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In recent decades, comparative chromosomal banding, chromosome painting, and gene-order studies have shown
strong conservation of gross chromosome structure and gene order in mammals. However, findings from the human
genome sequence suggest an unprecedented degree of recent (!35 million years ago) segmental duplication. This
dynamism of segmental duplications has important implications in disease and evolution. Here we present a chro-
mosome-wide view of the structure and evolution of the most highly homologous duplications (�1 kb and �90%)
on chromosome 22. Overall, 10.8% (3.7/33.8 Mb) of chromosome 22 is duplicated, with an average sequence
identity of 95.4%. To organize the duplications into tractable units, intron-exon structure and well-defined dupli-
cation boundaries were used to define 78 duplicated modules (minimally shared evolutionary segments) with 157
copies on chromosome 22. Analysis of these modules provides evidence for the creation or modification of 11 novel
transcripts. Comparative FISH analyses of human, chimpanzee, gorilla, orangutan, and macaque reveal qualitative
and quantitative differences in the distribution of these duplications—consistent with their recent origin. Several
duplications appear to be human specific, including a ∼400-kb duplication (99.4%–99.8% sequence identity) that
transposed from chromosome 14 to the most proximal pericentromeric region of chromosome 22. Experimental
and in silico data further support a pericentromeric gradient of duplications where the most recent duplications
transpose adjacent to the centromere. Taken together, these data suggest that segmental duplications have been an
ongoing process of primate genome evolution, contributing to recent gene innovation and the dynamic transfor-
mation of genome architecture within and among closely related species.

Introduction

Our current understanding of overall mammalian ge-
nome organization and evolution is derived mainly from
cytogenetic banding and painting studies, as well as
gene-order mapping (Yunis and Prakash 1982; Nadeau
and Sankoff 1998; O’Brien et al. 1999; Murphy et al.
2001). These data suggest strong conservation of ge-
nome architecture, with few noticeable rearrange-
ments—one per 10 million years, on average (Wienberg
et al. 1997; Murphy et al. 2001). In fact, it has been
stated that the human genome has evolved from a com-
mon primate ancestor (∼60–70 million years ago) in as
few as seven translocation steps. These conclusions are
based largely on comparative FISH analysis using whole-
chromosomal paint probes (Muller et al. 1999; O’Brien
et al. 1999). Although examples like the highly rear-
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ranged karyotype of gibbons illustrate that certain ge-
nomes have undergone extensive rearrangement (Jauch
et al. 1992), on the whole, strong conservation is the
norm. Even human comparisons to distantly related
mammals demonstrate strong conservation, with the es-
timated number of rearrangements varying from 17 in
felines (Wienberg et al. 1997) to 180 in mice (Nadeau
and Taylor 1984; O’Brien et al. 1999). Such a static view
of genome architecture recently has been challenged, as
a result of the identification of highly homologous seg-
mental duplications within the human genome (IHGSC
2001) (see sidebar) and their potential role in genomic
rearrangement (Stankiewicz et al. 2001).

Segmental duplications consist of the duplicative
transposition of genomic DNA, ranging in size from
one to hundreds of kilobases (for reviews, see Ji et al.
2000; Shaffer and Lupski 2000; Eichler 2001). This
scale is much smaller than the detection limits of 5 Mb
(for “chromosomal painting” experiments) and several
Mb (for most studies of gene order). Segmental dupli-
cations appear to be “normal DNA” and may be com-
posed of genic sequence with introns and exons, as well
as common repeats, such as Alus and L1 elements. In
general, the duplications are highly homologous (shar-
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Duplicitous Duplications and Human Genetics

The central task of human genetics is the correlation of human
phenotype and human genotype. Much of this effort depends
on our ability to track unique DNA by association or linkage
with phenotype. The revelation that a significant fraction (∼5%)
of our genome is composed of recent segmental duplications
has a serious impact on the work of human geneticists. Seg-
mental duplications may be hundreds of kb in size, may share
a high degree of sequence identity (199%), may harbor genes,
and, unlike other classes of repetitive sequence, cannot be dis-
tinguished as such a priori. In essence, these properties have
made a portion of our genome intractable, by the standard
molecular techniques applied within our field. The inability to
develop STSs, for example, in regions of the genome that are
completely devoid of “unique” sequence information, translates
into an inability to track the inheritance pattern of these regions
through human pedigrees. The development of human SNP
maps is similarly hampered, leading to misleadingly high den-
sity of SNPs over duplicated regions. Duplicated segments pose
serious problems for the assembly of the human genome. Hu-
man cytogeneticists, who now depend on this assembly to select
probes to interrogate human chromosomal rearrangements, are
often confounded by ambiguous results when multiple signals
are encountered. Finally, it has become increasingly apparent
that the segmental duplications themselves provide the molec-
ular basis for many human genetic disorders, including complex
genetic-disease traits. To be sure, there are solutions to the prob-
lems posed by the duplicated sequence. First and foremost, how-
ever, it is essential that such highly paralogous regions be iden-
tified, their locations refined, and their sequence correctly
assembled into the human reference genome. Understanding the
biology and evolution of these regions is critical for a complete
understanding of the genetic basis of human disease.

ing an average of 95.5% sequence identity). This has
been taken as evidence that many duplications have
arisen recently during the evolution of our species (!35
million years ago). To date, they have no distinguishing
sequence features that facilitate a priori detection, and
the mechanism underlying their movement remains un-
known (Eichler 2001). Duplications may occur in tan-
dem, but they are usually interspersed, occurring both
within (intrachromosomal duplications) and between
(interchromosomal duplications) homologous chro-
mosomes. Anecdotal observations have implied that in-
terchromosomal duplications are biased in favor of per-
icentromeric (Tomlinson et al. 1994; Eichler et al. 1996,
1997; Regnier et al. 1997; Zimonjic et al. 1997) and
subtelomeric regions (Trask et al. 1998b; Wong et al.
1999). Many pericentromeric regions that have been
studied in detail appear to be composed of duplicated
stretches of mosaic or juxtaposed sequences originating
from different regions of the genome (Jackson et al.
1999; Loftus et al. 1999; Ruault et al. 1999; Guy et al.
2000; Horvath et al. 2000a; IHGSC 2001). Recent anal-
ysis of the entire genome suggests that interchromoso-
mal duplications are at least 4.5-fold enriched in peri-

centromeric regions and at least 2.7-fold enriched in
subtelomeric regions (Bailey et al. 2001).

Duplications of genomic DNA have two main biolog-
ical consequences. In terms of genetic disease, they un-
derlie the molecular basis of many recurrent chromoso-
mal structural-rearrangement syndromes. During meio-
sis, highly paralogous sequences can align and undergo
homologous recombination, producing rearrangements
in the gametes. Examples of genomic disorders mediated
by such aberrant recombination include microdele-
tions—such as Smith-Magenis syndrome (SMS [MIM
182290]), Prader-Willi and Angelman syndromes (PWS
[MIM 176270] and AS [MIM 105830], respectively),
Neurofibromatosis type 1 (NF1 [MIM 162200]), and
velocardiofacial and DiGeorge syndromes (VCFS [MIM
192430] and DGS [MIM 188400], respectively)—and
microduplications, such as cat-eye syndrome (CES [MIM
115470]) and Charcot-Marie-Tooth disease type 1A
(CMT1A [MIM 118220]) (Chen et al. 1997; Amos-
Landgraf et al. 1999; Edelmann et al. 1999a, 1999b;
Dorschner et al. 2000; Shaikh et al. 2000). Recent anal-
ysis has further suggested that duplicated sequences may
also predispose to large-scale mitotic polymorphisms as-
sociated with complex genetic traits (Gratacos et al.
2001).

