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Although many studies have been conducted to identify single nucleotide polymorphisms (SNPs) in humans, few
studies have been conducted to identify alternative forms of natural genetic variation, such as insertion and deletion
(INDEL) polymorphisms. In this report, we describe an initial map of human INDEL variation that contains 415,436
unique INDEL polymorphisms. These INDELs were identified with a computational approach using DNA
re-sequencing traces that originally were generated for SNP discovery projects. They range from 1 bp to 9989 bp in
length and are split almost equally between insertions and deletions, relative to the chimpanzee genome sequence.
Five major classes of INDELs were identified, including (1) insertions and deletions of single-base pairs, (2) mono-
meric base pair expansions, (3) multi-base pair expansions of 2-15 bp repeat units, (4) transposon insertions, and
(5) INDELs containing random DNA sequences. Our INDELs are distributed throughout the human genome with an
average density of one INDEL per 7.2 kb of DNA. Variation hotspots were identified with up to 48-fold regional
increases in INDEL and/or SNP variation compared with the chromosomal averages for the same chromosomes. Over
148,000 INDELs (35.7%) were identified within known genes, and 5542 of these INDELs were located in the
promoters and exons of genes, where gene function would be expected to be influenced the greatest. All INDELs in
this study have been deposited into dbSNP and have been integrated into maps of human genetic variation that are
available to the research community.

[Supplemental material is available online at www.genome.org. All INDELs described in this manuscript have been

deposited into dbSNP under the “Devine_lab” handle.]

A number of studies have been conducted to identify single
nucleotide polymorphisms (SNPs) in the genomes of diverse hu-
mans. SNPs have been identified in specific genes (Nickerson et
al. 1998; Rieder et al. 1999; Taillon-Miller et al. 1999; Taillon-
Miller and Kwok 2000), on whole chromosomes (Mullikin et al.
2000; Dawson et al. 2001), and throughout the human genome
(Altshuler 2000; The International SNP Map Working Group
2001). Most recently, the International HapMap project has com-
pleted an extensive SNP discovery effort to further increase the
density of SNPs across the human genome (The International
HapMap Consortium 2003). The human SNP map now has
grown to over ten million (10,430,753) non-redundant polymor-
phisms due to these projects (www.ncbi.nlm.nih.gov/SNP; build
125). This collection of SNPs has been used to develop a compre-
hensive haplotype (HapMap) of the human genome, which will
be useful for genetic linkage studies in humans (Daly et al. 2001;
Patil et al. 2001; Stephens et al. 2001; Gabriel et al. 2002; The
International HapMap Consortium 2003; The International
HapMap Consortium 2005).

Some of these SNPs are directly responsible for phenotypic
differences in humans, including differences in (1) physical
traits, (2) susceptibility to diseases, and (3) physiological re-
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sponses to the environment (Judson et al. 2002). Most of these
functionally important SNPs are located within genes. For ex-
ample, 64,549 non-synonomous human SNPs have been identi-
fied that cause amino acid substitutions in proteins (www.ncbi.
nlm.nih.gov/SNP; build 125). SNPs also have been identified
within other critical sites of genes, such as the promoters, 5’ and
3" untranslated regions, and predicted splice sites (www.ncbi.
nlm.nih.gov/SNP; build 125). Thus, SNPs can alter human genes
(and phenotypes) through a variety of mechanisms.

In contrast to SNPs, which have been studied extensively,
other forms of natural genetic variation in humans have received
relatively little attention. At least some of these alternative forms
of variation, such as insertion and deletion (INDEL) polymor-
phisms, are abundant in the genomes of model organisms and
are expected to be abundant in humans as well. For example,
studies of genetic variation in Drosophila melanogaster and Cae-
norhabditis elegans have shown that INDELs represent between
16% and 25% of all genetic polymorphisms in these species
(Berger et al. 2001; Wicks et al. 2001). A study of genetic variation
on human chromosome 22 has suggested that humans harbor
similar levels of INDEL variation (INDELSs represented 18% of the
polymorphisms on this chromosome; Dawson et al. 2001). Based
on these estimates, INDELs are likely to represent between 16%
and 25% of all sequence polymorphisms in humans. Therefore,
given that dbSNP currently contains ~10 million unique (rs) SNPs
(www.ncbi.nlm.nih.gov/SNP; build 125), human populations are
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expected to collectively harbor at least 1.6-2.5 million INDEL
polymorphisms. Unfortunately, INDEL discovery efforts have
lagged significantly behind SNP discovery efforts, and relatively
few INDELs have been identified.

In this report, we describe a new computational strategy to
systematically identify INDEL polymorphisms in the genomes of
diverse humans. We used this strategy to build an initial map of
human INDEL variation that contains 415,436 novel INDELs dis-
tributed throughout the human genome. Approximately 36% of
these INDELs are located within the promoters, introns, and ex-
ons of known genes. Thus, like SNPs, some of these INDELs are
expected to have an impact on human gene function. All of these
INDELs have been deposited into dbSNP and have been inte-
grated into publically available maps of genetic variation. Fully
integrated maps of natural genetic variation that include SNPs,
INDELSs, and other polymorphisms will be more useful than SNP
maps alone for identifying polymorphisms that directly influ-
ence human phenotypes and diseases.

