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Knowledge about structural variation in the human genome has grown tremendously in the past few years. However,
inversions represent a class of structural variation that remains difficult to detect. We present a statistical method to
identify large inversion polymorphisms using unusual Linkage Disequilibrium (LD) patterns from high-density SNP
data. The method is designed to detect chromosomal segments that are inverted (in a majority of the chromosomes)
in a population with respect to the reference human genome sequence. We demonstrate the power of this method to
detect such inversion polymorphisms through simulations done using the HapMap data. Application of this method
to the data from the first phase of the International HapMap project resulted in 176 candidate inversions ranging
from 200 kb to several megabases in length. Our predicted inversions include an 800-kb polymorphic inversion at
7p22, a 1.1-Mb inversion at 16p12, and a novel 1.2-Mb inversion on chromosome 10 that is supported by the presence
of two discordant fosmids. Analysis of the genomic sequence around inversion breakpoints showed that 11 predicted
inversions are flanked by pairs of highly homologous repeats in the inverted orientation. In addition, for three
candidate inversions, the inverted orientation is represented in the Celera genome assembly. Although the power of
our method to detect inversions is restricted because of inherently noisy LD patterns in population data, inversions
predicted by our method represent strong candidates for experimental validation and analysis.

[Supplemental material is available online at www.genome.org.]

Large-scale structural changes such as deletions, duplications, in-
versions, and translocations of genomic segments are known to
be associated with susceptibility to disease (Lakich et al. 1993;
Lupski 1998; Osborne et al. 2001). However, until recently, it was
generally believed that genetic differences between two individu-
als were largely mediated by small-scale changes such as Single
Nucleotide Polymorphisms (SNPs) and meiotic recombination,
and that structural variants represent a relatively small fraction of
the genetic diversity. Indeed, the International HapMap project
(The International HapMap Consortium 2003) was set up to cata-
log human genetic diversity based on SNPs alone. The first phase
of this project has recently been completed producing a haplo-
type map of about one million common SNPs (The International
HapMap Consortium 2005). In this context, it is somewhat sur-
prising that evidence is now mounting for the presence of large-
scale variants in the human genome, collectively referred to as
“structural variants.” High-throughput experimental techniques
based on comparative genomic hybridization have enabled the
discovery of hundreds of copy-number polymorphisms in hu-
man individuals (Iafrate et al. 2004; Sebat et al. 2004; Sharp et al.
2005). The HapMap genotype data have also been used to dis-
cover insertion/deletion polymorphisms (Conrad et al. 2006; Mc-
Carroll et al. 2006).

In sharp contrast, knowledge about the location and ge-
nome-wide extent of inversion polymorphisms has not accumu-
lated at the same pace, primarily because of the lack of a high-
throughput technique for detecting inversions. Methods for as-
saying an inversion in a population are also limited (Turner et al.

2006). Very few examples are known of large inversion polymor-
phisms whose frequency has been characterized in human popu-
lations. A notable one is the recently discovered 900-kb-long
common inversion polymorphism on 17q21.31 (Stefansson et al.
2005). The inverted orientation had a frequency of 21% in Eu-
ropeans but was rare in individuals of African (6%) and Asian
(1%) origin. The inverted haplotype was dated to be ∼3 million
years (Myr) old but shows little evidence for recombination, lead-
ing to a distinct haplotype pattern and extended Linkage Dis-
equilibrium (LD) across the region in the CEU population. Inter-
estingly, genotype–phenotype analysis in an Icelandic popula-
tion showed that women carrying the inverted haplotype had
more children than those who did not, providing direct evidence
that the inverted arrangement is under some form of selection.

A recent study (Tuzun et al. 2005) mapped fosmid paired-
end sequence data from a fosmid DNA library of a North Ameri-
can female (not represented in the reference human genome as-
sembly) to the reference human assembly. Fosmids that showed
discrepancy by size were indicative of deletions/insertions be-
tween the two genomes, while fosmids whose ends mapped on
the same strand of the reference genome (discordancy by orien-
tation) pointed to potential inversions. This strategy revealed 56
putative inversion breakpoints in addition to 139 insertions and
102 deletions. Although the method is effective in determining
inversions, it will require extensive re-sequencing in a population
of individuals to fully determine the extent and frequency of
these polymorphisms. An indirect approach that has been
adopted for finding inversion polymorphisms is to test human–
chimp inversions for polymorphism in humans using FISH and
PCR analysis (Feuk et al. 2005; Szamalek et al. 2006). Out of 23
regions that were tested (Feuk et al. 2005), three were found to be
polymorphic in humans, with the largest being an 800-kb inver-
sion on chromosome 7.
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In this study, we use the recently generated high-density
SNP genotype data from the International HapMap Project (The
International HapMap Consortium 2005) to detect large inver-
sion polymorphisms in the human genome. Unlike deletions
that cause miscalled genotypes and can lead to Mendelian incon-
sistencies (Conrad et al. 2006; McCarroll et al. 2006), inversions
do not produce any aberrant SNP genotypes. Our method is
based on the detection of an unusual LD pattern that is indicative
of inversions for which the inverted orientation (with respect to
the reference human genome sequence) is present in a majority
of chromosomes in a population. The method can also detect
large orientation errors in the human sequence assembly. Using
simulations, we show that our method has statistical power to
detect such inversions. We have applied our method to data from
the first phase of the International HapMap Project to generate a
list of 176 candidate inversions in the three HapMap “analysis
panels” (CEU, YRI, and CHB + JPT). Although it is difficult to
estimate how many of these represent true inversions, a crude
estimate of the false-positive rate using coalescent simulations
indicates that about half of the 78 predictions in the YRI analysis
panel represent true inversions. The false-positive rate could be
higher (∼80%) for the inversions in the CHB + JPT analysis panel,
according to a conservative assessment. Even with the high false-
positive rates, our method is a cost-effective approach to discov-
ering inversion polymorphisms. We have looked for supporting
evidence for our predicted inversions in the form of discordant
fosmid pairs, assembly discrepancies, and presence of a pair of
inverted repeats near inversion breakpoints. This has resulted in
a smaller list of 15 inversions, two of which represent previously
known inversions.