In addition to their mechanistic role in disease, du-
plications have long been viewed as a major pathway
of gene evolution—mainly through whole-genome du-
plication (Ohno 1968, 1970). Although whole-genome
duplication during vertebrate evolution is a widely held
hypothesis, the significance of such events, compared to
that of smaller segmental duplications, has recently been
questioned (Eichler 2001; Hughes et al. 2001; IHGSC
2001; Venter et al. 2001). Certainly, for primate evo-
lution, genomewide duplications have played little role
in recent gene evolution, since the last postulated whole-
genome duplication event occurred an estimated 430
million years ago (Skrabanek and Wolfe 1998). Since
that time, numerous genes and gene families have arisen
through segmental duplications such as zinc-finger, ol-
factory-receptor, certain globin, opsin, coagulation, and
fibrinolytic genes. Zinc-finger genes and globins are ex-
amples of clustered duplications in which the entire gene
has been duplicated in the form of repetitive tandem
arrays. Coagulation and fibrinolytic genes are postu-
lated examples of duplicative shuffling, where exons
from different genes have been reassembled to create a
new gene with a new function (Patthy 1996). To date,
there are just a few examples, in the literature of recently
evolved genes, where the duplicated intronic and flank-
ing DNA still maintains a high degree of similarity (Teg-
lund et al. 1994; Eichler et al. 1998; Seroussi et al. 1999;
Edelmann et al. 2001). One recent example is intrach-
romosomal duplications on chromosome 16 that appear
to be mediating the rapid expansion, through adaptive
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selection, of a new gene family (morpheus) in the great
apes (Johnson et al. 2001). Such “newly” evolving genes
may, at least in part, account for underlying phenotypic
differences between humans and closely related species
such as chimpanzee and gorilla.

The objective of this study was to investigate the
structure, organization, and evolution of recent seg-
mental duplications at a chromosome-wide level. Com-
bining resources from the Human Genome Project and
in silico data mining with experimental data, we present
an evolutionary perspective of the fine-scale remodu-
lation of chromosome-22 architecture through recent
duplication processes. In previous analyses, the system-
atic study of duplications has been hindered by the in-
ability to differentiate allelic overlap from highly similar
duplications without resorting to experimental verifi-
cation. Such determinations are made even more diffi-
cult by the error-prone nature of draft sequences and
their resulting assembly, where perceived duplications
with 198.5% identity are usually missed allelic overlaps
(Bailey et al. 2001; IHGSC 2001). This is further com-
plicated by the fact that duplicated sequences are prone
to being unassigned or misassigned in the genome as-
sembly (Bailey et al. 2001). As the first “completely
sequenced” chromosome, chromosome 22 provides a
high-quality sequence and assembly from which to
study segmental duplications. Chromosome 22q11 has
also long been implicated in genomic disease where seg-
mental duplications, termed “low copy repeats” (LCRs)
have been found to underlie several genomic diseases,
including der(22), VCFS, and CES (Halford et al. 1993;
Edelmann et al. 1999a, 1999b; Shaikh et al. 2000; Footz
et al. 2001). Although the disease-causing LCRs have
been extensively studied, a global sequence analysis to
define and identify segmental duplications across the
entire chromosome has never been undertaken. Here,
we present a chromosome-wide in silico analysis, com-
bined with a comparative FISH analysis, of both inter-
chromosomal and intrachromosomal segmental dupli-
cations on chromosome 22, to detail their sequence
properties, organization, and potential role in gene
evolution.

Material and Methods

Detection and Quantitation of Segmental Duplications

To detect segmental duplications, we used the method
we have described elsewhere (Bailey et al. 2001). Briefly,
this method aims to detect large alignments, despite dis-
ruption by large deletions and/or insertions. For this
study of chromosome 22, we analyzed the January 2001
assembly (oo23) of the October 2000 sequence freeze
(see UCSC Human Genome Assembly Web site). This
genome assembly contains the finished published assem-

bly of chromosome 22 (Dunham et al. 1999), with a
few additions to close several gaps. We have adhered to
the genome-assembly coordinates, which add a proximal
13 Mb of ambiguous nucleotides to represent the un-
known sequence of the p arm and centromere. The basic
methodology included the identification of common re-
peat elements (by RepeatMasker), extraction of the re-
peats, and global BLAST comparisons of the putatively
unique DNA. BLAST results (�250 bp and �85% iden-
tity) were retained to increase our sensitivity. Repeats
were reincorporated into the sequence, and the align-
ment ends were trimmed to better define the duplication
boundaries. Global alignments were generated using
ALIGN (Myers and Miller 1988). The statistics for
global alignments were merged to represent single align-
ments with large gaps (up to 10 kb). Merged alignments
of !1 kb and !90% identity were removed, leaving
1,026 alignments (837 interchromosomal and 189 in-
trachromosomal). Their mean length was 7,351 bp of
genomic sequence. The means for intra- and interchro-
mosomal alignments were 11,146 bp and 6,519 bp, re-
spectively. The lower mean length for interchromosomal
alignments most likely reflects increased fragmentation
due to draft sequence on other human chromosomes,
rather than any biological difference between the two
types. Before the pairwise analysis, gaps (up to 50 kb)
were traversed to combine the more-fractured inter-
chromosomal draft alignments. Views of the pairwise
alignments and other sequence features were generated
with the graphical alignment viewer PARASIGHT
(J.A.B., unpublished data). Evolutionary genetic distance
was corrected for multiple substitutions using Kimura’s
two-parameter model (Kimura 1980).

Isolation of Chromosome 22 Clones and Fluorescent
In Situ Hybridization

Large-insert genomic BAC clones within the dupli-
cated regions, RCPI-11 and CITD, were selected on the
basis of end-sequence alignment against the human chro-
mosome 22 reference (199.5% sequence identity). For
regions lacking identifiable BAC-end sequenced clones,
we designed, labeled, and hybridized STS probes, as de-
scribed elsewhere (Horvath et al. 2000a), to identify
clones from the chromosome 22–specific cosmid library
(LL22NC01). The positions of these clones within the
chromosome 22–sequence assembly was confirmed by
end-sequencing analysis. Additional clones (2336n9 and
803p16) were selected within the unique region flanking
this pericentromeric duplication zone, to determine the
transition between duplicated and nonduplicated se-
quence. FISH analysis of chromosomal metaphase
spreads of lymphoblastoid lines from two different hu-
mans and four closely related primates—chimpanzee
(Pan troglodytes), gorilla (Gorilla gorilla), orangutan
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(Pongo pygmaeus), and macaque (Macaca fascicu-
laris)—was performed as described elsewhere (Horvath
et al. 2000a, 2000b). The sequence identity among these
primates is sufficiently high that genomic probes rou-
tinely cross-hybridize between species. (As a control, re-
ciprocal experiments using baboon BAC DNA as a
probe against human metaphases have been performed
for several duplicated loci.) Chromosome identification
was obtained by DAPI banding. When FISH signals hy-
bridized to chromosomes not easily distinguished by
banding, cohybridization experiments with appropriate
probes were performed.