Results

Our INDEL discovery strategy involved mining insertion and de-
letion polymorphisms from DNA resequencing traces that origi-
nally were generated by genome centers for SNP discovery
projects (The International SNP Map Working Group 2001; The
International HapMap Consortium 2003). Because these traces
were generated by shotgun sequencing the genomic DNA of 36
diverse humans, we expected them to harbor additional forms of
natural genetic variation, including INDELs. Thus, we developed
a new computational pipeline that utilized these traces to iden-
tify small INDELs in the human genome. The pipeline entailed
(1) first mapping the traces to unique locations in the reference
human genome, and (2) then aligning mappable traces to the
equivalent genomic regions of the reference sequence to identify
INDEL polymorphisms in the 1 bp to 10,000 bp size range (see
Methods).

We used our computational pipeline to mine 534,223 INDELs
from three independent sets of DNA sequencing traces (see Meth-
ods; Table 1; Supplemental Tables chrl-chrY). The majority of
these INDELSs (374,355) were identified from whole genome shot-
gun (WGS) traces that were generated by the HapMap Consor-
tium using the genomic DNA of eight African Americans (Ta-
ble 1; The International HapMap Consortium 2003). An addi-
tional 137,526 INDELs were identified from traces that were gen-
erated by The SNP Consortium (TSC) using the genomic DNA of
24 diverse humans (Table 1; The International SNP Map Working
Group 2001). Finally, 17,217 INDELs were identified from whole
chromosome 20 shotgun (WCS) traces that were generated by the
Sanger Center from four diverse humans (Table 1; The Interna-
tional HapMap Consortium 2003). Redundant INDELs (118,787)
were identified at least twice in our data sets and these were
eliminated to create a non-redundant set. Thus, a total of

Table 1. Summary of INDELs identified using trace data

Total Non-
Traces INDELs redundant  Chimp Celera Double Hit
WGS 374,355 287,277 143,756 61,800 192,213
TSC 137,526 111,359 54,116 37,200 81,895
WCS 22,342 16,800 8077 3896 12,072
Total 534,223 415,436 205,949 102,886 286,180

415,436 non-redundant INDELs were identified from the three
diverse human populations, ranging from 1 bp to 9989 bp in
length.

We next mapped all INDEL candidates to the chimpanzee
genome to further confirm these INDELs and to identify the an-
cestral allele, where possible. A total of 205,949 of our 415,436
non-redundant INDEL candidates (49.5%) were mapped success-
fully to unique positions in the chimpanzee genome (see Meth-
ods; Table 1; Supplemental Tables chrl-chrY). On the basis of
these results, we determined that our INDELs were split almost
equally between insertions and deletions in the human genome
(47% of the INDELs were insertions in the human genome, and
53% were deletions, relative to the chimp genome). Thus, the
underlying mechanisms that have led to DNA insertions and
deletions in the human genome appear to have functioned at
similar rates during the past ~6 million years (the time since the
last common ancestor of these organisms). We also mapped our
INDEL candidates to the Celera human genome assembly to fur-
ther confirm our INDEL alleles. A total of 102,886 (24.7%) of our
trace alleles were confirmed in the Celera assembly. By combin-
ing these results with the chimp data outlined above and with
redundant trace data, we identified a total of 286,180 double-hit
INDELSs (Table 1; Supplemental Tables chrl-chrY). Thus, a large
fraction of our INDELs (68.8%) were validated in the chimp ge-
nome or in other human genomes through these comparisons.

Five major INDEL classes were identified by analyzing the
DNA sequences of our INDELs: (1) insertions and deletions of
single-base pairs, (2) monomeric base pair expansions, (3) multi-
base pair expansions of 2-15 bp repeat units, (4) transposon in-
sertions, and (5) INDELs containing apparently random DNA se-
quences (Table 2). Insertions and deletions of single-base pairs
represented approximately one third (29.1%) of all INDELSs in our
collection. The majority of these INDELs were A:T and T:A base
pairs, and these two classes together accounted for 84% of the
single-base pair INDELs. Monomeric base pair expansions of vari-
ous lengths and multi-base repeat expansions also represented
almost one third (29.5%) of the INDELs in our collection (Ta-
ble 2). This latter class includes the (CA)n repeat expansions that
are commonly used as genetic markers and the trinucleotide re-
peat expansions that have been shown to cause human diseases
(Warren et al. 1987). Although a variety of DNA sequences can
participate in these repeat expansions, some sequences appear to
undergo expansion much more readily than others. For example,
six of the possible twelve dimeric expansions, (AC)n, (GT)n,
(TG)n, (CA)n, (TA)n, and (AT)n, were much more abundant than
the remaining dimeric expansions in our data sets (Table 2). Simi-
lar preferences were observed for larger repeat units (Table 2). Our
repeat expansions were compared with maps of known micro-
satellites, and 41% of our expansions mapped to such regions
(Supplemental Tables chrl-chrY). In addition to repeat expan-
sions, we also identified INDELs that were caused by de novo
transposon insertions. Overall, transposons accounted for a small
fraction of the INDELs (0.59%), and these polymorphisms have
been described elsewhere in detail (Bennett et al. 2004). The re-
maining INDELSs (40.8%) had a wide spectrum of apparently ran-
dom DNA sequences ranging from 2 bp to 9989 bp in length
(listed as “other” in Table 2). The complete size distribution of
these “other” INDELs is provided in Supplemental Table 1.
Greater than 99% of these “other” INDELs are <100 bp in length.
Approximately 90% are repeated at least once in the genome
(this is largely due to INDELs that are 2 bp to 20 bp, which may
be repeated at least once by chance alone).
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Table 2. Classification of INDELs

