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DupMasker: A tool for annotating primate segmental

duplications

Zhaoshi Jiang,' Robert Hubley,? Arian Smit,” and Evan E. Eichler'**

"Department of Genome Sciences, University of Washington School of Medicine, Seattle, Washington 98195, USA; ZInstitute
for Systems Biology, Seattle, Washington 98103, USA; *Howard Hughes Medical Institute, Seattle, Washington 98195, USA

Segmental duplications (SDs) play an important role in genome rearrangement, evolution, and the copy-number variation
(CNV) of primate genomes. Such sequences are difficult to detect, a priori, because they share no defining sequence
features that distinguish them from unique portions of the genome. Current sequence annotation of segmental
duplications requires computationally intensive, genome-wide self-comparisons that cannot be easily implemented on
new data sets. Based on the successful implementation of RepeatMasker, we developed a new genome annotation tool,
DupMasker. The program uses a library of nonredundant consensus sequences of human segmental duplications, wherein a
majority of the ancestral origins have been determined based on comparisons to mammalian outgroup genomes. Using
DupMasker, new human and nonhuman primate (NHP) sequences may be readily queried to provide details on the
origin and degree of sequence identity of each duplicon. This program can be applied to delineate the order and
orientation of duplicons within complex duplication blocks and used to characterize structural variation differences
between sequenced human haplotypes. We predict this tool will be valuable in the annotation of large-insert
sequence clones, allowing putative unique and duplicated regions of the genomes to be annotated prior to whole

genome assembly comparisons.

[Supplemental material is available online at www.genome.org.]

Initial analysis of the human genome and other primate genomes
reveals that 4%-6% of each genome is composed of segmental
duplications (Bailey et al. 2001, 2002; Cheung et al. 2003; Chen
et al. 2004; She et al. 2004, 2006; Sainz et al. 2006). We now know
that segmental duplications are hot spots for non-allelic homolo-
gous recombination (NAHR), copy-number variations (CNVs),
and genomic rearrangements, leading to more than two dozen
genomic diseases (Lupski 1998). The organization of human seg-
mental duplications is complex. They are arranged into duplica-
tion blocks of mosaic architecture made up of many independent
duplication events (termed duplicons) that have both shared and
independent evolutionary histories (Jiang et al. 2007). These pat-
terns are difficult to discern based solely on pairwise alignments
and usually require detailed hand curation to delineate the evo-
lutionary breakpoint boundaries.

Current methods used to detect segmental duplications are
based on a self-comparison of the entire genome or based on
comparison of whole genome shotgun sequence data against a
reference genome (Bailey et al. 2001, 2002). These methods have
two notable limitations. First, the existing pipelines are compu-
tationally intensive and are not easily implemented on new ge-
nome assemblies or incomplete data sets. Second, the output of
these available methods provides limited information regarding
the substructure, relationship, or ancestral origin of the segmen-
tal duplications (Jiang et al. 2007). As a result, cross-comparison
between loci or species is limited to a series of pairwise alignments
and is complicated by the difficulty of mapping between incom-
pletely sequenced paralogs.

Taking advantage of the consensus sequence library and an-
cestral state information provided by our previous study (Jiang et
al. 2007), we developed the software DupMasker, which (1) defines
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the orientation of individual duplicons for a given primate ge-
nomic sequence, (2) delineates the fine mosaic substructure for a
given complex duplication block, and (3) provides information
regarding the ancestral origin for 70% of human segmental du-
plications.

Results

We developed DupMasker in three basic steps. We first con-
structed a library (duplib) of consensus sequences for duplication
subunits (size =100 bp) (Jiang et al. 2007), which captures 97.2%
of the sequence information within the human set of segmental
duplications (=90% identity and =1 kb in length). Previously, we
decomposed all human 28,856 pairwise alignments into a nonre-
dundant set of 12,087 duplication subunits using a modified “A-
Bruijn” graph algorithm. Of these, the ancestral origin could be
determined for 67.3% by comparison with mammalian outgroup
species. We generated a representative consensus sequence for
each of these duplicons and identified each duplicon by its an-
cestral map location in the human genome, adding biological
definition to the library. We note, however, that the ancestral
location for ~30% of the duplicated base pairs (particularly those
organized as tandem clusters) is currently impossible to resolve
due to gene conversion (a.k.a. concerted evolution) or ambigu-
ous mapping to ancestral mammalian species. In these cases, the
duplications are simply represented as human duplication sub-
unit consensus as opposed to ancestral duplicons.

