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Segmental duplications play fundamental roles in both genomic disease and gene evolution. To understand their
organization within the human genome, we have developed the computational tools and methods necessary to
detect identity between long stretches of genomic sequence despite the presence of high copy repeats and large
insertion-deletions. Here we present our analysis of the most recent genome assembly (January 2001) in which
we focus on the global organization of these segments and the role they play in the whole-genome assembly
process. Initially, we considered only large recent duplication events that fell well-below levels of draft
sequencing error (alignments 90%-98% similar and =1 kb in length). Duplications (90%-98%; =1 kb) comprise
3.6% of all human sequence. These duplications show clustering and up to 10-fold enrichment within
pericentromeric and subtelomeric regions. In terms of assembly, duplicated sequences were found to be
over-represented in unordered and unassigned contigs indicating that duplicated sequences are difficult to assign
to their proper position. To assess coverage of these regions within the genome, we selected BACs containing
interchromosomal duplications and characterized their duplication pattern by FISH. Only 47% (106/224) of
chromosomes positive by FISH had a corresponding chromosomal position by BLAST comparison. We present
data that indicate that this is attributable to misassembly, misassignment, and/or decreased sequencing coverage
within duplicated regions. Surprisingly, if we consider putative duplications >98% identity, we identify 10.6%
(286 MDb) of the current assembly as paralogous. The majority of these alignments, we believe, represent
unmerged overlaps within unique regions. Taken together the above data indicate that segmental duplications
represent a significant impediment to accurate human genome assembly, requiring the development of
specialized techniques to finish these exceptional regions of the genome. The identification and characterization
of these highly duplicated regions represents an important step in the complete sequencing of a human

reference genome.

A main goal of the Human Genome Project (HGP) is to
provide the complete and accurate reference sequence
of the euchromatic portions of all human chromo-
somes (Collins et al. 1998). It has been argued that this
endeavor differs from previously sequenced inverte-
brate models not only in terms of scale but also in
terms of repetitive complexity (Green 1997; Eichler
1998). Repetitive complexity leads to misassignment
and misassembly of sequence. It has been suggested
that segmental duplications may be particularly prob-
lematic in this regard because of their inconspicuous-
ness, large size, and high degree of sequence similarity.
The inability to identify such duplications, let alone
differentiate their true position from paralogous posi-
tions, may confound sequence assembly, resulting in
merging of distinct loci into the same sequence (Ei-
chler 1998).
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Segmental duplications are duplicated blocks of
genomic DNA typically ranging in size from 1-200 kb
(IHGSC 2001). They often contain sequence features
such as high-copy repeats and gene sequences with in-
tron-exon structure. Thus, being composed of appar-
ently normal genomic DNA, segmental duplications
cannot be detected a priori; rather, most segmental du-
plications have to date been discovered based on ex-
perimental analyses. Over the past decade a large num-
ber of both intra- and interchromosomal segmental
duplications have been observed (Wong et al. 1990;
Tomlinson et al. 1994; Eichler et al. 1997; Mazzarella
and Schlessinger 1997; Regnier et al. 1997; Zimonjic et
al. 1997; Eichler 1998; Trask et al. 1998a; Jackson et al.
1999; Ji et al. 1999). These data suggest numerous in-
terchromosomal exchanges during recent hominoid
evolution with apparent biases into and between peri-
centromeric and subtelomeric regions (Eichler et al.
1997, 1999; Monfouilloux et al. 1998; Trask et al.
1998a; Jackson et al. 1999; Horvath et al. 2000a). To
date, however, no systematic analysis of the genome
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has been performed to quantify this bias. Another un-
anticipated finding has been the important role seg-
mental duplications play in disease (for review, see Ji et
al. 2000; Mazzarella and Schlessinger 1998). Aberrant
homologous recombination between highly similar
paralogs appears to be a major mechanism for many
genomic disorders such as velocardiofacial/DiGeorge,
Smith-Magenis, and Prader-Willi/Angelman syn-
dromes (Chen et al. 1997; Amos-Landgraf et al. 1999;
Christian et al. 1999; Edelmann et al. 1999; Shaikh et
al. 2000).

A major step toward developing a final reference
sequence has been the completion of the draft-
sequencing phase of the HGP and its subsequent as-
sembly. The assembly has occurred in three main steps:
(1) Sequenced clones are placed into fingerprint con-
tigs generated from the entire RPCI-11 BAC library; (2)
fingerprint contigs are assigned and positioned to
chromosomes using all available genetic and STS mark-
ers; and (3) the sequence within each contig is as-
sembled by Jim Kent's Gigassembler (IHGMC 2001;
IHGSC 2001). This landmark achievement has given us
the ability to examine segmental duplications in a ge-
nome-wide and systematic manner. We reported an
unprecedented amount (3.6%) of sequence was in-
volved in recent segmental duplications with identity
between 90%-98%. Additionally we provided ex-
amples of pericentromeric and subtelomeric regions
that appear to be composed almost entirely of dupli-
cated sequence (IHGSC 2001). However, further char-
acterization of highly duplicated regions has yet to be
accomplished.

In this article, we present our methodology for the
analysis of such duplications and an in-depth analysis
of segmental duplications in the current working draft
assembly (January 2001, 0023 assembly), paying par-
ticular attention to the quality of assignment and as-
sembly for the duplication-rich clones and regions. Be-
cause of the estimated error rates of sequence and the
potential for misassembly in the draft assembly, we
consider two categories of duplications: segments with
>98% nucleotide identity, and segments with 90%-—
98% identity. For the first time, we quantify the ge-
nome-wide enrichment of duplicated sequence in both
pericentromeric and subtelomeric regions. In addition,
we examine more specifically the impact of these seg-
ments on the current assembly. We find duplicated
sequences are enriched in sequence contigs that have
not been mapped within the current assembly. We also
find that clones containing duplications are often as-
signed to a chromosome inconsistent with FISH and
only [50% of the chromosomes with FISH signals from
these clones have a corresponding sequence similarity
by BLAST analysis. This underrepresentation may be
attributable to many factors: misassignment, merging,
or reduced coverage in these paralogous regions. Taken
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together, the clustering of duplications combined with
the difficulty in positioning and assembling them, sug-
gests that large tracts of segmental duplications, par-
ticularly those located at pericentromeres, will be re-
fractory to currently employed assembly methods. Spe-
cialized methods will be necessary to correctly
integrate these regions into the reference human ge-
nome sequence. We propose that the determination of
whether an observed overlap is allelic or paralogous
will facilitate the final assembly of the human genome,
helping to eliminate many gaps both within paralo-
gous as well as unique sequence regions.

