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Abstract

Background: Understanding structure and function of human genome requires knowledge of genomes
of our closest living relatives, the primates. Nucleotide insertions and deletions (indels) play a significant
role in differentiation that underlies phenotypic differences between humans and chimpanzees. In this
study, we evaluated distribution, evolutionary history, and function of indels found by comparing syntenic
regions of the human and chimpanzee genomes.

Results: Specifically, we identified 6,279 indels of 10 bp or greater in a ~33 Mb alignment between human
and chimpanzee chromosome 22. After the exclusion of those in repetitive DNA, 1,429 or 23% of indels
still remained. This group was characterized according to the local or genome-wide repetitive nature, size,
location relative to genes, and other genomic features. We defined three major classes of these indels,
using local structure analysis: (i) those indels found uniquely without additional copies of indel sequence in
the surrounding (10 Kb) region, (ii) those with at least one exact copy found nearby, and (iii) those with
similar but not identical copies found locally. Among these classes, we encountered a high number of
exactly repeated indel sequences, most likely due to recent duplications. Many of these indels (683 of
1,429) were in proximity of known human genes. Coding sequences and splice sites contained significantly
fewer of these indels than expected from random expectations, suggesting that selection is a factor in
limiting their persistence. A subset of indels from coding regions was experimentally validated and their
impacts were predicted based on direct sequencing in several human populations as well as chimpanzees,
bonobos, gorillas, and two subspecies of orangutans.

Conclusion: Our analysis demonstrates that while indels are distributed essentially randomly in
intergenic and intronic genomic regions, they are significantly under-represented in coding sequences.
There are substantial differences in representation of indel classes among genomic elements, most likely
caused by differences in their evolutionary histories. Using local sequence context, we predicted origins
and phylogenetic relationships of gene-impacting indels in primate species. These results suggest that
genome plasticity is a major force behind speciation events separating the great ape lineages.
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Background

In the past decade, the focus of genomic diversity studies
mainly included single nucleotide polymorphisms
(SNPs) and short tandem repeats (STRs) in humans as
well as in other organisms. More recently, the Interna-
tional HapMap project directed efforts toward under-
standing haplotype structure in human populations and
helped to form our perception of genomic diversity based
on SNPs [1-4]. At the same time, Olson and Varki [5]
argued that understanding our own genome would not be
complete without the evolutionary perspective, and
requires knowledge of the genomes of our closest primate
relatives [5,6]. Previously, direct comparisons of human
and chimpanzee sequences have used either a single chro-
mosome [7] or the entire genomes [8]. Resulting extensive
sequence datasets opened a possibility for carefully exam-
ining alternative sources of genomic variation, such as
insertions and deletions (indels).

Since humans diverged from a common ancestor with
chimpanzees approximately 5 million years ago [16],
understanding genome differences between these two lin-
eages is critically important for defining our own species.
Several studies that examined chimpanzee and human
genomes comparatively, located and characterised
sequence differences, including single-base pair indels,
monomeric and multi-base pair extensions (repeats),
indels with random DNA sequences, and transposon
insertions [5,10,15]; and more are currently under way.
Initially, differences between humans and chimpanzees
were estimated at 1% [7,17,18], but later this number was
refined to 1.2% [8]. Several studies pointed out that the
number of differences is much higher when indels (inser-
tions and deletions) are included in the comparison [19-
21], and the total divergence may be as high as 6.5% [19].
Removing repeats and low-complexity DNA reduces this
calculation to 2.4% [19], doubling the original estimates.

Indels, fragments missing in sequence comparisons
between individuals or closely related species, are plenti-
ful across genomes [9,10]. Only a small fraction of indels
occurs within coding sequences; it seems that these may
play a key role in primate evolution [19,22]. While most
indels have no adaptive value, some are known to alter
important functions, and many are known to be involved
in disease phenotypes [11-14]. It has been noted that
while the human genome might contain as many as 1.6-
2.5 million indel polymorphisms, efforts directed toward
the discovery of this type of genomic variants are still sig-
nificantly less intensive than efforts involved in the SNP
discovery [10]. Many indel polymorphisms can still be
discovered and classified in comparative genomic studies.

As the number of described indels accumulates, several
mechanisms have been proposed to explain their source
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and existence. The origin of individual indels seems to
depend on their size, sequence context as well as other fac-
tors [15,23,24]. For example, it appears that many recent
short insertions in the human genome originated as tan-
dem duplications, while smaller indels (<5 bp) were gen-
erated either by unequal crossing over or by replication
slippage [23]. In addition, a non-homologous end joining
mechanism initiated by a double-strand breakage [15] has
also been proposed as a main mechanism of indel gener-
ation for a wide range of sizes [24].

In this study, we report on those indels (10 bp or larger)
that cannot be simply explained by short tandem repeats
and/or other repetitive DNA occurrence. We obtained a
set of indels by comparing homologous sections of
human and chimpanzee chromosome 22 (following the
orthologous numbering nomenclature [8,25]), and char-
acterized it relative to the local, chromosomal, genomic,
and gene-specific sequence contexts. We divided our data
into three groups (referred to as "core classes") according
to presence, sequence identity, and relative locations of
additional copies of indel sequence in the neighboring (+
5 kb) region. We also considered the observed indels in
their genomic context and further divided the data into
three groups (referred to as "genome classes") based on
the presence of copies locally on chromosome 22 or else-
where in the human genome. The presence of indels in
coding sequences of genes and other genomic elements
was examined relative to the random expectation using a
tenfold chromosome-wide resampling approach. Finally,
we examined predicted transcripts for their impacts on
peptide sequence to confirm genes where an insertion or
deletion can change the amino acid sequence or alternate
splice products that differentiate between the two species.
Indels that impacted genes by altering coding sequences
and splice sites were further characterized. Gene impacts
were considered both computationally, by looking at the
resulting amino acid sequence, and by direct sequencing,
in comparison among five human populations and with
five closely related primate species.

Results

Identification and analysis of indels

We identified 6,278 indels (> 10 bp) in a comparison
between 33 Mb of syntenic regions from human and
chimpanzee chromosome 22, using human genome as a
reference (Fig. S1(see Additional file 1)). Human
sequence extended from 15.4 to 49.3 Mb while the chim-
panzee sequence covered a region from 15.4 to 50.0 Mb
(Table 1). Most of these variants were found around sim-
ple sequence repeats (2,572), but similar numbers were
located in and around the known repetitive DNA
sequences (2,277) and were filtered out (Table 1). For
simplicity, throughout this paper we refer to the data set
containing the remaining 1,429 repeat-filtered sequences
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Table I: Indels Observed in the Human and Chimpanzee Chromosome 22 Comparison

Type Total bp bp % # Events # Events %
STRs 614,359 1.8 2572 41.0
Known Repetitive DNA 640,133 1.9 2277 36.2
SINE/Alu 355,124 (1.07) 1593
Line/L1 138,880 (0.4) 247
SINE/Mir 18,767 (0.05) 69
LTR/ERVI 60,003 (0.18) 232
Other 67,359 0.2) 136
Indels 82,661 0.25 1429 22.8
Insertion 34,868 0.11) 746
Deletion 47,793 0.14) 683
TOTAL 1,760,410 5.3 6278 100

A total of 6,278 indels of size > 10 bp were seen in comparison of human and chimpanzee chromosomes 22. Most of these were either in Short
Tandem Repeats (STRs) or Known Repetitive DNAs, where the major types are shown. The remaining indels (0.25%) were classified as insertions
or deletions relative to the human sequence. Another 0.25% of the indels were 2-9 bp (19,932, totalling 76,486 bp). In addition, 346,771 Single
Nucleotide Differences were seen in the UCSC alignment totalling 1.0% of the bases compared.

as the "observed" dataset. In addition, we also generated a
tenfold random resampled dataset of fragments of human
chromosome 22 with distribution of lengths identical to
those of the previously described observed dataset (see
Materials and Methods, Fig. S1(see Additional file 1)). We
will refer to this artificially generated data set and the
"indels" it contains as "resampled," and consider it as the
baseline expectation in our subsequent statistical analysis.