The next step integrates the duplication library into a modi-
fied version of RepeatMasker, which performs a sequence com-
parison of query sequence and consensus sequences within
duplib. The procedure initially excludes common primate repeat
sequences using RepeatMasker libraries specific for each species.
Seed alignments are then generated based on comparing the re-
maining input sequence to the human duplication library. Next,
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Figure 1. DupMasker defines the substructure of human segmental duplication blocks. Human segmental duplications are organized into complex
duplication blocks where individual duplicons originate from different regions of the genome. We assessed the ability of DupMasker to accurately define
these ancestral duplicons in this context by comparing results from two regions studied previously in detail (Horvath et al. 2000; Jiang et al. 2007). We
schematically display (PARASIGHT: http://eichlerlab.gs.washington.edu/jeff/parasight/index.html) duplicons detected using the A-Bruijn graph ap-
proach (top) versus DupMasker (bottom) for (A), an ~600-kbp region on chromosome 2p11 and (B), an ~700-kbp region on chromosome 5q13.2. The
different duplicons are illustrated as color-coded blocks; different colors correspond to different cytogenetic band locations of the ancestral loci. We
found 33/36 nonredundant duplicons blocks are consistent between these two results. The three mismatched blocks are relatively small in length (length
<1.5 kb, highlighted in red).

duplicons are clustered according to ID and consensus agreement, sequence (>7 kb) is encountered. This length boundary was se-
and edges are extended along the query sequence until either a lected as the upper bound for most retrotransposon L1 inser-
consensus is exhausted or a region of nonrepeat masked tions. The clusters with similar IDs are then grouped, and groups

Table 1. A chromosome comparison of segmental duplications—DupMasker vs. WGAC

DupMasker WGAC Shared Missed Novel

chrl 12242450 9989848 9321899 667570 2920551
chr2 11430232 9565952 9115241 450407 2314991
chr3 4764816 3139917 2740273 399422 2024543
chr4 6770601 4832059 4314690 517205 2455911
chr5 7370643 5792227 5525762 266243 1844881
chré 5250037 3378346 3216118 162082 2033919
chr7 14657505 12899369 12151339 747678 2506166
chr8 4295216 2939651 2567565 371928 1727651
chr9 12095511 11638137 10836617 801185 1258894
chr10 10040693 8786118 8269055 516761 1771638
chr11 6909441 5430990 4950296 480500 1959145
chr12 4257900 2841984 2569490 272330 1688410
chr13 3715651 2927545 2695437 231987 1020214
chr14 3622398 2633208 2352963 280134 1269435
chr15 8423129 7967804 7405538 561831 1017591
chrié 8699010 7748086 7350556 397321 1348454
chr17 7682604 6933336 6585851 347229 1096753
chr18 2288338 1867604 1693866 173664 594472
chr19 7841729 3999874 3657240 342488 4184489
chr20 1891551 1438188 1307929 130170 583622
chr21 2079015 1825709 1709678 115967 369337
chr22 4406162 4028612 3632451 396034 773711
chrX 13035873 10314126 9826474 487299 3209399
chry 13548797 12315095 11560129 754828 1988668
Sum 177319302 145233785 135356457 9872263 41962845
Percentage 0.932 0.068 0.237

We compared the duplication intervals defined by DupMasker against those defined by the WGAC method. This table shows the nonredundant base
pairs between these two methods. Shared indicates bp consistent between these two methods; Missed, positive by WGAC but negative by DupMasker;
and Novel, positive by DupMasker but negative by WGAC. We also performed a DupMaker analysis on build36, and we found there is a slight increase
(2.2%) in the amount of segmental duplications between build36 and build35 (181.3 Mb vs. 177.3 Mb). The software package and example files of
DupMasker can be downloaded at http://www.repeatmasker.org/DupMaskerDownload.html.
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of consensus and bounded query regions are realigned using
WUBLAST2 (Washington University BLAST version 2.0).