RESULTS

Detection of Segmental Duplications (January 2001
0023 Assembly)

There are two major obstacles to in silico detection of
large segmental duplications: (1) They may be com-
posed of common high-copy repeats such as Alus and
LINEs; and (2) they may contain large insertion-
deletions that hamper the characterization of contigu-
ous segments. To overcome these obstacles we devel-
oped a method that we call “fuguization” (see Meth-
ods; Fig. 1). This refers to the compact genome of the
puffer fish (Fugu rubripes), a genome largely devoid of
high-copy repeats (Brenner et al. 1993). The central
aspect of our method is to generate a compact version
of the human genome sequence by first removing all
RepeatMask ed high-copy repeats from the sequence,
which leaves putatively unique genomic DNA.
Fuguization offers two main advantages: It yields faster
BLAST searches because of the overall reduction in se-
quence content ([(150%) and repetitive complexity, and
it easily traverses high-copy repeats because of their
absence) generating larger contiguous alignments. This
enhances our ability to detect duplications riddled
with high-copy repeats that would otherwise be
missed. It also increases the power to define the true
junction boundaries of the duplication event. Addi-
tional heuristics were implemented to further refine
the junction sequences, to traverse large gaps, and to
assess various mapping properties (see Methods).

To validate our method, we selected a set of hu-
man sequences that contained known duplications
with experimentally verified junctions (Eichler et al.
1996, 1997; Horvath et al. 2000a,b). The training set
consisted of sequence alignments that ranged from
88%-99% nucleotide identity and contained insertion-
deletions as large as 1250 nucleotides. Examination of
the 24 alignments returned by our method found that
41 of the 46 alignment end positions were in complete
agreement with those determined previously. The five
cases that disagreed with previous alignments had am-
biguous ends in which the differing end positions were
equally valid choices (data not shown). An example is
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Figure 1 Detection Method. The method combines DNA se-
quence analysis software and a suite of Perl scripts that are opti-
mized for the detection of large highly similar duplications.
Briefly, the genome assembly (2.6 Gb) is broken into tractable
400-kb segments. For each segment, common repeats (blue) are
identified with RepeatMasker . Repetitive sequence is then re-
moved (“fuguized”) leaving putatively unique DNA. All
fuguized pieces are then compared by BLAST. Repeats internal
to an individual 400-kb segments are detected with BLASTZ
Relaxed affine gap parameters are used allowing gaps up to 1
kb in size to be traversed. Fuguized pairwise alignments (>0.87
similarity and >500 aligned bp) have their common repeats
reinserted and then the alignment ends undergo heuristic
trimming allowing for refinement of alignment end points
which may lie within common repetitive sequence. The pro-
gram ALIGN generates optimal global alignments from which
final alignment statistics are calculated. Global alignments
>1000 bases aligned and >90% identity were selected in this
analysis.

shown for duplications between three pericentromeric
clones (Fig. 2). Our method (Fig. 2a) compares favor-
ably to miropeats (Parsons 1995) analysis (Fig. 2b) in
that the same duplications are detected, indicating no
loss of sensitivity. In contrast, our method allows for
the traversal of high-copy repeats and large-insertion
deletions. This yields fewer, larger alignments, which
allows for more accurate determination of the bound-
aries between unique and duplicated sequence. An ex-
ample of a large insertion-deletion is shown in the par-
tial view of a global alignment (Fig. 2d). A sample of
the statistics generated for each global pairwise align-
ment by the program align_scorer (J.A. Bailey, un-
publ.) is shown in Figure 2c.

Segmental Duplication Content of the Human
Genome (January 2001 0023 Assembly)

As part of the IHSC, we searched for the presence of
duplicated sequences (July 2000 ool5 assembly). An
unexpected large fraction of the human genome se-
quence 16.3% (442/2711 Mb) was found to be dupli-

cated by this analysis. Because the majority of these
duplications were >98% identical, we suspected that a
significant proportion of these might have represented
allelic overlaps missed during the assembly of working
draft sequence. To help eliminate this artifact, algorith-
mic improvements in Jim Kent’s Gigassembler and a
more refined analysis of FPC contigs were imple-
mented in the next major release of public assembly,
based in part on our initial analysis (J. Kent, pers.
comm..).

We analyzed the current 2692 Mb HGP assembly
(January 2001 0023 assembly) with our method, de-
tecting a total of 48,651 alignments of =90% identity
and =1 kb in size (Fig. 3). Supplement 1, available on-
line at http://www.genome.org, contains a detailed
breakdown of sequence coverage in terms of chromo-
some and sequence similarity. Overall, 13.2% (355/
2692 MB) of the current assembly was identified as
putative segmental duplications. Compared with the
0015 assembly, only a small fraction (<20%) of the
highly similar alignments (>98% identity) have now
been successfully merged, decreasing from 12.9% in
0015 to 10.6% in 0023. Analyses of other assembly
versions, from May 2000 to the most current (0023),
have consistently shown large amounts of these highly
similar “duplications” (10%-15% of assembled se-
quence). The 90%-98% identity compartment (Fig. 3a)
has changed only slightly (3.64% in 0015 versus 3.62%
in 0023). Within this compartment interchromosomal
duplications comprise 1.77% (47.7 Mb) and intrachro-
mosomal duplications comprise 2.29% (97.5Mb) of the
overall sequence (on-line Supplement 1). (Note: There
is overlap between categories because a given stretch of
sequence may be involved in both inter- and intra-
chromosomal alignments as well as alignments of dif-
ferent percent identity.)