INDEL Class

Single bases (29.1%) 120,938
A 50,556
T 50,621
C 9816
G 9945
Repeat Expansions (29.5%) 122,458
Monomeric (4/4) 77,047
(A)n 36,978
(Mn 36,972
(©)n 1576
(G)n 1521
Dimeric (12/12) 29,460
(AC)n 4727
(GT)n 4578
(TG)n 4142
(CA)n 4032
(TA)n 4385
(AT)n 4553
(CTn 698
(AG)n 699
(GA)n 741
(TO)n 808
(GO)n 56
(CG)n 41
Trimeric (56/60) 5454
(AAT)N 810
(TTA)n 703
(ATT)n 427
(TAA)N 357
(AAG)n 325
(TTO)n 334
(TAT)n 297
(AAC)n 246
(ATA)N 288
(TTG)n 245
(CAA)N 117
Other (NNN)n 1309
Tetrameric (176/252) 7456
Pentameric (237/1020) 1456
Hexameric (227/4092) 558
Heptameric (152/16,380) 293
Octameric (150/65,532) 325
Nonameric (98/262,140) 205
Decameric (110/1,048,572) 204
Transposons (0.59%) 2433
Other (40.8%) 169,607
Total 415,436

Validation studies

We conducted several independent validation studies in which
polymorphisms from our collections were subjected to PCR veri-
fication in human populations. In each case, a randomly selected
INDEL candidate was amplified by PCR and the resulting PCR
product was analyzed for the presence of the INDEL. In some
cases, the INDEL affected a restriction endonuclease site and
these INDELs were examined by digesting the PCR products with
an appropriate restriction endonuclease. The remaining INDELs
changed the sizes of the PCR products such that these changes
could be observed directly with agarose gels (Fig. 1). Our valida-
tion studies were focused on polymorphisms that were identified
from the TSC trace data, since genomic DNA samples were avail-
able for all 24 of the original individuals whose DNA was pooled
and sequenced to generate these traces (Collins et al. 1999). Any
polymorphism that was identified using the TSC trace data also
should be found in the genome of at least one of these 24 indi-
viduals. Thus, the TSC trace data, together with the genomic

DNA samples from these 24 individuals, represent an excellent
system to validate polymorphism discovery pipelines (Collins
et al. 1999).

We systematically examined each of the INDEL classes listed
in Table 2 in an effort to validate these classes in the TSC data set.
Our initial validation efforts with single-base pair INDELSs yielded
relatively low validation rates (only about half of these INDELs
were validated in our initial attempts). A previous study also re-
ported relatively low validation rates for single-base pair INDELs
(Weber et al. 2002). These results collectively indicate that single-
base pair INDELs are particularly difficult to identify accurately
from trace data, even when quality scores are used to guide
INDEL discovery. We next examined a number of parameters in
our pipeline to improve these results. Like the double-hit SNPs
that have been described previously (The International HapMap
Consortium 2003), we found that double-hit single-base INDELs
had very high validation rates (36/37 or 97.3% were verified in
the TSC population; Tables 3, 4; Supplemental Table 2). On the
basis of these results, we modified our INDEL discovery pipeline
to include only double-hit single-base INDELs in our final col-
lection of 415,436 INDELs (Table 1).

We also conducted additional validation studies with 18
INDELs from the “repeat expansion” class and 69 INDELs from
the “other” class (Table 2). We observed validation rates of 18/18
(100%) and 65/69 (94.2%) for these studies, respectively (Fig. 1;
Tables 3, 4; Supplemental Table 2). We also examined 11 of our
cINDELs (coding INDELs, see below) and confirmed 10/11 (91%)
of these INDELs in the TSC population (Table 4; Supplemental
Table 2). These 11 cINDELs belonged to the INDEL classes listed
in Table 2 (single-base pair, repeat expansions, and “other”) and
are likely to have identical validation rates as these classes. In a
previous study, we found a validation rate of 61/61 (100%) for
the transposon class of INDELs (Table 4; Bennett et al. 2004). In