The current version of the program uses a human library
consisting of 12,087 duplication subunits and generates two stan-
dard outputs. These outputs include a file containing the duplica-
tion seed information and a second file that contains the informa-
tion of locally chained duplicons, including duplication subunit ID
and orientation in respect to consensus sequence and ancestral
locus information.

Based on this design, we constructed a prototype version of
DupMasker and assessed its efficacy by benchmarking it against
previously annotated human segmental duplications mapping to
chromosome 2p11 and 5q13.2 regions (Fig. 1A,B). A comparison
of previously validated duplication structures with those deter-
mined by DupMasker shows very good correspondence (33/36
duplication subunits correctly identified with previous anno-
tated sequences) (Horvath et al. 2000; Jiang et al. 2007). Several
limitations were noted, especially in the treatment of repeats
within or near the boundaries of segmental duplications. For
example, some smaller subunits were
not identified simply due to overlap
with low-complexity repeat sequence.
More importantly, the enrichment of
common repeats at the boundaries of the
duplicons significantly limited our pre-

originally classified using the WGAC method. We termed these
DupMasker-only duplications as “novel” segmental duplications.
Similar to RepeatMasker, DupMasker has the ability to detect smaller
and more divergent duplications (>75% identity with respect to the
consensus and less than 1 kbp in length). The WGAC procedure
operationally defines segmental duplications as pairwise align-
ments 1 kbp or more and 90% or more sequence identity. We
therefore assessed the length and percentage of identity distribu-
tion of these putative “novel” SDs. We found that 91.0% (38.17/
41.96 Mb) of these duplications were less than 1 kb (Fig. 2A).
More than half of these novel intervals are common repeats (21.95/
41.96 Mb) due to the imprecision of boundary definition within
repeat-rich regions. We also performed a modified WGAC analysis
on the 41.96 Mb using a more relaxed threshold (nonrepetitive
sequence alignment size 100 bp or more and BLAST-sequence iden-
tity 75% or more) than that of standard WGAC. This modified
WGAC analysis identified alignments for 31% (13.1/41.96 Mb) of
these “novel” SDs. Among these 13.1 Mb alignments, 97.7%
(12.8/13.1 Mb) represent either small (size < 1 kbp) or relatively

cision in defining the edges of each du-
plicon using the initial prototype. To
eliminate potential repeat-induced arti-
facts, we excluded all duplicons that

Number of intervals

contained <50 bp of nonrepeat se-
quence. Finally, we empirically assessed
differential weighting schemes to im-
prove junction detection. Based on these
modifications, we estimate that ~93.2%
of human input sequence can now be
correctly annotated as segmental dupli-
cation (Table 1).

In order to assess the validity of
DupMasker as a stand-alone program to ac- 700
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curately identify segmental duplications, O< 1kb
we analyzed the entire human genome 600 B> 1kb
(build35) using DupMasker and compared

the consistency between DupMasker re- 500 7

sults versus Whole Genome Assembly B i

Comparison (WGAC) data (Table 1).
Overall, 93.2% of duplications (135.35
Mb/145.23 Mb) are consistent (shared)
between these two methods. A relatively
small fraction (6.9% or 9.87 Mb) was
identified by WGAC but not detected by
DupMasker as a segmental duplication.
Sequence analysis of these “missed” du-
plications showed that the majority
(8.99 Mb/9.87 Mb =91.1% by base pair
composition) corresponded to common
repeat sequences. Such losses are ex-
pected for segmental duplications en-
riched in common repeats due to the ini-
tial triage design of DupMasker, which
excludes repeat regions.