For the highly similar alignments (>98% identity;
Fig. 3b), the amount of duplicated sequence is fivefold
higher than expected, based on estimates generated
from assemblies using only finished sequence (10.6%
0023 versus 2% expected). A more detailed breakdown
of highly similar alignments is presented in Figure 4, in
which both interchromosomal and intrachromosomal
duplications are considered. Intrachromosomal dupli-
cations are further divided into two subgroups: dupli-
cations that occur within a sequence contig, and those
that occur between two different sequence contigs (in-
tracontig and intercontig, respectively). As can be seen
in Figure 4, the overwhelming majority (69%) of such
alignments are near allelic levels of similarity (99.5%-—
100% identity) and are located (74%) within the same
contig. Taking into account estimated draft sequenc-
ing error rates (CI1 error/1000 bases) and potential dif-
ficulties owing to assembly misjoins (phrap misassem-
blies within working draft clones), this overabundance
of highly similar intracontig duplications may be
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Figure 2 (continues)

caused by missed true overlaps that have not been
joined.

Segmental Duplications are Difficult to Integrate

into the Assembly

In the 0023 genome assembly, “ordered contigs” are
contigs that have been assigned to a chromosome as
well as to a unique map location within the chromo-
some sequence assembly. Two classes of sequence con-
tigs have incomplete positions: unlocated (UL) contigs
that lack chromosome assignment, and random con-
tigs that have a chromosome assignment but lack an
ordered position within that chromosome. To assess
whether BACs containing duplications have been par-
ticularly problematic in assembly and chromosomal
assignment, we analyzed the distribution of duplicated
segments (90%-98% sequence identity, =1 kb) within
the “random” bin and compared it to the distribution
of ordered sequence contigs. The random and UL con-
tigs account for a total of 24.8 Mb, which is the se-
quence equivalent of a small chromosome. The per-
cent of the random and UL sequence that is duplicated
is 23.7% (5.9/24.8 Mb) compared to 3.4% (91.4/2662
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Mb) for ordered contigs (Fig. 5). This is a 6.6-fold en-
richment compared to the genome average of 3.6%,
demonstrating that duplicated sequences are less likely
than unique sequences to be assigned a complete ge-
nomic position. When duplicated segments showing
>98% sequence identity were considered, no signifi-
cant difference in distribution was observed.

Segmental Duplications are Enriched within
Pericentromeric and Subtelomeric Regions

Our previous analyses have shown clusters of duplica-
tions in the pericentromeric regions of finished chro-
mosomes 21 and 22 (IHGSC 2001). In addition, several
groups have found large tracts of duplications associ-
ated with pericentromeric and subtelomeric repetitive
marker sequences (Amann et al. 1996; Trask et al.
1998b; Eichler et al. 1999; Horvath et al. 2000b). With
the advent of a working draft human reference se-
quence, we had the opportunity, for the first time, to
quantitatively test for these biases in distribution. Be-
cause of the limitations of the current assembly, par-
ticularly with respect to duplicated regions in the vi-
cinity of heterochromatin, two different approaches
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Figure 2 Example of pericentromeric duplication using
fuguization method. (A) A graphical view of the output for our
method as displayed in the program PARASIGHT(J.A. Bailey,
unpubl.). Compared to miropeats (B; Parsons 1995), all of the
positions of similarity have been captured as continuous large
alignments (C). An example of a large insertion-deletion in an
alignment (D) demonstrates the ability of fuguization to tra-
verse such regions returning larger more meaningful align-
ments. Lower thresholds (>500 aligned bases; >90% identity)
were used for this test case compared to our genome analysis.

were undertaken to measure pericentromeric and telo-
meric biases: an assembly-based and a repeat-based ap-
proach.

For the assembly-based approach, we mapped all
duplicated sequence between 90%-98% identity (Fig.
3a) and calculated the number of duplicated bases
found in close proximity to predicted centromeric and
telomeric locations. It is readily apparent that there are
certain regions with megabases of sequence involved
in segmental duplications. Associations (=500 kb) with
centromeres (purple) are seen in pericentromeric re-
gions 1q, 2p, 2q, 5q, 7p, 7q, 9p, 9q, 10p, 10q, 11p, 13p,
15q, 17p, 17q, 18p, 19p, 21q, and 22q—roughly one-
half (19/43) of the pericentromeres targeted by the
HGP. To quantify this view, we defined the pericentro-
mere as the most proximal 2 Mb from the centromere,
which encompassed a total of 86 Mb around the 43
sequenced pericentromeres. These pericentromeric re-
gions showed an enrichment of 3.7-fold for all align-
ments, containing 12% of all duplicated bases al-
though comprising only 3.2% of all genomic sequence.
Interchromosomal duplications were enriched 4.5-fold
and intrachromosomal duplications were enriched 3.1-
fold. For subtelomeric regions, the most proximal 500
kb from each chromosome end was analyzed. These
regions showed an enrichment of 1.7-fold for all align-
ments. Interestingly, only interchromosomal align-
ments showed a clear bias (2.7-fold) whereas intrachro-
mosomal alignments appear somewhat reduced (0.76-
fold enrichment). Thus, based on the predicted
location of telomeres and pericentromeric regions
within HGP assembly, pericentromeric and subtelo-
meric regions are enriched for interchromosomal du-
plications, but only pericentromeric regions showed
enrichment for intrachromosomal duplications.

