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We have explored the National Center for Biotechnology Information (NCBI) single nucleotide polymorph-
isms (SNPs) database for a correlation between the density of putative SNPs, as well as SNPs that map to
different chromosomal locations (ambiguously mapped SNPs), and segmental duplications of DNA in
chromosome regions involved in genomic disorders. A high density of SNPs (14.4 and 12.4 SNPs per kb) was
detected in the low copy repeats (LCRs) responsible for the chromosome 17p12 duplication and deletion that
cause peripheral neuropathies. None of the SNPs at the PMP22 gene were ambiguously mapped, but 93% of
the SNPs at LCRs mapped on both LCR copies, indicating that they are in fact variants in paralogous
sequences. Similarly, a high SNP density was found in the LCR regions flanking the neurofibromatosis type 1
(NF1) gene, with 80% of SNPs mapping on both LCR copies. A high density of SNPs was found within LCR
sequences involved in the deletions that mediate contiguous gene syndromes on chromosomes 7q11,
15q11–q13 and 22q11. We have analyzed the whole sequence of chromosome 22, which contains 14% of
ambiguously mapped SNPs, and have found a good correlation between these SNPs and segmental
duplications detected by BLAST analysis. We have identified several segments of ambiguously mapped
SNPs, four corresponding to LCRs involved in the chromosome 22q11 microdeletion syndromes. Our data
indicate that most SNPs in LCR segments are in fact paralogous sequence variants (PSVs), and suggest that
a significant proportion of the SNPs in the NCBI database correspond to PSVs within segmental duplications
of the human genome sequence.

INTRODUCTION

Several million single nucleotide polymorphisms (SNPs) have
been detected in the process of determining the sequence of the
human genome (1). Many of these SNPs are being used in
association and linkage studies to identify genomic regions that
potentially contain genes that are involved in complex diseases
(2). Segmental duplications [also known as low copy repeats
(LCRs) or duplicons] account for at least 5% of the human
genome sequence (3,4). Segmental duplications are genomic
regions with a high DNA sequence identity that have arisen
during the process of evolution of the genome (5). Some

segmental duplications are involved in deletion, duplication,
inversion or translocation of chromosomal material, leading to
diseases that have been designated as genomic disorders (6–8).
In recent years, an increasing number of monogenic diseases and
contiguous gene syndromes have been found to be due to
segmental duplications (7,8). These segmental duplications have
different length, copy number and orientation along the same
chromosome, and some are located on different chromosomes.
In some cases, these segmental duplications show conforma-
tions that confer a predisposition to undergo specific genomic
rearrangements in the offspring (9–11). Furthermore, segmental
duplications have also been proposed as predisposing factors for
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some complex genetic disorders (12). Therefore, the identifica-
tion and characterization of new segmental duplications in the
human genome should assist in defining chromosomal regions
of susceptibility for human genetic disease.

In the process of large-scale identification of SNP sequences,
differences between sequenced genomic clones have been
entered in SNP databases (http://www.ncbi.nlm.nih.gov/SNP)
as putative SNPs. Since segmental duplications have a high
degree of sequence identity at a level of over 97%, we
postulated that SNPs in these locations could be present at a
higher density than in other genomic locations and could also
be mapping to several regions, corresponding to segmental
duplications. To evaluate this hypothesis, we have explored the
frequency and mapping information of putative SNPs within
chromosome regions that contain well-characterized genomic
disorder mutations. We report here a tight correlation between
the density of SNPs, as well as SNPs that have been mapped to
different chromosomal locations in the NCBI SNP database
(dbSNP) by BLAST or electronic PCR (e-PCR) (defined as
SNPs with ‘ambiguous map location’), and segmental duplica-
tions in the human genome. A high density of ambiguously
mapped SNPs with different mapping locations accounts for
the segmental duplications that flank regions containing
genomic disorder mutations. We confirm that most of the
SNPs that lie within segmental duplications are in fact
paralogous sequence variants (PSVs), which have been entered
in the databases as SNPs. We have also analyzed the whole
sequence of chromosome 22 and have found a strong link
between PSVs and segmental duplications. Our data suggest
that a significant proportion of SNPs in the NCBI database
correspond to PSVs within segmental duplications of the
human genome sequence.

