500 bp–100 kb) and fine-scale 
(1–500 bp) structural variations in the human 
genome. These studies have revealed that struc-
tural changes are ubiquitous and common, and 
frequently involve the rearrangement of genes. 
Along with SNPs, it is important that we estab-
lish a baseline for normal structural variation 
in order to facilitate the future discovery and 
characterization of disease-causing mutations 
in patients.

Previous efforts to find such variants have 
relied on array-based methods, compar-
ing patterns of fluorescence intensity across 
the genome and between individuals. This 
approach has been the focus of the Copy 
Number Variation Project, an international 

consortium effort initiated in 2004 to com-
prehensively identify copy-number variants 
in the 269 samples analysed by the Interna-
tional HapMap Project10. Remarkably, the 
project has revealed considerable variation 
between normal human genomes, with more 
than 1,447 copy-number variant regions span-
ning 12% of the reference DNA sequence18. 
Although these array-based studies are very 
important, most are not able to identify which 
specific DNA sequences have been altered, nor 
the molecular events that have given rise to 
these structural genomic variants. Moreover, 
array-based technologies dependent on the 
detection of copy-number differences are 
unable to detect structural variation events 
that have arisen as a result of balanced chro-
mosomal rearrangements (such as inversions 
or reciprocal translocations of chromosomal 
segments). In most cases the frequency of 
such balanced events is unknown, although 
analyses of genomic sequence14,19 suggest that 
1–20% of all structural variation may in fact be 
balanced and does not involve copy-number 
changes14,19.

Biomedical relevance
Some of the earliest human genetic traits to be 
mapped — such as colour blindness, rhesus 
blood group sensitivity, classical haemophilia 
and forms of beta- and alpha-thalassaemia20–22 
— result from complex structural alterations 
in genes and gene families23–27. At the other 
end of the spectrum are large, structural rear-
rangements of chromosomes known to cause 
genomic disorders that typically involve mil-
lions of base pairs of sequence (for example, 
Prader–Willi syndrome and velocardiofacial 
syndrome)27. Structural genetic variation can 

Completing the map of human genetic variation
A plan to identify and integrate normal structural variation into the human genome sequence.

Table 1 | Common structural polymorphisms and disease
Gene Type Locus Size (kb) Phenotype Copy number variation Reference

UGT2B17 Deletion 4q13 150 Variable testosterone levels, risk of 
prostate cancer

0–2 30,31

DEFB4 VNTR 8p23.1 20 Colonic Crohn’s disease 2–10 33

FCGR3 Deletion 1q23.3 >5 Glomerulonephritis, systemic lupus 
erythematosus

0–14 34

OPN1LW/OPN1MW VNTR Xq28 13-15 Red/green colour blindness 0–4/0–7 23

LPA VNTR 6q25.3 5.5 Altered coronary heart disease risk 2–38 45

CCL3L1/CCL4L1 VNTR 17q12 Not known* Reduced HIV infection; reduced AIDS 
susceptibilty

0–14 32

RHD Deletion 1p36.11 60 Rhesus blood group sensitivity 0–2 24

CYP2A6 Deletion 19q13.2 7 Altered nicotine metabolism 2–3 46
*Precise boundaries of the copy-number variant are not known.
VNTR, variable number tandem repeats.
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confer phenotypes through several mecha-
nisms28. These include gene dosage (copy-
number variation); gene disruption; gene 
fusions at the junction; position effects in 
which the rearrangement alters the regulation 
of a nearby gene; and unmasking of recessive 
mutations or functional SNPs on the remain-
ing allele. Another possible mechanism could 
occur through perturbations of gene expres-
sion that normally result from the pairing of 
homologous alleles, as has been observed in 
Drosophila29. 

In addition to their roles in rare mendelian 
diseases and genomic disorders, several com-
mon structural genetic variants (>1% minor 
allele frequency) have been shown to be impor-
tant in both normal phenotypic variability and 
disease susceptibility (Table 1). For example, 
deletions of the UGT2B17 gene contribute to 
ethnic and interindividual differences in tes-
tosterone metabolism and risk of prostate can-
cer30,31. Increased copy number of the CCL3L1 
gene is associated with reduced susceptibility 
to HIV infection and progression to AIDS32. 
Similarly, individuals with fewer copies of the 
DEFB4 gene have a higher risk of developing 
colonic Crohn’s disease33, and reduced FCGR3 
copy number predisposes people to glomeru-
lonephritis34. 

