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Inversions, deletions and insertions are important mediators of
disease and disease susceptibility1. We systematically compared
the human genome reference sequence with a second genome
(represented by fosmid paired-end sequences) to detect
intermediate-sized structural variants >8 kb in length. We
identified 297 sites of structural variation: 139 insertions, 102
deletions and 56 inversion breakpoints. Using combined
literature, sequence and experimental analyses, we validated
112 of the structural variants, including several that are of
biomedical relevance. These data provide a fine-scale
structural variation map of the human genome and the
requisite sequence precision for subsequent genetic studies
of human disease.

Two recent studies presented surveys of copy-number variation in
the human genome using comparative microarray technology
(oligonucleotide and BAC-based)2,3. These papers suggested that
large-scale variation, up to hundreds of kilobases in size, occurs in
the human genome and that gene-rich regions are common sites
of copy-number polymorphism. Both studies, however, surveyed
only a small fraction of the sequence, and the results lacked the
precision necessary to demarcate the boundaries of specific copy-
number changes. In addition, neither method could reliably
detect more subtle variation such as inversions or small inser-
tions and deletions. Detection and characterization of such
variation is an important aspect of both selection and susceptibility
to disease4,5.
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Figure 1 Detection of structural variation. (a) The

underlying paired-end sequence methodology

used to detect structural variation. Deletions in

the fosmid source are defined as sites where two

or more fosmid end-sequence pairs span 448

kb. Insertions are defined as sites where two or

more fosmids span o32 kb (red). These length

thresholds are 3 s.d. from the mean insert size

(Supplementary Fig. 1 online). Inversions in DNA

show two or more fosmids (blue) with an

inconsistent orientation of the end sequences

with respect to the human genome for each
breakpoint. (b) Sites of discordance. Two or more

fosmids showing a consistent size discordance

(red), discrepancy by orientation (blue) or both

size and orientation differences (yellow) were

mapped with respect to recent retrotransposon

insertions (green), segmental duplications (dark

gray bars) and sequence gaps (purple).

Concordant best placement fosmids are shown as

gray triangles. Below the sequence (horizontal

black line), a track depicting the span of best hits (black bar) and tied (gray bar) fosmid pairs is shown. A 7-Mb region of chromosome 22 (May 2004

assembly; 17,000–24,000 kb) is depicted, with violet arrows highlighting various features. Overall, 99% of the pairs were concordant by size and

orientation. Sites (n ¼ 7) that met our criteria are indicated by a green bar above the line. Regions where concordant and discordant pairs overlap suggest

heterozygosity in the fosmid DNA source, as opposed to regions where only discordant pairs are noted, which may represent sequence error or homozygosity.
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We developed a computational strategy to
detect systematically such fine-scale structural
variation, which includes inversions and more
subtle variation, by mapping paired-end
sequence data6 from a human fosmid DNA
genomic library (Supplementary Note
online). The fosmid DNA represented a dif-
ferent source individual than had been used
to generate the bulk of the genome reference
sequence and therefore offers, in theory,
exquisite power to detect structural variations
between these two sources. Consistent discre-
pancies in size and orientation of multiple
paired-end sequences have the potential to
detect insertions, deletions and inversions
between the reference human genome and
this individual (Fig. 1a). We optimally
mapped 589,275 pairs of fosmid end sequ-
ences (from an initial total of 1,113,518 dis-
tinct pairs) to their best locations in the
human genome assembly (build 35, May
2004). This 581 Mb of mapped sequence
(0.19� sequence coverage) represents appro-
ximately eightfold physical coverage of the
human euchromatic regions of the human
genome (average insert size of fosmid ¼ 40 kb).