Unique

Identification and characterization of genomic context
and core indel types

Indels in the observed dataset were classified according to
their local or genome-wide repetitive nature. Both data-
sets (observed and resampled) were divided into three
core classes based on local structure analysis: (i) those
found uniquely in the 10 Kb indel-harbouring region
were marked as "unique" (31%), (ii) those with at least
one exact copy found locally were categorized as "exact"

CTGGGTTAGGTGGTCATGCCTAGT

S——

AATCTGTCTAGAATATGCAATAGTGTCTAGCCGATCTGTTAGGTGCAGTATGTATATGACATGGACTGCTGTCTAGGGATTTGCTACCGATT

Exact

|
AC TG

|
GAGAA

Approximate

TAATCTGTCTAGAATACAAT

TGTATATGA

CTGGGTTAGGTGGTCATGCCTAGT

v_

|
AATCTGTCTAGAGTCATGCCTAGGTGGTCATGCAATGCAATAGTGTTGTATATGAGCTACAGGGTTAGGTGGTACTGGGTTAGCTAAAGCT

Figure |

Classification of Indels into Core Types, Based on the Flanking Sequence. The indels are classified into 3 core types
based on their similarity to the sequences in the 5 Kb flanking regions. The unique type is formed by the indels with no similar-
ity to the flanking regions. The indels with at least one exact copy of indel sequence in the flanking regions define the exact
type; and the approximate type includes indels with only partial (sub-repeats of indel sequence) or complex (combination of
indels sub-repeats) copies of indel in the flanking region. Sub-repeats (length of > 10 bp) are shown in frames, colors are used
to designate between different core types: unique (blue), exact (red) and approximate (green).
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(12%), and (iii) those with similar but not identical cop-
ies of the core indel sequence found locally were labelled
as "approximate" (58%) (Fig. 1, Table S1). In addition, we
divided the observed dataset into three genome classes
according to the presence and location of additional cop-
ies of sequences in the human genome (Table S1, Fig. S2
(see Additional file 1)). A group of indels whose exact
sequences (including the indel and + 18 bp of the flanking
sequence) were unique to their genome location were the
most common ("genome-unique,” 92.3%), followed by
the group of indels with copies present elsewhere, but
exclusively on chromosome 22 ("chromosome-unique,”
7.2%). There was also a small fraction of indels whose
copies were also identified on other chromosomes of the
human genome, outside of chromosome 22 ("chromo-
some-multiple," 0.5%). Our subsequent analysis was
based on comparisons among genome or core classes of
intels, as well as on contrasting between the observed data
and the baseline provided by the tenfold resampled data-
set.

Indels from the three core classes (approximate, exact, or
unique) were not represented equally among the three
genome classes (genome-unique, chromosome-unique,
or chromosome-multiple) (LR y2 = 23.28, 4 d.f, p =
0.0001, Table S2.1A (see Additional file 1)). We identified
a significant excess of approximate and exact indels at the
expense of unique indels in the observed dataset (Likeli-
hood Ratio (LR) 32=916, 2 d.f., P < 0.0001; Table S1(see
Additional file 1) and Fig. 2). The majority of genome-
unique indels had copies locally and were classified as
approximate core indels (56.3%) reflecting their locally
repetitive nature (Table S1(see Additional file 1)). Most
chromosome-unique indels were also found in the
approximate core class (75.7%). At the same time, the
unique core indels (those with no copies in the 10 Kb
flanking sequence) were better represented among the
genome-unique (no copies elsewhere in the genome)
(31.7%) compared to the chromosome-unique indels
(copies unique to the chromosome) (14.6%) (Table S1,
Fig. S2(see Additional file 1)).

Characterization of core indel classes among and within
genic features

The locations of 1,429 observed and 14,290 expected
indels were assessed in relation to RefSeq genes annotated
on chromosome 22 and assigned into five gene element
categories: (1) intergenic sequence, sequences located (2)
upstream and (3) downstream of known genes, (4) func-
tional gene elements, and (5) introns (Fig. 3, bottom
panel). The observed frequency distribution of indels
among these five gene element categories was not random
(LR x2=27.63, 4 d.f, p < 0.0001; Fig. 3, bottom). Indels
were less frequent immediately upstream (10.1%) and
downstream (8.6%) of the genes, and in functional
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Distribution of Indels Among Different Genome and
Core Indel Classes. Frequency of the three core indel
classes: approximate, exact, and unique, are contrasted in the
observed and resampled datasets (orange bars) There is an
excess of observed approximate and exact indels, and a
shortage of unique indels compared to the expected values
for chromosome 22 (LR %2, df. =2, 42=916, p < 0.0001).
Colours within the bars representing observed data indicate
the relative frequency of the three genome classes (chromo-
some-multiple, chromosome-unique, and genome-unique).
The distribution of core indel types among the genome
classes is not random with majority represented by genome-
unique indels (LR y2, d.f. = 4, y2=23.28, p = 0.0001, Table
S2.1A) (see Additional file 1)).

regions of genes (6.5%; Fig. 3, bottom). Most of the
observed indels were found either in introns and inter-
genic regions (33.5 and 41.8%; respectively, Fig. 3). The
overall distribution of the three indel core classes among
the five categories also differed from the distribution of
the resampled dataset (p = 0.02; Table S3), largely due to
fewer approximate indels located within genes than
expected (6.5% vs. 13.5%, LR x2=31.6, 4 d.f., p < 0.0001,
Table S3(see Additional file 1)).

Indels located within genes were divided into five more
categories according to the type of functional gene ele-
ments as located in: (a) promoters, (b) coding sequence,
(c) splicing sites, (d) 3' gene flanking regions, and (e)
untranslated regions (UTRs) (Fig. 3, top panel). Three of
the five gene functional elements — promoter sites, splice
sites, and coding regions - contained fewer observed
indels than expected (LR 2= 46.82, d.f. =4, P < 0.0001;
Table S4 (see Additional file 1)). At the same time, slightly
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Distribution of Indels Classified by Their Location Relative to Gene Elements. Indels were distributed unequally
across the genome with most of them present within the introns and the intergenic regions (lower panel). There were signifi-
cantly fewer observed indels within functional elements group than expected (LR 2, d.f. = 4, y2=27.63, p < 0.0001). The chart
in the upper panel represents distribution of indels within the functional element category classified further by specific func-
tional region. Promoter, coding regions and splice sites contain many fewer observed indels than expected (LR %2, df. = 4, 2=

46.82, p < 0.0001).

more indels than expected were found within the UTRs
and 3' flanking regions (Fig. 3, top panel).