RESULTS

In the process of identifying segmental duplications that could
be potentially involved in genomic disorders, we have explored
the SNP database (SNP build102, draft sequence build28) at
the NCBI (http://www.ncbi.nlm.nih.gov/SNP). This database
contains 2.13� 106 refSNPs. About 80% of these SNPs have
been mapped onto the human genome sequence assembly.
dbSNP denotes the mapping information of SNPs that hit the
assembled genome sequence once or twice. RefSNPs hitting
the human genome sequence twice are annotated with a
‘warning of ambiguous location’. Despite the fact that 90% of
the mapped refSNPs have unique positions within the human
genome sequence, as detected by e-PCR and BLAST, about 5%
have been mapped ambiguously in two locations, and another
5% appear to reside at more than two sites.

We aimed to use the dbSNP information to identify
segmental duplications in the draft sequence of the human
genome. Our working hypothesis was that high densities of
SNPs at specific chromosomal regions, and segments of DNA
containing SNPs that have been mapped to more than one
chromosomal region, might point to regions containing
segmental duplications. We first analyzed the density and
mapping information of SNPs in chromosomal regions that
contain known segmental duplications, previously shown to be

involved in human diseases. We found that segmental
duplications that are responsible for well-defined Mendelian
genomic disorders [the Charcot–Marie–Tooth type 1 (CMT1A)
duplication, and the hereditary neuropathy with liability to
pressure palsies (HNPP) deletion (13); and the deletions that
cause about 15% of cases of neurofibromatosis type 1 (NF1)
(14)] have high densities of SNPs, as compared to the regions
that are rearranged in these diseases. In the case of the
CMT1A/HNPP region, the total number of SNPs at proximal
REP and distal REP are 291 and 338, respectively (SNP
densities of 14.4 and 12.4 per kb, with an average distance
between consecutive SNPs of 75 nucleotides); while for the
genomic region that contains the PMP22 gene, 50 SNPs have
been reported (SNP density 1.4/kb, or one SNP every 700
nucleotides) (Fig. 1 and Table 1). While none of the SNPs at
the PMP22 gene were ambiguously mapped, 272 (93%) SNPs
at proximal REP and 315 (93%) at distal REP showed
ambiguous locations. Table 2 shows a segment of 4 kb of the
proximal REP and distal REP containing 44 consecutive SNPs,
of which only five and six are specific for each chromosome
location respectively, while 33 of them map to both chromo-
some regions, indicating sequence divergence between the two
LCR copies. Considering the whole sequence of these LCRs,
about 90% of the reported SNPs are in fact PSVs, which have
accumulated in these two genomic locations during evolution.

Similar results were obtained for the duplicons that flank the
NF1 gene. A 7-fold higher SNP density was detected in the
duplicon regions, as compared to the NF1 genomic region,
with an average distance between SNPs of 280 nucleotides at
the NF1 LCRs and 1800 nucleotides within the NF1 gene.
Also, more than 80% of the SNPs at the NF1 duplicon regions
were ambiguously mapped (Table 1), most corresponding
to PSVs.

The SNP densities at the duplicon regions of CMT1A/HNPP
and NF1 are much higher than those reported by large-scale
SNP discovery projects (1,15), describing SNPs at average
distances in a range between 900 and 1400 nucleotides.
These high densities further confirm that most of these SNPs
are PSVs. In fact, the proportion of bona fide SNPs (those that
are not PSVs) at these LCRs is in the range of 1 every 500–
1000 nucleotides, in agreement with the findings in inter-LCR
regions and for the whole human genome sequence.

High densities of SNPs, most of them ambiguously mapped,
were also detected within the regions that contain the LCR
sequences involved in the deletions that mediate contiguous
gene syndromes [Williams–Beuren syndrome (WBS) on 7q11
(11); Prader–Willi syndrome and Angelman syndrome (PWS/
AS) (16) on 15q11–13; and DiGeorge syndrome (DGS) and
velo-cardio-facial syndrome (VCFS) on 22q11 (17)] (Table 1).
Despite the fact that most SNPs at the WBS LCRs were
ambiguously mapped, the SNP density for the whole LCR
region (over 400 kb) is not higher than the average for other
regions in the genome. This is probably because some of these
LCRs map to several regions along chromosome 7 (more than
10 locations), some corresponding to sequences related to the
PMS2 gene (not shown). Thus, SNPs that show multiple
locations have probably not been reported and annotated in the
NCBI dbSNP. Remarkably, between 80% and 93% of the SNPs
that map to duplicon-containing regions of contiguous gene
syndromes show ambiguous map locations by either BLAST
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(18) or by e-PCR (19). Most of these putative SNPs should
actually correspond to PSVs.