Next, we searched for regions where multi-
ple independent fosmids showed discrepancy
by their predicted size. We categorized fosmids as discordant if the in
silico size was in excess of three standard deviations from the mean
(o32 kb or 448 kb; Fig. 1a and Supplementary Fig. 1 online). Using
this threshold, 99% (583550 of 589275) of the pairs are concordant
with the genome by size and by orientation. Discordant pairs (n ¼
3,169) are classified as those whose insert size is predicted to be too
large (n ¼ 1,531) or too small (n ¼ 1,638). Some of these (n ¼ 698)
also had ends that were incorrectly oriented with respect to the human
reference genome and are indicative of potential inversions.

We graphically mapped all sites with two or more discordant
fosmids in the context of repeat, gap and duplication properties of
each human chromosome (Fig. 1b and Supplementary Figs. 2–25
and Supplementary Table 1 online). After elimination of clonal
propagation and other assembly artifacts (Supplementary Note
online), we identified 297 sites of putative structural variation,
corresponding to 139 insertions, 102 deletions and 56 inversion
breakpoints (Fig. 2 and Table 1 and Supplementary Table 1 online).
Seventy-five percent (228 of 297) of these sites of putative structural
variation also showed spanning fosmids consistent with the human

genome reference sequence, in addition to two or more discordant
fosmid pairs. This indicates that the diploid individual from whom the
fosmid library was constructed is probably heterozygous with respect
to these structural variants, and they probably do not represent
genome assembly errors. We estimate that most of these putative
structural rearrangements ranged in size from 8 to 40 kb. Deletions
and inversions as large as 329 kb and 1.9 Mb, respectively, were also
predicted (Supplementary Note online).

Structural variation in the human genome may arise by a variety of
mechanisms, including retrotransposition of mobile elements (i.e.,
LINE elements and retroviruses, nonhomologous recombination,
etc.). We examined the sequence underlying the sites of structural
variation and found that although variant regions are enriched near or
in repetitive DNA (Table 1 and Supplementary Table 1 online), only
18 regions show a full-length L1 (L1HS, PA2, PA3) or retrovirus
element consistent with a variable retrotransposition insertion with the
human reference genome. A much more conspicuous association is
noted when sites of recent duplication (490% and 41 kb in length)
are compared7. More than half of the sites (163 of 297) completely
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Figure 2 Structural variation map. The schematic summarizes the distribution of insertions, deletions

and inversions on each human chromosome. A total of 297 clusters were identified: 139 insertions,

102 deletions and 56 inversions breakpoints (Supplementary Table 1 online). Across the genome, 163

of the structural variants map to regions of segmental duplication. Detailed views of each chromosome

are given in Supplementary Figs. 2–25 online.

Table 1 Summary of structural variants determined by paired-end sequence analysis

Total deletions (S:N) Total insertions (S:N) Total inversions (S:N) Total

Seg. dup. 52 (35:17) 68 (55:13) 43 (32:11) 163

HS repeat 28 (24:4) 12 (11:1) 1 (0:1) 42

Unique 22 (15:7) 59 (46:13) 12 (10:2) 95

Total 102 (74:28) 139 (112:27) 56 (42:14) 297

Deletions are defined as regions that contain two or more fosmids where the distance between paired-end sequences is significantly (43 s.d.) greater than 448 kb when mapped
against the human genome reference sequence (build 35). Insertions are regions containing two or more fosmids with paired ends showing a significantly (43 s.d.) smaller span
(o32 kb) on the human reference sequence. Inversions refer to breakpoint regions where two or more fosmids show a consistent misorientation of end sequence, irrespective of size.
S refers to the number of variant sites with support for the human genome reference as well as the discordance, suggestive of a heterozygous fosmid donor genotype. N is the
number of variant sites lacking support for the human genome reference, suggestive of a homozygous fosmid donor genotype or reference genome error. Seg. dup., sites containing or
flanked by segmental duplications; HS, human specific retroposons; Unique, neither. A complete list of the 297 sites is shown in Supplementary Table 1 online.
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contain or map one of their boundaries in a segmental duplication,
with the most pronounced association seen for intrachromosomal
segmental duplications where the degree of sequence identity exceeds
98% (88 of 163 sites; Supplementary Fig. 26 online). Overall, B41%
(123 of 297) of the structural variants mapped to the introns or exons
of RefSeq genes (Supplementary Table 1 online).