Somatic Cell PCR and Sequencing

Somatic cell hybrid DNA was assayed using PCR, to
determine the extent and sequence identity between
chromosome 14 and chromosome 22. Two sources were
used: a monochromosomal somatic cell hybrid DNA
panel (National Institute of General Medicine and Sci-
ence [NIGMS], Human Genetic Mutant Cell Repository
Mapping Panel 2) and a multichromosomal hybrid line
(Coriell GM14972) containing chromosomes 2, 14, 17,
20, 21, and t(4;16). PCR primers were amplified with
standard conditions as described elsewhere (Horvath et
al. 2000a). The primer sequence and genomic positions
are: pair A (forward, 5′-tcacagcaaattgtgagggaggac-3′,
and reverse, 5′-agtgcctctatcctgacacttgtg-3′ [13,021,120–
13,021,525 bp]); pair B (forward, 5′-aacaacaaggaagagg-
caagtggg-3′, and reverse, 5′-tacaacaaactgagccaggcaacc-3′

[13,056,181–13,056,461 bp]); pair C (forward, 5′-tcaa-
ggtctgctgaactctggatc-3′, and reverse, 5′-cagaagatacacaaa-
gtggcaccag-3′ [13,100,424–13,100,842 bp]); pair D (for-
ward, 5′-cctggtcttctctggtcttctcat-3′, and reverse, 5′-cctt-
acccaggttatgctaccaaac-3′ [13,100,871–13,101,287 bp]);
pair F (forward, 5′-aataatcccaccactagcctccag-3′, and
reverse, 5′-cagatagcactggcttaggagatg-3′ [13,102,261–
13,102,641 bp]); pair G (forward, 5′-gcagcattgtggaggtc-
agataac-3′, and reverse, 5′-tgactatgccctcccttgaagatg-3′

[13,163,898–13,164,366 bp]); pair H (forward, 5′-tgtct-
gatttctggctgatgcagg-3′, and reverse, 5′-gcaataccccactgag-
ataagagg-3′ [13,227,422–13,227,937 bp]); pair I (for-
ward, 5′-gcatatagtgtgcagataccaggg-3′, and reverse, 5′-gc
ctcatcagctgtgtttttctcc-3′ [13,265,009–13,265,326 bp]);
pair J (forward, 5′-tttcatactgctccagacccaagc-3′, and
reverse, 5′-ttgcaatccaaggaatccctccag-3′ [13,370,510–
13,370,826 bp]); and pair K (forward, 5′-ggacaggcttagg-
aaagacagaac-3′, and reverse, 5′-tgggagggatacagaaaggaa-
agg-3′ [13,575,543–13,575,961 bp]).

Module Definition and Transcriptional Potency

The assignment of modules (minimal sequence seg-
ments that demonstrate a shared evolutionary history)
combined automated initial detection and detailed hand
curation. Underlying our attempt to define modules, we

searched for all similarities to genic sequence with in-
tron-exon structure. We used automated BLAST analysis
of all duplicated genomic sequence versus full-length
NCBI Locus Link/reference sequence (RefSeq) and Uni-
gene human transcripts. From these results, we extracted
the highest-similarity transcript to any given region of
chromosome 22 that showed intron-exon structure (De-
cember 2000). In the case where transcripts showed
comparable sequence similarity, the full-length mRNA
or longer transcript was chosen. BLASTN sequence-sim-
ilarity searches were then used to define the most likely
allelic locus (199% identity) of the transcript within the
genome assembly. The alignment was further refined
with sim4 (Florea et al. 1998) to delineate the tran-
script’s intron-exon structure. The defined underlying
genomic sequence was RepeatMasked and was searched
by BLAST against chromosome 22 to detect putative
modules. Gaps of !10 kb were joined during identifi-
cation of the boundaries of the modules, to traverse large
high copy repeats such as L1 elements. These data were
combined with full-length mRNAs and known genes
that were assigned to chromosome 22 (UCSC Genome
Browser). We used PARASIGHT to examine these pu-
tative modules and transcripts, along with the under-
lying duplications. Each putative module was assessed
by hand, and the positions of all copies were defined
and recorded in a table. Modules were defined, first and
foremost, with regard to definable duplication bound-
aries. However, within the highly duplicated pericen-
tromeric region, duplications were often defined solely
on the extent of similarity to genomic sequence under-
lying the intron-exon structure.

To search for new or modified transcripts, we treated
interchromosomal and intrachromosomal duplications
separately. For intrachromosomal duplications, we ini-
tially ascertained all of the modules that showed evidence
for expression from two or more of the copies. We also
included modules where single transcripts had highly sim-
ilar matches (198% identity) to two or more copies. This
was done to ensure that a small EST was not subsumed
in our initial survey, by a longer, less-identical full-length
mRNA. For interchromosomal modules, all transcripts
showing 199% identity to the chromosome 22 sequence
were initially selected as possible novel genes. In total,
37 possible transcripts were identified. EST and mRNA
BLAT (J. Kent, unpublished data) alignments for the du-
plications from the UCSC genome browser were exam-
ined to determine transcriptional support. Transcriptional
support was only concluded if at least two mRNAs and/
or ESTs showed support for a particular intron-exon
structure. Transcripts lacking specific transcriptional sup-
port for each copy were excluded from further analysis.
In the case of highly similar duplications (199%), several
transcripts were excluded on the basis of the inability to
determine the transcribed locus. These criteria excluded
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Figure 1 Spatial distribution of large segmental duplications between chromosome 22 and other human chromosomes. A scaled (50#)
version of chromosome 22, surrounded by the other chromosomes, shows lines representing interchromosomal (red) and intrachromosomal
(blue) alignments (�10 kb). The majority of chromosome 22 pericentromeric duplications localize to the pericentromeric regions of other
chromosomes. Likewise, the majority of subtelomeric duplications localize to subtelomeric regions of nonhomologous chromosomes. There is
little cross-hybridization between subtelomeric and pericentromeric duplications. Chromosomes 2 and 20 share the largest amount of sequence
with chromosome 22, whereas chromosomes 5, 7, 14, 18, 19, and X do not share any duplications with chromosome 22 that are 110 kb in
size. The coordinates are based on the published UCSC human genome assembly. For chromosome 22, each tick mark represents a 1-Mb
interval. For the other chromosomes, tick marks represent 50-Mb intervals. Purple boxes represent the unsequenced centromeres, acrocentric
p arms, and Y heterochromatin. Gaps are denoted by white space. The program PARASIGHT was used to generate this diagram.

many transcripts within interchromosomal regions that
showed high similarity (199.5%) but lacked underlying
genic sequence at another locus. Also, we required that
interchromosomal duplications be the recipient copy of
the transposition event. Thus, many pericentromeric tran-
scripts that showed 199.5% similarity were excluded as
possible chromosome 14 transcripts. Subtelomeric
RABL2B and three other transcripts that showed specific
expression on chromosome 2 and 22 were excluded, since
chromosome 22 was determined to be the ancestral copy.

Results

Initial Computational Detection and Analysis of
Chromosome 22 Duplications

Using the finished sequence of the q arm of chro-
mosome 22 (Dunham et al. 1999), we sought to detect
both internal and external pairwise similarities on the
basis of the published draft genome sequence (IHGSC
2001). To accomplish this, we used a method described
elsewhere (Bailey et al. 2001), which is optimized to
detect large, highly similar duplication events by span-
ning large gaps or deletions within the DNA (see Ma-
terial and Methods section). On the basis of this in silico
approach, we found 10.8% (3.672/33.786 Mb) of the
22q sequence to be involved in segmental duplications.