The three core classes of indels differed in their proximity
to genes estimated as a distance to the boundary of the
nearest exon (Fig. S3(see Additional file 1)): approximate
indels were found furthest away from genes (X = 8,886

bp), followed by the unique (X = 5,792 bp), and exact (X
= 6,877 bp) categories (p = 0.02, Table S2.1B (see Addi-
tional file 1)). The observed distribution of distances
between indels and genes differed among indel core
classes, and between the observed and the resampled data
(p < 0.0001, Table S2.1B (see Additional file 1)). In the
observed dataset, unique indels were located closer to
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coding sequences than approximate indels (6,877 vs.
8,886 bp on average, p < 0.0001; Table S2A (see Addi-
tional file 1)). Those unique indels found within introns
were, on average, closer to exons than expected (1,175 vs.
1,651 bp on average, p = 0.004; Table S2.1B (see Addi-
tional file 1)). Additionally, both approximate and
unique indels, within the functional gene elements were
on average twice as far from exons than expected (146 vs.
341 bp and 165 vs. 387 bp, respectively (Table S2.1B (see
Additional file 1)), and overall, observed indels were
found further away from gene elements than expected
(GLM, p < 0.0001).

Length and distance to the nearest exon differences
among the indel types

A comparison of indel lengths (Fig. 4 and Table S2.1(see
Additional file 1)). A and among the three core classes and
across gene elements was performed. Approximate indels,
making up the largest core class, were shorter in length in
the observed compared to the resampled dataset (47 vs.
52 bp on average, p = 0.0003; Table S2.1A (see Additional
file 1)). Unique and exact indels were similar in size, and
both contained indels that were on average smaller than
their counterparts in the approximate class (p < 0.0001,
Table S2.1A and Fig. S1(see Additional file 1)). Observed
indels located within genes were the shortest (26 bp),
shorter than that expected from the resampled distribu-
tion (34 bp on average, p < 0.0001; Table S2.1A (see Addi-
tional file 1)). Approximate indels showed the greatest
difference in size within gene elements (p < 0.0001, Table
S2.1A (see Additional file 1)), while their presence in
other categories, such as introns and intergenic elements,
had no effect on length (p = 0.2-0.7, Table S2.1A (see
Additional file 1)). Unique indels were shorter than
expected overall, but the most significant differences
between observed and expected length were found among
those unique indels located outside genes, rather than
within gene elements (p = 0.007-0.009, Table S2.1A (see
Additional file 1)).

Evaluation of the observed indel impacts on gene structure
Using a comparative approach, we reconstructed indel
fragments within the human sequence that potentially
impacted genes, and evaluated them either by deleting
insertions or by adding deletion sequences (relative to the
chimpanzee). Among the 23 indels identified in coding
exons or in splice sites, 10 had potential impact on pro-
tein products: seven resulted in truncated proteins, two
caused short insertions of amino acids, and one resulted
in an amino acid substitution in eight impacted genes:
CELSR1, FLJ41993, FLJ44385, NEFH, RUTBC3, SMCI1L2,
TCF20, and UNC84B5 (Table 2). The inferred ancestral
state of each indel was based on whether the species inter-
rogated in the laboratory had an insertion or a deletion
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Figure 4

Distribution of Indel Length Among the Three Core
Classes. (A) Approximate indels have the largest length, fol-
lowed by exact, and then unique (Table S2.1A, p <.0001). (B)
Approximate and unique indels are shorter than expected
(Table SI.IA, p <.0001 (see Additional File 1)). Distribution
of exact indels in both here and in Fig. S3 appears jagged due
to the lower sample size (n = 168) in this class compared to
the other two: approximate and unique.
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relative to the known primate phylogenies (Fig. 5). The
other 13 predicted indels observed in ACSIN, BCR, BRD1,
CHKB, CYP2D7P1, DGCRS, PCQAP, PRODH, RUTBCS3,
SBF1, SELO, and ZDHHCS8 genes, had no effect on the
predicted coding sequence (not shown).

Along with the computational evaluation, the gene
impacting indels were also examined by direct PCR and
sequencing, using primers from conserved flanking
sequences. The presence of an insertion or deletion was
then examined by PCR amplification in 189 samples from
five human populations (Asians, American Indians, Afri-
can Americans, Africans, and European Americans), as
well as 26 chimpanzees, 11 bonobos, nine gorillas and 10
individuals from two subspecies of orangutans (five sam-
ples each; see Materials and Methods). Products were
sized on agarose gels to identify polymorphisms and spe-
cies differences in these indel loci. When different-sized
fragments were present in at least one of the five species,
the indel-containing region was sequenced (Table 2).

The results of the laboratory validation varied among
indels. For instance, in the FLJ44385 gene, the human
insertion was present in its entirety and led to the trunca-
tion of the protein from 125 to 113 amino acids (Table 2).
Predicted indels were found and their impacts confirmed
for genes SMCI1L2 and FLJ41993 also. However, in
FLJ41993 an additional sequence that is not present in the
reference sequence (Build 36) was also detected. The
UNCS84B sequencing yielded an incomplete fragment of
the predicted indel. One of the sites in the RUTBC3 genes
was amplified, but with an indel different from the

http://www.biomedcentral.com/1471-2164/10/51

human draft sequence. DNA amplified from another site
within RUTBC3 and one in TCF20 did not show any
detectable differences in PCR fragment size in the differ-
ent species. Computationally predicted indels within
NEFH were additionally corroborated by human traces
alignments (trace IDs: 1181046117, 1183837089,
1200564777, 1227912385, 1229518898, and
546289986). In the experimental validation, only one of
the sites at NEFH was successfully amplified with the
indel size and sequence as predicted. The regions contain-
ing other indel site at NEFH and indel within CELSR1 did
not amplify, despite numerous attempts.

Discussion

Indels that differentiate between humans and chimpan-
zees likely contribute to the speciation process [23,26] of
these closely related species. In the current analysis, a
comprehensive evaluation of insertion/deletion varia-
tions between human and chimpanzee chromosome 22
was performed. Upon examination, 1,429 out of 6,278
indels were found in genomic areas free of known repeti-
tive DNA and STRs on chromosome 22 (Table 1), and
these were examined with respect to their structure,
length, and location relative to known structural gene ele-
ments, and also the number, sequence similarity, and the
location of the additional copies. We compared observed
distributions of different indel classes to the baseline dis-
tribution of an expected set generated by a tenfold resam-
pling approach (see Materials and Methods), as well as
among one another. We also developed a framework for
analysis of local repetitive structure around indels. Our
results support the observation that indels have had a key

Table 2: Laboratory results of the insertions/deletions that are predicted to have an effect on coding regions of genes

Gene Size (bp) Impact Confirmation Ancestral state
NEFH 24 truncation from 1020 to 753 aas yes unknown
CELSRI 21 7 aainsert unknown -
FLj44385 68 truncation from 125 to | I3 aas yes Del
UNC84B 65 truncated from 717 to 68 aas yes Del
TCF20 515 truncation from 1960 to 1893 aas unknown -
SMCIL2 74 truncates from 1235 to 1220 aas yes Ins
FLJ41993 36 undetermined yes unknown
RUTBC3 250 truncates from 849 to 734 aas different ins unknown
NEFH 18 truncated from 1020 to 252 aas unknown -
RUTBC3 13 substitution in protein unknown -
Various* 10-148 splice site mismatch with no impact

