
Genome Assembly, Rearrangement, and Repeats

Haixu Tang†

School of Informatics, Center for Genomics and Bioinformatics, Indiana University, Bloomington, Indiana 47408

Received November 2, 2006

Contents
1. Introduction 3391
2. Classification of Repeats in Eukaryotic Genomes 3392

2.1. Tandem Repeats versus Interspersed
Repeats

3393

2.2. Transposable Elements 3393
2.3. Segmental Duplications 3394
2.4. Repeat Content in Eukaryotic Genomes 3395

3. Computational Methods To Identify Repeats in
Genomic Sequences

3395

3.1. Tandem Repeat Finders 3395
3.2. Repbase Update and RepeatMasker 3396
3.3. Other Similarity-Based Repeat Finders 3396
3.4. De Novo Repeat Classification by Whole

Genome Sequence Analysis
3396

3.5. Identification of Segmental Duplications 3396
3.6. Domains in TE-Derived Repeats 3397

4. Repeats and Genome Fragment Assembly 3397
4.1. Repeat-Induced Genome Misassembly 3397
4.2. Repeat Resolution in Whole Genome

Shotgun Sequencing
3398

4.2.1. Repeat Masking 3398
4.2.2. The Repeat Graph and Eulerian Path

Approach
3399

4.2.3. Repeat Resolution with Double-Barreled
Data

3400

4.2.4. Identification and Separation of Collapsed
Repeats in Assembled Genomes

3400

5. Genome Rearrangement 3400
5.1. Classification of Genome Rearrangement 3400
5.2. Homologous Blocks and Breakpoints 3401
5.3. Computational Methods for Genome

Rearrangement Analysis
3401

5.4. Fragile versus Random Breakage Model 3402
5.5. Genome Rearrangement and Repeats 3402

6. Conclusion 3402
7. Acknowledgment 3402
8. References 3402

1. Introduction

Genomes evolve at different scales. At a small scale, a
single nucleotide may be substituted, deleted, or inserted at

a specific position in the genome. At the chromosomal scale,
segments of genetic material may be acquired, removed,
duplicated, and/or rearranged due to various mechanisms.

Eukaryotic genomes are usually much larger than prokary-
otic genomes, and often carry manyrepeats, that is, DNA
sequences appearing multiple times as similar copies in the
genome. A typical example is the human genome, in which
repeats constitute more than half of the whole genome.
Genome rearrangements, which alter the chromosomal
architecture during evolution, can be observed when compar-
ing the order of genetic markers (e.g., genes) in two genomes
sharing a common ancestor. Each genome rearrangement
event disrupts homologous segments in two genomes, and
createsbreakpointsbetween them. Evidently, repeats are
frequently observed around the breakpoint regions and, thus,
are hypothesized to be one of the driving forces of genome
rearrangement.

The richness of repeats in eukaryotes poses a great
challenge for fragment assembly when sequencing these
genomes. Although a few strategies were proposed to address
this issue, several kinds of misassemblies may still exist even
in the published, but not yet completely finished, genome
sequences, especially for the ones sequenced using the whole
genome shotgun (WGS) approach. Some repeats may be
missed and left as gaps. Some repeats may be collapsed,
resulting in a smaller number of copies and inaccurate
sequence for each copy. Finally, assemblers may be confused
by
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repeats and misjoin nonadjacent genomic fragments together.
Therefore, the identification of repeats and genome rear-
rangements should be conducted with caution.

The recent availability of whole genome sequences from
many eukaryotes has set up a playground for the compre-
hensivein silico analysis of both types of genomic variations
across different species.2 According to the statistics from
National Center for Biotechnology Information (NCBI, http://
www.ncbi.nlm.nih.gov/genomes/leuks.cgi), there have been
more than 300 ongoing or complete eukaryotic genome
sequencing projects, including 21 complete genomes, 112
assembled genomes, and 181 genomes in progress. Table 1
lists the published eukaryotic genome sequences up to date.
These organisms (17 fungal, 9 protists, 3 plants, and 14
animals, including 2 nematodes, 3 insects, 1 urochordate, 2
fishes, 1 bird, and 5 mammals) represent a broad range of
evolutionary diversity, even though the strategy for selecting
representative species that optimally balance the cost and
their medical, agricultural, and evolutionary importance is
not obvious.3 To respond to the challenge of analyzing these
massive genome sequence data, a new discipline named
comparatiVe genomicsemerges, in which computational

approaches have been adopted to study the function and the
evolutionary processes acting on genomes. Many computa-
tional methods have been proposed and applied to the whole
genome data in an attempt to characterize evolutionary
difference between closely, as well as distantly, related
genomes. In this review, we will describe the genomic
sequence analysis methods for identifying the genomic
variations at the chromosomal scale, such as transposition,
segmental duplication, and genome rearrangements. We will
also discuss the challenges of eukaryotic genome assembly
caused by frequent genome rearrangements.

2. Classification of Repeats in Eukaryotic
Genomes

As a seemingly obvious implication of the role of DNA
as the genetic material, the genome size (i.e., the total genetic
content) should be positively correlated to the complexity
of the organism. Many counterexamples, however, were
found in a broad-scale survey of animal genome size.44 For
example, the human genome is 200 times larger than the
genome of yeastSaccharomyces cereVisae, but 200 times

Table 1. Published Eukaryotic Genomes as of October, 2006a

group species common name size (Mbp)
approximate

gene no.