To further explore the relationship between regions contain-
ing segments of ambiguously mapped SNPs (or PSVs) and
segmental duplications, we have analyzed the NCBI dbSNP for
the entire sequence of human chromosome 22 (20). Figure 2
shows the plots corresponding to the SNP density and SNP
mapping ambiguity for the whole sequence of the long arm of
chromosome 22. Thirty-one DNA segments with SNP densities
higher than 40 SNPs/10 kb were identified, showing an average
distance between SNPs of 250 nucleotides. Remarkably, four
segments have SNP densities of over 10 SNPs/kb (segments 9,
11, 14 and 15 in Fig. 2A).

Eighteen segments containing stretches of at least 10 ambi-
guously mapped SNPs per 10 kb were detected. We have found
that some of these segments were clustered in several contiguous
regions of ambiguously mapped SNPs. This is the case for the
LCRs that cause the DGS/VCFS deletions (named A, B, C and D
in 17), corresponding to segments 2–5 in Figure 2B and
segments 6–11 in Figure 2A. Most SNPs in segments containing
high densities of SNPs were ambiguously mapped, but some
segments of high SNP density were not detected as ambiguously
mapped in the NCBI dbSNP. This could be because they map to
several regions, and their ambiguous chromosomal locations

have not been annotated. Table 3 shows the characteristics of
different segments containing ambiguously mapped SNPs.
While the SNP density for the whole of chromosome 22 (only
the 34 710 kb sequenced region was considered) is 1 SNP/kb
(21), the SNP density in these segments ranges between 0.6 and
10.2/kb. These segments contain between 18.6% and 85.9% of
ambiguously mapped SNPs, which is much higher than the
13.9% for the whole of chromosome 22.

We have used PipMaker (22) analysis to confirm the presence
of segmental duplications in regions containing segments of
ambiguously mapped SNPs. This allows us to define the orien-
tation of the segmental duplications and the number of copies
within each segment. Figure 3 shows three examples of the
plots of the PipMaker analysis of three chromosome regions
containing several segments of PSVs, which correspond to
several complex segmental duplications. Segments 6–9 in
Figure 2B, spanning about 900 kb between nucleotide positions
19 000 000 and 20 100 000, have a high number of copies of
repeat sequences that are specific to this region of chromo-
some 22. Within the repeats that are scattered along this region
of chromosome 22, there are several duplicated segments
organized in tandem. This large genomic region contains all the
genes of the variable, constant and joining segments of the
immunoglobulin lambda segments (23). Interestingly, a

Figure 1. Map view (NCBI, build28) of human chromosome 17p12, showing the high density of SNPs within the proximal and distal REPs that flank the region
that is duplicated or deleted in patients with Charcot–Marie–Tooth type 1A (CMT1A) or hereditary neuropathy with liability to pressure palsies (HNPP), respec-
tively. The regions containing the REPs are boxed. Red arrows indicate the orientation of the REP sequences; the blue arrow shows the region that is either deleted
or duplicated in patients with HNPP or CMT1A, respectively.
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sequence located just at the end of segment 9 has one of the
highest PSV densities of chromosome 22, with over 200 PSVs
clustered in a region of less than 20 kb (Fig. 3, left panel).
This corresponds to the constant regions of immunoglobulin
lambda. Despite the presence of segmental duplications in
sequences with high densities of PSVs, as detected by
PipMaker analysis, some sequences located between these
segmental duplications also display high densities of SNPs.
Finally, a 70 kb sequence located between nucleotides 19 400
and 19 470 maps to at least 10 other chromosomal locations but
not on chromosome 22 (not shown).

Segment 17 contains several LCRs organized in tandem
within a region of less than 200 kb. Genes located in this region
correspond to several protein sequences that show similarities
with APOBEC1 (24). Segment 18 has five pairs of DNA LCRs,
all in a tandem orientation and spanning 150 kb. These
duplicated segments contain two different copies of the gene
CGI-96 (25). In both cases, the segmental duplications contain
large numbers of PSVs, while the sequences between and
flanking the segmental duplications have the average density of
SNPs for chromosome 22.