With the use of GENSCAN, the 23 indels found in coding exons or in splice site regions of the human REFseq genes were analyzed for their impact
to these genes. Out of the 23, 10 of these indels impact genes through truncation/insertion of amino acids or substitution within a protein. The
other 13 indels had no affect on the proteins generated from genes DGCR8, ZDHHC8, BRD I, SELO, SBF I, CHKB, PCQAP, BCR, PRODH, RUTBC3,
CYP2D7PI, &ACSIN2. In order to confirm the presence of an insertion or a deletion, the loci and its harboring regions were sequenced in each of
the species. Assembly confirmation is dependent on whether the indel product is completely present (all of the bases) in the corresponding species
predicted. For gene FLJ44385, the indel was present in its entirety. The assembly was also confirmed for genes SMCIL2 and FLJ41993 with all of the
bases of the indel present, however additional sequence was also detected. The inferred ancestral state of each indel is based on whether a species
has the insertion or deletion of that locus and the species' position on the phylogenetic tree.

* DGCR8, ACSIN2, BCR, BRD I, CHKB, CYP2D7P1, DGCR8, PCQAP, PRODH, RUTBC3, SBFI, SELO, &DHHC8

**Indel verified and additional sequence is present
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Figure 5

Laboratory results of the insertions/deletions that are predicted to have an effect on coding regions of genes.
23 indels found in coding exons or in splice site regions of the human REFseq gene. The inferred ancestral state of each indel
was based on whether a species has the insertion or deletion of that locus and the species' position on the phylogenetic tree.

role in primate evolution and contribute to important
genetic differences between humans and chimpanzees
[10].

Many indels from the syntenic human and chimpanzee
chromosome 22 sequences were located around known
repetitive DNA, and initially filtered out (4,849 out of
6,278). The remaining 1,429 were distributed unevenly
across the genome features (Fig. 3). Indels were found
under-represented within functional elements (Fig. 3),
probably due to some selective constraints. This situation
is not unique to indels as a subtype among other genomic
variants. Previously, studies have shown that indel events
and single nucleotide substitutions correlate, and there
may be common underlying properties for both proc-
esses, since indels accumulate in the same parts of the
genome that exhibit higher substitution rates [19] with
hotspots often coinciding [10]. As is the case in single sub-
stitutions, indels occur with different frequencies across
the genome. Specifically, indels are scarcer and shorter in
coding sequences [19] where selective constraints are the
most intensive, and 3 bp indels in the coding regions,
which maintain the coding sequence without frameshifts,
are by far the most common class [22]. In the current

study, the approximate class of indels is on average larger
and located the furthest from the coding sequences (Fig.
S3(see Additional file 1)). Approximate indels were only
half as numerous as expected within genes (6.5% vs. 13%,
Table S4), and within the functional elements, they were
both shorter than, and not as numerous as the unique and
exact ones (Table S2.1A (see Additional file 1)). In addi-
tion, approximate indels were furthest away from the
nearest exons (Table S2.1B (see Additional file 1)).

Only 6.5% of all indels characterized in our study were
parts of gene elements (positioned within promoters,
splice and terminator sites, untranslated and coding
regions of known genes), nearly a half as many as
expected in comparison to the baseline represented by the
resampled data (Fig. 3, bottom panel). Only in the 3' gene
flanking regions did indels occur at frequencies similar to
the expectation in the resampled dataset. The presence of
selective constraints acting on functional elements of the
genome probably explains why the intergenic regions
contain many more indels than genes [22]. However,
somewhet unexpectedly, indels in the introns were more
frequent than in the intergenic regions (Fig. 3). The pau-
city of intergenic indels is consistent with the presence of
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unknown regulatory elements or genes [27]. Other studies
point out to a twofold larger number of intronic over the
intergenic indels [22], but the filtering of repetitive DNAs
and the 10-bp cutoff applied in this study likely accounts
for the reduced number of intergenic indels observed. Our
estimate of the number of indels within five gene ele-
ments (6.5%) and introns (41.8%), if combined, is higher
than previously reported (35.7% [10]). This may reflect
our choice to focus on indels longer than 10 bp.

Structural characteristics and origins of indels

Together with identification of the sequence context
around indels, the structural characteristics of local
repeats proved to be useful for systematic understanding
of their nature and origin. More recently, non-homolo-
gous end joining mechanism, one of the consequences of
double-strand breakage [15], and non-allelic homologous
recombination have been proposed as main indel-gener-
ating mechanisms [24,28]. Still, the role of repeats as the
underlying mechanism that gives rise to insertions and
deletions should not be overlooked, especially given the
indel proximity to known repetitive DNA [7,20,29], and
their frequent association with short duplications
[23,30,31]. Other work suggested that indels have been
generated mainly by unequal crossing over and replica-
tion slippage [22].

All of these molecular mechanisms generate copies of
indels, making the presence of identical sequences locally,
on the chromosome, and genome-wide a point of interest
(Fig. 1 and S1 (see Additional File 1)). We followed this
scheme and found that most of the observed indels in this
study (1,317 of 1,427) did not have any exact or approxi-
mate copies anywhere else in the genome (genome-
unique, Fig. 2, Table S1, and Fig. S2 (see Additional file
1)), but 103 of them had copies present on the same chro-
mosome (chromosome-unique), and seven were found
on other chromosomes (chromosome-multiple, Fig. 2
and Fig. S2 (see Additional file 1)).

Current analysis focused on delimiting three core indel
classes (Fig. 1), based on exact or approximate copies of
the indel in the flanking sequence (+ 5 Kb), or its unique
presence (see Materials and Methods and Fig. S4 (see
Additional file 1)). Differences in repeat structure among
indels suggested that a local mechanism of indel forma-
tion may be the result of two main duplication processes,
where new local duplications, resulting in the exact indel
core class, and the subsequent nucleotide substitution
generate indels in the approximate class. The origins of
the unique core class are not clear, but could be partially
explained by a smaller-than-10-bp local repeat structure
(our repeat finder analysis size). Approximate and exact
copy indels were over-represented, while unique indels
were under-represented in the observed dataset (Fig. 2).

http://www.biomedcentral.com/1471-2164/10/51

While numerous elsewhere, approximate indels were
scarce within genes, and especially within coding
sequences, possibly a consequence either of negative
selection, and/or their older evolutionary age, compared
to the members of other core classes (Fig. 2). Age of indels
may also account for other observations in this study:
while exact indels are longer than expected, approximate
indels are both shorter and located further away from
genes than expected (Fig. 4, Table S2.1, and Fig. S3 (see
Additional file 1)). Unfortunately, the exact core class of
indels was not well represented in our survey (168
observed and 141 resampled indels, Fig. 2 and Fig. S2 (see
Additional file 1)), and making inferences about this
important class was more tentative.