These examples highlight the importance 
of structural variation to disease and disease 
susceptibility, and suggest several concepts of 
potentially broad relevance. First, the number of 
copies of a given gene or family of genes can be 
a direct risk factor for specific diseases. Second, 
in some cases copy number alone is not suffi-
cient to explain phenotypic differences caused 
by structural genetic variation. In the examples 
of rhesus blood group sensitivity, colour blind-
ness and the alpha- and beta-thalassaemias, it 
is the precise DNA sequence structure (that is, 
the formation of fusion genes or the position 
of a gene with respect to functional promoters) 
that provides the most meaningful associations 
between genotype and disease23–25. Third, nor-
mal structural genetic variation can increase 
the risk of secondary, pathogenic rearrange-
ment. For example, there is increasing evidence 
to support the suggestion that normal inver-
sion polymorphisms can be predisposing fac-
tors for common microdeletion syndromes11. 
This is reminiscent of the ‘premutation’ class 
of allele associated with triplet-repeat diseases. 
Finally, structural genetic variants may be asso-
ciated with genes related to immune response, 
host defence, drug response and environmen-
tal interaction, leading to different phenotypic 
effects35. 

Although whole-genome SNP-based asso-
ciation studies hold great promise for the 
discovery of variants and genes influencing 
common diseases, the genetic complexity of 
structural genetic variants adds another level 
of information that needs to be incorporated 
into this approach. Specifically, the presence 
of structurally variant sequences can result in 
the misinterpretation of marker genotypes and 

their segregation patterns36 or in a reduction 
of reliable SNP genotyping assays using vari-
ous commercial genotyping platforms37,38, as 
well as in the Single Nucleotide Polymorphism 
database (dbSNP) and the HapMap database4,5. 
This, in turn, limits the utility of linkage dis-
equilibrium with reliably assayed SNPs to 
‘tag’ structural variants in disease-association 
studies. Although there is a growing number 
of examples of linkage disequilibrium between 
structural genetic variants and nearby poly-
morphic markers16,17,37, our ability to type all 
structurally variant regions (and SNPs within 
them) using current genome-wide technolo-
gies is limited.

The initiative
The fact that segments of the human genome 
vary substantially in copy number indicates 
that any single human genome carries only 
a subset of the full complement of human 
DNA sequences. Given that the public human 
genome reference sequence assembly repre-
sents what is essentially one version of that 
structure at any given site, it is incomplete. 
Like the initial requirement for a high-qual-
ity human genome reference sequence, there 
is now a need to generate a quality reference 
set of sequenced structural variants from 
many normal individuals and to discover new 
sequences that may be common, but are miss-
ing from the reference genome. Association 
studies of disease are likewise dependent on 
the ‘completeness’ of the reference sequence. 

In 2005, the NHGRI Large-Scale Genome 
Sequencing Program (http://www.genome.
gov/10001691) identified structural variation 
as an area of interest. Two NHGRI working 
groups put forward a proposal to characterize 

structural variation in the human genome of 
phenotypically normal individuals to achieve 
several goals. First, to systematically dis-
cover structural variations of as little as 5 kb 
in length. Second, to capture forms of natu-
ral genetic variation, such as inversions, that 
result from balanced chromosomal rearrange-
ments and that cannot currently be detected 
by array-based technologies. Third, to provide 
sequence-based resolution of normal human 
structural genetic variation. The proposed aim 
was to bring knowledge of structural variation 
in the human genome to the level that has now 
been achieved for SNPs. Such information 
would complement SNP-based data as a valu-
able resource for genetic association studies of 
human disease. 