To further characterize the intrachromosomal segmental
duplications of chromosome 22, its sequence assembly was
masked for repeats and was compared against itself by BLAST
analysis. The q11.1–q11.22 region contains a high density of
intrachromosomal segmental duplications. While some corre-
spond to the DGS/VCFS LCR sequences, several other
segmental duplications have been identified in other regions
of the chromosome. We have compared the genomic regions of
chromosome 22 containing high number of SNPs and
ambiguously mapped SNPs with segmental duplications

identified by BLAST (Fig. 2C). Remarkably, all regions con-
taining PSVs were identified by BLAST, and most regions
identified by BLAST corresponded to PSVs. Additional
regions predicted by the SNP analysis, but not detected by
BLAST using the chromosome 22 DNA sequence against
itself, likely correspond to interchromosomal segmental
duplications. To evaluate these interchromosomal duplications,
the chromosome 22 sequence was analyzed by MegaBLAST
against each NCBI build28 chromosome sequence. All regions
with ambiguously mapped SNPs not mapping to chromosome
22 were shown to map to other chromosome regions (Table 3).

DISCUSSION

The results presented here show that chromosome regions
containing high densities of putative SNPs and ambiguously
mapped SNPs correspond to segmental duplications of the
human genome. We have demonstrated this association in the
analysis of segmental duplications involved in Mendelian
genomic disorders and contiguous gene syndromes, and in the
analysis of the whole of chromosome 22, identifying several
intrachromosomal segmental duplications.

All segmental duplications detected here have a high density
of SNPs, most showing ambiguous locations in the NCBI
dbSNP. Some of these regions correspond to previously
described LCRs flanking regions involved in genomic dis-
orders. Most of these SNPs are nucleotide variants within
parologous sequences and are not truly single nucleotide
polymorphisms. Accordingly, we have designated these SNPs
as PSVs (paralogous sequence variants, as defined in 26).

Table 1. SNP density and ambiguously mapped SNPs (paralogous sequence variants or PSVs) at five chromosomal regions containing genomic disorder mutations

Disorder locus/gene NT_Contig (Build 28) Chromosome region Length (kb) Total SNPs n SNPs/kb Ambiguous SNPs n (%)

CMT1A/HNPPa

Proximal REP NT_010718 17p12 23.5 338 14.4 315/338 (93.2)
Distal REP NT_010718 17p12 23.4 291 12.4 272/291 (93.5)
PMP22 NT_010718 17p22 34.8 50 1.4 0/50 (0)

NF1b

LCR proximal NT_024897 17q11 56.7 193 3.4 158/193 (81.9)
LCR distal NT_010799 17q11 36.1 138 3.8 117/138 (84.8)
NF1 NT_010799 17q11 280.3 155 0.55 1/155 (0.6)

WBSc

Proximal LCR NT_007867 7q11 424.0 245 0.58 215/245 (87.8)
MDH2 NT_007867 7q11 600.0 137 0.23 1/137 (0.7)

PWS/ASd

Proximal LCR NT_010362 15q11 390.3 741 1.90 629/741 (84.9)
LOC123111-UB3A NT_010178 15q11 129.8 32 0.25 0/32 (0)

DGS/VCFSe

LCR-D NT_011520 22q11 313.4 639 2.04 548/639 (85.8)
SERPIND1-LZTR1 NT_011520 22q11 219.7 359 1.63 0/359 (0)

aThe duplicated or deleted region in CMT1A and HNPP is about 1.4 Mb; the length of the duplicon is 24 kb; other duplicon sequences are located telomeric and
centromeric to these duplicons.
bThe deleted region in NF1 is about 1.5 Mb; the length of the duplicon has been estimated at 85 kb, but only the regions with identity between the two LCR
sequences were considered for calculations.
cThe deleted region in WBS is about 1.6 Mb; the length of the duplicon is estimated to be 450 kb; only one of the duplicons has been considered for calculations.
dThe deleted region in PWS/AS is about 3.5 Mb; the length of the duplicon has been estimated to be 350 kb; only one of the duplicons has been considered for
calculations.
eThe deleted region in DGS/VCFS ranges between 1.5 and 3 Mb; the lengths of the duplicons range between 15 and 350 kb; only one of the duplicons (LCR-D) has
been considered for calculations.
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The high densities of PSVs identified in some regions of
chromosome 22 contrast with the average densites of SNPs
detected in this chromosome of one SNP every 1000
nucleotides (Table 2) (21). Despite the strong concordance
between density and ambiguity mapping of putative SNPs
along this chromosome, this relationship was not complete, as
some segments with high densities of SNPs were not described
as mapping to several regions. These segments probably
correspond to regions of the genome that contain sequences
that have been under positive selection (1), to regions that have
been studied in great detail in the search for genes involved in
complex disorders, leading to the detection of a large number
of SNPs (2), or to segmental duplications that have erroneously

been assembled in the same genomic region. We have not
performed a complete survey to clarify this issue, but this
should be resolved as the assembly of the sequence is improved
and these putative SNPs are characterized.