Since distances between conserved duplications are highly
preserved between humans and chimpanzees [30], we
were able to search for numbers of repeats of each indel
sequence among the indel classes. Most of the approxi-
mate and unique indels were found in clusters repre-
sented by four or more copies. These included more than
half of exact indels (88 of 168) and more than 2/3 of the
approximate ones (586 of 831). This suggests that the
number of nearby copies in the two respective classes is an
important characteristic of indels, and has a potential to
serve as a metric of the evolution of duplicates.

The scale and validation of indel impacts

Insertions and deletions comprise less than one percent of
known disease-causing mutations [23]. Some indels can
have a significant effect on protein product and gene
expression, especially when they are located within func-
tional gene elements [10]. According to some estimates, at
least 13% of the genes harbour at least one indel [19].
Insertions in coding sequences often result in transla-
tional frameshifts, with the consequence of premature
protein termination or nonsense-mediated RNA decay
[19]. It is highly likely that some of them are actually dis-
ease-causing, and several indels have already been
included in a list of candidate genes for cancer and other
disorders [32-35]. Our approach identified 23 indels in
coding exons or in splice site regions of human RefSeq
genes (Fig. 5). Among these, 10 indels were found to alter
the sequence of a corresponding protein, and our experi-
mental validation confirmed five: FLJ44385, FLJ41993,
NEFH, SMC1L2, and UNC84B (Table 2).

A parallel study of genetic variation on human chromo-
some 22 [36] suggested that humans harbour similar lev-
els of indel variation: indels represented 22% of the total
polymorphic events, which is somewhat more than the
18% reported earlier, but within the predicted range esti-
mate of 16% to 25% of all sequence polymorphisms in
humans [10]. Our findings support the conclusion that a
large fraction of the differences between human and
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chimpanzee genomes is comprised of indels [22]. How-
ever, not all indels have been validated, or even
sequenced; therefore, those estimates should be cau-
tiously evaluated. Only three of the 10 indels in the cod-
ing sequence that had a potential impact on gene function
revealed the same indel after sequence analysis (Table 3).

One of the limitations of the present work was that it uti-
lized the low coverage draft sequence of the chimpanzee
genome and relatively early version of the human
genomic sequence. However, even an unfinished chim-
panzee genomic sequence could be useful for detection of
the gene-modifying indels, as demonstrated by previous
work [37]. Our computational and experimental data par-
tially support this notion. Unfortunately, incomplete data
that consists of misassembled or poor-quality sequences,
and unsequenced genomic fragments can also contribute
to the high volume of false-positive indels. We addressed
this problem in the follow-up validation by PCR and
sequencing. Not surprisingly, we encountered primate
sequences different from anything currently listed in pub-
lic databases (Table 2). In the future, higher coverage
genomic sequences of the different primate species should
allow a more accurate identification of the loci that differ-
entiate primates closely related to humans [38].

Conclusion

In the current report, we investigated and discussed sev-
eral aspects of the indels phenomenon: (i) indels repre-
sent the abundant group of the genomic sequence
variations; (ii) the mechanism of their formation is poten-
tially reflected by the local structure of the indel contain-
ing region; (iii) indels represent a source of the potential
mutations in primate genes and genomes; (iv) indels can
play an important role in the understanding of genome
evolution and genome plasticity; and (v) indels are an
important of source polymorphisms that directly influ-
ence human phenotypes and diseases.

Methods

Sequence alignment and identification of indels

Syntenic regions of human chromosome 22 (Genome
Assembly July 2003, hgl6) from 15.4 to 49.3 Mb and
chimpanzee chromosome 22 Chimpanzee (Genome
Assembly Dec 2003) from 15.4 to 50.0 Mb were retrieved
from the UCSC database and Ensembl database, respec-
tively. Coordinates are from the August 2003 release of
the human sequence and Ensembl May 2004 of the chim-
panzee. Syntenic fragments (33 Mb) from human chro-
mosome 22 and chimpanzee chromosome 22 (Human
Genome Assembly [July 2003]) and Chimpanzee
Genome Assembly (Dec 2003) were aligned using the
MUMmer program [39,40]. MUMmer output was parsed
to identify small insertions and deletions (with lengths of
10 bp to 10 Kbp). The evolutionarily neutral term "indel"
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was used to signify these length differences. All indel
sequences surrounded by at least 10 bp of perfectly
aligned flank and with no more than 50% undetermined
bases (Ns) were selected for further analysis (Table 1). All
coordinates were transferred to the most recent genome
assembly using LiftOver http://genome.ucsc.edu/cgi-bin/
hgLiftOver for reference and given in the Supplementary
Materials (Table S6 (see Additional file 2).

Characterization of indel sequences

The insertion sequences with 500 bp of flanking sequence
were extracted. The selected fragments were analyzed with
RepeatMasker and Tandem Repeat Finder [41]. Sequences
that overlapped with known repetitive elements and/or
short tandem repeats (> 10 bp) were filtered from the
original data set. The remaining indel data set was sub-
jected to a more detailed analysis of the local and genomic
features. Insertion sequences were extracted from human
and chimpanzee chromosomes, and BLAT [42] searches
were performed with these fragments against the entire
human genome assembly to identify genomic locations
harbouring identical sequences (+ flanking 18 bp). The
local repeat structure of the indel region was examined in
the 5 Kbp of flanking genomic regions on both sides (Fig.
S4 (see Additional file 1)). New repeats and repeat classes
in these regions were found using REPuter [43,44] and
RepeatFinder [45], utilizing a minimal repeat length of 10
bp and a gap of 1 bp for repeat clustering parameters.
With these results, indels were categorized into the classes
based upon the local structure of the indel region (Fig. 1).

Resampling and statistical analysis of indel data

We generated a random data set to examine the signifi-
cance of the identified indels' features and classes. The
random set of sequences was created using the following
rules: (i) human genomic sequence was selected as the
source of all sequences; (ii) coordinates of beginnings of
randomly chosen sequences were selected from the range
and frequency distribution of the analyzed human chro-
mosomal fragments; (iii) the number of generated resam-
pled sequences was 10 times larger than the number of
indels in the original data set (Fig. S1 (see Additional file
1)). This random set of sequences was filtered using the
same criteria as the original set of observed indels where
N-rich sequences, known repeats, and tandem repeats
were deleted. Then, a subset of this cleaned data was
extracted so that the distribution of the sequence lengths
matched exactly the distribution of sequence lengths in
the original or observed indel set (Fig. S1 (see Additional
file 1)). Finally, the local structures of the indel regions in
the resampled data were determined using the same pro-
cedures as with the observed indels. These procedures are
described in the next section. Statistical significance of the
described classifications was assessed by linear general
models regression procedures (GLM). Fisher exact test was
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applied for the table analysis. All statistical analyses were
performed with SAS Version 9.1 software (SAS Inc., Carey,
NC)[46].