We carried out a series of analyses to assess the biological relevance
of these putative variants. First, we compared our sites to 16 previously
characterized polymorphisms8–11. We detected 7 of 16 common
polymorphisms that ranged in size from 5 kb to 219 kb (Table 2).
Many of these are biomedically relevant, including deletion of the
gene RHD (Rhesus blood group susceptibility factor), variable copy-

number of the Kringle IV domain of the gene
LPA (coronary heart disease risk factor) and
deletion of the gene GSTM1 (cancer suscept-
ibility or drug detoxification). In most cases,
the boundaries of the deletion or duplication
map within 2–3 kb of published breakpoints
(Supplementary Table 1 online). Five of
seven of these confirmed structural poly-
morphisms show minor allele frequencies
greater than 20% (Table 2).

In this study, we compared the fosmid
source genome (two haplotypes) with a com-
posite reference genome of which 470% was
derived from a single individual (RPCI-11).
Theoretical calculations predict that complete
sequence information from two to three indi-
viduals should identify 40–60% of all com-
mon variation where minor allele frequencies
exceed 20% (ref. 12). In addition to these
germline events, we also detected the expected
somatic variation associated with the kappa,
lambda and heavy chain immunoglobulin loci
at 2q11, 22q11.2 and 14q32.3, respectively.

Next, we selected 57 BACs corresponding
to 91 regions of putative structural variation
and constructed a specialized BAC microarray
to assess copy-number differences by array
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Table 2 Validated structural polymorphisms

Gene Type Frequencya Locus Expected Detected Phenotype Reference

GSTT1 Deletion 20% �/� 22q11.2 54.3 kb ND Halothane/epoxide sensitivity 23

EMD-FLNA Inversion 33% �/+ Xq28 219 kb B100 kb None 9

GSTM1 Deletion 50% �/� 1p13.3 18 kb 17.8 kb Toxin resistance, cancer susceptibility 24

CYP2D6 Duplication 1�29% +++ 22q13.1 5 kbb 10 kb Antidepressant drug sensitivity 25

CYP21A2 Duplication 1.6% +/� 6p21.3 35 kb 22.1 kb Congenital adrenal hyperplasia 26

LPA VNTR 94% H 6q27 5.5 kbb 14 kb Coronary heart disease risk 11

RHD Deletion 15�20% �/� 1p36.11 B60 kb 67.8 kb Rhesus blood group sensitivity 10

Published structural polymorphisms (expected) that were validated by the fosmid paired-end sequence approach (Supplementary Fig. 28 online). The detected size is based on
average discordance. H refers to heterozygosity11. ND, not detected by two or more fosmids but by a single pair of fosmid ends; VNTR, variable number of tandem repeats.
aThe frequency of homozygotes (�/�) or heterozygotes (+/�) is shown. The frequency of homozygous deletion of GSTT1 among Asians is 57% (ref. 27). Haplotypes with multiple
copies of CYP2D6 (+++) have been identified in 21�29% of Ethiopians25. bMultiple copies of the underlying repeat unit (multiallelic) have been identified. For example, the 5.5-kb Kringle
IV domain of the apolipoprotein a gene (LPA) ranges in copy number from 2 to 40.
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d Figure 3 Sequence analysis of structural variants.