The identification of genomic segments containing PSVs
should be extremely useful as a first step in detecting segmental
duplications. In the chromosome 22 analysis performed here,
several segmental duplications were identified, in addition to
those known to cause DGS/VCFS, inv dup(22), cat eye
syndrome and the recurrent constitutional translocation
t(11; 22) (17, 28–30). For instance, segment 10 corresponds
to a segmental duplication located near the BCR gene. The
links between the other segmental duplications and diseases or
chromosome rearrangements have yet to be established. Even
for some of the well-defined segmental duplications in the
region of DGS/VCFS, it is not well established how the
orientation of the duplicons predisposes to the different
chromosome rearrangements. It is possible that specific
orientations of LCRs in this region predispose to the 22q11
deletions that have been found in cases of schizophrenia (31).
Detailed analysis of the location and orientation of these
segmental duplications using BLAST and PipMaker should
lead to the identification of potential targets for genomic
mutations on this chromosome. The chromosome 22 BLAST
results obtained in this study are similar to those reported
previously (27) and correlate with the regions containing PSVs.

Mapping information of SNPs is not uniformly presented in
different SNP databases. In addition to information for SNPs
that map to a single and to two locations (ambiguously mapped
SNPs), NCBI also provides a list of SNPs that have been mapped
to more than two locations in the human genome (ftp://
ftp.ncbi.nih.gov/snp/human/chr_rpts/Multi.txt.gz). These SNP
entries were excluded from annotation to chromosomes in their
dbSNP. Although we have not examined this dataset thoroughly,
we suspect that these SNPs mapping to several locations would
likely link to regions of segmental duplications and should
therefore be referred to as PSVs as well. We have examined the
Celera SNP database and found that allele frequencies were not
assigned where duplicated regions are located. This is likely due
to the detection of multiple alleles without knowledge that they
are, in fact, sequences from highly paralogous sequences. Also,
we have observed that Celera scaffolds often collapse in regions
containing large LCRs. Other SNP databases specifically
exclude all the SNPs that map to different chromosomes
(http://snp.ims.u-tokyo.ac.jp/), although not those with multiple
intrachromosomal locations, resulting in a loss of information
regarding segmental duplications (32). Interestingly, about 1%
of the SNPs reported on chromosome 21 identify more than two
alleles, and they have not been included in the SNP database of
this chromosome (16).

While the NCBI dbSNP is extremely useful in pointing to
potential segmental duplications in the human genome
characterization, SNPs at these locations should be used with
caution when mapping disease loci. It has been suggested that
at least 5% of the human genome contains segmental
duplications (3,4). This figure is not far from the 10% of
refSNPs that map to ambiguous locations (http://www.
ncbi.nlm.nih.gov/SNP). Thus, a significant proportion of the
SNPs in the NCBI database are likely to correspond to PSVs
located within segmental duplications. These PSVs should be

Table 2. Variations at 44 consecutive refSNPs (NCBI dbSNP) in a 4 kb region
of the proximal and distal LCRs of the CMT1A/HNPP locus