Results

We used the genome-wide SNP data from Phase I of the Interna-
tional HapMap Project consisting of genotypes of 269 DNA
samples for ∼1 million SNPs. These samples consist of 90 CEPH
individuals (30 parent–child trios) from Utah, USA (abbreviated
as CEU); 90 Yoruban individuals (30 trios) from Ibadan, Nigeria
(YRI); 44 unrelated individuals from Tokyo, Japan (JPT); and 45
Han Chinese individuals from Beijing, China (CHB). We com-
bined the individuals from the JPT and CHB populations to ob-
tain a larger set of 89 individuals (referred to as the CHB + JPT
analysis panel). For the CEU and YRI analysis panels, our data
consisted of 120 chromosomes (from the 60 parent individuals)
each. We used the phased haplotype data (downloaded from the
HapMap Web site), which was computationally phased using the
program Phase 2 (The International HapMap Consortium 2005;
Stephens and Scheet 2005). All our analysis was done separately
on the three analysis panels (CEU, YRI, CHB + JPT).

Overview of method

Genetic maps are constructed by genotyping a large number of
genetic markers in a pedigree and determining the physical order
of the markers through estimates of the recombination fraction
between genetic markers. On the other hand, the human ge-
nome assembly represents the genomic sequence of a few indi-
vidual(s), and a second, possibly different, ordering of the mark-
ers (SNPs, e.g.) can be determined by mapping the sequence
flanking the markers to this reference. Recently a high-resolution
genetic map was constructed using pedigree data from an Icelan-
dic population (Kong et al. 2002). Comparison of the genetic

map to the reference sequence revealed several regions where the
ordering of the genetic markers was in opposite orientation to
that suggested by the reference sequence. Given the incomplete
nature of the draft human sequence at that time, the sequence
was modified in the regions where the genetic map strongly in-
dicated a different marker order. The possibility that some of
these discrepancies are a result of an inversion polymorphism in
the particular region cannot be discounted. For example, if the
human sequence represents the minor allele in a particular re-
gion of the human genome that has two orientations, one would
expect the ordering of the markers (inside the inverted segment)
in the genetic map to be consistent with that of the major allele
and hence be opposite to that of the sequence. In fact, this is true
for a 4.5-Mb-long inversion on chromosome 8 where the refer-
ence human sequence represents the minor allele (frequency
20%–30% in human populations) and the genetic map (Kong et
al. 2002) matches the marker order of the major allele. However,
the low resolution of genetic maps makes it difficult to detect
such discrepancies in general.

In genotype data from unrelated individuals, LD refers to
the nonrandom association of alleles at physically neighboring
markers (SNPs in our case). Consider two biallelic loci L1,L2 with
alleles A/a and B/b, respectively. If the loci are sufficiently dis-
tant, there is almost no correlation between the markers and the
joint probability of seeing alleles A,B is simply P1,2(A,B) =
P1(A)P2(B). However, if the loci are physically close, then

|P1,2�A,B� − P1�A�P2�B� | >> 0

LD is typically measured by a normalization of |P1,2(A,B) �

P1(A)P2(B)| (see Wall and Pritchard 2003 for a review of LD mea-
sures, including D� and r2). In human population data, signifi-
cant LD is observed at close distances, and little or no LD is
observed at long distances. This correlation of LD with distance is
very noisy because of multiple factors, largely owing to the fine-
scale heterogeneity in the recombination rates in the human
genome (Crawford et al. 2004; McVean et al. 2004; Myers et al.
2005). Although it may not be possible to determine a physical
ordering of SNPs using LD alone, it is possible to distinguish
between SNPs that are physically close from physically distant
SNPs using LD. Our method uses high-density SNP genotype data
to find regions of the human genome where the ordering of the
SNPs suggested by LD patterns is opposite to that of the physical
sequence.

Consider a genomic region that is inverted (with respect to
the reference sequence) in a majority of the chromosomes in a
population, and assume that we have genotyped markers on ei-
ther side of the two breakpoints (for a graphical illustration, see
Figure 1). In such a scenario, we would expect to see unusually
higher levels of long-range LD (LD13 and LD24) than would be
expected between markers that are physically distant. Further-
more, one would also observe low LD (LD12 and LD34) between
pairs of markers that are physically close according to the refer-
ence sequence. The strength of this effect will be proportional to
the frequency of the inverted allele. Our statistic is designed to
search for a pair of breakpoints showing this kind of signal.

Most measures of LD are defined for a pair of biallelic sites
and have high variance. We are interested in assessing the
strength of association between blocks of SNPs across the inver-
sion breakpoints. Therefore, we use the “multiallelic” version of
the LD measure D� (Lewontin 1964; Hedrick 1987) by consider-
ing a block of SNPs as a multiallelic marker. Blocks contain a
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fixed number of SNPs that are located within a certain distance
on the chromosome (see Methods). To obtain an empirical prob-
ability distribution (�d) of the LD between two blocks at a fixed
distance d, we compute the D� measure between all pairs of
blocks that are distance d apart. For every pair of inversion break-
points, we use the four LD values (LD12, LD13, LD24, and LD34)
and the LD probability distributions to compute a pair of log-
likelihood ratios, one for each breakpoint. These log-likelihood
ratios represent the ratio of the probability of the region being
inverted versus being noninverted in the population. Using a
permutation method, we compute a P-value for the log-
likelihood ratios that represents the probability of the log-
likelihood ratios achieving a high value by chance. We use this
P-value as our statistic for evidence of inversion (see Methods for
details).

Power to detect inversion polymorphisms

Our statistic is suited to detect long inversions (long enough for
little or no long-range LD to be present) for which the inverted
orientation (with respect to the reference sequence) is the major
allele. Many factors influence the power of our statistic, includ-
ing background recombination rates, the length of the inversion,
and the frequency of the inverted haplotype. We used simula-
tions to assess how these factors affect the power of our statistic.
Currently, only a few instances of inversion polymorphisms are
known, and existing work on simulating population data incor-
porating the effect of inversion polymorphisms is of a theoretical
nature based on Drosophila inversion polymorphisms (Navarro et
al. 2000). Therefore, we adopted a simple strategy to simulate
inversions of varying frequency using haplotype data from the
HapMap Project (see Methods). As our simulations were over real
data with high variation in recombination rates, we effectively

average over the effect of recombination rate variation. Figure 2A
describes the power of the statistic to detect inversions as a func-
tion of the frequency of the inverted allele ( f ), keeping the length
fixed at 500 kb for the three HapMap analysis panels. The power
is measured by the fraction of simulated inversions in which the
inverted region was detected with a P-value less than a fixed
cutoff (0.02). Figure 2B describes the power for different lengths
of the inverted region. The results indicate that the power of
the method is low for small inversions (0.45 for inversions of
length 100 kb) and increases with increasing length, saturating
around 500 kb. Although the simulations cannot completely
capture the effect of an inversion on LD patterns, they sug-
gest that our method has good statistical power to detect long
inversions segregating at high frequency in a population. They
also indicate that the power is maximum in the YRI analysis
panel (see Fig. 2A). We show later, through independent assess-
ment of the false-positive rate of our predicted inversions on the
HapMap data, that the error rate is lowest for the YRI analysis
panel.