A. Long PCR Product (L)
—-»> <«
—_
B Short PCR Product (S)
M

W
-C  Coriell Panel of 24 Humans

Heterozygous Homozygous

Figure 1. PCR validation study using the TSC panel. A PCR assay for
INDEL detection is shown. (A) Arrows represent PCR primers. If a given
segment of DNA is present (black box), a long PCR product (L) is pro-
duced. If it is absent, a short PCR product (S) is produced. (B) A PCR
validation assay is shown for INDEL 647,421 located on chromosome 22
(also listed in Table 3 and Supplemental Table 2). The reference genome
sequence indicated the presence of a 24-bp repeat of (AC)n at the co-
ordinates given (Table 3). A trace from the TSC collection indicated that
at least one individual from the Coriell panel lacked this DNA segment.
Both alleles were identified in the Coriell panel of 24 individuals (Collins
et al. 1999). Small (<10 bp) INDELs were located within predicted re-
striction sites and the PCR products were digested with an appropriate
restriction enzyme to detect the INDEL (not shown).
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Table 3. Examples from INDEL validation studies

INDEL ID Chromosome coordinates Size Confirmed? Total alleles Ref alleles Trace alleles Class
35590 chr13: 105107490-105107490 1 Y 22 1 21 single
37150 chr8: 1867379-1867379 1 Y 22 1 21 single
41824 chr3: 188746327-188746327 1 Y 22 3 19 single
51245 chr14: 105882634-105882634 1 Y 44 0 44 single
53521 chr19: 34067926-34067926 1 Y 22 4 18 single
59764 chr5: 7811865-7811865 1 Y 40 0 40 single
63456 chr14: 97346323-97346323 1 Y 22 5 17 single
114974 chr4: 23389802-23389802 1 Y 22 4 18 single
118291 chr11: 24089360-24089360 1 Y 22 2 20 single
139485 chr3: 132131647-132131647 1 Y 22 20 2 single
152404 chr3: 75995467-75995467 1 Y 44 0 44 single
60671 chr11: 116058489-116058489 1 Y 22 14 8 single
61967 chr12: 90568124-90568124 1 Y 22 20 2 single
68883 chr14: 72317258-72317258 1 Y 22 20 2 single
73353 chr19: 34461594-34461594 1 Y 22 10 12 single
82559 chrl: 91495644-91495644 1 Y 44 18 26 single
87391 chr6: 158105559-158105559 1 Y 18 2 16 single
58719 chrl: 200319627-200319627 2 Y 22 3 19 (Mn
158511 chr5: 24875684-24875685 2 Y 16 11 5 other
62870 chr10: 61364801-61364802 2 Y 22 6 16 other
118548 chr11: 95113088-95113089 2 Y 22 8 14 other
139139 chr13: 31667048-31667048 2 Y 20 16 4 (Mn
169855 chr3: 76217072-76217072 3 Y 24 9 15 other
94200 chr13: 74734841-74734843 3 Y 20 18 2 other
53307 chr15: 75357019-75357022 4 Y 22 13 9 other
105447 chr2: 167822066-167822066 4 Y 22 0 22 other
117117 chr19: 11547842-11547842 5 Y 22 21 1 (A)n
69140 chr16: 68942193-68942198 6 Y 22 16 6 other
102158 chr4: 63951427-63951432 6 Y 16 7 9 other
41255 chr15: 51948097-51948103 7 Y 22 7 15 other
102993 chrl: 104256170-104256177 8 Y 20 9 11 other
74142 chr1: 100924401-100924401 9 Y 22 1 21 other
646808 chr22: 35419783-35419792 10 Y 32 27 5 (TAGA)n
685368 chr22: 23528418-23528433 16 Y 48 3 45 (CAN
647266 chr22: 33695315-33695315 18 Y 48 9 39 (GT)n
653935 chr4: 81546067-81546067 20 Y 48 32 16 (AC)n
647421 chr22: 45272043-45272066 24 Y 48 34 14 (AC)n
648783 chr3: 40849711-40849735 25 Y 42 4 38 (TTA)n
648861 chr8: 24653677-24653677 25 Y 46 26 20 (Mn
650738 chr8: 140909535-140909559 25 Y 46 35 11 (AO)n
685370 chr3: 38406113-38406113 47 Y 48 10 38 other
685371 chr3: 181101717-181101768 52 Y 48 6 42 other
653229 chr4: 78122996-78122996 54 Y 36 26 10 (TA)n
654776 chr2: 129240666-129240754 89 Y 48 28 20 (CTn
651374 chr21: 35642813-35642813 100 Y 40 22 18 other
653468 chr12: 37582297-37582399 102 Y 48 0 48 other
652956 chr12: 66890386-66890558 173 Y 48 10 38 (A)n
649451 chr2: 241340290-241340476 187 Y 48 20 28 other
649336 chr12: 89348841-89349044 204 Y 48 0 48 other
646474 chr5: 1822103-1822349 247 Y 28 2 26 other
646590 chr5: 126486278-126486715 438 Y 44 21 23 other
649029 chr10: 18543082-18543595 514 Y 46 8 38 other
685374 chr1: 78053-79016 964 N 48 24 24 other
685372 chr11: 32075460-32076469 1010 Y 46 23 23 other
685376 chr4: 7831648-7832750 1103 Y 48 2 46 other

another previous study, we observed a validation rate of 29/30
(97%) for SNPs discovered with our pipeline (Table 4; Tsui et al.
2003). Therefore, with the exception of the single-base pair IN-
DELs discussed above, our computational pipeline yields accu-
rate predictions for the major polymorphism classes identified in
our study. By including only double-hit single-base pair INDELs
in our final collection, we also achieved high levels of accuracy
for this class (Tables 3, 4; Supplemental Table 2). Our pipeline has
an overall accuracy level of 209/215 or 97.2% when combining
all of the validation studies (Table 4).