Location of indels relative to known genes

Coordinates of the exons and coding regions of the REF-
seq genes annotated on human chromosome 22 (553
transcripts) were downloaded from the UCSC genomic
database. We measured distances between each indel and
the nearest exon, represented by the distance between the
closest ends of both features. Next, we classified the entire
dataset based on the distance of the indel to the nearest
exon, the indel and exon lengths, the strand of the exon,
exon number, and the coding region coordinates. Thus,
we defined 10 general gene-related groups of the indels:
(i) intergenic - the shortest distance from the indel to the
nearest first and/or last exons of the neighbouring genes
was greater than 25 Kb; (ii) upstream - the indel was 2-
25 Kb away from the 5' side of the first annotated exon of
a gene; (iii) downstream - the indel was 2-25 Kb away
from the 3' side of the last exon of a gene; (iv) promoter —
the indel was positioned less than 2 Kb away from the 5'
side of the annotated first exon; (v) terminator - the indel
was sited less than 2 Kb from the 3' side of the last exon;
(vi) intronic - the indel was located in its entirety between
the exons of the same gene; (vii) 5' UTR - the indel was
found within an exon but outside the coding region on
the 5' side; (viii) 3'UTR - the indel was found within an
exon but outside the coding region on the 3' side; (ix)
exonic - indel was contained entirely within an exon and
within its coding region; (x) splice-site — the indel coordi-
nates overlapped either the beginning or the end of an
exon.

Estimation of indel impact on gene structure and protein
product

We concentrated on those indels with the highest poten-
tial impact on their protein product, and subsequently, on
the biological function. Hence, using Build 36 Genome
Assembly (February 2006, hg18), 23 indels found either
in the coding sequences of exons or in the splice site
regions of human REFseq genes were analyzed for their
possible impact on those genes. For each gene we col-
lected 2 sequences: first, a fragment of human chromo-
some 22, including the entire gene transcript; second, a
putative sequence constructed from the first fragment by
suppressing the indel, either by deleting the insertion or
by adding the predicted deletion sequence of chimpanzee
origin. Both sequences were analyzed using GENSCAN
[47]. Differences between protein products predicted in
these pairs were reported to characterize the indel impact.

Primer design
A semi-automatic procedure was developed to identify
primers in the indel regions. The procedure identified
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conserved regions in the flanks of the selected indel by
parsing the MUMmer alignment, then pairs of the primers
were predicted by the primer3 [48] and the uniqueness of
the primer pairs in both human and chimpanzee
genomes was checked. The uniqueness rule was imple-
mented as follows: each pair of primers was mapped by
BLAT [42] to the human and chimpanzee genomic
sequences. One of the primer sequences had to be unique
in each genome and the other one could not have more
than 10 copies per genome to be selected as a unique PCR
set. Some indel regions did not satisfy such criterion, so,
manual choosing was performed.

DNA samples

We selected 189 DNA samples from five species of great
apes, as well as several populations of humans. The apes
in the sample set included 26 chimpanzee (Pan troglo-
dytes), 11 bonobos (Pan paniscus), and nine gorillas
(Gorilla gorilla). The set also included two orangutan sub-
species: five samples of Sumatran (Pongo pigmaeus abelii)
and five samples of Bornean orangutans (P. p. pigmaeus).
Most of these were available from within the Laboratory
of Genomic Diversity (LGD) repository. The remainder
was purchased from either the Integrated Primate Bioma-
terials and Information Resource (IPBIR, beginning with
PR) or the Coriell Institute for Medical Research, Camden,
NJ (beginning with NG and NS). Purchased chimpanzee
samples were PR00226, PR00496, PR00512, PR0O064,

PR00744, NS03629, NS06939, NS03487, NS03639,
NS03641, NS03659, NS03656, NS03650, NS03660,
NS03623, NS03622, NS03657, NS0361; bonobo

(PRO0092, PR00251, PR00367, PR0O0661, PR00446,
PR0O0111, NG05253); and gorilla (NG05251, PR00107,
PR00573). To our knowledge, all of these were unrelated
individuals, except for one father-son pair of gorillas from
the LGD repository (GGO-3 and GGO-7). The human set
of samples represented five distinct ethnic groups: Asians
(n =24), European Americans (n = 25), Amerindians (n =
25), African Americans (n = 25), Senegalese (n = 25), and
Botswanian (n = 9). These DNA samples were some of the
same samples we have characterized previously [49].

Indel verification

Twenty-three indels were selected for experimental evalu-
ation and validation based on their predicted gene
impacts. At each locus, five nanograms of human or pri-
mate genomic DNA were amplified with AmpliTaq gold
(Applied Biosystems) and the touchdown PCR protocol
was used with the Applied Biosystems 9700 thermal
cyclers. The touchdown protocol conditions were the fol-
lowing: we started reactions with 9 min heating at 94°C,
followed by 5 cycles of 30 sec at 94°C, 30 sec at 65°C, and
30 sec at 72 °C, subsequently followed by 21 cycles at the
same conditions, except lowering the annealing tempera-
ture by 0.5°C at each cycle (to 55°C), continued by 15
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cycles of 30 sec annealing at 94°C, 30 sec at 55°C, and 30
sec at 72°C, and finished by 10 min of final extension at
72°C. Indels were initially detected by PCR amplification,
analyzed on 4% agarose gels using 0.5x TBE buffer. Gels
were run for three hours at 100 volts and stained with 0.5
ug/mL EtBr for 30 min. PCR primer sets were tested on all
189 samples.

A subset of 12 human and 12 primate samples was
selected for sequencing those fragments that exhibited
indel polymorphisms in the larger panel. The subset
included: European (n = 3), Asian (n = 3), American
Indian (n = 3), Senegalese (n = 3), African American (n =
3), Botswanian (n = 3), gorilla (n = 4), chimpanzee (n =
3), bonobo (n = 3), Sumatran (n = 2), and Borneo oran-
gutan (n = 2) samples. PCR products from the subset were
sequenced by using ABI BigDye Terminator and ABI
PRISM 3730 DNA Analyzer (Applied Biosystems, Foster
City, CA). Sequence results were analyzed with
Sequencher 4.2 software. Each experimental sequence was
checked against the public datasets and reanalyzed as
described above for indels, because some were different
from the genomic sequences in the databases.

Authors' contributions

NV, TKO, RMS and MWS designed the experiments. NV,
TKO and RMS performed computational and statistical
analysis. KCC performed PCR reactions and sequencing.
ALT obtained and managed samples, helped with
sequencing protocols. All authors contributed to the writ-
ing of the paper. NV, TKO, and MWS wrote the final man-
uscript.

Additional material

Additional file 1

Supplemental Tables and Figures. This file contains the following sup-
plemental tables and figures: Table S1. Nonrandom distribution of
genome classes among the core classes; Table S2.1A1. Indel length distri-
bution among gene elements and core classes; Table S2.1A2. Indel length
distribution among gene elements; Table S2.1B. Distance to the closest
exon among gene elements and core classes; Table S2.1B2. Distance to the
nearest exon distribution among gene elements; Table S3. Differences of
the observed vs. resampled distribution of core classes of indels in the loca-
tions with respect to gene elements; Table S4. Differences of the observed
vs. resampled distribution of indels in the locations with respect to gene
elements; Table S5. Differences between insertions and deletions in
genetic and core categories; Figure S1. Length distribution of the observed
and resampled indel in the three indel classes; Figure S2. Distribution of
core classes among the genome classes of indels; Figure S3. Distance from
the indel to the nearest exon; Figure S4. Identification of unique indels.
Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-10-51-S1.pdf]

http://www.biomedcentral.com/1471-2164/10/51

Additional file 2

Supplemental Tables S6. This file contais complete information on coor-
dinates and cahracteristics of indels used in this study.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-10-51-S2 xls]

Acknowledgements

We thank the patients and staff of all the participating cohorts in the study.
We thank Drs. Cheryl Winkler, Michael Dean, and Mary Carrington for
helpful insights in developing the ideas for this manuscript. We are also
grateful to Randy Johnson, Kai Zhao, Bailey Kessing, and Michael Malasky
for their assistance. We would like to thank Maritta Grau and Allen Kane
from SAIC-Frederick Scientific Publications, Graphics and Media for their
help with writing and the display items. The content of this publication does
not necessarily reflect the views or policies of the Department of Health
and Human Services, nor does mention of trade names, commercial prod-
ucts, or organizations imply endorsement by the U. S. government. The
project included in this manuscript has been funded in whole or in part with
federal funds from the National Cancer Institute, National Institutes of
Health, under contract NOI-CO-12400.