Scanning the HapMap data for inversion polymorphisms

We searched the phased haplotype data from the three HapMap
analysis panels individually using our statistic to determine sites
of inversion. To reduce the number of false positives, we consid-
ered predicted inversions with length in the range 200 kb–4 Mb.
After clustering and filtering the initial list of predicted inver-
sions for each analysis panel separately (see Methods), we had a
total of 176 putative inversions in the three HapMap analysis
panels with a P-value of 0.02 or less. Of these, 26 were detected in
the CEU analysis panel, 78 in the YRI analysis panel, and 72 in
the CHB + JPT analysis panel. Most of the predicted inversions
were unique to one of the analysis panels, but three regions were

Figure 1. Unusual LD observed in SNP data when the inverted haplotype (with respect to the reference sequence) has very high frequency. SNPs are
“mapped” to the reference sequence using the flanking sequence (denoted by shaded boxes). Therefore, close SNPs in high LD are mapped to distant
regions 1 and 3 (the shaded boxes). Consequently, the two regions show unusually high LD for that distance.

Evidence for large inversions from HapMap data
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predicted in two analysis panels each. The predicted list includes
two sites of known inversion polymorphisms: an 800-kb inver-
sion polymorphism on chromosome 7p22.1 and a 1.1-Mb inver-
sion on chromosome 16p12.2. The 800-kb inversion at 7p22 was
identified previously (Feuk et al. 2005) using interphase FISH
with 2/20 CEPH individuals found to be heterozygous for the
inversion. Our method gave a signal for this region in the
YRI analysis panel matching the known breakpoints (P-value of
0.012). For this inversion, the breakpoints were previously
identified to a resolution of ∼200 kb (Feuk et al. 2005). For one of
the breakpoints, our method can narrow down the location
to a region of length 45 kb. The chromosome 16 inversion was
identified through the analysis of discordant fosmid pairs
(Tuzun et al. 2005). Interestingly, we detected this inversion in
both CEU (P-value 0.008) and the YRI analysis panels (P-value
0.018) with identical pairs of breakpoints (see Table 1). Analysis

of the sequence around the breakpoints revealed the presence of
a pair of long, highly homologous inverted repeats (see Fig. 3).

The current list of inversion polymorphisms in the human
genome is small, with only ∼15 inversions >200 kb that are
known to be polymorphic in normal humans (from the Genome
Variation Database at http://projects.tcag.ca/variation/). We
looked for additional evidence that would support some of our
predicted inversions. As noted earlier, sequence from different
individuals (in the form of fosmid end pair sequences) can be
mapped to the reference sequence to identify inverted regions
(Tuzun et al. 2005). Another source of evidence comes from com-
paring the two human sequence assemblies produced by the In-
ternational Human Genome Sequencing Consortium (2001) and
Celera Genomics (Venter et al. 2001). Regions that are inverted in
orientation between the two assemblies represent sites of assem-
bly error in one of the two assemblies or polymorphic inversions,
since these assemblies were generated using different sets of in-
dividuals. The Celera whole-genome shotgun assembly (Istrail et
al. 2004) was aligned to the reference sequence assembly (Build
34) to discover such regions (B. Walenz, pers. comm.). If the
orientation of the Celera assembly supports a predicted inver-
sion, then it is highly likely that the inverted orientation is pres-
ent in the population.

One of our predictions was supported by two fosmid pair
sequences discordant by orientation (Tuzun et al. 2005). This
≈1.2-Mb inversion on chromosome 10 (p15.1–p14) was predicted
in the CHB + JPT analysis panel with a P-value of 0.005. The
left end of the fosmid pair mapped in the reference assembly ∼40
kb before the predicted left breakpoint, while the right end
mapped just before the right breakpoint (see Fig. 4). Since
the insert size of fosmids ranges between 32 and 48 kb, the
two discordant fosmids are consistent with the predicted break-
points. There were no gaps in the genome assembly near
the breakpoints, and there were fosmids and BACs consis-
tent with the reference assembly (UCSC Human Genome
Browser, http://genome.ucsc.edu). This suggests that the
inversion represents a previously unknown inversion polymor-
phism.

There were two regions for which we obtained evidence
for the inverted orientation from the Celera assembly. One of
these regions is an ∼200-kb-long region on chromosome 13
that was predicted to be inverted in both the CEU and CHB + JPT
analysis panels. The region is also present in the inverted
orientation in the Celera assembly, and both breakpoints span
large gaps (100 kb) in the sequence assembly. Another large
predicted inversion on chromosome 2p25 overlaps with a
1.4-Mb region that is inverted between the two recent human
genome assemblies (Build 34 and 35). The orientation of the
Celera assembly of the human genome is concordant with the
Build 35 assembly for the 1.4-Mb regions. There are gaps on each
breakpoint that are not spanned by fosmids, indicating that
it is difficult to determine the correct orientation. This region
was tested for polymorphism in an analysis panel of 10 CEPH
individuals (Feuk et al. 2005) but was not found to be polymor-
phic.

A 2-Mb-long predicted inversion on chromosome 10q.11
was predicted in both the YRI and CHB + JPT analysis panels.
Furthermore, both the breakpoints for this region span gaps in
the human sequence assembly, suggesting that this could repre-
sent an assembly orientation error. Two segments in this region
are inverted between the Celera sequence assembly and the pub-
lic assembly. The analysis of the genomic sequence around the

Figure 2. (A) Power of our method to detect inversion polymorphisms
in the three HapMap analysis panels. Inversions of varying frequency
(100%–50%) of a fixed length (500 kb) were simulated using the Hap-
Map data for the three analysis panels separately (YRI, CEU, and
CHB + JPT). The y-axis represents the fraction of simulated inversions for
which there was at least one pair of predicted breakpoints with P-value
�0.02 matching the breakpoints of the simulated inversion. (B) Power to
detect inversions of four different lengths in the YRI analysis panel.
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breakpoints revealed the presence of inverted repeats, several
hundred kilobases in length and of very high sequence similarity.