We also found that a fraction of our INDELs had been in-
dependently discovered by other laboratories using completely

different methods. In fact, 716 of the human INDELs in dbSNP
(build 125) were discovered independently by our laboratory and
other laboratories using a range of methods (www.ncbi.nlm.
nih.gov/SNP; build 125; Supplemental Table 3). The allelic fre-
quencies of these INDELs were measured by these other labora-
tories, and all of these INDELs were verified to exist in human
populations (www.ncbi.nlm.nih.gov/SNP; build 125; Supple-
mental Table 3).

Finally, we also compared our INDELs with the 641 large
genomic deletions that were identified in regions of the HapMap
that had diminished (or absent) SNP genotyping signals (Conrad
et al. 2006; McCarroll et al. 2006). Since the majority of these
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Table 4. Summary of validation studies

INDEL class Validation rate

Single-base pair (double hit only)
Repeat expansions (single and double hit)

36/37 (97.3%)
18/18  (100%)

Transposons (single and double hit) 61/61 (100%)
Other (single and double hit) 65/69 (94.2%)
cINDELs (single and double hit) 10/11  (91.0%)
SNP (single and double hit) 29/30 (96.7%)

Total all classes 209/215 (97.2%)

deletions occurred within or near segmental duplications, we did
not expect to detect them efficiently with our pipeline (we elimi-
nated traces that mapped to duplicated regions of the genome to
avoid trace mapping errors). The HapMap deletions also gener-
ally exceeded the range of our INDEL discovery. Thus, we only
detected a few of these HapMap deletions in our data sets (data
not shown).

Genomic distribution of INDEL variation

We next examined the genomic distribution of our INDELs and
found that they were located throughout the genome at an av-
erage density of one INDEL per 7.2 kb of DNA (Fig. 2). INDELs
generally were distributed according to the amount of DNA that
was present on each chromosome (Fig. 2). However, in some
cases (chromosomes 4, 5, 8, 14, and 18), the amount of INDEL
variation was increased due to higher trace coverage on these
chromosomes. Chromosome 20 also had higher levels of INDEL
variation due to the inclusion of chromosome 20-specific WCS
trace data in our experiments (Table 1). In contrast, chromo-
somes X and Y initially appeared to have lower levels of INDEL
variation compared with the autosomes. Chromosome X had
approximately half the level of INDEL variation found on the
average autosome, whereas chromosome Y had only 5% of the
INDEL variation on the average autosome (Fig. 2). Upon normal-
ization to the number of trace bases that mapped to these chro-

ESingle
WExp
Clother
OTrans

‘ | | |'|‘I‘||
12 3456 7 8 910111213141516171819 202122 X Y
Chromosome

Figure 2. Genomic distribution of INDELs. The number of INDELs is
plotted for each chromosome. The four major classes of INDELs shown in
Table 2 are plotted (Single, single-base pair INDEL; Exp, single- and multi-
base expansions; Other, other; Trans, transposons). Note that the INDELs
generally are distributed throughout the genome according to the
amount of DNA that is present on each chromosome. Chromosomes 4,
5,8,14,18, 20, X, and Y are the exceptions. Chromosome 20 has more
INDELs than average due to the inclusion of WCS traces from chromo-
some 20 in our experiments. The remaining exceptions had higher levels
of trace coverage in the WGS and/or TSC trace sets.

mosomes, however, the levels of INDEL variation on chromo-
somes X and Y were similar to the autosomes. Overall, the nor-
malized averages for all chromosomes were similar and fell
within the range of 1 INDEL for every 5.1-13.2 kb of genomic
DNA (Supplemental Table 4).

To examine this variation on a finer scale, we next placed all
of the polymorphisms that were discovered in this study (in-
cluding both INDELs and SNPs) into 200 kb bins across each
chromosome. The number of INDELs per 200 kb bin varied con-
siderably across each chromosome and ranged from O to 4559
(Fig. 3; Supplemental Tables chrl-chrY). Similar results were ob-
served for SNPs, which ranged from 0 to 59,042 SNPs per 200 kb
bin. After normalizing these INDEL and SNP data to the number
of trace bases that mapped to each bin, several major variation
hotspots were identified on chromosomes 1, 2, 3, 4, 6, 7, 9, 10,
13, and 20, along with smaller hotspots throughout the genome
(Supplemental Tables chrl-chrY). These hotspots contained up
to 24-fold higher levels of INDEL variation and up to 48-fold
higher levels SNP variation, compared with the averages for these
chromosomes (Fig. 3). In most cases, both INDELs and SNPs were
elevated at these sites, suggesting that these regions represent
general hotspots for genetic variation. INDEL-only and SNP-only
hotspots also were identified that contained statistically signifi-
cant levels of only one type of variation (Supplemental Tables
chrl-chrY; see Methods).