In contrast, DupMasker predicted
41.96 Mb of duplications that were not
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Figure 2. The size and sequence identity distribution of “novel” duplications. (A) The length distri-
bution of DupMasker duplications not detected by WGAC (termed “novel” SDs) reveals that the
majority (99% by number of intervals, 91% by base pair) of these intervals are small fragments (size <1
kb). (B) We found 52.3% (21.9 Mb) of these small intervals are common repeats due to imprecision of
boundary definition within repeat-rich regions. We performed a modified WGAC analysis using a
relaxed threshold (require nonrepeat alignment =100 bp and sequence identity =75%) on these
“novel” SDs. The analysis revealed alignments for 31% (13.1/41.96 Mb) of these “novel” SDs. Among
the 13.1-Mb alignments, 97.7% (12.8/13.1 Mb) represent either small (size <1 kbp) or relatively
ancient duplications (sequence identity <90%).
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ancient duplications (sequence identity < 90%) (Fig. 2B; Supple-
mental Table 1).

We tested three different applications of DupMasker: the
analysis of regions flanking genomic disorders, the analysis of se-
quence from regions of structural variation, and a genome-wide
analysis of a nonhuman primate genome assembly. Results from
these various applications illustrate the utility of this software tool.

Analysis of regions associated with genomic disorders

Duplication-rich regions of the human genome are hotspots of
NAHR, leading to many human diseases, known as genomic dis-
orders (Lupski 1998; Sharp et al. 2005, 2006, 2008; Mefford et al.
2007). Delineating the duplication architecture of those regions
and their underlying LCRs (low copy repeats) or duplicons is
important for understanding not only the evolutionary origin
but likely sequences that promote non-allelic homologous re-
combination. DupMasker allows the duplication architecture
flanking these regions to be decoded and provides information
regarding the divergence and orientation of each individual frag-
ment. Figure 3 is a schematic showing the architecture, as pre-
dicted by DupMasker, one of the most unstable regions of the
human genome associated with Prader-Willi syndrome, and a
recently described mental retardation syndrome (Sharp et al.
2008). DupMasker identifies candidate duplicons of high-
sequence identity and proper orientation (color-coded boxes).
The duplication architecture corresponds to breakpoints defined
by arrayCGH experimental results (highlighted by dashed lines in

Fig. 3). These results highlight the utility of DupMasker to predict
regions of potential instability associated with NAHR-mediated
microdeletion syndromes.

Analysis of sequenced clones

Another application for DupMasker is to annotate the duplication
composition of sequenced clones, such as fosmid or BAC clones.
This can be used to readily exclude certain regions for PCR or
oligonucleotide design based on the underlying copy-number
and sequence identity of the duplications. Moreover, regions of
copy-number variation are particularly enriched in segmental
duplications (Sharp et al. 2005; Redon et al. 2006), and annotated
duplication maps of two sequences can be used to reconstruct the
series of rearrangements that have occurred between any two
human haplotypes. Since many of the segmental duplications are
shared between humans and other nonhuman primate species,
this is particularly valuable when characterizing nonhuman pri-
mate sequences that appear rearranged compared with the hu-
man genome. Figure 4 shows examples of structural variation
between human haplotypes and between species that can be
characterized using DupMasker. Figure 4A reveals a large deletion
in human individual (ABC9) mediated by an NAHR between
flanking duplicons, while Figure 4B depicts a lineage-specific seg-
mental duplication insertion event in chimpanzee compared
with the corresponding human sequence. We predict that Dup-
Masker will be particularly valuable in annotating the break-
points of CNVs and speciation chromosomes, which are signifi-
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Figure 3. Duplication architecture flanking genomic disorders. This figure shows the duplication architecture defined by DupMasker for one of the
most unstable regions of the human genome (15q11-15q13). (A) Blue lines delineate intrachromosomal duplications of high-sequence identity (size
=10 kb and sequence identity =95%) within this region (WGAC) and identify four breakpoint regions associated with Prader-Willi/Angelman Syndrome
and the 15q13.3 deletion syndrome. (B) The duplication substructures defined by DupMasker are depicted as color-coded boxes with different colors
representing different cytogenetic band locations of duplicons. (C) ArrayCGH data from one patient with Prader-Willi syndrome (bottom) and two
patients with chr15q13.3 deletion (Sharp et al. 2008) indicate the patients’ deletion breakpoints overlap with the duplicons defined by DupMasker. The