Many of our predicted inversions overlap with regions that
are inverted between the human and chimpanzee genomes (see

Table 1 for a list; Feuk et al. 2005; Newman et al. 2005). One of
these is the 800-kb inversion on chromosome 7 that was tested
for polymorphism in humans since it was found to be inverted
between the human and chimpanzee sequences (Feuk et al. 2005).

Figure 3. Genomic overview of a 1.4-Mb region at 16p12 predicted to have an inversion in both the CEU and YRI analysis panels. The left predicted
breakpoint (the dotted line) overlaps with an ≈80-kb-long segment that is highly homologous to a segment (in the inverted orientation) near the other
breakpoint. The region contains several disease-related genes (from the OMIM database).

Table 1. List of predicted inversions for which there is some form of evidence supporting the inverted orientation

Chromosome
Left

breakpoint (kb)
Right

breakpoint (kb)
Analysis
panel p-value Direct evidence

Inverted
repeats

Human–chimp
inversions

16 21,279 . . . 587 22,356 . . . 643 CEU 0.008 Inversion: 21,544 . . . 22,654 √ 21,504 . . . 22,723
21,279 . . . 557 22,300 . . . 682 YRI 0.018 Inversion: 21,559 . . . 22,645

7 5,610 . . . 783 6,632 . . . 677 YRI 0.012 Inversion polymorphism √ 5,766 . . . 6,565
Left breakpoint: 5,608 . . . 776
Right breakpoint: 6,495 . . . 735

10 6,233 . . . 240 7,432 . . . 517 CHB + JPT 0.006 Two discordant fosmid pairs —
10 46,378 . . . 457 48,046 . . . 735 YRI 0.014 √ 46,512 . . . 47,057

45,506 . . . 6,453 48,029 . . . 821 CHB + JPT 0.018
13 112,272 . . . 388 112,556 . . . 677 CEU 0.0002 112,373 . . . 558 inverted between

Build 34 & Celera
112,266 . . . 379 112,554 . . . 665 CHB + JPT 0.005 Both breakpoints span gaps

2 1,527 . . . 654 4,565 . . . 681 YRI 0.005 1,627 . . . 3,044 inverted between
Build 34 & Celera; both break
points span gaps

1,527 . . . 3,040

1 143,737 . . . 778 146,942 . . . 7,113 YRI 0.005 √ 143,185 . . . 143,723
143,862 . . . 145,914
142,424 . . . 146,586

2 132,383 . . . 388 132,629 . . . 654 YRI 0.005 131,015 . . . 132,518
130,908 . . . 132,285

5 177,155 . . . 499 180,364 . . . 571 YRI 0.015 √ 175,531 . . . 177,204
177,301 . . . 532

7 148,971 . . . 9,270 152,105 . . . 161 YRI 0.007 √ 149,120 . . . 153,113
9 87,120 . . . 291 87,772 . . . 886 CHB + JPT 0.0167 87,810 . . . 878

11 48,607 . . . 841 50,765 . . . 51,208 YRI 0.007 √ 49,337 . . . 793
49,831 . . . 49,871

12 124,704 . . . 711 126,031 . . . 044 CEU 0.0092 √ —
19 19,826 . . . 871 20,331 . . . 356 YRI 0.016 √ —
19 49,122 . . . 128 49,564 . . . 605 YRI 0.016 √ —

All genomic coordinates are based on Build 34 of the human genome assembly. Human–chimp inversions are regions that are inverted between the
human and chimpanzee genomes (Feuk et al. 2005; Newman et al. 2005). Inverted repeats imply the presence of a pair of low-copy highly homologous
sequences, one near each breakpoint.
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Sequence analysis of inversion breakpoints

Segmental duplications have been shown to be highly overrep-
resented near sites of structural variation in the human genome
(Iafrate et al. 2004; Tuzun et al. 2005). Mechanisms have been
proposed as to how a pair of low-copy inverted repeats may me-
diate inversion events in the genome (Lupski 1998; Giglio et al.
2001; Shaw and Lupski 2004). Pairs of inverted repeats have also
been detected near the inversion breakpoints for several known
inversion polymorphisms (Sugawara et al. 2003; Feuk et al.
2005). We checked for the presence of pairs of low-copy homolo-
gous repeats near the breakpoints of our predicted inversions. We
found that 18 of our predicted inversions had pairs of highly
homologous repetitive sequences near the breakpoints. There
were 11 distinct regions for which there were inverted repeats
near the breakpoints4 (listed in Table 1). The significance of find-
ing inverted repeats near the inversion breakpoints was esti-
mated using a simple empirical method (see Methods). The
P-value was estimated to be 0.006. A complete list of all pairs
of low-copy repeats near breakpoints is given in Supplemental
Table S2.

Many examples of apparently benign chromosomal dele-
tions that in many cases delete entire genes have recently been
reported in the HapMap analysis panels (Conrad et al. 2006; Mc-
Carroll et al. 2006). Less is known about inversions affecting
genes by truncating the coding sequence in normal human in-

dividuals. Recurrent inversions disrupting the factor VIII gene on
the X chromosome are known to be a common cause of severe
hemophilia A (Lakich et al. 1993; Deutz-Terlouw et al. 1995; Bag-
nall et al. 2002). We analyzed the sequence around inversion
breakpoints to see if they overlap with known genes in the hu-
man genome. The resolution of our predicted inversion break-
points varies from a few kilobases in some cases to several hun-
dred kilobases in others, making it difficult to say with certainty
whether the inversion actually affects some gene. Assuming that
purifying selection acts on inversions disrupting genes, one
would expect an underrepresentation of inversion breakpoints
disrupting genes. We found that 66 of our predicted inversion
breakpoints are completely covered by one or more genes (for six
inversions, both breakpoints are spanned by genes). (For a list of
these genes, see Supplemental Table S3.) This is significantly less
than what one would expect by chance (P-value of 0.02).

Many of the genes that intersect with breakpoints are pre-
viously known to be disrupted in diseases. The T-cell lymphoma
breakpoint-associated target 1 (TCBA1) gene spans a genomic
region of >900 kb on chromosome 6 and is associated with mul-
tiple splice isoforms, as well as alternative start sites. As the name
suggests, the gene is structurally disrupted in T-cell lymphoma
cell lines (Tagawa et al. 2002) and developmental disorders (Yue
et al. 2006). A sketch of the previously mapped breakpoints and
our predicted inversion breakpoints with respect to the known
isoforms of the gene is shown in Figure 5.