The proposal was reviewed and approved 
by the National Advisory Council for Human 
Genome Research. It was recognized that 
this initiative would be large and complex in 
scope, and potentially competitive with other 
applications of large-scale sequencing efforts 
of medical interest. Sequencing costs associ-
ated with each additional human genome are 
estimated at US$800,000 per individual, with 
an additional $150,000 per individual assigned 
to targeted finishing and infrastructure costs. 
A two-to-three-year timeline was projected 
for completion of all sequencing aspects of 
this proposal. These costs and timelines are 
regarded as preliminary, and are subject to 
change owing to technological improve-
ments. The plan for implementation includes 
regular assessment of the data as they emerge 
to ensure that the initiative is yielding the 
expected information and warrants the con-
tinued use of sequencing capacity to generate 
additional data. 

Figure 1 | Paired-end sequence approach. Genomic libraries are constructed from fragmented DNA 
and subcloned into circular vectors such as BACs or fosmids. The ends of these fragment inserts are 
directly sequenced from universal vector primers near the subcloning site (arrows) and are termed end-
sequence pairs or paired-end sequences. End-sequence pairs are mapped to their best location in the 
human reference genome sequence assembly. End-sequence pairs that are discordant in terms of length 
(> 3 s.d. from the mean insert length) and/or orientation when mapped against the reference genome 
assembly may be indicative of deletions, insertions or inversion, as indicated (red, blue and green, 
respectively). End-sequence pairs consistent in terms of length and orientation are shown as grey. 
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An overview
The objective of this initiative is to characterize 
the pattern of human genetic structural vari-
ation at the nucleotide level from a collection 
of phenotypically normal individuals. In prin-
ciple, the discovery and analysis of human 
structural genetic variation involves three 
straightforward steps: identifying variants, 
sequencing to resolve each variant’s structure, 
and genotyping in larger samples to establish 
frequency and linkage disequilibrium charac-
teristics. Identifying structural genetic variants 
has been challenging, especially doing so in a 
manner that allows for follow-up sequencing 
to define the variant at the nucleotide level. 

The initiative will expand on a recently 
published strategy that exploits clusters of dis-
cordant end-sequence pairs from large-insert 
genomic clones with a known distribution of 
insert sizes14 (Fig. 1). The strategy maps the 
end-sequence pairs from a 10–12-fold redun-
dant, whole-genome clone library from each 
individual to the human genome reference 
sequence assembly. This creates a clone tiling 
path of the second human genome compared 
with the reference and identifies discordant 
regions in which multiple clones show statisti-
cally significant discrepancies by length and/or 
orientation. These regions contain putative sites 
of insertion, deletion or inversion (Fig. 2). 

Specifics of the plan
To obtain 95% of the common variation (minor 
allele frequency >5%), the plan is to make fos-
mid clone libraries (~40 kb inserts) from the 
genomic DNA of 48 unrelated females already 
genotyped in the HapMap, and BAC clone 
libraries and from 14 unrelated HapMap males 
with the concomitant production of ~50 Gb of 
human sequence in the form of end-sequence 
pairs (see white paper at http://www.genome.
gov/Pages/Research/Sequencing/SeqPropos-
als/StructuralVariationProject.pdf for sam-
ple size rationale). The large insert (~150 kb) 
BAC clone libraries will provide a mechanism 
by which to obtain sequence information 
on structural variants18 that are too large to 
be encompassed in the fosmid inserts, such 
as those associated with segmental duplica-
tions39 and the highly repetitive palindromic 
sequences of the Y chromosome40,41. Indi-
viduals studied in the International HapMap 
Project are ideal for this research because 
they are being characterized for structural 
variation by other means16–18,37, may be used 
for genome-wide variation discovery with 
full data release, and have already been geno-
typed for 3.4 million SNPs, making it possible 
to correlate structural variation with what is 
currently known about the genetic architec-
ture of the region in question. Hence, genome 
libraries will be constructed from representa-
tive individuals with European, Asian and 
African ancestry. 