locations of the breakpoint intervals are highlighted by red dashed lines
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Figure 4. Genomic comparisons by DupMasker. DupMasker facilitates the characterization of duplication-mediated genomic rearrangements. (A)
Miropeats (Parsons 1995) comparison between human reference genome (build35, top) against a fosmid clone (bottom) from a Japanese individual
(ABC9) identifies a ~40-kbp deletion. DupMasker on this region identified a pair of tandem duplications (dark green) flanking the internal duplicon (light
green), which was likely deleted by NAHR in this Japanese individual. The deletion removes part of the intron of the LATST gene. (B) A similar comparison
between sequences from a chimpanzee BAC clone (AC097264.4) and its orthologous locus on human chromosome 17 predicts a large (~80 kbp)
chimpanzee-specific insertion. DupMasker analysis suggests that the insertion is the result of a duplicative transposition event composed of segmental
duplications that originated from human-chimpanzee ancestral chromosome 16.

cantly enriched for segmental duplications (Armengol et al.
2003; Bailey et al. 2004).

Analysis of nonhuman primate genomes

Since the consensus sequence library is based on human se-
quence, it will be necessary to update the library to include spe-
cies-specific duplications from other nonhuman primate ge-
nomes as they are identified. In this regard, DupMasker greatly
facilitates the identification of lineage-specific duplications. For
example, if we apply DupMasker (human duplib) to a nonhuman
primate genome assembly, we can compare DupMasker regions in
the NHP genome (duplicated in human) against regions pre-
dicted to be duplicated by independent analyses of those ge-
nomes (predicted to be duplicated within the NHP by WGAC/
WSSD). Such analyses will readily distinguish three types of du-
plications: duplications shared between human and the NHP,
duplications specific to human, and duplications specific to the
NHP. Figure 5 illustrates the way different types of duplication
(e.g., lineage-specific or shared duplications) can be identified
through a comparison of different duplication analyses on the
macaque genome (Gibbs et al. 2007) compared with those de-

tected by DupMasker. This comparison of the macaque genome
predicts that 22.3 Mb are shared duplication between macaque
and human, while 122.9 Mb emerged within the human lineage
and only 24.3 Mb emerged within the macaque lineage since
divergence.

Discussion

We have developed an annotation tool that allows the complex
duplication structure of regions to be deciphered and compared
without the need for initiating a genome-wide self-comparison.
The annotation provides insight into the origin, degree of se-
quence identity, and orientation of duplicons embedded within
sequence. Since many segmental duplications recurrently dupli-
cate (Johnson et al. 2006) or have been shared among species
closely related to human, the distribution of this tool will en-
hance the sequence and assembly of complex regions of great ape
genomes by allowing annotators within the sequence centers to
distinguish unique from duplicated regions. “DupMasking” of
BACs will flag potential regions of new insertion that can then be
further characterized. Similar to RepeatMasker, distribution of this
tool will have other more pragmatic uses to genetics and genome
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mon mechanism leading to copy-
number variation (Kidd et al. 2008), we
predict that DupMasker will aid in char-
acterizing the duplication architecture
of these regions as more copy-number
variant regions become sequenced (Fig. 4).