Sequence involved in intrachromosomal and interchro-
mosomal duplications comprised 6.85% (2.317 Mb)
and 5.75% (1.945 Mb), respectively (see online-only
supplements 1 and 2). The majority (68%) of duplicated
bases resided within alignments �10 kb. The spatial
distribution of duplicated sequence is clustered (fig. 1).
Interchromosomal duplications are concentrated within
the most centromeric and most telomeric regions of the
chromosome, whereas the majority of intrachromoso-
mal duplications localize to the proximal third of the
arm. We found a 4.4-fold enrichment in sequence as-
signed to both interchromosomal and intrachromosomal
positions (1.74%), compared with a random expectation
(0.394%), suggesting an association between interchro-
mosomal and intrachromosomal duplications. Figure 1
also demonstrates clustered nature of interchromosomal
duplications, in terms of both assignment and location
within the nonhomologous chromosomes.

To provide a first approximation of the evolutionary
timing of these duplications, we calculated the number
of substitutions per base pair for each intrachromosomal
and interchromosomal pairwise alignment (Kimura’s
two-parameter estimate of genetic distance, K; see fig.
2) (Kimura 1980). Under the assumption of a constant
neutral mutation rate (Goodman 1999; Chen and Li
2001), the genetic distance separating two sequences
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Figure 2 Pairwise sequence distance (K) of chromosome 22 duplications. The two histograms show the distribution of genetic distance
in terms of the number of aligned base pairs (a) and the number of alignments (b). Alignments are separated into interchromosomal (gray) and
intrachromosomal (black). Distance (K) is the number of substitutions per 100 bp aligned and was corrected for multiple substitutions (see
Material and Methods section).

should be directly proportional to the evolutionary time
since their divergence. When the genetic distance is es-
timated as a function of the number of aligned base pairs
(fig. 2a), interchromosomal alignments show a notice-
able mode ( to 0.04). As the precise duplicationK p 0.03
events themselves are unknown, we also used the count
of pairwise alignments as an event surrogate (fig. 2b).
The only noticeable difference between interchromoso-
mal and intrachromosomal duplications is the relative
lack of highly similar alignments ( ) for inter-K ! 0.02
chromosomal duplications when compared to intrach-
romosomal duplications. Excluding this possible reduc-
tion in the number of most-recent (!5 million years ago)
interchromosomal duplications, both interchromosomal
and intrachromosomal alignments showed a relatively
consistent number of alignments across all remaining
bins of divergence with no more than two-fold deviation
from the mean. Thus, it appears that segmental dupli-
cations have been occurring continuously (although pos-
sibly not at a constant rate) over the past 35 million
years of human evolution.

Patterns of Interchromosomal Duplications

In addition to previous analyses that have character-
ized complex intrachromosomal duplications (Edelmann
et al. 1999a, 1999b; Shaikh et al. 2000), our in silico
analysis also predicts a remarkably complex pattern of
interchromosomal duplications on chromosome 22. To
further characterize these interchromosomal patterns,
we targeted three of the most duplicated regions for fur-
ther experimental analysis by FISH (see Material and
Methods section). Each of the clones spanning the in
silico duplications demonstrated hybridization to mul-

tiple human chromosomes including human chromo-
some 22. The results of this analysis are summarized
(fig. 3 and the “HSA” column of table 1).

Within the pericentromeric region, FISH confirms that
the entire proximal 1.5-Mb region of chromosome 22q
is highly duplicated (each BAC hybridized, on average,
to six other chromosomes). Not a single probe hybridizes
uniquely to human chromosome 22. Figure 3 shows a
direct comparison between the in silico predicted pat-
terns of duplication (black bars) and the multisite pattern
observed by FISH (gray overlay). A complex pattern of
duplication is readily apparent within the pericentrom-
eric region, where certain sequences are found on mul-
tiple chromosomes. Remarkably long stretches (1150
kb) of sequence appear to be shared between certain
chromosomes such as chromosome 2 and 14. It is also
apparent that the in silico and FISH results, on occasion,
show poor correlation, suggesting the lack of or mis-
assignment of sequence (Bailey et al. 2001; IHGSC
2001).

An example of this lack of correlation is the lack of
chromosome 10 sequence underlying BACs 394j3 and
164d11, for which strong chromosome 10 FISH signals
are present. We have extensively studied this region from
the perspective of chromosome 2 and have used chro-
mosome-specific nucleotide variants generated from
monochromosomal hybrids to assign sequences to spe-
cific chromosomes (Horvath et al. 2000a). From se-
quence-similarity searches of these chromosome-specific
variants, it is clear that the chromosome 10 copy is in-
deed present in the assembly, being misassigned to the
pericentromeric region of chromosome 4 (data not
shown). These results highlight the difficulties associated
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Figure 3 Interchromosomal duplications of the pericentromeric region of chromosome 22. The combined results of in silico and FISH
duplication detection are displayed for the most proximal 2 Mb of 22q. Labeled dark gray boxes above the tick-marked sequence denote the
positions of chromosome 22 clones used for FISH analysis. Below the sequence, light gray boxes represent positive FISH signals to particular
chromosomes. Black bars show the in silico positions of duplicated alignments, on the basis of comparison of the chromosome 22 reference
sequence to the rest of the human genome. The majority of the paralogous segments mapped to pericentromeric positions on the other
chromosomes. CER denotes a region containing a 150-kb expanse of centromeric-associated repeat. Blank spaces represent sequence gaps.
“UK” denotes sequence with unknown chromosome assignments.

with automated sequence assembly of such highly du-
plicated regions and emphasize the need for experimen-
tal validation of their organization.

Comparative Primate FISH

To further analyze the evolutionary history of the in-
terchromosomal duplications, we performed interspe-
cific FISH, using closely related primates—chimpanzee,
gorilla, orangutan, and macaque (table 1; images at the
Rocchi Lab Web site). These species are hypothesized to
have shared a common ancestor with Homo sapiens ∼5,
∼7, ∼14, and ∼23 million years ago, respectively (Kumar
and Hedges 1998; Goodman 1999; Chen and Li 2001)
and to have an average sequence divergence, compared
with that in humans, of 1.2%, 1.6%, 3.1%, and 5.5%,
respectively (Chen and Li 2001; E.E.E., unpublished
data). Using this approach, we compared the duplication
patterns of chromosome 22 probes between humans and
primates (table 1).

In general, the probes show differences in copy num-
ber and location among the different primates. Ma-
caques have fewer localizations, whereas the great apes
almost always have multiple pericentromeric signals,
akin to the pattern observed for humans—although a
few exceptions were noted. The localizations among the
great apes, however, are not always consistent, because
of either lineage-specific deletions or subsequent dupli-
cations (table 1). This general pattern of apparent loss
and gain of hybridization signal implies that duplica-
tions/deletions in these regions may be an ongoing pro-
cess in great ape–chromosome evolution. As an example,
human clone BAC 134c5 has hybridization signals on
chromosome II and XIV in all great apes. However, ad-
ditional signals in orangutan suggest either that second-
ary duplication events have occurred or that multiple
deletions eliminated these copies in the common ancestor
of humans and African apes. These quantitative and
qualitative differences among closely related primates



Table 1

Human and Comparative Primate FISH Results for Interchromosomal Duplications

REGION AND

CLONE LIBRARY

BOUNDARY CHROMOSOME(S) SHOWING FISH SIGNALS IN

Beginning
(kb)