Representative fosmids from 40 sites of

structural variation were sequenced corresponding

to B1.5 Mb of sequence. Fosmid genome

sequence was compared with the human genome
reference sequence confirming (a) deletion

of 16,424 bp (AC158317), (b) an insertion of

8,043 bp (AC158319), (c) a large deletion of

169,357 bp (AC158332) and (d) a deletion

of 13,340 bp (AC153483).
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comparative genomic hybridization (CGH). We screened a diversity
panel of 46 humans and found that 28% (16 of 57) of the selected sites
(Supplementary Table 2 online) showed evidence of copy-number
difference by array CGH, suggesting that these sites correspond to
bona fide polymorphisms in the population. This represents an
approximately fivefold enrichment relative to a control set of 554
randomly selected BACs, of which only 5.6% showed comparable
levels of copy-number variation (P ¼ 7.1 � 10�7; Fisher’s exact test).
To eliminate potential methodological artifacts, we repeated the
experiment with a second sample set of 51 individuals and a second
reference DNA and obtained nearly identical results (D. Locke,
unpublished data).

We compared our complete data set with two previous surveys of
large-scale variation in the human genome2,3. Eighty-five percent (252
of 297) of the sites that we detected were not detected by either of the
screens and, therefore, represent potential new sites of structural
variation. We called these insertions, deletions and inversions inter-
mediate-sized structural variants (ISVs) to distinguish them from
larger copy-number polymorphisms, although there seems to be some
overlap between these two groups, especially for larger ISVs. As
expected, the median size of sites that overlapped those detected by
array CGH was nearly double that of structural variations overall (31.3
kb versus 15.2 kb, respectively). Many of the variants that we identified
probably lie below the detection limit of BAC-based array CGH.

Because all the structural variants that we identified by this
approach have been effectively subcloned, the availability of the
fosmid genomic library now allows for the nature of the structural
variants to be defined precisely at the sequence level. As a more
direct means of validation, we randomly selected 40 discordant
sites for complete fosmid-insert sequencing. Fingerprint analysis of
the representative fosmids showed that the insert size (39.4 kb 7
3.7 kb) was consistent with our in silico estimate and that the
fosmids were not grossly rearranged (Supplementary Table 3
online). From these 40 fosmids, we generated B1.5 Mb of de novo
assembled sequence and compared it with the reference genome.
We confirmed large-scale structural variation ranging in size
from B5 kb to 169.4 kb for 33 of the 40 selected clones (Fig. 3).
This included 17 deletions, 13 insertions and 3 inversions. Two of the
seven that were not verified correspond to atypically short fosmids
(o30 kb); another two showed evidence of sequence assembly
collapse inconsistent with the fosmid length by fingerprint analysis
(Supplementary Note online).

The availability of underlying sequence structure provides the
necessary framework for genotyping assays to be developed (Fig. 4).
We selected 11 of the 33 sequenced regions for further experimental
validation and designed a total of 22 PCR-based assays to distinguish
both the human reference genome and fosmid variants in a human
diversity panel (Supplementary Table 4 online). In total, we estimated
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Figure 4 Genotyping analysis of structural variants. PCR validation and genotyping for seven insertion-deletion sites identified in fully sequenced fosmids,

confirming (a) an 8.2-kb deletion in fosmid 3777M04, (b) a 13.3-kb deletion in fosmid 2588B13, (c) a 9.1-kb insertion in fosmid 913E19, (d) an 8.6-kb

deletion in fosmid 3075L14, (e) a 6.4-kb deletion in fosmid 3762I17, (f) a 12.1-kb insertion in fosmid 647I01 and (g) a 10.2-kb deletion in fosmid

2840F04. PCR primers (Supplementary Table 4 online) were designed that specifically amplify in the presence (primer A+B, upper band) or absence (primer

A+C, lower band) of the insert. In each case, the genotype of the source of the fosmid library (GM15510) was consistent with the in silico prediction. For six

of the seven structural variants, analysis of ten ethnically diverse control individuals confirms these as common polymorphisms in the normal population

(Supplementary Table 5 online).
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a minor allele frequency 420% for 5 of the 11 sites that we selected.
Differences in allele frequency were noted for two of these; we
observed an altered frequency of heterozygotes among Amerindians
and Asians. Genotyping assays such as these will be valuable for future
association studies of this type of fine-scale structural variation with
disease and disease susceptibility.