Each human genome library will be con-
structed to tenfold physical coverage per indi-
vidual and inserts will be end-sequenced. This 

should capture >98% of each parental haplo-
type in clones, even after allowing for cloning 
biases, sequence failure and failure of the end 
sequence to map to the genome14. The most 
important parameter for detecting structural 
variation in this plan is the insert size variance 
in both the fosmid and BAC libraries. With 
standard deviations of 1.5 kb for fosmid libra-
ries, for example, it is possible to detect several 
hundred sites of structural variation as small 
as 5 kb per individual. The wider insert size 
distribution of BAC clones will require putative 
structural variant clones to be validated by fin-
gerprinting before complete insert sequencing. 
A further benefit of this initiative is that it is 
expected to yield ~15-fold greater cover-
age of human genomic sequence, providing 
ample substrate for the recovery of previously 
unknown rare SNPs and smaller insertion/
deletion polymorphisms7,8. 

A key aspect of the plan is to sequence all 
genomic clones that are discordant with the 
reference sequence in terms of length or ori-
entation. On the basis of preliminary studies, 
we expect to identify several thousand sites of 
structural variation. These will be sequenced 
to a high degree, allowing base-pair resolution 
of the structural variants16. This amount of 
sequencing is well within the capacity of the 
genome centres. It is important to note that 
although some variants will be the result of 
simple insertions or deletions, others will be 
embedded in complex regions of the genome, 
and will have many rearrangements with 
respect to the reference sequence14,42. Clones 
from the library resource may also be useful 
to various research groups for other reasons. 
They could be used to close gaps in the human 

genome sequence and for follow-up investiga-
tion of positive ‘hits’ in whole-genome or can-
didate-region association studies by providing 
rapid and fairly complete characterization of all 
SNPs and structural variation on one or more 
associated haplotypes. In addition, they could 
be used to compare the ability of platforms to 
accurately detect different types of variation. 

Another goal of the initiative is to geno-
type the discovered variants in the full set of 
HapMap samples, thus contributing to an 
integrated map of SNPs and structural vari-
ants. This is especially important because of 
the many genome-wide association studies 
currently in progress or planned for the near 
future. Investigators interpreting these data will 
encounter the structural variants only through 
their SNP genotype data. Recognizing that no 
single technology can adequately genotype all 
forms of structural variation9,11,43, this effort, 
among others, would stimulate technological 
improvements that would allow rapid, inex-
pensive and comprehensive assessment of all 
forms of structural variation. The immediate 
plan is to use the sequence-validated struc-
tural genetic variants from the 62 individuals 
(48 HapMap females and 14 HapMap males) 
to evaluate new technologies and to perform 
cross-platform comparisons of existing tech-
nologies, providing a better understanding of 
false positives and false negatives. The integra-
tion of the resulting structural genetic variant 
map with SNPs will offer clues to their evolu-
tionary history in the genome. Structural vari-
ants that arose only once would be expected 
to show linkage disequilibrium with SNPs 
on their original haplotype, whereas struc-
tural variants that arise repeatedly would be 
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Figure 2 | Sequencing structural variation. a, Genomic clone libraries are constructed from different 
human DNA samples (Yoruban Nigerian samples NA18517 and NA18507). b, The inserts of ~1 
million fosmid clones are end-sequenced for each individual and aligned against the reference human 
genome. This provides a tiling path for each individual’s genome against the reference sequence. 
The amount of DNA sequence between the ends of a clone (between end-sequence pairs) is known 
approximately, even before the clones are sequenced. The end sequences of each clone are mapped 
to the reference sequence. If they map to sites that are farther apart in the reference sequence than 
in the test sequence clone, there is a deletion in the test sequence, relative to the reference sequence. 
Conversely, if the end sequences map to sites that are closer in the reference sequence than in the 
test sequence, there is an insertion in the test sequence. Overlapping clones refine the location of 
the insertion or deletion (dashed lines), in this case, near the CYP2D6 gene. c, Sequencing of the 
corresponding clone provides sequence-based resolution of the insertion or deletion and allows 
genotyping assays to be developed to type a large number of individuals. 
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expected to show little linkage disequilibrium 
with nearby SNPs. Identifying the structural 
genetic variants in linkage disequilibrium with 
nearby SNPs would also allow these variants to 
be tagged by SNPs, facilitating efficient identi-
fication of this subset of variants in subsequent 
association studies. 