As we have already shown, duplicated sequences
are prone to be misassigned; thus, a method that de-
pends solely on map position in the assembly might
fail to detect some sequences. Therefore, to examine
clustering and enrichment in a manner free from as-
sembly location, we used repetitive sequence markers
to identify putative pericentromeric and subtelomeric
sequence (Table 1; see Methods). To identify pericen-
tromeric regions, five markers were considered: alpha
satellite, beta satellite, CER satellite, gamma satellite,
CAGGG repeat, and duplicon 4 (Willard 1990; Eichler
et al. 1999; Horvath et al. 2000a). To identify subtelo-
meric sequence contigs we utilized telomeric associ-
ated repeat (TAR) and the classic TTAGGG telomere
repeat. We found that the repeat-based analysis
showed a higher enrichment compared to the assem-
bly-based method. For all repeat-identified subtelo-
meric and pericentromeric sequences (PeriSub*™"),
one-quarter of all duplicated sequence fell within this
4% of the genome, representing a 6.5-fold enrichment.
Interchromosomal duplications showed a greater asso-
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Figure 3 Genome-wide view of segmental duplications. The positions of alignments are depicted in red for each of the 24 chromo-
somes. Panels separate alignments on the basis of similarity: (A) 90%-98% identity and (B) 98%-100% identity. Purple bars depict
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>5 kb are visible. Views were generated with the program PARASIGHT(J.A. Bailey, unpubl.), a graphical pairwise alignment viewer.
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ciation with repetitive marker sequence (ninefold en-
richment) when compared to intrachromosomal du-
plications (4.9-fold). Unfortunately, the separation of
subtelomeric and pericentromeric compartments using
a repeat-based strategy is confounded by sequence
overlap between the two compartments, which is con-
sistent with observations that telomere-associated se-
quences such as TAR are also occasionally identified
within pericentromeric sequence (Eichler 1999). Given
this caveat, the repeat-based subtelomeric compart-
ment shows an 8.3-fold enrichment for duplicated se-
quences with enrichments for both interchromosomal
(11.7-fold) and intrachromosomal (5.9-fold) duplica-
tions.

For pericentromeric regions, several different
marker subcategories were considered independently

3.4%
23.7%
I duplicated
] unique

96.6%

ORDERED
(91.4/2662 Mb)

RANDOM and UL
(5.9/24.8 Mb)

Figure 5 Integration of segmental duplications into assembly.
The two pie charts divide the assembly contigs into ordered con-
tigs and unordered (random and unlocated) contigs. Random
contigs have chromosomal assignment but no specific position in
the chromosome. Unlocated contigs have no chromosome posi-
tion. Duplicated sequence represents 3% and 25% of the se-
quence in the ordered and unordered bins, respectively.

as well as combined (Table 1). When all five markers
were analyzed (PeriSub”™), we found that >23% of all
duplicated bases were associated with pericentromeric
repeats (representing a 6.8-fold enrichment). Inter-
chromosomal duplications show the strongest associa-
tion, in which more than one-third of all duplicated
bases (34.2%) are located near such repeats. Within
smaller pericentromeric subcategories (Peri®'P"?,
Peri*PCERY and Peri?“Plicons) jnterchromosomal en-
richment varies considerably from 6.9-fold to 20-fold.
The most enriched pericentromeric subcompartment
(Periduplicons) consists of two recently characterized in-
terspersed pericentromeric repeats that were originally
identified in close proximity to duplicated genomic
segments (Eichler et al. 1996; Horvath et al. 2000b). It
is not surprising that virtually none of these elements
exist in the absence of a nearby duplicated segment.
However, even if the classical marker of centromeric
DNA (alpha satellite) is solely considered, a strong in-
terchromosomal duplication bias is evident (6.9-fold,
Table 1).

Segmental Duplications are Underrepresented

and/or Misassigned

To assess the potential role highly homologous dupli-
cated sequences play in the assembly of the human
genome sequence, we selected 37 RPCI-11 BAC clones
containing interchromosomal duplications by stan-
dard metaphase FISH analysis. Each clone had been
sequenced as part of the HGP; its clone identity had
been verified, was not chimeric in organization (see
Methods), and had been predicted by in silico analysis
to harbor several interchromosomal duplications (see
Methods). Observed FISH signals can be used as a stan-
dard with which to compare the completeness and ac-
curacy of the assembly in terms the assignment of in-
terchromosomal duplications. First, we used similarity
searches to simulate the potential location of multi-site
signals within the current assembly. We set low-
stringency search criteria for a FISH equivalent hit, as a
BLAST result with sequence alignment =90% identity
and =5000 unique bases within a 400-kb segment
(Table 2). By these parameters, we would expect that
many significant alignments of [(D0% similarity and
5000 bases would be false positives (as they are small
diverged sequences that would not generate a strong
FISH signal within the context of a whole BAC hybrid-
ization). Such a low threshold, however, should mini-
mize false negatives, chromosomes in the assembly
that contain sequence (undetected by BLAST) that
were positive by FISH. FISH analysis of our 37 se-
quenced BAC clones identified a total of 224 interchro-
mosomal signals of which 47% (106/224) lacked a cor-
responding BLAST hit within the current genome as-
sembly. There are two likely causes for this absence:
The sequence is missing from the working draft, or the
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Table 1. Duplication Content of Pericentromeric and Subtelomeric Compartments
Interchromosomal Intrachromosomal
Sequence All pairwise pairwise pairwise
Method Kb % genome Kb % pair fold* Kb % pair fold* Kb % pair fold*

Assembly-Based**

Peri™b 86,000 3.2% 11,548 11.8% 3.7 7,348 14.5% 4.5 6,341 10.0% 3.1
Sub300ke 21,000 0.8% 1,290 1.3% 1.7 1,062 2.1% 2.7 376 0.6% 0.8
Repeat-Based***
PerialPha 58,561 2.2% 9,999 10.3% 4.7 7,565 14.9% 6.9 5,106 81% 3.7
Peri:u‘zfi':j 76,143 2.8% 16,245 16.7% 59 11,689 23.0% 8.1 8,618 13.6% 4.8
Peri 23,425 0.9% 9,995 102% 11.8 8,824 17.4% 20.0 3,556 5.6% 6.5
Periftt 92,090 3.4% 22,769 23.3% 6.8 17,350 34.2% 10.0 10863 17.2% 5.0
Sub'*® 23,535 0.9% 7,038 7.2% 8.3 5179 102% 11.7 3,261 52% 59
PeriSubt- 106,678 4.0% 25,157  25.8% 6.5 18,763 37.0% 9.3 12,211 193% 4.9
TOTAL ASSEMBLY 2,692,604 — 97,514 — — 50,752 — — 63,160 — —

*Fold enrichment calculated by percent of total pairwise in compartment/percent genome size of compartment.
**Assembly-based compartments relied solely on positions assigned within assembly. Peri®™® included all sequence within 2Mb of the
defined centromeric ends of the assembly. Sub®°°** included all sequence within 500 Kb of the defined telomeric end.