Ending
(kb) Humana Chimpanzee Gorilla Orangutan Macaqueb

Pericentromeric:
235d20 RPCI-11 13,028 13,130 22, 2q21, 9, 13, 14, 15, 21 22, 2p, 13, 14, 15, 18, 21 2p, 9, 13, 14, 15 2q, 13, 14, 15, 21 10
140m6 RPCI-11 13,079 13,229 22, 2q21, 14, 15, 18, 21 2q, 14, 15 2q, 13, 14, 15 2q, 14, 21 10, 20
354f21 RPCI-11 13,217 13,401 22, 2q21, 9qter, 14 2q, 14 2q, 14 2q, 21 2q, 20
134c5 RPCI-11 13,323 13,464 22, 2q21, 14 2q, 14, 15 2q, 14 2q, 3, 13, 14, 15, 20, 21 10
27c11 LL22NC01 13,487 13,529 22 (multiple), 14, 21 22, 22pter, 13, 14, 18 22 22 (multiple) No signal
3087k20 CIT-HSP 13,625 Within gap 22, 2q21, 9, 13, 14, 15, 18, 21 22, 2q, 9, 10, 13, 14, 15,

18, 21
10, 14, 15, 21 22, 10, 15, 21 10

394j3 RPCI-11 13,823 14,028 22, 1, 2, 4q22, 7qter, 9, 10,
14, 15, 16, Y

22, 2p, 10, 14, 16, 18, Y 2p, 15, 16 22, 4q22, 7qter, 21 22, 4

164d11 RPCI-11 13,913 14,098 22c, 1q21, 2p12, 2q13, 9p12,
9q13, 10p11.2, 13, 14, 15,
16, 21, Y

22, 2p, 9, 10, 13, 14, 15,
16, 21

22, 2p, 7, 9, 13, 15, 16,
18, 21

22, 7, 13, 15, 21 22, 7qter, 20

104f9 RPCI-11 14,111 14,294 22, 2q13, 3p12, 12p13,
13q12, 20

22, 3, 9, 12, 20, Y 22, 3, 12, 15 22, 2p, 3, 12, 13, 17 22, 1

66F9 RPCI-11 14,325 14,501 22, 2, 9, 13, 14, 21 22, 2p, 10, 15 22, 9c, 13, 15, 18, 21 22q 22
2336n9 CIT-HSP 14,541 14,697 22 (multiple) 22 (multiple) 22 (multiple) 22 22 (multiple)
803p16 CIT-A 14,758 14,914 22 22 22 22 22

VCFS:
379n11 RPCI-11 18,264 17,349 22q11, 1, 2, 13 22, 1 22, 1, 2p, 9, 13, 15, 18, 21 22 (multiple) 22, 1
291k7 RPCI-11 18,171 18,326 22, 1p12, 2, 5p13, 5q12,

13, 13qter, 20
22, 1, 2p, 13qter, 20 22, 1, 2p, 9, 13qter, 15,

18, 20, 21
22 (multiple), 1, 13qter 22, 1, 13qter

Subtelomeric:
22b22 LL22NC01 47,611 47,661 22qter, 2q13 22;2p 22, 2p, 2q, 4q2.5, 7q36,

10p2.6
22qter 22

NOTE.—All FISH images are available at the Rocchi Lab Web site. Underlining and boldface type indicate the lack of chromosome 22 signals. Signals are pericentromeric, unless otherwise
noted. For nonhuman primates, Arabic numerals represent phylogenetic chromosomes (2p and 2q represent IIp and IIq chromosomes). “(Multiple)” denotes two or more signals by
metaphase or interphase on chromosome 22.

a Two independent experiments for each clone were performed on different human individuals.
b Phylogenetic chromosome 22 in MMU is part of a large chromosome (MMU 13) resulting from the fusion of phylogenetic chromosome 22 and 20 (Wienberg et al. 1992)
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Figure 4 Comparative FISH of a human-specific duplication. Human, chimpanzee, and gorilla comparative FISH results are shown for
human chromosome 22 probes 140m6 (a) and 134c5 (b). Both BACs lack any signal to chromosome 22 among the nonhuman primates.

and the general reduction in the number of signals ob-
served among the chromosomes of more divergent spe-
cies are consistent with the predicted evolutionary timing
of pericentromeric duplications, on the basis of sequence
comparisons (see online-only supplement 1).

Similarly, the analysis of the most subtelomeric clones
from chromosome 22 showed conservation of signal be-
tween chromosomes II and XXII among all African apes
(table 1). The chromosome XXII copy is the sole signal
detected for the macaque and orangutan species. Given
the high degree of identity between the human chro-
mosome 2 and 22 duplications (98.9%), these data are
consistent with a duplication of this region in the com-
mon ancestor of chimpanzees, humans, and gorillas. Al-
though there is good correlation between in silico esti-
mates of duplication timing and FISH data, some
exceptions were noted. For example, comparative FISH
analysis of the VCFS region revealed a long-standing
pattern of interchromosomal hybridization between
chromosomes I and XXII. Cross-hybridization signals
between these two chromosomes are observed among
all primate species examined. The degree of sequence
identity between human I and XXII duplications

(97.5%) is significantly greater than the genomic average
between macaque and human genomic DNA (94.5%)
suggesting duplicative transposition from I to XXII. Fur-
thermore, the additional chromosomal localizations ob-
served in gorilla (table 1) may imply secondary, lineage-
specific interchromosomal duplication events within this
species.

A Pericentromeric Gradient of Duplications

The most striking observation was the absence of
chromosome 22 signals among nonhuman primates for
the four most centromeric human chromosome 22
probes (235d20, 140m6, 354f21, and 134c5). This cor-
responds to a ∼450-kb region extending from sequence
map positions 13.028–13.465 Mb, (underlining, table
1). Figure 4 shows representative hybridizations that
demonstrate the absence of chromosome 22 signals
among the great apes and their specificity for human
chromosome 22. For these clones, the only positive chro-
mosome 22 localization detected in a nonhuman primate
is found for the most proximal clone, 235d20. On the
basis of the degree of overlap between 235d20 and
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Figure 5 PCR analysis of a 550-kb duplication between human chromosomes 14 and 22. The figure shows the position on chromosome
22 of oligonucleotides that were designed to amplify paralogous sequences from chromosomes 14 and 22. Ten PCR products (A-K) were
designed, spanning ∼550 kb. Products were amplified and sequenced from both chromosome 14 and chromosome 22. The total high-quality
sequence (SEQ TOTAL), the number of sites with fixed differences (SEQ fixed) between 22 and 14, and the number of heterogeneous sites
(SEQ hetero) for each product are shown. These heterogeneous sites in the most centromeric products suggest multiple copies for this region
within chromosome 14. The average sequence identity between chromosome 14 and 22 for all 3,215 bases was 99.4%–99.8% (with and without
heterogeneous sites).

140m6, this chromosome 22 signal is limited to a 51-
kb segment of chromosome 22 (13.028–13.078 Mb).
Within the next region (13.487–13.625 Mb), strong
chromosome 22 conservation is observed among the
great apes but not in macaques, suggesting the possibility
of a great ape–specific event. Conservation of chromo-
some 22 signal among all primates is observed for all
probes distal to 394j3 (14.028 Mb). Since our in silico
detection is limited to 90%, we altered the parameters
to detect more-divergent sequences within the proximal
3 Mb of chromosome 22 (data not shown). This analysis
uncovered more-divergent duplicated regions (!90% se-
quence identity) believed to contain recently evolved
genes (Footz et al. 2001). These more-divergent dupli-
cated segments are located at the most-distal end of the
pericentromeric duplications (between 14.2 and 14.5
Mb; fig. 3). This region lies proximal to a well-conserved
mouse syntenic region (Footz et al. 2001). In summary,
both in silico and comparative FISH analysis suggest the
stepwise evolutionary accretion of proximal chromo-
some 22. The most recently duplicated sequence appears
to lie most proximal to the centromere, whereas, pre-
sumably, more-ancient duplications (based on sequence
divergence) lie more distal.