Distribution of INDELs relative to human genes

We next examined the distribution of our 415,436 INDELs rela-
tive to human genes and found that 148,335 INDELs (35.7%)
were located within known genes (Tables 5, 6; Supplemental
Tables 5, 6). Moreover, 5542 of these INDELs were located in the
promoters and exons of these genes, where gene function would
be expected to be influenced the greatest. Interestingly,
262 INDELs were located within the coding regions of genes
(Table 6; Supplemental Table 6). One hundred and two (38.9%)
of these cINDELs were predicted to cause frameshifts that would
lead to the premature termination of the encoded proteins (Table
6; Supplemental Table 6). Most of these cINDELs would be ex-
pected to diminish or altogether abolish gene function, and we
propose that they represent recessive alleles of these genes that
are carried by human populations. The remaining 160 cINDELs
were multiples of three base pairs and thus resulted in the precise
insertion or deletion of codons (Table 6; Supplemental Table 6).
Overall, these data indicate that INDELs, like SNPs, are likely to
have an impact on human gene function.

We also examined the INDEL densities within all annotated
human genes (Supplemental Table 5). The average INDEL density
within genes (one INDEL per 6.3 kb) was very similar to the
average INDEL density observed for the whole genome (one
INDEL per 7.2 kb). However, at least 84 genes had INDEL densi-
ties that were up to two orders of magnitude higher than this
average (in the range of one INDEL per 25-500 bp; Supplemental
Table 5). For example, the 5-kb RPS3A gene on chromosome 4
had 117 INDELs. With a density of one INDEL per 42 bp, this
gene had one of the highest INDEL densities of all human genes.
At least 83 other genes had similarly elevated levels of INDEL
variation (Supplemental Table 5). In most cases, these sites also
had elevated levels of SNP variation. Thus, like the macro
hotspots described above (Fig. 3), many of these micro hotspots
within genes also appear to represent general hotspots of genetic
variation.
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1000 "4 lines of evidence suggested that such
INDELs may be abundant in humans,
S00 Ry and we now confirm that this is the case.

We have identified over 415,000 unique

150000001

INDELs in the genomes of 36 diverse hu-
mans using DNA sequencing traces that

initially were generated for SNP discov-
ery projects. This study was conducted

with only 16 million of the ~40 million
DNA re-sequencing traces that were gen-

erated by TSC and the HapMap project.
Thus, our methods now could be applied

to the remaining traces (and to other re-
sequencing data such as the Celera hu-
man genome assembly) to develop a

more complete map of INDEL variation
in humans. Comprehensive variation

maps, which include both SNPs and

INDELSs, will be more effective than SNP
maps alone for identifying variants that

underlie specific human phenotypes
and diseases.

INDELs and human diseases

Like other forms of natural genetic varia-
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tion in humans such as SNPs, INDEL
polymorphisms are of great interest be-
cause they can alter human phenotypes
and also cause human diseases. One of

Figure 3. Fine-scale maps of chromosomal INDEL and SNP variation. INDEL and SNP variation
graphs are shown for 200 kb bins across chromosomes 1, 3, and 18. The number of traces mapping
to each bin and the number of trace bases in each bin also are charted. Chromosome 1 has several
large variation hotspots in which the INDEL and/or SNP variation levels are elevated. Chromosome 3
has one large variation hotspot along with smaller hotspots. Chromosome 18 lacks large hotspots. The
color key is indicated in the top panel. Similar graphs were generated for all human chromosomes and

are found in Supplemental Tables chr1—chrY.

How many common INDELs in human populations?

We identified a total of 3.3 million SNPs and 534,223 INDELs
from the three populations examined in this study (for a total
of 3.8 million polymorphisms). On the basis of these results,
we estimate that INDELs represent ~15.6% of the polymorphisms
discovered. This estimate is in excellent agreement with a previ-
ous measurement of polymorphisms on human chromosome 22
in which 18% of the polymorphisms were INDELs (Dawson
et al. 2001). Given that dbSNP has ~10,000,000 unique SNPs
(www.ncbi.nlm.nih.gov/SNP; build 125), our data indicate that
human populations should harbor a minimum of 1.56 mil-
lion INDELs. Therefore, our 415,436 unique INDELs represent
~27% of the expected INDEL polymorphisms in human popula-
tions.