***Repeat-based comEartments relied solely on a minimum amount of pericentromeric and/or subtelomeric repeats within a given
400 Kb region. Peri?®"@ required a minimum of 10 Kb. Peri®*“E’¥ required a minimum sum of 10KB for alpha satellite, beta satellite,
CER, and/or gamma satellite. Peri?“P<°"s required at least 1Kb of CAGGG repeat (Eichler 1999) or the Duplicon4 repeat (Horvath

2000). Peri*" combined all of these compartments together. Sub(1Kb) utilized TAR and TTAGGG repeats to detect subtelomeric

regions. PeriSub”'" combines the sequence found in Peri*'* and Sub'*®.

sequence is not assigned to its proper chromosome.
Because the exact equivalence of BLASTsequence iden-
tity and length compared to whole-BAC FISH has not
been precisely quantified, we generated a series of
BLAST versus FISH simulations using various thresh-
olds for a positive BLAST hit (Table 3). Even after low-
ering the threshold to 90% and 2500 unique bases,
42% of the FISH positive chromosomes remain unde-
tected by BLAST. If we combine our results with a
larger subset of characterized multi-site clones
(Cheung et al. 2001), similar results are obtained with
49% (278/569) of paralogous chromosomes undetec-
ted by in silico analysis of the working draft sequence
at 90% and 5000 bp (Supplement 2, available on-line at
http://www.genome.org).

A reciprocal analysis was also performed, in which
BLAST criteria were set to include only large highly
similar sequences (=40,000 unique bases and =99%
identity) that are almost certain to produce a FISH sig-
nal. If no FISH signal is seen, then the sequence has the
wrong chromosomal assignment or there exists con-
siderable heteromorphic variation in the distribution
of these segments within the human population. How-
ever, for the 32 BLAST positive chromosomes that
passed this strict threshold, 19% of them could not be
confirmed by FISH, suggesting that these large highly
similar sequences have been placed on the wrong chro-
mosome. Not surprisingly, these highly similar hits are
nearly equivalent to an analysis comparing FISH to the
assembly position for each of the 37 clones. Of the 35
with chromosomal assignments, 21% are inconsistent
with FISH localizations suggesting that they have been

1012 Genome Research
www.genome.org

assigned to nonallelic and nonparalogous locations
(Table 2).

DISCUSSION

Our results revealed several interesting features of seg-
mental duplications—both biological and practical—
that had not been characterized previously. This was
the first genome-wide analysis quantifying pericentro-
meric and subtelomeric duplication biases. Because of
limitations of the 0023 assembly, we pursued two in-
dependent methods to assess this effect. We first de-
fined pericentromeres and subtelomeres solely on the
basis of their position in the assembly. However, be-
cause our FISH analysis of both duplicated and hetero-
chromatic (data not shown) clones often revealed in-
correct chromosomal assignment, we sought to exam-
ine sequence based only on its association with
centromeric and telomeric repetitive markers. Both
analyses revealed a strong pericentromeric duplication
bias with enrichment levels ranging from 4.7-fold (as-
sembly-based approach) to 11.8-fold (repeat-based ap-
proach). Because the sequence markers used in this
study localize almost exclusively to centromeric and/or
subtelomeric regions (Willard 1990; Eichler 1999; Lee
et al. 1999; Horvath et al. 2000b), we believe that the
observed increase was due to the ascertainment of ad-
ditional pericentromeric and subtelomeric sequence,
rather than the inclusion of DNA from outside of these
regions.

It is interesting to note that this bias does not ap-
pear to be uniformly distributed among all chromo-
somes. Associations (=500 kb) between duplications
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Table 2. BLAST vs. FISH for BACs with Interchromosomal Duplications: Comparison of Chromosome Assignment