We also detected several disrupted genes with alternative
splice forms, with some of the splice isoforms consistent with the4Some of these regions correspond to two predicted inversions.

Figure 4. Overview of an ≈1.2-Mb-long inversion on chromosome 10 predicted in the CHB + JPT analysis panel. Also shown are two fosmid pairs
(discordant by orientation) whose one end maps to before the predicted left breakpoint and the other end maps to a region before the right breakpoint.
These discordant mappings support the predicted inversion breakpoints. In this region, there is another overlapping inversion predicted in the CHB + JPT
analysis panel. The region has several genes proximal to the left breakpoint, one of which is known to be overexpressed in tumor cells (Sampath et al.
2003).
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inversion breakpoint. An interesting example is the Islet cell an-
tigen (ICA1) gene, which is a target self-antigen in type 1 diabe-
tes. The gene is known to have multiple isoforms (Gaedigk et al.
1996). As shown in Figure 6, a predicted inversion breakpoint on
chromosome 7 removes the 3�-end of the gene (gb: BC008640),
approximately consistent with the expression of alternative
splice forms (gb: BC005922, U38260). These and many other
examples hint at the important role of structural variation in
mediating gene diversity.

Assessing the false-positive rate

Several of our predicted inversions represent known inversion
polymorphisms and many others are supported by independent
forms of evidence such as matching fosmid end sequences show-
ing discordancy by orientation, regions inverted between differ-
ent human assemblies, and so on. Given the incomplete nature
of our knowledge of inversion polymorphisms in the human
genome, this does suggest that many of our other top predictions
could represent inversions. Although LD generally decays with
increasing distance between the markers, it is now well known
that there is significant variation in recombination rates across
the human genome (McVean et al. 2004; Myers et al. 2005). This
variation in the recombination rates could potentially result in
false positives using our statistic. Therefore, it is useful to esti-
mate how many of our predicted inversions are correct. Estimat-
ing the false-positive rate reliably is difficult, given the state of
our knowledge.

We used coalescent simulations to estimate the frequency of
predicted inversions on haplotype data with “no inversions.” To
incorporate the heterogeneity in recombination rates in the
simulated data, we used a recently developed coalescent simula-
tion program (Schaffner et al. 2005) that can generate population
data incorporating variation in recombination rates and a wide
range of demographic histories for different populations (see
Methods). The program is calibrated to produce haplotype data
that have considerable variation in LD like that seen in real popu-
lation data. The same thresholds and parameters were used for
scanning the simulated data sets using
our statistic as for the HapMap data. We
analyzed the number of predicted inver-
sions in the simulated data separately for
each analysis panel.

Given the small number of pre-
dicted inversions in the HapMap data
and many caveats in matching the simu-
lation parameters with the real data, it is
difficult to estimate the false-positive
rate based on a direct comparison. The
number of pairs of breakpoints for
which the statistic is computed is huge

(≈40 million in the YRI analysis panel),
while the number of predicted inver-
sions is small (78 with a P-value of 0.02
or smaller). One cannot compare the ra-
tio of the number of breakpoints exam-
ined to the predicted inversions in the
HapMap and the simulated analysis pan-
els. Therefore, we use an indirect esti-
mate.

For a P-value cutoff �, denote �(�)
to be the ratio of the number of pre-
dicted regions with a P-value at most �

in the HapMap analysis panel to the corresponding number in
the simulated data. If a lower P-value implies a greater chance of
a prediction being real, one would expect �(�) to increase with
decrease in �. Note that if the number of true predictions (which
is unknown) is small or if the P-values for the real predictions are
not concentrated in the tail of the distribution, it would be dif-
ficult to observe an increase in �(�). For the YRI analysis panel,
�(�) ranges from 1.73 to 1.75 for � in the range 0.1–0.06, but
increases to �(0.02) = 2.85, and �(0.01) = 4.86. For a P-value of
0.02, this represents a 1.7-fold enrichment in the number of pre-
dictions in the HapMap data versus the simulated data. Under
the assumption that the increase in the number of predictions in
the tail of the P-value distribution is a result of true predictions,
the false-positive rate at a cutoff of 0.02 can be estimated to be
∼58%. For the CEU analysis panel, we did not observe a gradual
increase in �(�) and also the number of predictions smaller than
0.02 is only 26, making it difficult to get a meaningful estimate of
the false-positive rate via this method. For the CHB + JPT analysis
panel, this method suggests a higher false-positive rate of 80% at
a cutoff of 0.02. This could reflect the low power of our method
to detect true inversion polymorphisms in the CHB + JPT haplo-
type analysis panels because of less accurate long-range haplo-
type phasing in the CHB + JPT analysis panels as compared to the
CEU and YRI analysis panels. Our analysis suggests that the false-
positive rate is the smallest in the YRI analysis panel, and about
half of the YRI predicted inversions could be real. This is also
supported by the fact that the two previously known inversions
(that we detect across the three HapMap analysis panels) are de-
tected in the YRI analysis panel, and ∼10 predicted inversions in
the YRI analysis panel are supported by the presence of inverted
repeats.

We also looked at the length distribution of the predicted
inversions using our statistic in each of the three HapMap analy-
sis panels independently. For this we considered inversions with
length in the range 200 kb–10 Mb. For the YRI analysis panel, the
number of predicted inversions seems to drop after 4 Mb and
remains essentially constant after that (see Fig. 7). The number of

Figure 5. A predicted YRI inversion polymorphism on chromosome 6 overlaps with the TCBA1 gene.
The dashed line describes the location of the predicted breakpoints. The previously mapped break-
points of the gene in T-cell lymphoma/leukemia cell lines are also shown.

Figure 6. Splice isoforms of the ICA1 gene that are approximately consistent with a predicted YRI
inversion breakpoint on chromosome 7. The region of the left insertion breakpoint is denoted by a
dashed line. The exons are not drawn to scale.
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predicted inversions with length in the range 1–4 Mb is 30, while
the number of predicted inversions in the range 4–8 Mb is only
10. In contrast, for the CHB + JPT analysis panel, the numbers are
62 (in the range 1–4 Mb) and 51 (in the range 4–8 Mb). These
results indicate that there is a threefold clustering of predicted
regions in the smaller range for the YRI analysis panel. If most of
the predictions were false, one would not expect to see any clus-
tering. The higher clustering in the YRI analysis panel versus the
CHB + JPT analysis panel is consistent with the results from the
coalescent simulations, which also predict a smaller false-positive
rate for the YRI analysis panel. While the above estimates of the
false-positive rate are crude, they nevertheless indicate that many
of our predictions, especially those in the YRI analysis panel, are
likely to be real.