the most common genetic diseases in
humans, cystic fibrosis, is frequently
caused by an allele of the CFTR gene that
contains a three-base pair deletion. This
deletion leads to the elimination of a
single amino acid from the encoded pro-
tein, which, in turn, leads to the disease
(Collins et al. 1987). Trinucleotide ex-
pansion diseases, such as Fragile X Syn-
drome, likewise are caused by DNA in-
sertions that result from the expansion of short trinucleotide
repeat units (Warren et al. 1987). Transposable genetic elements,
by integrating into genomes, also produce DNA insertions that
may cause human diseases (Ostertag and Kazazian 2001). In par-
ticular, Alu, L1, and SVA transposon insertions have been found
to disrupt gene function and cause human diseases such as he-
mophilia, neurofibromatosis, muscular dystrophy, and cancer
(Ostertag and Kazazian 2001). Our collection of 415,000 INDELSs
contains these very same classes of INDELs. For example, we
identified a 63-bp (CAG)n repeat expansion allele within a region
of the human ATXN3 gene that previously has been reported to
undergo repeat expansion. We identified 262 cINDELs that were
located within the coding regions of genes and up to 34 of these
alleles had been identified previously in the Human Gene Muta-
tion Database (Stenson et al. 2003).
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Table 5. Summary of INDELs in known RefSeq genes Methods
Location # INDELs .
General computational methods

ﬁoding dE,XO”E 142‘? All sequences, databases, and programs were generated or ob-
In?:)_rfo ing xon 141,904 tained as follows. The human genome sequence was obtained
Promoter ?;829 from the University of California Santa Cruz (UCSC) browser
Terminator 851 (Kent et al. 2002; www.genome.ucsc.edu). Trace data and accom-
Total 148,335 panying quality files were obtained from The SNP Consortium

INDEL hotspots

We identified hotspots of INDEL variation that contain up to
24-fold higher levels of INDEL variation compared with the re-
maining regions of the genome. Most of these sites also repre-
sented SNP hotspots (with up to 48-fold higher levels of SNP
variation), indicating that these regions are general hotspots of
natural genetic variation (although some INDEL-only and SNP-
only hotspots also were identified). On a finer scale, we also
identified at least 84 smaller hotspots that were located within
genes (where the INDEL and SNP densities were up to two orders
of magnitude higher than most genes). Several explanations have
been put forth previously to explain sites of hypervariation in
genomes (The International SNP Map Working Group 2001). In
some cases, these unusual levels of genetic variation may reflect
older evolutionary ages for the DNA segments involved, or un-
usual levels of homologous recombination in the region. In other
cases, high levels of variation may indicate that balancing selec-
tion, in which diverse alleles are maintained under selective pres-
sure, is occurring in the region for a biological purpose. Finally, it
is also possible that such sites lack functionally important se-
quences and lack selective pressure altogether. Additional studies
will be necessary to determine the underlying causes and possible
biological roles of these hotspots.

Utility of our INDEL map

We envision that our initial INDEL map will be useful for a va-
riety of purposes. As outlined above, we expect that some of these
INDELSs will affect human genes and, therefore, will alter human
phenotypes or cause diseases. Thus, it
would be useful to integrate our emerging

(TSC; http://snp.cshl.org) or from the National Center for Bio-
technology Information (NCBI; www.ncbi.nlm.nih.gov). BLAST
and Vecscreen programs also were obtained from NCBI. Repeat-
Masker was obtained from Arian Smit (Institute for Systems Bi-
ology, Seattle, WA). RepBase was obtained from Jerzy Jurka (Jurka
2000). Custom MySQL databases and PERL scripts were generated
as necessary. All analysis was performed locally on SUN SunFire
v40z or Dell Power Edge 2500 servers running Linux operating
systems.

INDEL discovery pipeline

Our polymorphism discovery pipeline is described below. This
pipeline has been used previously to identify SNPs (Tsui et al.
2003) and transposon insertions (Bennett et al. 2004). Traces ob-
tained from TSC or NCBI first were trimmed to remove vector
sequences using the VecScreen system from NCBI. Low quality
regions containing at least five bases in a row with Phred scores
below 25 (Ewing and Green 1998) then were trimmed using a
custom PERL script. The longest high quality (LHQ) region from
each trace was selected for further evaluation, and the remaining
trimmed regions of the traces were set aside. The LHQ regions
were further required to have average Phred scores of at least 25
and had to be longer than 100 bases in length. Repeats were
identified and masked within the LHQ region of each trimmed
trace using RepeatMasker and RepBase. The longest unmasked
“anchor” region, which had to be at least 50 bases in length, then
was used to assign each trace to a unique genomic location in
build hgl7 of the human genome using BLAST. Successfully
mapped anchor sequences were required to have a single 100%
match to a unique genomic location. Traces containing anchor
sequences with more than one perfect match were set aside to
avoid traces that mapped to segmental duplications (Bailey et al.