Variationa

(proximal REP)
Variationa

(distal REP)
db_xref
dbSNP

Variants
Alleles

2687109 4083983 2856182 A/G
2687159 4084033 2530370 G/A
2687167 4084041 2530369/2601991 A/T
2687190 4084064 2530368 G/A
2687211 4084087 2259118 T/G
2687454 4084330 2257782 G/C
2687525 4084401 2257784 A/T
2687591 4084467 2257786 T/G
2687830 4084706 2257822 G/A
2688149 4085025 2257828 G/A
2688269 4085145 2257830 G/A
2688494 4085370 2530367 T/G
2688517 4085393 2530366 G/A
2688520 — 2530365 G/A
2688548 4085424 2530364 C/A
— 4085798 2515772 C/A
2689332 4086211 2530363 G/A
2689343 4086222 2906923 G/A
2689389 4086268 2601993 A/G
2689978 4086861 2856225 T/C
2690009 4086892 2530384 G/C
2690018 4086901 2856224 T/C
2690019 4086902 2530383 G/A
2690157 4087040 187344 G/C
2690174 4087057 2856223 G/A
2690234 4087117 3020880 A/G
2690426 4087309 2079617 G/C
— 4087436 2532450 T/C
— 4087437 2532449 G/A
— 4087785 2856128 G/T
2690536 — 2856125 A/T
2690564 — 2856126 C/T
2690846 — 2860279 T/C
2690907 4087785 2856128 G/T
2691114 4087992 2856129 A/T
2691196 4088074 2323742 C/T
2691309 4088187 2323743 C/T
— 4088188 2323744 A/G
2691327 4088210 2323745 G/T
2691331 4088214 2323746 C/T
2691348 4088231 2323747 C/T
2691357 4088240 2323748 A/G
— 4088270 2654302 A/G
2691393 — 2257237 C/T

aNucleotide positions in Homo sapiens chromosome 17 working draft sequence
segment NT_010718 (version NT_010718.8 GI:1860394).
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Figure 2. Identification of segmental duplications of human chromosome 22 by SNP and BLAST analysis. (A) Graphical view of the density of SNPs. A threshold
of 40 SNPs/10 kb was used to define 31 segments of high SNP density (about 4-fold the average in the human genome). (B) Graphical view of ambiguously
mapped SNPs along the chromosome. The numbers indicate 18 segments, each having at least 10 contiguous ambiguously mapped SNPs per 10 kb. The region
containing the segments that correspond to the DGS/VCFS LCR sequences is boxed. (C) GenomePixelizer display of the intrachromosomal BLAST results from
chromosome 22 (red, 100% sequence identity; purple, 95–99%; green, 90–94%). The correspondences between locations at the panel are only approximate. The
region of the DGS/VCFS deletions is shown as a red bar, and SNP segments corresponding to LCRs involved in deletions are shown in red (2 to 5).

1992 Human Molecular Genetics, 2002, Vol. 11, No. 17

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/11/17/1987/589965 by U
.S. D

epartm
ent of Justice user on 16 August 2022



useful, in conjunction with BLAST approaches (3,27), to
further characterize segmental duplications in the human
genome. Finally, since some of these segmental duplications
are likely polymorphic, PSVs could also be useful in tracing
variability in copy number at these loci and in studying their
potential link to human genetic disease.

MATERIALS AND METHODS

SNP viewing and density

NCBI MapViewer (http://www.ncbi.nlm.nih.gov//cgi-bin/
Entrez/hum) was used to examine high-SNP-density regions
from the build28 (February 2002) NCBI assembly, displaying
the corresponding NT_contigs, sequence component, gene
sequence and variation. A more detailed analysis was done for
specific chromosomal locations that are known to contain well-
characterized genomic disorder mutations and for the entire
human chromosome 22 by using the NCBI human SNP dataset
(http://www.ncbi.nlm.nih.gov/SNP). This dataset was obtained
from the NCBI ftp site (ftp://ftp.ncbi.nih.gov/snp/human/
chr_rpts/) and was then imported into Microsoft Excel, as
tables containing information about SNPs and their genomic
positions. The total numbers of SNPs, as well as ambiguously
mapped SNPs, from regions of our analysis were sorted by
chromosome positions and then tabulated along a 10 kb
window using the Excel commands ROUNDDOWN and
COUNTIF. A threshold of 40 SNPs/10 kb was used to define
regions with high SNP density (4-fold the average in the human
genome). In the graphical view of ambiguously mapped SNPs

along chromosome 22, a threshold of 10 contiguous ambigu-
ously mapped SNPs per 10 kb was considered.

Chromosome 22 segmental duplications

The build28 NCBI Chromosome 22 assembly was obtained
through the NCBI ftp site, which lacks the first 13 Mb of
ambiguous nucleotides of the unknown p arm and centromere
sequences. The entire chromosome sequence was subsequently
masked for repeats using RepeatMasker (Smit and Green,
http://ftp.genome.washington.edu/RM/RepeatMasker.html).
The masked chromosome sequence was compared against itself
using MegaBLAST2 (http://www.ncbi.nih.gov/BLAST/) run-
ning on a local Unix server, and a BLAST report table was
generated (using the –D option in the BLAST2 command).
Modules of alignment, despite deletions and insertions caused
by masked repetitive sequences, together forming a large
contiguous alignment (to detect duplicons with sizes larger
than 10 kb), were kept in the analysis. The results were parsed
under the following criteria: BLAST results having >90%
DNA sequence identity over >80 bp in length with expected
value <e�30. The parsed results were converted into a
coordinate file as an input for display using GenomePixelizer
(32). Regions containing segmental duplications identified by
the BLAST method were compared to regions with high
densities of SNPs and those with high numbers of ambiguously
mapped SNPs by examining their corresponding coordinates in
the same chromosome 22 sequence. The analysis only
considered the intrachromosomal segmental duplications of
chromosome 22. A graphical view of ambiguously mapped