Two important biases in the distribution of these structural variants
emerge from this study. First, 55% (163 of 297) of the structural
variation maps to segmentally duplicated regions of the genome,
which represent only 5.3% of the total genome sequence7,13. This
suggests a tenfold enrichment relative to unique regions. Similar
results have been obtained from surveys of larger copy-number
variation2,3,14. But 86% of the variant sites detected in this study
did not overlap those from previous studies, possibly owing to
differences in methods of ascertainment. The fine-scale structural
variation map of the human genome, therefore, offers a different
level of resolution than do these other studies. The second bias is that
insertions outnumber deletions (139 to 102). This effect does not seem
to be due to an excess of retrotransposition events (at least in the case
of L1 elements). Once again, the frequency of insertions is almost
certainly an underestimate. Physical constraints of fosmid-insert size
suggests that we would probably not have detected insertions 440 kb.
These results might extend the long-standing observation that haplo-
insufficiency is less tolerated than trisomy in evolving populations15,16

or, alternatively, might represent some systematic bias in the assembly
of the human genome reference sequence.

Many of the sites of structural rearrangement that encompass genes
correspond to tandem clusters of multigene families. Nonallelic
recombination between homologous sequences is probably the
mechanism underlying some of this variation. There is a general
theme of molecular-environmental interaction (Supplementary
Table 1 online). As noted previously2,13, many of the genes are
associated with drug detoxification (glutathione S-transferase, cyto-
chrome P450 genes and carboxlyesterase gene families), innate
immune response and inflammation (leukocyte immunoglobulin-
like receptor, defensin and APOBEC gene families), surface integrity
(late epidermal cornified envelope and mucin gene families) and
surface antigens (galectin, melanoma antigene gene and rhesus
blood group gene families). Although many of these ‘environmental
sensor’ genes may not be essential for viability, they may be an
important component of adaptability. Gains and losses of several of
these genes are known risk factors for disease8. It will be crucial to
determine whether rearrangement of these genes reoccurs on different
genetic backgrounds. If mutational events reoccur too frequently,
association studies based on linkage disequilibrium of closely mapped
SNP markers may not uncover an association with disease. The fine-
scale structural variation map we generated provides a rationale for
prioritizing regions for further study.

METHODS
Paired-end sequence analysis. We optimally aligned fosmid end sequences

against the assembled human genome sequence as part of a three-step process:

recruitment, quality rescoring and pairing. During the recruitment phase, we

aligned 1,113,518 pairs of sequence, representing 2,298,774 sequence ends,

using MEGABLAST (–p 80 –s 90 –v 7 –b 7 –w 12 –t 21) against the nearly

finished human genome assembly (build 35, May 2004). We retained the seven

highest-scoring alignments (Z80% sequence identity) in the genome for each

end sequence and optimally realigned these with the Needleman-Wunsch

algorithm (match ¼ +10, mismatch ¼ �8, gap opening ¼ �20, gap extension

¼ �1, no penalty for terminal gaps). We recalculated percent identity

accounting for the underlying sequence quality data using only base pairs with

a minimum of phred quality 30. We then rescored alignments on the basis of

length and percent identity. We removed alignments that scored significantly

lower and could not represent an allelic sequence relative to the other end

alignments. For each fosmid, we scored all paired-end combinations of the top

alignments for placement. This scoring scheme weighted heavily for allelic

levels of variation (identity 499.5%), essentially penalizing duplicated regions.

Concordant pairs were favored over discordant ones when the sequence and

length scores were similar (Supplementary Note online). Ninety-nine percent

(583,550 of 589,275) of the pairs were concordant and had end orientation and

an insert size of 32–48 kb (o3 s.d. from the mean, 39.9 7 2.76 kb), consistent

with the reference genome. To eliminate false positives, we treated discordant

alignments more stringently, requiring end alignments to have Z99.5%

identity and Z400 bp, of which Z150 bp was unique. Consequently, the

effective quality of discordant sequences was high (at phred quality Z27, the

average and median read lengths were 510 bp and 528 bp, respectively). These

high-quality discordant pairs (n ¼ 3,189) were classified as those where the

insert size was predicted to be too large (n ¼ 1,531) or too small (n ¼ 1,638).