Discussion

We have presented a statistical method that has power to detect
large inversion polymorphisms using population data. Our
method can also detect large regions where the reference assem-
bly has erroneous orientation. Applying our method to the Hap-
Map data, we have identified 176 putative inversions in the three
HapMap analysis panels. The false-positive rate for the predicted
inversions in the YRI sample indicates that ≈30 of the 78 YRI
predictions could represent real inversions. We have looked for
independent evidence in the form of discordancies between the
NCBI and Celera assembly, discordant fosmid pairs, and the pres-
ence of inverted repeats near inversion breakpoints for our pre-
dicted inversions. We have identified a novel 1.2-Mb-long inver-
sion on chromosome 10 that is supported by two discordant
fosmid pairs and has not been reported before. For two of our
predicted inversions, both breakpoints span gaps in the human
reference assembly, and the inverted orientation is represented in
the Celera genome assembly, indicating orientation errors in the
reference assembly. For ∼10 regions, the inversion breakpoints
are flanked by a pair of highly homologous inverted repeats. A
recently proposed method called “haplotype fusion” can assay
single haplotypes for the presence of an inversion even when the
breakpoints lie within long inverted repeats (Turner et al. 2006).
The set of predicted inversions flanked by inverted repeats rep-
resent ideal candidates for validation using this technique.

Our method is designed to detect long inversions for which
the inverted allele (with respect to the reference sequence orien-
tation) in a population has high frequency. Therefore, it is un-
likely to detect inversion polymorphisms for which the inverted
allele is the minor variant. However, the allele frequencies of
structural polymorphisms can vary significantly across popula-
tions. For five of the 10 deletion polymorphisms that were geno-
typed in the HapMap analysis panels, the minor allele in one
analysis panel was the major allele in another analysis panel
(McCarroll et al. 2006). The availability of data from multiple
populations increases the chance of detecting the inversion using
our method in the population where the inverted allele is the
major variant. Furthermore, in many cases the reference se-
quence assembly is likely to represent the minor variant in the
population. For an 18-kb inversion polymorphism at 7q11 (Feuk
et al. 2005), the minor allele (frequency of 30%) was represented
in the reference assembly, while the major allele matches the
orientation in the chimpanzee sequence. Although the method
seems to be robust to the variation in recombination rates, it is
possible that this heterogeneity in recombination rates and other
events can produce a signal using our statistic. One such scenario
is where the two breakpoints represent gene conversion hotspots
while there is no recombination across the entire region. Gene
conversion events would reduce short-range LD, while absence of
recombination would maintain long-range associations.

From a computational perspective, our method represents a
novel strategy for using population data for detecting large rear-
rangements. It is becoming increasingly cost-effective to generate
genome-wide SNP genotype data, and our method can be applied
to any such data. Other strategies have been suggested for com-
putationally mining SNP data for potential inversions. Inversion
polymorphisms have been extensively investigated for Dro-
sophila, and it has been observed that the presence of inversion
polymorphisms leads to strong and extended LD across the in-
verted region since recombination in inversion heterozygotes is
suppressed (Navarro et al. 2000; Andolfatto et al. 2001; Navarro
and Gazave 2005). This reduces the overall recombination rate in
the region and also tends to produce two divergent haplotype
clades (Navarro et al. 1997; Andolfatto et al. 2001). The best
known example of this effect in the human genome is the 900-kb
polymorphic inversion on chromosome 17 (Stefansson et al.

Figure 7. Length distribution of predicted inversions in the YRI analysis panel. For this plot, we consider inversions with length in the range 200 kb
to 10 Mb.
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2005). However, it remains to be seen if this pattern is true of all
(or most) human inversion polymorphisms. In fact, our analysis
of haplotype patterns of the few known inversion polymor-
phisms does not indicate that all inversion polymorphisms lead
to such distinctive haplotype patterns (data not shown).

Our results also indicate that many large inversion polymor-
phisms remain to be discovered in the human genome, and it
may require extensive re-sequencing in multiple populations to
find all such inversions. The presence of a large number of in-
version polymorphisms could have major implications for evo-
lution of the human genome. Inversions are known to directly
suppress recombination in inversion heterozygotes. The lower-
ing of recombination between inversion heterozygotes may also
create effects similar to population substructure even without
geographic isolation of the individuals. Characterization of in-
version variants in human populations will be required to deter-
mine to what extent large inversions affect the recombination
landscape of the human genome. Inversions could also represent
an alternative mechanism for creating diversity in gene regula-
tion and splice isoforms. Such variation may also influence phe-
notypes and associations with diseases.

Methods

Haplotype data
We used genotype data from Phase I of the International Hap-
Map Project consisting of 269 individuals genotyped on ∼1 mil-
lion SNPs. These individuals consist of 30 trios from the Utah,
USA region (CEU); 30 trios from Ibadan, Nigeria (YRI); 44 unre-
lated individuals from Tokyo, Japan (JPT); and 45 Han Chinese
individuals from the Beijing area (CHB). Since the JPT and CHB
populations are genetically similar, we pooled the data from
these two populations to obtain a larger analysis panel of 89
individuals. For the CEU and YRI analysis panels, we used the 60
unrelated parents from the respective populations. We analyzed
each of the three analysis panels: CEU, YRI, and CHB + JPT sepa-
rately. We used the phased haplotype data for these analysis pan-
els (HapMap data release #16 available at http://www.hapmap.
org/downloads/phasing/2005-03_phaseI/full/). Since the SNPs in
this data were ordered based on the NCBI Build 34 (hg16) assem-
bly of the human genome, all our results are with respect to NCBI
Build 34 assembly. We used the phased data since it is difficult to
detect long-range LD without phasing information. The phasing
is highly accurate for the CEU and the YRI analysis panels be-
cause of the presence of trio information. For the JPT and CHB
populations, in the absence of trios, the haplotype phasing is less
accurate (a switch error every 0.34 Mb) (The International Hap-
Map Consortium 2005). This can destroy long-range LD, thereby
potentially reducing the power of our method to detect inver-
sions in the CHB + JPT analysis panel.