Table 3. Segments of human chromosome 22 DNA sequence containing at least 10 contiguous ambiguously mapped SNPs (PSVs)

Segment Region Beginning (kb) End (kb) Length (kb) Total SNPs Total SNPs/kb Ambiguously mapped SNPs

n % Location

1 22q11.1 14 670 14 680 10 44 4.4 20 50.0 Inter
2 22q11.1 15 680 16 070 390 579 1.5 301 52.0 Intra
3a 22q11.21 17 290 17 350 60 189 3.1 88 46.6 Intra
3b 22q11.21 17 500 17 540 40 85 2.1 73 85.9 Intra
4 22q11.21 17 820 17 910 90 369 4.1 285 77.2 Intra/Inter
5a 22q11.21 18 160 18 170 10 62 6.2 13 21.0 Intra
5b 22q11.21 18 200 18 230 30 83 2.8 22 26.5 Intra/Inter
5c 22q11.21 18 270 18 720 450 1313 2.9 1036 78.9 Intra
6 22q11.21 19 100 19 120 20 58 2.9 32 55.2 Intra
7 22q11.21 19 370 19 380 10 41 4.1 32 78.0 Intra
8 22q11.21 19 760 19 850 90 182 2.0 56 30.8 Intra
9 22q11.21 20 030 20 050 20 204 10.2 130 63.7 Intra
10 22q11.21 20 440 20 490 50 71 1.4 27 38.0 Inter
11a 22q11.22 21 070 21 210 140 545 3.9 392 71.9 Intra
11b 22q11.22 21 370 21 380 10 16 1.6 12 75.0 Intra
11c 22q11.22 21 440 21 500 60 35 0.6 17 48.6 Intra
12 22q11.22 21 810 21 870 60 56 0.9 34 60.7 Intra
13 22q11.22 22 420 22 520 100 191 1.9 74 38.7 Inter
14 22q11.22 22 600 22 810 210 340 1.6 76 22.3 Intra
15 22q12.1 26 550 26 630 80 167 2.1 73 43.7 Inter
16 22q12.2 29 340 29 400 60 145 2.4 27 18.6 Intra
17 22q13.1 36 070 36 170 100 107 1.1 62 57.9 Inter
18 22q13.31 39 580 39 680 100 250 2.5 162 64.8 Intra
All 22q 13 110 47 820 34 710 34 491 1.0 4800 13.9 –

Some segments shown in Figure 2 are grouped in subsegments (3a, 3b, etc.). Intra, intrachromosomal; Inter, interchromosomal.
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SNPs along the chromosome was compared with the
GenomePixelizer display of the intrachromosomal BLAST
results from chromosome 22 (red, 100% sequence identity;
purple 95–99%; green, 90–94%).

Interchromosomal analysis

The build28 NCBI human genome assembly is available
through the NCBI ftp site (ftp://ftp.ncbi.nih.gov/genomes/
H_sapiens/). Each of these chromosome assemblies was
reordered according to the assembly table provided by
NCBI from the file seq_contig.md, since the sequences were
stored in unordered multi-fasta files. Then, pairwise com-
parisons were made between the masked version of chro-
mosome 22 and the masked version of each of the NCBI
chromosome assemblies by MegaBLAST2. All results were
parsed and generated using the same criteria as for
intrachromosomal detection.

Characterization of duplicons

Sequences of specific regions containing segmental duplicons
with high SNP densities were obtained from their respective
NT_contigs or assembled from BAC/PAC sequences from
Genbank. Each sequence was then repeat-masked and aligned
against itself using PipMaker (22) (tables containing informa-
tion on repeat sequences were submitted to the PipMaker

server). The size, orientation and structure between segmental
duplications can be interpreted by using the PIP and Dot-plot
output generated by PipMaker.
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