Some of these discordant pairs (n ¼ 698) also showed an incorrect orientation

of ends with respect to the human genome sequence. Finally, there were 220

pairs whose insert sizes were within estimated limits but showed improper

orientation. Using parasight visualization software, we displayed sequence

annotation, discrepant clones and putative regions of rearrangement, based

on two or more similarly discordant clones, together for each chromosome. We

then manually curated rearrangements in parasight to confirm and further

characterize them as likely insertions, deletions or inversions. The final data set

consisted of 297 sites less than 2 Mb and 291 sites less than 1 Mb. Sites of

structural variation were mapped against annotated human genes (RefSeq) and

the location of variants was classified as exonic, intronic, intragenic (deletion or

inversion of entire gene) or intergenic (Supplementary Table 1 online) with

respect to each gene.

Array CGH. We isolated genomic DNA from a panel of 46 lymphoblastoid

cell lines (Coriell Cell Repository) of diverse ethnic origin (8 Chinese,

4 Japanese, 10 Czechoslovakian, 1 Druze, 7 Biaka, 9 Mbuti and 7 Amerindian

samples; Supplementary Table 2 online). We labeled test and reference

DNAs (from an anonymous male donor) with Cy3 or Cy5 by random priming

and hybridized them to a BAC microarray17 consisting of 57 clones overlapping

sites of putative variation as detected by fosmid paired-end sequence

analysis and 554 control clones. Each hybridization was done in duplicate,

incorporating a reverse-labeling, and clones that yielded log2 hybridization

ratios that were 40.3 s.d. from the mean in both replicates were scored

as variant (Supplementary Table 2 online). Analysis of self versus self

hybridizations indicated that using these criteria yielded a false positive rate

o1 in 4,000 clones.

Sequencing. We isolated a subset of discordant fosmids (n ¼ 495), correspond-

ing to the 297 putative variant sites, and confirmed their identity by sequence

analysis of the insert (T7 and SP6) using a previously described protocol18.

Because polymorphic L1 insertions are within our detection range, we screened

all representative fosmids for known human-specific L1 elements by two

methods (Supplementary Note online). Fosmid DNA was fluorescently

sequenced (ABI3100) and hybridized19 using g-32P-ATP end-labeled L1 HS

Ta oligonucleotides20. An L1 retrotransposition insertion event was scored if

fosmids were positive by both assays and the average discordance was consistent

with an L1 insertion (Supplementary Fig. 27 online). We targeted a subset

(n ¼ 40) of sites that did not contain L1 retrotransposons for complete insert

sequencing. For each fosmid, we generated a shotgun sequence library and a

multiple complete digest fingerprint map with four independent restriction

enzymes (EcoRI, HindIII, BglII and NsiI)21. A total of 192 independent shotgun

library clones were sequenced for each project, providing approximately three-

to fourfold sequence coverage. Sequences were assembled and viewed using

phred/phrap/consed software tools. Sequence contigs 42 kb in size were

ordered and oriented, and FASTA files with underlying quality scores were

generated for sequence analysis. We compared fosmid and human genome

(build 34 and build 35) sequence using ClustalW22 and graphical visualization

scripts (two-way_mirror.pl and miropeats) to identify the extent of each

rearrangement (Supplementary Table 3 online).
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Genotyping. We designed PCR assays to distinguish insertion versus deletion

events (Fig. 4). Oligonucleotide sequences and PCR amplification conditions

are given in Supplementary Table 4 online.

URL. Parasight visualization software is available at http://humanparalogy.gs.

washington.edu/parasight/.

Note: Supplementary information is available on the Nature Genetics website.
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