A Human-Specific Duplicative Transposition from
14q11 to 22q11

Our in silico analysis indicates a conspicuous absence
of paralogous sequence for human chromosome 14, de-
spite FISH signals which suggest that a chromosome 14
duplicated segment may span up to the first megabase
(13–14 Mb) of the sequenced 22q pericentromere.
Within this entire region, only one small pairwise com-

parison (5 kb) was found to chromosome 14. This seg-
ment showed 99% sequence identity to chromosome 22.
Interspecific FISH results indicated the absence of the
most proximal 400 kb in other nonhuman primate spe-
cies. We hypothesized that the proximal region of chro-
mosome 22 was a human-specific duplication that orig-
inated from chromosome 14. Sequencing or assembly of
the putative chromosome 14 region may have been over-
looked because of the high degree of sequence identity.
To confirm the presence of the duplication and to assess
its integrity on chromosome 14, we designed 10 PCR
amplicons within the most-proximal 600 kb of chro-
mosome 22. Monochromosomal hybrid DNA from
chromosomes 14 and 22 was used as a template for PCR,
and the resulting products were sequenced (fig. 5). Com-
parison between the 3,215 bases sequenced from each
chromosome hybrid showed 199.4% nucleotide identity.
Interestingly, close inspection of the chromosome 14 se-
quences revealed the presence of heterogeneous nucle-
otide sites. Such variant sites are unexpected from a
monochromosomal resource material and usually indi-
cate the presence of multiple of copies of sequence within
the chromosome. Of the 3,215 bases of high-quality se-
quence aligned, we found five fixed variants and 13 het-
erogeneous sites (with one of the bases the same as in
chromosome 22) between monochromosomal 14 and 22
cell lines. Since phase cannot be assigned to the mon-
ochromosomal 14 copies, the lowest and highest pos-
sible sequence identity for the chromosome 14 duplicates
to chromosome 22 range from 99.4% (5�13 differ-
ences/3,215 bases examined) to 99.8% (5 fixed differ-
ences/3,215 bases examined). It is interesting to note that
the heterogeneous sites correlate with the most proximal
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region underlying 235d20, which showed the sole pri-
mate 22 signal in chimpanzee. This may indicate an ear-
lier chromosomal exchange within the common ancestor
of chimpanzees and humans. To eliminate the possibility
of chromosome 22 contamination within the chromo-
some 14 hybrid, we verified our results using a second
hybrid containing a single copy of chromosome 14 (Cor-
iell GM14972).

Assignment of Duplicated Sequence to Modules

The structure of regions harboring segmental dupli-
cations is highly complex, because of the large number
of successive segmental transposition, juxtaposition, and
rearrangement events (Eichler et al. 1996; Jackson et al.
1999; Guy et al. 2000; Horvath et al. 2000a). As one
approach to dissecting this complexity, we attempted to
define modules or sequence blocks in terms of segments
that likely shared the same evolutionary history—that
is, segments that can be traced to a common ancestral
sequence. We defined these modules using two different
approaches. The first and preferred method was to define
the junctional boundaries of a minimal shared paralo-
gous segment. Using the program PARASIGHT, we
graphically displayed all optimal global alignments to
chromosome 22 sequences and identified shared dupli-
cation breakpoints with other chromosomal regions. If
this was not possible, as was the case with complex
mosaic regions, then the extent of gene-sequence cov-
erage was used to delineate the modules. The use of
expressed gene sequence to define common duplicated
blocks has been used extensively in the study of mosaic
duplications such as ALD, CTR (Eichler et al. 1996),
and VCFS-region duplications (Shaikh et al. 2000). Ex-
perimentally, it has been shown that many of the derived
duplications contain only partial intron-exon structure,
such that functional expressed copies of the gene often
correspond to the ancestral locus. Because of the con-
servative nature of our approach and a lack of well-
defined boundaries or gene homology, roughly a quarter
of the duplicated segments remained uncharacterized. In
total, we defined 78 modules, with a grand total of 157
copies on chromosome 22 (fig. 6 and online-only sup-
plement 3) that were distributed inter- and intrachro-
mosomally. The number of copies on chromosome 22
for the individual modules ranged from 1 (solely inter-
chromosomal) to 11 copies (DKFZp434P211/BCR). We
defined 64 modules on the basis of the extent of shared
intron-exon structure and 14 modules solely on the basis
of well-demarcated junctional boundaries. Of these 14,
11 had no identifiable sequence features (defined as “un-
known”), whereas 3 included processed pseudogene
markers (defined as “ppseudo”). Duplicated sequences
lacking module assignments were located predominantly
within the pericentromeric and subtelomeric regions,

where multiple copies and the draft nature of interchro-
mosomal comparisons made it particularly difficult to
define junctional boundaries. Within the pericentromeric
region, 30 different modules were identified. Of these,
4 modules showed evidence for expression, whereas 16
of the remaining modules containing intron-exon struc-
ture lacked evidence of expression (unprocessed pseu-
dogenes). These unprocessed pseudogenes, arising from
recent interchromosomal duplications, help to explain
earlier observations of a dense clustering of pseudogenes
in this region (Dunham et al. 1999). Our analysis in-
dicates a mosaic structure with the most divergent copies
(presumed ancestral locus) originating from diverse
regions of the genome that are often non-pericentromeric
(online-only supplement 3).

Duplications and Transcript Formation

As the majority of duplicons harbor intron-exon struc-
ture, these segmental duplications have the potential to
evolve novel transcripts. This may be mediated through
the creation of whole-gene duplications or through the
juxtaposition of different modules to create mosaic tran-
scripts (similar to exon shuffling and domain accretion).
To investigate this role, we examined all duplicated se-
quence for evidence that a duplication event has gen-
erated or altered a transcript (fig. 7). Stringent evidence
was required (see Material and Methods section). First,
at least two copies of a module had to show evidence
of transcripts that utilized the same underlying sequence
region within the duplications. Second, there must exist
multiple ESTs or mRNAs supporting transcriptional po-
tency of each putative copy. Supporting transcripts were
assigned on the basis of best genomic location, and, thus,
any individual transcript could not support both copies.
Third, in the case of interchromosomal duplications, ev-
idence was required that the new/modified transcript
was created on chromosome 22.