0023 Assignment BLAST chr FISH chr
Accession RPCI-11 assignment consistency BLAST (>=90% identity >=5000 FISH FISH chr (Standard positive by
no. clone (chr/contig) with FISH* chr # unique bases**) chr # Metaphase Spread) BLAST***
AC006379 456n16  7/ctg15064 | 1 7 2 16,19 0
AC007276 22601 7/ctg15064 C 2 712 3 7912 2
AC008166 155j2 2/ctg15424 C 1 2 3 23,10 1
AC009954 226121 6/ctg16045 | 10 1,4,6,7,8,10,13,16,20,Y 3 817,18 1
AC010098 400j9 2/ctg14798 C 13 1,2,4,5,7,10,13,15,16, 10 1,2,7,9,10,14,15,16,17,22 8
17,21,22,U,LY
AC011244 497h16  5/ctg12770 C 4 5,6,20,22 2 56 2
AC011881 17112 Ul/ctg14414 UL 5 25,6,10,15UL 9 1,3,49,13,14,15,21,22 1
AC012661 413e6 3/ctg14246 C 10 NAULY,3,4,5809,11, 18 1,3,47,8,9,10,11,12,13,14, 8
15,16,17 15,16,19,20,21,22,Y
AC013633 12p21 22/ctg25248 C 4 24,9,22,UL 6 9,13,14,15,21,22 2
AC015973 366¢c6 1/ctg14824 C 3 1,15ULY 3 1,8Y 2
AC016745 480c16  2/ctg16335 C 3 269 3 289 2
AC018687 462922 4/ctg16 C 1 4 2 4,14 1
AC018692 555k2 4/ctg25230 C 3 1,49 5 4,9,13,14,21 2
AC018963 452116  4/ctg25230 | 8 1,2,4,515,16,19,22,UL 3 215,16 3
AC020590 150n22  3/ctg17028 C 6 23,4917,ULY 12 3,4,9,13,14,15,16,18,20, 4
21,22,Y
AC020715 446k10 19/ctg25122 C 1 19 2 519 1
AC022030 358b14 18/ctg25448 C 2 16,18 2 16,18 2
AC022192 23b24 2/ctg100 | 8 2,59,10,13,15,18,21,UL 9 3,49,13,14,15,21,22)Y 4
AC022702 33bl 4/ctg15540 C 8 1,4,6,79710,13,19 9 1,3,4,7,9,10,11,16,19 6
AC023099 264m14 16/ctg16860 C 8 25,10,15,16,19,22,ULY 3 215,16 3
AC024117 327i12  10/ctg13284 C 1 10 2 2,10 1
AC024119 542j23 1/ctg17190 C 2 1.2 3 1,3,19 1
AC024345 384k6 4/ctg15540 C 9 1,4,6,78,10,13,20,Y 15 1,2,3,4,5,6,7,8,9,10,11,16, 8
19,20,Y
AC024410 12519 5/ctg12474 I 1 5 5 13,14,15,21,22 0
AC025222 297j4 9/ctg25280 | 5 149,215 2 1,11 1
AC026205 61i9 3/ctg25118 C 1 3 2 34 1
AC026495 509al7 15/ctg25305 C 6 1,2,4,15,16,22,UL 10 1,2,9,10,13,14,15,16,17,22 5
AL078621 395114  2/ctg16335 C 1 2,6,7,8,9,15,16,19,21, 16 1,2,3,6,7,89,10,11,12,15, 9
22,X 16,17,19,20,22
AL132658 59j12 10/ctg13655 | 2 1,10 2 1,8 1
AL133173 453n3 4/ctg3364 | 8 1,24,11,15,16,22,UL,X 7 29,10,14,15,16,22 4
AL133216 291122  10/ctg13655 C 1 1,4,6,7,8910,13,19, 13 1,3,45,6,7,9,10,11,16,19, 9
20,Y 20,Y
AL137070 251017  2/ctg14048 C 6 2,9,13,14,18,21 2 29 2
AL138715 77p19  13/ctg14226 C 10 2,57,10,13,15,16,17,21, 7 2,13,14,15,18,21,22 5
AL138998 119m6  4/ctg25230 C 1 4 4 4,13,14,21 1
AL158811 139021 22/ctg13153 C 7 1,2,5,7,13,21,22,UL 8 1,2,7,13,14,15,21,22 6
AL161418 149i22  22/ctg13153 C 7 1,25,7,13,21,22,UL 5 13,14,15,21,22 3
AL354817 85c8 UL/ctg15409 UL 12 2,3,45,7,89,10,13,18, 12 1,2,3,4,9,13,14,15,20,21, 6
19,21,UL 22)Y
Total 37 201 224 118

*|, 8/37 Inconsistent assignment with FISH chromosomes; C, 27/37 Consistent; UL, 2/37 no chromosome assignment.
*Number of bases calculated within 400 kb genomic segments.
***The number of FISH chromosomes with a positive chromosome by BLAST.

and centromeres are observed for only one-half (19/43)
of all possible pericentromeric regions (Fig. 3a: 1q, 2p,
2q, 5q, 7p, 7q, 9p, 9q, 10p, 10q, 11p, 13p, 15q, 17p,
17q, 18p, 19p, 21q, and 22q). There are two possible
explanations: (1) The degree of sequence coverage
within these regions is inadequate such that the appar-
ent lack of duplication is attributable to the absence of
representative sequence and/or misassignment. Al-
though this may be true for some chromosomes, it is

unlikely to be the case for chromosomes 6, 20, and the
X chromosome where intensive mapping and sequenc-
ing efforts have included pericentromeric regions
(Bentley et al. 2001; M. Schuler, unpubl.). (2) Alterna-
tively, there are two models for the organization of
sequence within the euchromatin-heterochromatin
transition—chromosomes that show mosaic patterns
of duplication and those that lack this architecture.
Another noteworthy observation from our analysis is
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Table 3. BLAST vs. FISH for BACs with Interchromosomal Duplications: Multiple Thresholds for a Postive BLAST Signal

Minimum sum of bases for positive chromosome**

Statistic 2500 5000 10000 20000 40000
90% BLAST chr number 240 201 148 104 53
% BLAST chr over FISH chr* 107% 90% 66% 46% 24%
% FISH chr identified by BLAST 58% 53% 44% 34% 17%
- % BLAST chr confirmed by FISH 0.47 0.51 0.59 0.65 0.68
o
(%]
E 94% Sum of BLASTNUM 216 183 140 92 52
<</('J % BLAST chr over FISH chr* 96% 82% 63% 41% 23%
i % FISH chr identified by BLAST 54% 50% 43% 30% 17%
= % BLAST chr confirmed by FISH 49% 53% 60% 65% 69%
o
2 96% BLAST chr number 166 152 118 81 47
§ % BLAST chr over FISH chr* 74% 68% 53% 36% 21%
e} % FISH chr identified by BLAST 46% 43% 38% 26% 16%
2 % BLAST chr confirmed by FISH 54% 55% 63% 64% 68%
(]
19}
'g_ 98% BLAST chr number 119 105 78 53 36
£ % BLAST chr over FISH chr* 53% 47% 35% 24% 16%
5 % FISH chr identified by BLAST 36% 33% 25% 19% 13%
é % BLAST chr confirmed by FISH 62% 65% 69% 75% 75%
= 99%  BLAST chr number 70 57 46 39 32
% BLAST chr over FISH chr* 31% 25% 21% 17% 14%
% FISH chr identified by BLAST 22% 19% 16% 14% 12%
% BLAST chr confirmed by FISH 63% 68% 72% 77% 81%

*FISH identified 224 chromosome signals.
** HSPs were summed within 400-kb sequence segments.

that the interchromosomal bias appears more pro-
nounced within these regions than that seen for intra-
chromosomal duplications. It should be noted, how-
ever, that intrachromosomal events may be particu-
larly underrepresented in the current assembly as a
result of either, again, reduced sequence representation
or misassembly of paralogous copies. This effect may
be exacerbated if intrachromosomal duplications on
average share greater sequence identity (IHGSC 2001).
Despite this possible ascertainment bias, some intra-
chromosomal enrichment within pericentromeric re-
gions could be observed by our assays. No intrachro-
mosomal duplication effect, however, could be identi-
fied within assembled subtelomeric regions. Although
final verification of the biological trends observed in
our study awaits finished sequence, the available data
support previous claims that within recent evolution-
ary time nonhomologous chromosomal exchanges
have occurred preferentially within pericentromeres
and subtelomeres. Pericentromeric, and to a lesser ex-
tent subtelomeric, chromosomal regions are among
the most evolutionarily dynamic in the genome.