Table 6. Summary of cINDELs

map of human INDEL variation into the

HapMap. This would provide a more com-  No_ of base change:

Examples

plete description of the variation that is car-  (total # in category) Gene Function/phenotype
ried in each haplotype block and would fa- )
cilitate efforts to identify the specific varia- Non-multiples of 3 ) ) . ) .
tion that influences human phenotvpes 1:(63) MLL3 Myeloid/lymphoid or mixed-lineage leukemia 3

. b yp CEACAM20 Carcinoembryonic antigen-related cell adhesion
and diseases. Our INDELs could be geno- SEZ6 Seizure related 6
typed in the same DNA trios that were used 2:(18) MYO10 Myosin X
to generate the HapMap in order to com- 4 ?;;BUG E-Defens.m . enicity 7 isoform b

. . A : uppression of tumorigenicity 7 isoform
plete FhlS g(?al. Since tk}e rr}a]orlty o.f INDELSs ~4:(13) BMP2K BMP-2 inducible kinase
examined in our validation studies (147/ F7 Coagulation factor VII precursor, isoform b
185 or 80%) had minor allelic frequencies  Multiples Of 3:
that were greater than 5%, a large fraction 3:(92) ’7\_/&57 _I'}‘a”CE'HOFan syndrome (@p96) 1
. umor rejection antigen (gp!
of our INDELs also could serV(.e as gene.tlc 6:(28) ALMS] Almstrom syndrome 1
markers for the HapMap. Previous studies ATXN7 Ataxin 7
have indicated that small INDELs resem- 9:(10) AR Androgen receptor
bling those detected by our pipeline can be IBFBP2 Insulin-like growth factor binding protein 2
sed effectively as senetic markers in hu- 12:(6) PDCD6 Programmed cell death 6

h W t1)v yt ngOO;' Bh 1 ! " ul 15 (5) HDGF2 Hepatoma-derived growth factor-related protein
mans (Weber et al. 2002; Bhangale et al. — ,75:(19) KRT4 Keratin 4

2005).
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2002). The LHQ regions of successfully mapped traces then were
unmasked and aligned to their assigned genomic locations using
BLAST2seq (NCBI). Polymorphisms were mined from these align-
ments using custom PERL scripts. We required the five bases on
each side of a polymorphism candidate to have Phred scores that
were 25 or higher. For SNP discovery, the SNP base also was
required to have a Phred score of 25 or higher. Single-base pair
INDELs were screened to identify double-hit INDELSs, and only
these were included in our final collections. Since BLAST only
allows for up to a 16-base gap in the alignments, a custom PERL
script was developed to identify INDELs that were larger than 16
bp in length. Upon encountering a region in the alignment that
no longer matched the query, this program split trace data into
two blocks. The first block (which matched the query) was main-
tained at the original position, whereas the second block (which
did not match the query) was moved over one base at a time until
a perfect match was obtained, or a distance of 10,000 bases (the
maximum distance allowed by the program) was reached.

Mapping INDELs to the chimpanzee genome and identification
of double-hit INDELs

The pipeline outlined above also was used to map our INDELs to
the chimp and Celera genomes. Traces that were found to harbor
INDELSs first were mapped to the chimp genome (build pantrol).
BLAST2seq alignments were generated as outlined above and
used to identify the status of the chimp sequence at the INDEL
site. The INDEL was successfully mapped if the trace allele or the
reference human genome allele was detected at the equivalent
position. The same approach was used to screen the Celera hu-
man genome sequence to further confirm our INDELs. Redun-
dant INDELSs that were detected in at least two separate traces also
were identified (Supplemental Table 7) and cross-referenced in
our INDEL database. This information collectively was used to
identify double-hit INDELs. In order to be assigned double-hit
status, an INDEL was required to have been detected indepen-
dently at least twice among the chimp, Celera, and/or trace data.
Double-hit status is indicated in Supplemental Tables chrl-chrY
for all INDELs.

PCR validation studies

Validation studies were carried out as described previously (Tsui
et al. 2003; Bennett et al. 2004). In each case, a set of oligonucleo-
tide primers was designed to amplify genomic segments of ~0.2—
1.5 kb that contained the region carrying the polymorphism
(Supplemental Table 1). For small (<10 bp) INDELs, the presence
or absence of the INDEL was assessed by cutting the PCR product
with a restriction enzyme. In each case, the INDEL was located
within the restriction endonuclease site and differentially af-
fected cleavage. For larger INDELs, the presence or absence of an
INDEL was assessed by examining the sizes of PCR products by
running the PCR reactions on 1%-2% agarose gels. Each PCR
assay was performed on 10-24 of the genomic DNAs from the
TSC diversity panel (Collins et al. 1999). Genomic DNA for the
TSC diversity panel was obtained from the Coriell Cell Reposi-
tory. An INDEL was confirmed if the trace allele was observed at
least once in the TSC diversity panel.

Statistical analysis of variation hotspots

The genome was split into 200 kb bins and the variation levels
were calculated relative to the number of bases of trace data that
mapped to each bin. These values were plotted using curve fitting
programs in the “R” package and followed linear curves with
strong statistical significance (these curves are depicted for each
chromosome in Supplemental Tables chrl-chrY). A mean and

standard deviation was determined for INDEL and SNP variation
levels for each chromosome (Supplemental Table 4) and one-
sided z tests were performed for each bin. The resulting P-values
were analyzed by FDR analysis, which controls for multiple-
sampling error (Storey and Tibshirani 2003). A conservative FDR
cutoff of 0.0001 was used, and the resulting (highly significant)
hotspots are indicated in Supplemental Tables chr1-Y along with
P-values.
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