In total, 11 transcripts met these criteria (fig. 7). These
duplications include the internal modification of existing
genes, whole-gene duplications with well-maintained
structure and mosaic transcripts composed of modules
from multiple chromosomes. For example, a pericen-
tromeric mosaic, AK001299, consisted of three exons
each from a different module (fig. 7a). Exon 1 is from
an undefined duplication (7q36), exon 2 shares paralogy
with the transmembrane phosphate with tensin homol-
ogy (TPTE) module, and exon 3 is paralogous to von
Willebrand factor (vWF) exon (albeit transcribed in the
reverse orientation). The other interchromosomal du-
plication with transcriptional potency originates from a
duplication of the first nine exons of low-density lipo-
protein receptor–related protein 5 (LRP5) of chromo-
some 5 (fig. 7b). The copy on chromosome 22 shows
multiple transcripts, one of which (AL137651) incor-
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Figure 6 The modular structure of segmental duplications on chromosome 22. The position and size of the 78 defined modules are shown
along the entire chromosome 22 sequence (black line; each line p 1 Mb). Modules are arbitrarily colored, except that gray and black are used
for interchromosomal duplications. Arrows indicate orientation relative either to a defining transcript or to the most proximal copy. The positions
of interchromosomal (red bars) and intrachromosomal (blue bars) duplications are shown overlapping the sequence line. Tick marks represent
100 kb. Gaps (white space) in the sequence are drawn to scale. The program PARASIGHT was used to generate this diagram.
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Figure 7 Transcripts created or modified through segmental duplication. We identified 11 transcripts that have been created or modified
via the process of segmental duplication. This was a comprehensive and stringent search of chromosome 22 duplications, to identify overlapping
regions of transcriptional activity. Transcriptional activity was based on finding two or more spliced cDNA sequences that had been placed to
their best genomic location (see Material and Methods section). Eight examples illustrating the intron-exon structure, as well as the underlying
duplications, are shown for the new (top) and putative ancestral (bottom) transcripts. Positions within the genome assembly are given in kb.
Exons are positioned approximately, but exon size is not shown to scale. a, AL001299, a full-length transcript (1,625 bases) that originates
from mosaic modules within the pericentromeric region. It has a putative ORF of 98 aa. The intron-exon structure spans ∼100 kb (14,027–14,124
kb), with each exon originating from a different module. Two modules underlying the gene show expressed genes suggesting the ancestral origin
of these modules: solute carrier family 25 member 15 (SLC25A15), for the 13q14 module, and von Willebrand factor (vWF), for the 12p11
module. Thus, the pericentromeric juxtaposition of these modules leads to the formation of AL001299. Exon 2 does not contain any exon
sequence from SLC25A15. Exon 3 is composed of vWF exon sequence, albeit in the reverse orientation. b, Partial-gene duplication of the
proximal seven exons of lipoprotein receptor–related protein 5 (LRP5) from 11q13. Alignment of five transcripts suggests multiple transcriptional
start sites or alternative splicing. Both AL137651 and AI972731 utilize exon sequence from LRP5, including exons 1, 4, 5, 6, 7, 8, and 9. The
best ORFs are 252 aa for AL137651 and 77 aa for BE396696. c, Whole-gene duplication (ancestral copy undetermined) leading to the formation
of DGCR6 and DGCR6L genes. The duplication also includes a whole-gene duplication of proline dehydrogenase (PRODH), which forms an
unprocessed pseudogene (PRODHW) in the distal copy. DGCR6 and DGCR6L transcripts have conserved intron-exon and coding structure
(220 aa). The transcripts have been experimentally verified and show expression from multiple tissues, with differential expression between the
two copies (Edelmann et al. 2001). Function is unknown. d, Partial-gene duplication of the seven terminal exons (17–23) of BCR (NM_021574)
that has led to the creation of a fusion transcript in one of the distal copies. The full-length transcript (NM_014549) has seven exons and is
in the reverse orientation, compared to BCR. Exon 1 is derived from the flanking distal chromosome 22 sequence and exons 2–7 are derived
from the duplicated sequence. These terminal exons incorporate the reverse sequence of the BCR exons 19, 20, and part of 22. NM_014549
contains a putative ORF of 428 aa. e, Partial-gene (U03891) duplication of the last three exons of AK024854, a phorbolin-related gene, has
lead to the formation of a five-exon fusion transcript. Exon 1 is derived from adjacent chromosome 22 sequence, whereas the terminal 4 exons
are derived from the three duplicated exons of AK024854. Exon 2 and 3 correspond to exons 5 and 6 of AK024854. Exon 4 and 5 correspond
to exon 7 of AK024854. f, Another partial gene duplication of a phorbolin-related transcript AF18240 (exons 1–4) has created a transcript
represented at its 3′ end by EST AI092348. AI092348 has two exons with an ORF of at least 77 aa, extending in a 5′ orientation and terminating
within the 3′ exon. The penultimate exon is derived from exon 2 of AF18240. g, Partial-gene duplication of the last three exons of crystallin
beta B2 (CRYBB2) has lead to the formation of a new gene, represented by EST AW190323. Three exons of CRYBB2 are utilized in the new
transcript, with the addition of two additional 5′ exons from the adjacent unduplicated sequence and a putatively new 3′ terminal exon from
previously nonexonic sequence. The ESTs have ORFs ranging from 88–105 aa, compared to 205 aa for CRYBB2. h,ESTs supporting potential
whole-gene duplication, with representative transcripts from both copies (AI669658 and AA228976). The most proximal transcript, AI669658,
contains two exons with a predicted ORF of 190 aa. The distal transcript, AA228976, contains three exons with a predicted ORF of 159 aa.
Both transcripts appear to extend in a 5′ orientation, with an undetermined intron-exon structure. The three transcripts not shown in this figure
have been previously described: (1) multiple partial-gene duplications within the immunoglobulin lambda (IGL) locus (Kawasaki et al. 1997),
and (2) whole-gene duplications of ret-like finger proteins (RLPF1, RLPF2, and RLPF3), creating two new genes with conserved intron-exon
and coding structure (Seroussi et al. 1999).

porates sequence from LRP5 exons 5–9 and encodes a
putative 252–amino acid (aa) protein. The well-char-
acterized duplication of BCR has a copy that generates
a transcript (DKFZp434P211), transcribed in the op-
posite orientation with a reading frame of 428 aa (fig.
7d). The immunoglobulin lambda (IGL) locus has been
modified by extensive duplication (Kawasaki et al.
1997), and we find evidence for the creation of at least
five new variable regions and one new constant region
within the parameters of this study. In terms of whole-
gene duplications giving rise to new family members,
several examples exist, including DiGeorge critical re-
gion 6 (DGCR6) genes (Edelmann et al. 2001), and RET-
finger protein–like (RFLP) genes (Seroussi et al. 1999).
Additional members of the phorbolin and crystallin gene
families (figs. 7e and 7g, respectively) appear to be form-
ing through partial gene duplications that are remodeled
by alternative splicing and the addition of new exons.
It is interesting to note that few of these clusters show
signs of direct tandem duplication; instead, the dupli-
cations giving rise to majority of these families are
interspersed.

Discussion

We have detected and characterized segmental dupli-
cations on chromosome 22, providing the first system-
atic and detailed chromosome-wide view of segmental
duplications. We found that over one-tenth (10.8%) of
the sequence was involved in such duplications (�90%
identity and �1 kb). This is in marked contrast to chro-
mosome-painting studies that suggest chromosome 22
has been well conserved, with only one rearrangement
since the common primate ancestor (Muller et al. 1999).
These data suggest that significant chromosomal struc-
tural changes have occurred on a much smaller scale.
The segmental duplications showed spatial biases con-
sistent with previous reports (Eichler et al. 1996; Trask
et al. 1998a; Guy et al. 2000; Horvath et al. 2000a;
Bailey et al. 2001). Interchromosomal duplications clus-
tered within the pericentromeric and subtelomeric
regions, whereas intrachromosomal duplications clus-
tered within the proximal third of the chromosome arm.
We verified and further studied the poorly characterized
interchromosomal duplications by means of compara-
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tive FISH. In general, the comparative analysis con-
formed to estimates based on the degree of sequence
identity among different duplicates. In particular, our
analysis revealed a human-specific ∼400-kb duplication
event from chromosome 14 to chromosome 22. We at-
tempted to organize the duplicated sequence into min-
imal evolutionary shared segments (modules) and to ex-
amine the transcriptional and coding potential of the
duplications, in a search to identify recent transcript in-
novations. Our analysis yielded the following important
insights into the nature of segmental duplications on
chromosome 22.