The other major finding of our paper is more prac-
tical in nature, addressing the effect that segmental
duplications have in terms of placement and assembly
of HGP working draft clones. First, we found that du-
plicated sequences were difficult to assign to their true
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genomic locations in the current assembly (0023). Du-
plicated sequence was overrepresented among se-
quenced contigs that could not be mapped easily using
traditional methods (23.7% of the 24.8 Mb of random
and UL bins compared to ordered sequence where du-
plicated sequence was 3.4% of the total 2662 Mb). Sec-
ond, we found evidence for a large fraction (20%) of
gross misassignment—a chromosome assignment that
could not be confirmed by FISH. This rate was much
higher than that observed for single site BACs, for
which there was a chromosomal discordance rate of
3.6% (Cheung et al. 2001). The likely explanation is
that this increased discordance is caused by the BACs
duplicative nature; however, it is difficult to reason
why duplication would cause the assignment of a BAC
to a nonparalogous location. Third, our analysis indi-
cates that nearly half (47%) of duplicated loci cannot
be identified within the current assembly, suggesting
either underrepresentation or misassembly of paralo-
gous sequence. Finally, an unusually large amount of
highly similar alignments (>98% identity) were identi-
fied (10.6%). We suggest that most of these represent
artifactual duplications created during the assembly of
working draft sequence. It is likely that a significant
fraction of these artifacts will be resolved on comple-
tion of the finished sequence. It should be emphasized
that in contrast to the duplication-rich regions, analy-
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ses considering unique regions indicate that the cur-
rent assembly is remarkably well assembled (Cheung et
al. 2001; IHGSC 2001). These highly duplicated regions
should be considered exceptional both in terms of as-
sembly and potential biology. The computational tools
and concomitant paralogy map of the human genome
we have generated should facilitate final assembly of
the human genome reference sequence by highlight-
ing these regions for further study.

Our findings point to duplication-rich pericentro-
meres as particularly problematic in terms of genome
assembly. Pericentromeres often contain a megabase or
more of wall-to-wall duplications, which provides no
unique STSs to allow for clone assignment to a unique
genomic position. In addition, these regions are often
associated with satellite sequence that may confound
efforts to map by fingerprinting. Thus, pericentro-
meres are the regions most intransigent to assembly as
they confound the current overarching method for
contig assignment based on BAC clone fingerprinting.
The inability to assign and distinguish such paralogous
sequences creates gaps in the current genome assembly
that cannot be resolved by directing the closure of ex-
isting clones or by simply identifying a clone that
bridges two existing contigs. Furthermore, not all du-
plicated sequence is restricted to pericentromeric and
subtelomeric regions. Our analysis, in conjunction
with previous reports, suggests that the euchromatic
portions of human chromosomes are littered with
highly homologous duplicated material (Dunham et
al. 1999; Loftus et al. 1999; Hattori et al. 2000). Many
of these regions are implicated in disease-causing re-
current chromosomal structural rearrangements. It is
therefore essential that specialized techniques be de-
veloped to identify and assemble these exceptional re-
gions of the human genome. Such strategies should
become a priority in the final two years of the HGP.

METHODS

Detection of Segmental Duplications

Our detection method used a combination of published se-
quence analysis software and a suite of Perl programs to op-
timize the detection of large recent duplications (=1 kb and
=90% identity). Parallel batch processing was incorporated
whenever possible to analyze gigabases of sequence in a
timely fashion. The basic methodology involved identifying
high-copy repeats, removing these repeats from the genomic
sequence, searching all sequence for similarity, reinserting re-
peats into resulting pairwise alignments, trimming the ends
of alignments, and the generation of global alignments with
statistics (Fig. 1).

For the January 2001 0023 assembly (2.6 Gb), large con-
tigs were broken into tractable 400 kb segments. High-copy
repeats identified by RepeatMasker (Smit and Green http://
repeatmasker.genome.washington.edu, version 7/16/2000
with quick option) were spliced out of the sequence: “fuguiza-
tion.” The resulting unique genomic DNA then underwent

global BLAST similarity searches with reduced affine gap ex-
tension parameters, which allowed large gaps up to 1 kb to be
traversed. NCBI's BLAST (Altschul et al. 1997) generated align-
ments between 400 kb segments (parameters: -G 180 -E 1 —q
-80-130-z3 X 1072-Y 3 x 1077 —e 1e" ' _F F). A modified
version of BLASTZ (W. Miller, unpubl.) that ignores self-
identity compared each 400 kb piece to itself (parameters:
B=2M=301=-80V=-800=180 E=1 W=14
Y = 1400). The BLAST results were parsed for alignments with
>1 kb of aligned bases and >88% identity. Each alignment
was “defuguized” (the high-copy repeats were reinserted) and
then alignment end trimming was done with the program
blast_end_trim (J.A. Bailey, unpubl.). End trimming more
precisely defined the alignment end positions, which may
have been incorrect as a result of the relaxed gap parameters
used or because the true end positions resided in a high copy
repeat. Blast_end_trim is a heuristic program that at-
tempted to extend the alignment (up to 2 kb) beyond the
defined end position using global alignments generated by
the program ALIGN (Myers and Miller 1988). When extension
failed, the length of the attempted extension is recursively
decreased until it converges on a given end position. After
trimming, ALIGN was used to generate global alignments
from which statistics were calculated using the program
align_scorer (J.A. Bailey, unpubl.). Global alignments that
equal or exceed the threshold of 1000 bases aligned and >90%
identity (i.e., gaps excluded) were retained for further analy-
sis. Generation of global alignments also acted as a safeguard
against false positives from BLAST analysis.