All sequence data from this initiative, includ-
ing the corresponding end-sequence pairs and 
assembled clone insert sequences, will be depos-
ited in NIH-sponsored public databases — 
the Trace Archive and GenBank, respectively 
— according to standards already established 
for large-scale sequencing efforts (http://www.
wellcome.ac.uk/doc_wtd003208.html). Incor-
porating information from larger and more 
complex rearrangements presents new chal-
lenges to the bioinformatics community. The 
NIH SNP database (dbSNP) is designed to 
accept several classes of smaller variant, includ-
ing SNPs, microsatellite repeats and small inser-
tion or deletion events but not larger variants. 
It will be necessary, for example, to integrate 
alternative views of the human genome organi-
zation which are linked to the sequenced clones, 
provide sequence alignments of the structural 
genetic variants to the reference sequence, and 
flag regions in which mRNAs or genes could 
potentially be affected. 

We propose the integration of sequence-
defined structural genetic variation with the 
reference sequence and other genetic variation 
as part of dbSNP. The integrated information 
should include mapping data, size, structural 
properties, individual source and linkage dis-
equilibrium with nearby variants, and could be 
treated as STS-like features (intervals defined 
by flanking sequence) when annotated against 
the reference genome assembly. As breakpoints 
are localized by sequencing and validation, the 
record can be expanded into sequenced hap-
lotype alternatives. Similarly, public dissemi-
nation will benefit from integration with data 
on common genome browsers (such as that of 
the University of California, Santa Cruz, and 
ENSEMBL) as well as other public databases 
(for example, http://projects.tcag.ca/variation 
and http://humanparalogy.gs.washington.edu/
structuralvariation). 

Concluding remarks
Although there is no single approach that can 
adequately catalogue all human structural 
genetic variation, the plan outlined here is 
based on the successful bottom-up strategy 
that was essential to the Human Genome 
Project and, later, the HapMap project. 
This strategy will dovetail with top-down 
approaches such as that used by the Copy 
Number Variation Project10, which used array-
based technology to discover the landscape of 
larger events in the same HapMap samples. 
The clone-based approach has a number 
of advantages. First, it couples discovery to 
sequence resolution at the nucleotide level. 
Second, it is genome-wide. Third, it is not 
biased by frequency. And, finally, it allows the 

detection and characterization of structural 
variants that result from balanced chromo-
somal rearrangements (such as inversions) as 
well as insertions that are not represented in 
the human genome reference sequence. The 
limitations of this approach include cost, the 
limited number of samples that can currently 
be analysed and the logistics associated with 
the generation and management of such a 
large-scale clone resource. 

The data and clone resources generated by 
this initiative will provide insight into the com-
position and evolution of the human genome, 
including sequence information on thousands 
of larger structural variants. Such informa-
tion cannot be obtained by simply reducing 
the costs of sequencing and generating more 
sequence data of lower quality and shorter 
read length44. The complexity of these regions 
demands high-quality sequence data, which 
can only be provided, at present, by strategic 
sequencing of large-insert clones. Data col-
lected from a large number of phenotypically 
normal individuals will provide an important 
resource to assess the significance of newly dis-
covered structural genetic variants and of those 
found to be enriched in patients with disease. 

Although the primary goal of this initiative 
is to sequence most of the common structural 
genetic variants, this approach should enable 
the identification, characterization and geno-
typing of both common and rare variants. 
Therefore, these studies will provide a unique 
perspective by comprehensively comparing 
individual genomes against the current human 
reference sequence (Fig. 2), foreshadowing the 
development of rapid and complete individual 
genome sequencing44. Ultimately, approaches 
that couple high-throughput genome 
sequencing and paired-end sequence detec-
tion of structural variation may make it possi-
ble (and economically feasible) to analyse both 
SNPs and structural variants simultaneously in 
clinical samples. Meaningful interpretation of 
common and rare structural variants among 
patients will benefit from the most complete 
characterization of all forms of natural DNA 
sequence variation in the human genome. ■
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