First, segmental duplication appears to be an ongoing
process that has been active throughout recent primate
evolution. This is supported by the distribution of pair-
wise genetic-distance estimates (K values) and interspe-
cific FISH of the duplicated regions. Using pairwise
counts as a surrogate for duplication events, the rela-
tively even distribution implies the occurrence of du-
plications at various time points over the past 35 million
years of evolution. However, our analysis cannot pre-
clude the occurrence of a punctuated event, which may
be suggested by the large amount of interchromosomal
sequence between and (fig. 2). AK p 0.03 K p 0.04
recent comparative study of noncoding primate se-
quences estimated the genetic distance between human
and orangutan at (Chen and Li 2001). ThisK p 0.031
suggests that a large amount (∼61%) of the interchro-
mosomally duplicated sequences on chromosome 22
arose near the time of the separation of African and
Asian ape lineages (∼14 million years ago). Such a pos-
sible punctuated event may be a result of increases in
the size or the number of duplication events. At present,
the best surrogate for events (the number of pairwise
alignments) does not support a dramatic increase in the
number of events, which may suggest that the genomic
segments may have been larger at this particular epoch
during primate evolution. Not only will finished se-
quence be required to definitively answer such questions
of timing, but sophisticated phylogenetic analysis must
also be developed to model the complex forces of both
duplication and deletion (Lynch and Conery 2000). The
results of this study provide an important framework
for such future studies. It is noteworthy that, despite
the fragmentary nature of the working draft sequence,
our study has detected the presence of relatively large-
scale (1100 kb) duplications. The majority of these
larger alignments tend to localize to the pericentromeric
region of chromosome 22. The larger segments are often
composed of multiple smaller duplication modules of
diverse evolutionary origin. This lends support to the
previously purposed two-step hypothesis that smaller
duplications accrue within pericentromeric regions and
then are subsequently distributed as larger mosaic
blocks among nonhomologous pericentromeric regions

(Eichler et al. 1997; Horvath et al. 2000a; Luijten et al.
2000).

Second, our results demonstrate a gradient of peri-
centromeric duplication. We observed that the most re-
cent duplication (!2 million years ago) to chromosome
22 was localized to the most centromeric position. Com-
parative FISH indicated that this event was specific to
the genus Homo, confirming the recent origin. Sequenc-
ing of multiple PCR products from monochromosomal
hybrids of chromosome 14 and 22 indicate a sequence
identity of �99.4%. Such a high degree of sequence
identity spanning 1400 kb makes this the largest and
most recent interchromosomal duplication yet defined
for any human autosome. It will be interesting to de-
termine whether this large duplication is polymorphic
within the human population. Further in silico analysis
was used to detect more-divergent duplications on chro-
mosome 22, revealing a pocket of duplications (!90%
identity for the most similar pairwise alignments) within
the most distal part of the pericentromeric region (14.2
Mb). Regions in the middle of the pericentromeric re-
gion show intermediate levels of identity for the most
similar pairwise alignments. Here, our comparative
FISH analysis generally supported the presence of great
ape–specific duplication events. These data suggest a
model in which large blocks of mosaic sequence inte-
grate next to the centromere. As more events occur,
previously inserted sequence is pushed outward from
the centromere to a more distal location within the
pericentromeric region. At a mechanistic level, such a
model implies that exchange may be linked to the cen-
tromeric repeats themselves (a-satellite), providing a fo-
cal point for conversion and exchange between non-
homologous chromosomes. This hypothesis is sup-
ported by the observation of virtually identical (99.5%)
a-satellite between chromosomes 14 and 22 (Jorgensen
et al. 1988).

Third, intrachromosomal duplications within the
VCFS region appear to have a complex and ongoing
evolutionary history that also includes interchromoso-
mal duplication events. FISH analyses with two BAC
probes from this region confirm interchromosomal lo-
calizations to chromosomes 1, 2, 13, 15, and 20. In-
terestingly, the association between chromosomes I and
XXII (table 1) is well conserved among most primates,
including the macaque. However, the degree of sequence
identity between human chromosome 1 and 22 within
this region is much higher (97.5%) than the average
genomic identity between macaque and human non-
coding sequences (94.5%). This suggests either an in-
terchromosomal gene conversion since the divergence
of macaques and humans or that a portion of chro-
mosome 1 sequence has been transposed to chromo-
some XXII in the lineage leading to humans. If the latter
scenario is true, significant restructuring of the LCR22s
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should be expected in comparisons of Old World and
hominoid species. Although the complex history of the
VCFS region makes it difficult to unambiguously derive
the evolutionary history, the most recent and human-
specific events—on the basis of sequence identity—
include an inverted duplication event (module BA;
99.5% identity) and the duplication of a block of mod-
ules that represents the largest region of similarity be-
tween the proximal (LCR22-2) and distal (LCR22-4)
duplicon (160 kb and 99.1% identity). Rearrangements
between these LCR22s are associated with 85%–90%
of all VCF rearrangements and are thought to be me-
diated by aberrant recombination (Edelmann et al.
1999a; Shaikh et al. 2000). Resolution of the more dis-
tant evolutionary history will require large-scale com-
parative sequencing among primates, as well as detailed
phylogenetic reconstruction.

Fourth, we identified 11 new or altered transcripts
arising from both interchromosomal and intrachro-
mosomal duplications. These transcripts have been cre-
ated and modified in a wide variety of ways—including
whole-gene duplications with a well-conserved open
reading frame (RFLP), partial gene duplication modi-
fying the existing gene (IGL-V and C), and mosaic tran-
scripts with exons taken from different duplications
(AK022914). The majority of these transcripts, partic-
ularly mosaic ones, show poor coding potential and
therefore are likely failed evolutionary experiments. We
therefore expect fewer functional genes to arise from
the hodgepodge of pericentromeric duplications, where
we observe mosaic transcripts with little apparent func-
tion. However, such juxtapositions may offer unique
evolutionary avenues for the creation of new genes. We
have found evidence for the emergence of novel tran-
scripts composed of diverse duplication modules or
transcripts that traverse unique and duplicated se-
quence. These combinations of novel promoters and
exon-encoding sequences are unlikely to arise through
single–base-pair mutational events.

Although many of these transcripts require further
experimental confirmation, it is instructive to extrap-
olate our results to the entire genome. Given that we
have observed 11 transcripts on a chromosome repre-
senting ∼1% of the euchromatic genome, we estimate
that ∼1,100 transcripts may have been created or mod-
ified from duplicated sequence in the past 35 million
years. This is based on the observation that segmental
duplications have been identified on all human chro-
mosomes (IHGSC 2001; J.A.B., unpublished data). A
more conservative estimate, considering only the five
transcripts that contain well-conserved ORFs with ex-
perimentally verified expression, yields an estimate of
∼500. If we assume that gene evolution is a relatively
constant process and is equally active in chimpanzees,
then this estimate suggests that human and chimpanzee

genomes may differ by an estimated 150–350 tran-
scripts. Such differences in the transcriptome may pro-
vide another avenue for the generation of the pheno-
typic differences between man and the great apes, for
which significant sequence difference has long been
lacking among the majority of identified genes (King
and Wilson 1975).

Acknowledgments

We would like to thank Laurie Christ, Zheng Sun, Gang
Zheng, Corey Valley, and Christine O’Keefe for technical as-
sistance, and Tamim Shaikh for helpful comments in the prep-
aration of this manuscript. This work was supported by Na-
tional Institutes of Health grants GM58815 and HG002385,
by Department of Energy grant ER62862-1013741-0005006
(to E.E.E.) and support from Associazone Italiana Ricerca sul
Cancro, Centro di Eccellenza di Genomica in campo Biome-
dico e Agrario, Ministero della Università e della Ricerca Scien-
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