Methods

Duplication library

We developed a library of consensus se-
quences (duplib) based on the WGAC
human segmental duplication data set.
The initial data set consisted of 28,856
pairwise alignments (sequence identity

chr9 MMU specific duplication

58380000

58385000 s8390000] 58385000

Figure 5. Assigning lineage-specific and shared duplications in primates. We applied DupMasker
(standard default settings) to the macaque genome (RheMac2) and readily identified shared and
lineage-specific duplications by comparing the results with duplication maps of the Rhesus Macaque

B538 WGAC  (+)
I /SSD  (+)
D MMU DeptcVG

=90% and size =1 kb) defined by the
WGAC method (build35) (Bailey et al.
2001). We applied a modified A-Bruijn
graph approach (Pevzner et al. 2004;
Jiang et al. 2007) to convert pairwise
alignments into nonredundant duplica-
tion subunits (n =12,087, size = 100
bp), as described previously. A set of
consensus sequences was generated for
each duplication by identifying the ma-
jority-rule nucleotide within each mul-
tiple sequence alignment. The available
ancestral state information (102.4 Mb/
67.2% of all duplications) for duplica-
tion subunits was defined by a reciprocal
best-hit between human and outgroup
mammalian genomes (Jiang et al. 2007).

DupMasker (-}

Genome (Gibbs et al. 2007). We found that 84% (121.0/143.3 Mb) of duplications in the human

genome are human-lineage specific. There are 22.3 Mb of duplications shared between human and

DupMasker design

macaque, and 24.3% (24.3/46.4 Mb) of duplications defined in the macaque genome that are ma-

caque-lineage specific.

research, ranging from enhancing oligonucleotide PCR design to
improving genotyping assays. Many commercial/customized
platforms for SNP genotyping wish to avoid highly duplicated
regions of the genome. Our tool not only allows such regions to
be identified but also provides information on the copy number
of each segment within the reference genome assembly (Supple-
mental Table 2).

Further enhancements will entail the modification of the
duplication library specifically for each nonhuman primate spe-
cies. We anticipate the discovery of a significant number of lin-
eage-specific duplications (and deletions) in different primate ge-
nomes (Cheng et al. 2005). As these regions are discovered, the
human duplication library will be modified accordingly to in-
clude chimpanzee-specific and macaque-specific duplications.
The annotation of BAC sequences will be particularly useful in
this regard since we recognize that lineage-specific duplications
will occur nonrandomly in the genome (i.e., in the vicinity of
shared duplication blocks). Thus, as BAC insert sequences are
annotated using WSSD (Bailey et al. 2002) and DupMasker, new
regions of duplication will be identified. These sequences can be
extracted and added to the species-specific duplib as part of the
reiterative process of modifying the human duplib. Ultimately, a
duplication library specific for each of the primates will emerge.

In addition, we now know that duplication regions are
hotspots for extensive copy-number and structural variation.
Considering that duplication-mediated NAHR is the most com-

The program initially screens input se-

quences for all common interspersed re-

peats using standard RepeatMasker set-
tings (primate library). Repeat-masked base pairs are replaced
with Ns, and seed alignments are identified between duplib and
the masked test sequence using WUBLAST2 (minimal BLAST
score = 300). These seed alignments are stored as part of the
*.dupout file. We extend seed alignments by combining local
fragments. Local collinear seeds (adjacent seeds from the same
duplicon, in the same orientation, and within a default gap
length of =7 kbp) are first chained. Next, the chained query
sequence is realigned against the unmasked consensus sequence
in the library. The realignment results are stored as part of the
*.duplicons output file. The program uses a simple UNIX com-
mand line format: segdupmask [-options] [input DNA sequence
file]. There are four basic options: (1) -maxDiv restricts the maxi-
mal divergence (sequence identity) between the seeds and the
consensus sequence; (2) -maxWidth restricts the maximum non-
repetitive/nonseed realign gaps (default is 7 kb) for chaining; (3)
—forceSearch forces the program to perform all steps despite the
presence of previous result files (by default the program will se-
lect previous *.dupout and *.out for a given input sequence,
omitting the first two steps of the procedure); and (4) -align
option generates alignments as part of the standard output. The
input file for DupMasker is a single text file containing the DNA
sequence in FASTA format. After the execution, DupMasker cre-
ates two standard output files: (1) a text file containing informa-
tion of all seed alignments (*dupout) and (2) a text file contain-
ing information of all chained duplicons (*duplicons) with an-
cestral state information.
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