Alignments =1 kb and =90% were considered in this
analysis. The rationale for this decision was as follows: Size
selection of =1 kb would potentially eliminate any unchar-
acterized transposons as sources of contamination; sequence
similarity =90% would allow us to detect duplication events
within the last 25 million years of primate evolution (neutral
rates of nucleotide substitution). Below this threshold, detec-
tion of large-scale segmental duplication events becomes
problematic because of extensive deletion, retroposition, and
rearrangement of noncoding sequences. In cases of extremely
large gaps (>1KB), alignments were fractured. Gaps were
joined after the initial generation of BLAST alignments (al-
though the sequence still lacked repeats) for gaps up to 5 kb
and a deletion side of gap +10 bp. Later, after the generation
of final global alignments, larger gaps (up to 20 kb insertion
side; minimum side of gap =20 bp) were merged with the
program alignment_joiner (J.A. Bailey, unpubl.). For 0023,
the entire process of detection, from RepeatMask ing through
the generation of global alignments, takes roughly three
weeks on a Linux computer cluster consisting of 32 600-MHZ
Pentium processors. About one-half of this time is required for
the initial identification of the high-copy repeats using
RepeatMasker . For 0023 we utilized the RepeatMasker out-
put that had already been generated for the assembly process
using the —q option (J. Kent, unpubl.).

The training set consisted of 10 GenBank accessions:
AC000382.1, AC002038.1, AC002041.1, AC002307.1,
AC004222.1, AC004527.2, AC006359.3, U36341.1,
U41302.1, and U52111.1. Large gaps (>1 kb) were not joined
with alignment_joiner (J.A. Bailey, unpubl.), thus gaps
were only traversed in the fuguization and trimming steps.

Measures of Duplicated Sequence

From the alignments, two main forms of statistics were gen-
erated. First, nonredundant bases involved in all duplications
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were calculated in terms of total bases duplicated and percent-
age of sequence duplicated with the program table_se-
goverlap_combine (J.A. Bailey, unpubl.). The calculation
was simply whether or not a base lies within a pairwise align-
ment. Alignments were broken down into various subsets
based on categories such as chromosome location, contig type
(ordered and unordered), similarity (90%-98% and >98 iden-
tity), and duplication type (inter- and intrachromosomal). For
categories, such as similarity and duplication type, certain
bases were involved in more than one subset, which resulted
in the total numbers of bases involved in all alignments being
less than the sum of the subsets. Second, the alignments
themselves were broken down into categories (similarity,
length, inter vs. intra, etc.) and the number alignments and
the sum of aligned bases were calculated (Fig. 4). This measure
is redundant because a base was counted each time it was
involved in a pairwise.

Subtelomeric and Pericentromeric Localizations

To investigate possible enrichment in pericentromeric and
subtelomeric regions, we first used the assembled chromo-
somes to define the pericentromere as the most centromeric 2
Mb and the subtelomere as the most telomeric 500 kb. The
second method involved a repeat-based strategy whereby we
assigned sequence, within 500 kb of clusters of known peri-
centromeric and subtelomeric repetitive markers, as putative
pericentromeric and subtelomeric regions. Assembly contig
boundaries were not crossed when defining sequence within
500 kb. Clusters were defined as a minimum amount of re-
petitive sequence within a 400-kb segment of sequence. If
repeats did not pass this threshold in a 400-kb segment, they
were not included. Minimum thresholds for clustering used
for the various combinations of repeats were: 10 kb of alpha
satellite for Peri®P?; 10 kb of alpha, beta, CER, and/or gamma
satellite for Peri®®“®®; 1 kb of CAGGG and/or duplicon4 for
Peridupticons, and 1 kb of TAR or TTAGGG for Sub'*P, PeriAll
combined the sequence in Peri®'P"?, Peri®“**Y, and Perj?"Pli.
cons. PeriSub”™ combined all of the identified repeat-based
sequence. Once the putative sequence for a region had been
defined, the region was assayed for duplicated bases using the
program seqpos_intersection (J.A. Bailey, unpubl.). En-
richment was calculated as the fraction of the total genome
duplicated bases in a region divided by the fraction of the
genome that the region represented.

Different thresholds and repetitive sequences were com-
bined to generate different regional compartments. The ascer-
tainment process for any given region was consistent. First,
for each 400-kb segment, a segment was assayed for a mini-
mum number of bases of relevant repeat. If so, these repeats
were then used to define a region within 500 kb of any of
these repeats in the larger fingerprint contig. (Contig bound-
aries were not crossed when defining these bases, but 400-kb
segment boundaries were crossed.) The amount of duplicated
bases that fell within any of these compartments was calcu-
lated using the program seqpos_intersection . Enrich-
ment was defined as the fraction of total duplicated bases
within a region over the fraction of the total assembled se-
quence that was contained in the region.

Clone Analysis

Based on database searches of GenBank (ver. 118, June 2000),
we identified RPCI-11 BACs with potential duplications on
the basis of sharing large overlaps with other clones (94%-—
98% identity; =10 kb aligned bases). These overlaps were de-
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tected in a global comparison of the human htgs and nt da-
tabases by BLAST. Representative RPCI-11 BACs from paralo-
gous clusters were isolated and end-sequenced to confirm
clone identity. Further, clones that showed no significant
(<e ™ '2) overlap with other RPCI-11 by fingerprinting (http://
genome.wustl.edu/gsc/human/human_database.shthml)
were excluded as possible chimeric clones. Eighty-three BACs
consistent with their GenBank sequences were analyzed by
standard metaphase FISH (Cheung et al. 2001). For our analy-
sis of the 0023 assembly, we selected the 37 BACs that showed
multichromosomal FISH localizations (as opposed to single
site or multiple signals within single chromosome). As Cot-1
DNA was used to block repetitive signal in FISH, we used
400-kb segments, which lacked high-copy repeats, as our tar-
get genome database. We queried this database with the
fuguized sequence of each of the 37 BACs. A FISH equivalent
database match within a 400-kb segment was chosen to be
>5000 aligned bases among HSPs with alignments =100 bases
and =90% identity. If a BLAST-positive 400-kb segment had a
chromosomal assignment, the chromosome was scored as
BLAST-positive (Table 2). Because the correlation between
FISH-positive and BLAST-positive sequences is not precisely
known, we used a series of different thresholds for percent
similarity and total aligned bases (Table 3).
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