References

l. Gibbs M, Stanford JL, Jarvik GP, Janer M, Badzioch M, Peters MA,
Goode EL, Kolb S, Chakrabarti L, Shook M, et al.: A genomic scan
of families with prostate cancer identifies multiple regions of
interest. Am | Hum Genet 2000, 67(1):100-109.

2. Gabriel SB, Schaffner SF, Nguyen H, Moore JM, Roy J, Blumenstiel B,
Higgins ], DeFelice M, Lochner A, Faggart M, et al.: The structure of
haplotype blocks in the human genome. Science 2002,
296(5576):2225-2229.

3. Altshuler D, Brooks LD, Chakravarti A, Collins FS, Daly MJ, Donnelly
P: A haplotype map of the human genome. Nature 2005,
437(7063):1299-1320.

4. Frazer KA, Ballinger DG, Cox DR, Hinds DA, Stuve LL, Gibbs RA,
Belmont JW, Boudreau A, Hardenbol P, Leal SM, et al.: A second
generation human haplotype map of over 3.1 million SNPs.
Nature 2007, 449(7164):851-861.

5. Olson MV, Varki A: Sequencing the chimpanzee genome:
insights into human evolution and disease. Nat Rev Genet 2003,
4(1):20-28.

6. Olson MV, Varki A: Genomics. The chimpanzee genome - a
bittersweet celebration. Science 2004, 305(5681):191-192.

7. Watanabe H, Fujiyama A, Hattori M, Taylor TD, Toyoda A, Kuroki Y,
Noguchi H, BenKahla A, Lehrach H, Sudbrak R, et al: DNA
sequence and comparative analysis of chimpanzee chromo-
some 22. Nature 2004, 429(6990):382-388.

8. Consortium TCSaA: Initial sequence of the chimpanzee
genome and comparison with the human genome. Nature
2005, 437(7055):69-87.

9. Mills RE, Bennett EA, Iskow RC, Luttig CT, Tsui C, Pittard WS,
Devine SE: Recently mobilized transposons in the human and
chimpanzee genomes. Am | Hum Genet 2006, 78(4):671-679.

10. Mills RE, Luttig CT, Larkins CE, Beauchamp A, Tsui C, Pittard WS,
Devine SE: An initial map of insertion and deletion (INDEL)
variation in the human genome. Genome Res 2006,
16(9):1182-1190.

1. McGovern DPB, Hysi P, Ahmad T, van Heel DA, Moffatt MF, Carey
A, Cookson WOC, Jewell DP: Association between a complex
insertion/deletion polymorphism in NODI (CARD4) and
susceptibility to inflammatory bowel disease. Human Molecular
Genetics 2005, 14(10):1245-1250.

12. Rogaeva EA, Premkumar S, Grubber |, Serneels L, Scott WK, Kawarai
T, Song Y, Hill DLM, Abou-Donia SM, Martin ER, et al.: An [alpha]-
2-macroglobulin insertion-deletion polymorphism in Alzhe-
imer disease. Nat Genet 1999, 22(1):19-21.

Page 12 of 13

(page number not for citation purposes)


http://www.biomedcentral.com/content/supplementary/1471-2164-10-51-S1.pdf
http://www.biomedcentral.com/content/supplementary/1471-2164-10-51-S2.xls
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10820127
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10820127
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10820127
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12029063
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12029063
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16255080
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17943122
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17943122
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12509750
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12509750
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15247465
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15247465
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15164055
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15164055
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15164055
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16136131
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16136131
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16532396
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16532396
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16902084
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16902084
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15790594
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15790594
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15790594
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10319855
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10319855
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10319855

BMC Genomics 2009, 10:51

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Smith MW, Dean M, Carrington M, Winkler C, Huttley GA, Lomb
DA, Goedert J), O'Brien TR, Jacobson LP, Kaslow R, et al.: Contrast-
ing genetic influence of CCR2 and CCRS5 variants on HIV-|
infection and disease progression. Hemophilia Growth and
Development Study (HGDS), Multicenter AIDS Cohort
Study (MACS), Multicenter Hemophilia Cohort Study
(MHCS), San Francisco City Cohort (SFCC), ALIVE Study.
Science 1997, 277(5328):959-965.

Rigat B, Hubert C, Alhenc-Gelas F, Cambien F, Corvol P, Soubrier F:
An insertion/deletion polymorphism in the angiotensin I-
converting enzyme gene accounting for half the variance of
serum enzyme levels. | Clin Invest 1990, 86(4):1343-1346.
Messer PW, Arndt PF: The majority of recent short DNA inser-
tions in the human genome are tandem duplications. Molec-
ular Biology and Evolution 2007, 24(5):1190-1197.

Kumar §, Filipski A, Swarna V, Walker A, Hedges SB: Placing confi-
dence limits on the molecular age of the human-chimpanzee
divergence. Proc Natl Acad Sci USA 2005, 102(52):18842-18847.
King MC, Wilson AC: Evolution at two levels in humans and
chimpanzees. Science 1975, 188(4184):107-116.

Wilson AC, Bush GL, Case SM, King MC: Social structuring of
mammalian populations and rate of chromosomal evolu-
tion. Proc Natl Acad Sci USA 1975, 72(12):5061-5065.

Wetterbom A, Sevov M, Cavelier L, Bergstrom TF: Comparative
genomic analysis of human and chimpanzee indicates a key
role for indels in primate evolution. | Mol Evol 2006,
63(5):682-690.

Britten R]: Divergence between samples of chimpanzee and
human DNA sequences is 5%, counting indels. Proc Natl Acad
Sci USA 2002, 99(21):13633-13635.

Britten R], Rowen L, Williams J, Cameron RA: Majority of diver-
gence between closely related DNA samples is due to indels.
Proc Natl Acad Sci USA 2003, 100(8):4661-4665.

Chen FC, Chen CJ, Li WH, Chuang T): Human-specific insertions
and deletions inferred from mammalian genome sequences.
Genome Res 2007, 17(1):16-22.

Chen JM, Chuzhanova N, Stenson PD, Ferec C, Cooper DN: Meta-
analysis of gross insertions causing human genetic disease:
Novel mutational mechanisms and the role of replication
slippage. Hum Mutat 2005, 25(3):318.

Messer PW, Arndt PF: The majority of recent short DNA inser-
tions in the human genome are tandem duplications. Mol Biol
Evol 2007, 24(5):1190-1197.