Defining multi-SNP markers
For each analysis panel, all SNPs with a minor allele frequency
smaller than 0.1 in the analysis panel were discarded since they
are less informative about LD patterns. After this filtering, we
selected a multimarker SNP block for every remaining SNP as
follows. For each SNP S, we considered all SNPs in the genomic
region L(S) . . . L(S) + W, where L(S) is the genomic location of
SNP S, and W is the window size. If this window had less than k
SNPs, it was discarded. For any k SNPs, an individual sequence is
described by a haplotype of length k, induced by the allelic values
of the k SNPs. Denote the set of haplotypes as A1,A2, . . . , with
frequencies p1,p2, . . . , respectively. For each window, we chose a

subset of k SNPs that maximize the entropy of the haplotypes
(�∑i p1 log p1) defined by any subset of k SNPs. The subset of
SNPs with maximum entropy best captures the haplotype diver-
sity of the window and is potentially most effective for measur-
ing LD with other multiallelic SNP markers. These k SNPs defined
a multi-SNP marker with a left and right physical boundary de-
fined by the physical location of the first and k-th SNP. The
average SNP density of the HapMap analysis panels is about one
SNP (with MAF � 0.1) per 5–6 kb (across different chromo-
somes). The parameters k and W were chosen to be 3 and 18 kb,
respectively, based on this SNP density. The results are not
greatly affected by increasing or decreasing W by a few kilobases.
Simulations indicate that the power to detect inversions is
smaller for k = 4 as compared to k = 3.

Computing LD
LD between two multi-SNP markers was computed using the
multiallelic version of D� (Lewontin 1964). Let A and B denote
two blocks with haplotypes A1,A2, . . . and B1,B2, . . . , respec-
tively. Let pi (qj) denote the frequency of haplotype Ai (Bj). Define
Dij = hij � piqj, where hij is the frequency of the haplotype AiBj.
The extent of LD between each pair of haplotypes is defined as

D�ij =
Dij

Dmax

where

Dmax = �min{piqj,�1 − pi��1 − qj�} if Dij < 0

min{pi�1 − qj�,�1 − pi�qj} otherwise

The overall measure of LD between A and B is

D�AB = �
i
�

j
piqj|D�ij|

We computed the LD measure between all pairs of multi-SNP
markers on a chromosome (defined above) within a certain maxi-
mum distance. Using these LD values for the 22 autosomes, we
obtained probability distribution curves of LD at a fixed distance
d, denoted as �d. The X chromosome was excluded since it has a
reduced recombination rate as compared to the autosomes.

The inversion statistic
Consider a pair of breakpoints where B1 and B2 denote two blocks
on either side of the left inversion breakpoint and B3 and B4 are
the blocks of SNPs spanning the other inversion breakpoint (see
Fig. 1). We compute a pair of log-likelihood ratios, one for each
inversion breakpoint, that represent the log of the ratio of the
probability of the region being inverted in the population versus
being noninverted. Let LDij denote the LD between blocks i and
j, and dij denote the corresponding distance. The log-likelihood
ratio for the left breakpoint is defined as

LLRl = log��d13
�LD12� � �d12

�LD13�

�d12
�LD12� � �d13

�LD13�� (1)

Similarly, the log-likelihood ratio for the right inversion break-
point is defined as

LLRr = log��d24
�LD34� � �d34

�LD24�

�d34
�LD34� � �d24

�LD24�� (2)

If the pair of breakpoints represents inversion breakpoints (with
the inverted allele having high frequency), we would expect the
long-range LD (LD13 and LD24) to be stronger than the short-
range LD (LD12 and LD34) and both log likelihood ratios to be
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positive. However, most measures of LD, including D�, show
some dependence on allele frequencies. Therefore, even in the
absence of an inversion, the log-likelihood ratios could be posi-
tive (because of the long-range LD being larger in magnitude
than the short-range LD just by chance). Therefore, we estimate
the significance of the two log-likelihood ratios using a permu-
tation test. For a pair of breakpoints denoted by (l1,l2) and (r1,r2),
we permute the haplotypes inside the inverted region (from the
block l2 to r1). The two log-likelihood ratios are computed for this
permutation, and the P-value is defined as the fraction of per-
mutations for which at least one of the two log-likelihood ratios
is greater than its corresponding original value. We use 10,000
permutations to compute each P-value. Using simulations, we
found the P-value to have much better specificity and almost
equal sensitivity at detecting inversions as compared to the log-
likelihood ratios. Therefore, we use the P-value for a pair of break-
points as our statistic for the presence of an inversion. The P-
value for the log-likelihood ratios cannot be interpreted as a typi-
cal P-value; it estimates the chance that at least one of the two
log-likelihood ratios would achieve the corresponding computed
value even if there were no LD between the blocks.

Identifying potential inversions
For every chromosome, we considered the region between every
pair of adjacent SNPs as a potential breakpoint. If a pair of adja-
cent SNPs showed high correlation using the r2 measure (a cutoff
of r = 0.6 was used), the region in between is highly unlikely to be
a breakpoint and was excluded. For every breakpoint, we choose
a multi-SNP marker to the left of the breakpoint and another one
to the right of the breakpoint (these were chosen to be the physi-
cally closest multi-SNP markers to the breakpoint from the set of
multi-SNP markers defined previously). Each breakpoint is re-
ported as a pair of genomic coordinates corresponding to the
right physical boundary of the multi-SNP marker closest to the
left of the breakpoint and the left physical boundary of the multi-
SNP marker closest to the right of the breakpoint. For every pair
of breakpoints within a certain maximum distance, we computed
the two log-likelihood ratios and the corresponding P-value. All
pairs of breakpoints with low P-value are considered as potential
candidates for inverted regions. A predicted inversion is reported
as a 4-tuple (l1,l2,r1,r2) corresponding to a pair of left (l1,l2), and
right (r1,r2) breakpoints.

For analysis of the HapMap data, we ignored pairs of break-
points within 200 kb of each other since considerable LD is ob-
served at short distances in the HapMap data and power simula-
tions also indicate that our method has low power to detect in-
versions of small length. Our results for the estimation of the
false-positive rate indicated that there was some enrichment for
true positives in the predicted inversions with P-value smaller
than 0.02. Therefore we choose a P-value cutoff of 0.02 for gen-
erating the predicted inversions. We also limit the size of the
largest predicted inversion that we consider to 4 Mb. The largest
known polymorphic inversion in the human genome is ∼4.5 Mb
in length (Genome Variation Database at http://projects.tcag.ca/
variation/). Also, the distribution of the length of the predicted
inversions suggests that predicted inversions >4 Mb represent
false positives rather than true inversions. All pairs of predicted
inversion breakpoints with length in the range 200 kb–4 Mb and
with a P-value of 0.02 or smaller were enumerated for each chro-
mosome in the three HapMap analysis panels. For each analysis
panel and chromosome, we clustered the predicted inversions
based on the physical location of the breakpoints. For two pre-
dicted inversions (l1,l2,r1,r2) and (p1,p2,q1,q2), if the segment (l1,l2)
and (p1,p2) overlapped and similarly if (r1,r2) and (q1,q2) over-
lapped, these two predicted inversions were grouped together.
After clustering, we had 215 predicted inversions in the three
analysis panels. For every cluster, we report the pair of inversion
breakpoints with the smallest P-value. In order to further reduce
potential false positives, we removed predicted inversions for
which there was strong LD between the block to the left of the
left breakpoint (block 1 in Fig. 1) and the block to the right of the
right breakpoint (P-value of the multiallelic LD smaller than
0.02). The final list of 176 predicted inversions is presented in
Supplemental Table S1(for the P-value distribution of these pre-
dicted inversions, see Fig. 8).

Simulating inversions

It is straightforward to simulate an inversion with frequency
f = 1; however, to the best of our knowledge, there is no existing
program that can simulate human population data accommodat-
ing polymorphisms. The effect of decreasing the frequency of the
inverted haplotype (on our statistic) is to essentially decrease the
strength of long-range LD and increase short-range LD. Hence,
we adopted a simple simulation strategy that could mimic this

effect of the inversion frequency on our
statistic directly. For a given chromo-
some, we chose at random two SNPs S
and E that define the region with the
inversion polymorphism. Let 1,2 . . . s
denote the SNPs in this chosen region.
To simulate an inversion with frequency
f = 1, we just flip the values of the alleles
at SNPs i and s + 1 � i, for all 1 � i � s/2
for all haplotypes. In order to simulate an
inversion of frequency f (0 < f < 1), we
randomly select a subset of haplotypes of
size f � n, where n is the total number of
haplotypes. For every haplotype in this
set, we simply flip the values of the alleles
at SNPs i and s + 1 � i, for all 1 � i � s/2.
Notice that this may have the effect of
combining the alleles at two different
SNPs.

We used the phased haplotype data
from the International HapMap project
to simulate inversions. In order to simu-Figure 8. The P-value distribution for predicted inversions having P-value �0.02.
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late an inversion of given length, we choose one breakpoint ran-
domly and the second breakpoint using the length of the inver-
sion. After planting the inversions, we scan the chromosome for
regions with low P-value for the log-likelihood ratios. A simula-
tion inversion is considered to be detected if the predicted inver-
sion (l1,l2,r1,r2) has the property that the interval (l1,l2) overlaps
the left endpoint of the inversion and (r1,r2) overlaps the right
endpoint. Power is defined as the fraction of simulated inversions
that are detected. Each point in the power plots is based on simu-
lating ∼500 inversions.

Sequence analysis
We used the RepeatMasked June 2003 (NCBI Build 34) human
genome sequence from the UCSC (University of California, Santa
Cruz) Human Genome Browser Web site for analyzing the inver-
sion breakpoints. For each predicted inversion, the genomic se-
quence in the window [l1 � 200000 . . . l2 + 200000] was
BLASTed against the sequence in the window [r1 � 200000 . . . r2

+ 200000] to find pairs of homologous sequences. Only hits with
an e-value <10�25 and length at least 100 bp were considered. We
also removed pairs of homologous sequences that were <100 kb
apart. The statistical significance of the number of inversion
breakpoints flanked by a pair of inverted repeats was estimated
empirically as follows. We simulated 1000 random lists of inver-
sions and computed the number of inversions with a pair of
inverted repeats. Each random list of inversions was generated by
shifting each predicted inversion (on the HapMap analysis pan-
els) to a random location on the same chromosome on which it
was detected. The P-value was estimated to be 0.006 using this
method. Additionally, we observed that the length of the in-
verted repeats for many of the predicted inversions was generally
much longer than those for the random lists.

Analysis of genes near inversion breakpoints was performed
using the UCSC KnownGenes II list from the UCSC Genome
Browser. A gene was defined to cover an inversion breakpoint, if
the transcriptional start position of the gene was before the left
boundary of the breakpoint and the transcriptional end location
after the right boundary of the breakpoint. In order to assess the
statistical significance of the number of inversion breakpoints
covered by one or more genes, we used an empirical method
similar to the one used above for inverted repeats. We simulated
1000 random lists of inversions and computed the number of
genes covering breakpoints for each list.

Coalescent simulations
We simulated population data using the Cosi program (Schaffner
et al. 2005), which implements a coalescent model similar to the
MS program (Hudson 1990) but allowing for complex demo-
graphic histories and variable recombination rates. We used the
bestfit model, which has been calibrated using genome-wide hu-
man population data for different populations. The bestfit model
uses the large-scale variation in recombination rates obtained
from the deCODE genetic map along with fine-scale variation in
recombination rates. We used the default parameters of this
model, which are listed in Table 1 of the paper describing the
method (Schaffner et al. 2005). The program generates data for
four populations, each with its own demographic scenario. We
used the data for three of the populations: West African, Euro-
pean, and East Asian. These three populations were considered as
proxies for the YRI, CEU, and CHB + JPT analysis panels, respec-
tively, from the International HapMap project. We matched each
HapMap analysis panel to the corresponding simulated analysis
panel in the number of chromosomes. We did not model SNP
ascertainment bias (present in the HapMap analysis panels) for

the simulated data since it is unlikely to affect our results, as we
discard SNPs with low minor allele frequency (<0.1). We gener-
ated 100 data sets of length 20 Mb (it is computationally infea-
sible to generate chromosomal length regions using the Cosi pro-
gram) for each of the three analysis panels. We simulated data
with a fixed number of SNPs and then thinned the SNPs so that
the average SNP density (for SNPs with minor allele frequency
�0.1) matched that of the HapMap data.
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