McConkey EH: Orthologous numbering of great ape and
human chromosomes is essential for comparative genomics.
Cytogenet Genome Res 2004, 105(1):157-158.

Abeysinghe SS, Chuzhanova N, Krawczak M, Ball EV, Cooper DN:
Translocation and gross deletion breakpoints in human
inherited disease and cancer I: Nucleotide composition and
recombination-associated motifs. Hum  Mutat 2003,
22(3):229-244.

Birney E, Stamatoyannopoulos JA, Dutta A, Guigd R, Gingeras TR,
Margulies EH, Weng Z, Snyder M, Dermitzakis ET, Thurman RE, et al.:
Identification and analysis of functional elements in 1% of the
human genome by the ENCODE pilot project. Nature 2007,
447(7146):799-816.

Kidd JM, Cooper GM, Donahue WF, Hayden HS, Sampas N, Graves
T, Hansen N, Teague B, Alkan C, Antonacci F, et al.: Mapping and
sequencing of structural variation from eight human
genomes. Nature 2008, 453(7191):56-64.

Han K, Sen SK, Wang |, Callinan PA, Lee ], Cordaux R, Liang P, Batzer
MA: Genomic rearrangements by LINE-| insertion-mediated
deletion in the human and chimpanzee lineages. Nucleic Acids
Res 2005, 33(13):4040-4052.

Thomas EE, Srebro N, Sebat ], Navin N, Healy ], Mishra B, Wigler M:
Distribution of short paired duplications in mammalian
genomes. Proc Natl Acad Sci USA 2004, 101(28):10349-10354.
Lagemaat LN van de, Gagnier L, Medstrand P, Mager DL: Genomic
deletions and precise removal of transposable elements
mediated by short identical DNA segments in primates.
Genome Res 2005, 15(9):1243-1249.

Futreal PA, Coin L, Marshall M, Down T, Hubbard T, Wooster R,
Rahman N, Stratton MR: A census of human cancer genes. Nat
Rev Cancer 2004, 4(3):177-183.

Duval A, Hamelin R: Mutations at Coding Repeat Sequences in
Mismatch Repair-deficient Human Cancers: Toward a New

34.

35.

36.

37.

38.

39.

40.

41.
42.
43.

44,

45.

46.

47.

48.

49.

http://www.biomedcentral.com/1471-2164/10/51

Concept of Target Genes for Instability. Cancer Research 2002,
62(9):2447-2454.

Weber JL, David D, Heil J, Fan Y, Zhao C, Marth G: Human diallelic
insertion/deletion polymorphisms. Am | Hum Genet 2002,
71(4):854-862.

Yu CE, Dawson G, Munson ], D'Souza |, Osterling J, Estes A, Leu-
tenegger AL, Flodman P, Smith M, Raskind WH, et al.: Presence of
large deletions in kindreds with autism. Am | Hum Genet 2002,
71(1):100-115.

Dawson E, Chen Y, Hunt S, Smink LJ, Hunt A, Rice K, Livingston S,
Bumpstead S, Bruskiewich R, Sham P, et al.: A SNP resource for
human chromosome 22: extracting dense clusters of SNPs
from the genomic sequence. Genome Res 2001, 11(1):170-178.
Hahn Y, Lee B: Identification of nine human-specific frameshift
mutations by comparative analysis of the human and the
chimpanzee genome sequences. Bioinformatics 2005, 21(Suppl
1):i186-194.

Patterson N, Richter D), Gnerre S, Lander ES, Reich D: Genetic evi-
dence for complex speciation of humans and chimpanzees.
Nature 2006, 441(7097):1103-1108.

Kurtz S, Phillippy A, Delcher AL, Smoot M, Shumway M, Antonescu
C, Salzberg SL: Versatile and open software for comparing
large genomes. Genome Biol 2004, 5(2):R12.

Delcher AL, Phillippy A, Carlton J, Salzberg SL: Fast algorithms for
large-scale genome alignment and comparison. Nucleic Acids
Res 2002, 30(11):2478-2483.

Benson G: Tandem repeats finder: a program to analyze DNA
sequences. Nucleic Acids Res 1999, 27(2):573-580.

Kent WJ: BLAT - the BLAST-like alignment tool. Genome Res
2002, 12(4):656-664.

Kurtz S, Choudhuri JV, Ohlebusch E, Schleiermacher C, Stoye ], Gieg-
erich R: REPuter: the manifold applications of repeat analysis
on a genomic scale. Nucleic Acids Res 2001, 29(22):4633-4642.
Kurtz S, Schleiermacher C: REPuter: fast computation of maxi-
mal repeats in complete genomes. Bioinformatics 1999,
15(5):426-427.

Volfovsky N, Haas BJ, Salzberg SL: A clustering method for
repeat analysis in DNA sequences. Genome Biol 2001,
2(8):RESEARCH0027.

SAS: SAS Version 9.13. Cary, NC: SAS Institute Inc; 2003.

Burge C, Karlin S: Prediction of complete gene structures in
human genomic DNA. | Mol Biol 1997, 268(1):78-94.

Rozen S, Skaletsky H: Primer3 on the WWW for general users
and for biologist programmers. Methods Mol Biol 2000,
132:365-386.

Smith MW, Patterson N, Lautenberger JA, Truelove AL, McDonald
GJ, Waliszewska A, Kessing BD, Malasky M), Scafe C, Le E, et al.: A
high-density admixture map for disease gene discovery in
african americans. Am | Hum Genet 2004, 74(5):1001-1013.

disseminating the results of biomedical research in our lifetime."

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Publish with Bio Med Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for

Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and published immediately upon acceptance
« cited in PubMed and archived on PubMed Central

O BioMedcentral

« yours — you keep the copyright

Page 13 of 13

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9252328
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9252328
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1976655
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1976655
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1976655
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16365310
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16365310
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16365310
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1090005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1090005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1061091
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1061091
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1061091
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17075697
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17075697
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17075697
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12368483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12368483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12672966
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12672966
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17095709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17095709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17322553
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17322553
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15218271
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15218271
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12938088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12938088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12938088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17571346
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17571346
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17571346
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18451855
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18451855
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18451855
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16034026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16034026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15240876
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15240876
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15240876
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16140992
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16140992
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14993899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11980631
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11980631
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11980631
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12205564
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12205564
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12058345
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12058345
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11156626
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11156626
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11156626
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15961456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15961456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15961456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16710306
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16710306
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14759262
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14759262
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12034836
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12034836
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9862982
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9862982
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11932250
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11713313
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11713313
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10366664
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10366664
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11532211
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11532211
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9149143
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9149143
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10547847
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10547847
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15088270
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15088270
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15088270
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Identification and analysis of indels
	Identification and characterization of genomic context and core indel types
	Characterization of core indel classes among and within genic features
	Length and distance to the nearest exon differences among the indel types
	Evaluation of the observed indel impacts on gene structure

	Discussion
	Structural characteristics and origins of indels
	The scale and validation of indel impacts

	Conclusion
	Methods
	Sequence alignment and identification of indels
	Characterization of indel sequences
	Resampling and statistical analysis of indel data
	Location of indels relative to known genes
	Estimation of indel impact on gene structure and protein product
	Primer design
	DNA samples
	Indel verification

	Authors' contributions
	Additional material
	Acknowledgements
	References