Fungus Aspergillus fumigatus4 Filamentous fungus 29.4 10000
Fungus Candida glabrata5 Hemiascomycete yeast 12.4 6000
Fungus Cryptococcus neoformans6 Basidiomycetous yeast 20 6500
Fungus Candida albicans7 fungal pathogen 12 7500
Fungus Cryptosporidium hominis8 Intracellular parasite 9.2 4000
Fungus Cryptosporidium parVum9 Intracellular parasite 9.1 3800
Fungus Debaryomyces hansenii5 Debaryomyces yeast 12 6000
Fungus Encephalitozoon cuniculi10 Intracellular parasite 2.9 2000
Fungus Ashbya gossypii11 Filamentous ascomycete 9.2 4700
Fungus KluyVeromyces waltii12 - 10.9 5230
Fungus KluyVeromyces lactis5 - 10.7 6000
Fungus Magnaporthe grisea13 Rice blast fungus 38.8 11000
Fungus Neurospora crassa14 Filamentous fungi 40 10000
Fungus Phanerochaete chrysosporium15 Lignocellulose degrading fungus 30 11700
Fungus Saccharomyces cereVisiae16 Budding yeast 12 6000
Fungus Schizosaccharomyces pombe17 Fission yeast 13.8 4800
Fungus Yarrowia lipolytica5 - 20.5 6000
Protist Cyanidioschyzon merolae18 Red alga 16 5331
Protist Entamoeba histolytica19 Intracellular parasite 23.8 10000
Protist Dictyostelium discoideum20 Social amoeba 33.8 12500
Protist Leishmania major21 Kinetoplastid parasite 5.4 8300
Protist Plasmodium falciparum22 Malaria parasite 23 5300
Protist Thalassiosira pseudonana23 Diatom 34 11000
Protist Theileria parVa24 Intracellular parasite 8.3 4035
Protist Trypanosoma brucei25 African trypanosome 26 9068
Protist Trypanosoma cruzi26 African trypanosome 26 9068
Roundworm Caenorhabditis elegans27 Nematode worm 97 19000
Roundworm Caenorhabditis briggsae28 Nematode worm 104 19500
Insect Drosophila melanogaster29 Fruit fly 137 14000
Insect Bombyx mori30 Silkworm 429 18510
Insect Anopheles gambiae31 Mosquito 278 14000
Urochordate Ciona intestinalis32 Sea squirt 160 16000
Fish Takifugu rubripes33 Fugu fish 365 26700
Fish Tetraodon nigroViridis34 Puffer fish 342 28000
Bird Gallus gallus35 Chicken 1200 20000
Mammal Canis familiariz36 Dog 2400 19300
Mammal Homo sapiens37 Human 2900 30000
Mammal Mus musculus38 Mouse 2500 30000
Mammal Pan troglodytes39 Chimpanzee 3100 30000
Mammal Rattus norVegicus40 Rat 2750 28000
Plant Arabidopsis thaliana41 Mustard weed 120 25000
Plant Oryza satiVa42 Rice 466 37500
Plant Populus trichocarpa43 Black Cottonwood 550 45000

a Sequenced euchromatin is used to estimate the genome size in these genomes. Gene numbers are estimated based on the current annotation.
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smaller than the genome of a small creature,Amoeba dubia.45

This confusion, known as the C-value paradox,46 is now fully
resolved by the observation that the majority of each
eukaryotic genomes is composed of non-coding sequences,
including a large quantity of repetitive sequences. For
example, only less than 5% of human genome is coding
sequence, whereas repeats constitute more than 50% of
the genome!37 Some eukaryotic organisms possess special
genome defense mechanisms that can prevent segmental
duplications. In the fungi genomes, the mechanism called
repeat-induced point mutation (RIP) can efficiently detect,
mutate, and thus eliminate the repeated segments in the
genome.47 As a result, the repeat content in a eukaryotic
genome also depends on the efficiency of the defensive
mechanisms. For example, the analysis of theNeurospora
crassagenome sequence shows an unusually low abundance
of highly similar segments, which may be a result of its
efficient genome defensive mechanism as RIP.14

2.1. Tandem Repeats versus Interspersed
Repeats

According to their origin, repeats generally fall into five
classes:37 (1) microsatellites, that is, tandem repeats with short
repeating units (2-5 bases in length), such as (A)n, (TA)n,
or (CGC)n; (2) minisatellites, that is, tandem repeats with
long repeating units (10-100 base in length); (3) repeats
derived from transposable elements; (4) low copy repeats
derived from segmental duplications; and (5) processed
pseudogenes, that is, retroposed copies of transcribed coding
genes. Unlike the first two classes of tandem repeats, the
copies of the remaining three classes of repeats can be present
at different locations across a whole eukaryotic genome and,
thus, are often calledinterspersed repeats. Tandem repeats
are, in general, underrepresented in even complete genome
sequence because of their high polymorphisms. In the rest
of this paper, we will focus on two major classes of repeats
in eukaryotic genomes, those derived from transposable
elements and those derived from segmental duplications.

2.2. Transposable Elements
Transposable elements (TEs), also calledtransposonsor

mobile genetic elements, are known to be the cause of most
repeats in the human genome.48 As a conservative estimation,
45% of the human genome has been recognized to belong
to this class. These TE-derived repeats fall into three
categories (Figure 1): (1) long terminal repeat (LTR)
retrotransposons, also called retrovirus-like elements; (2) non-
LTR retrotransposons, including long interspersed nuclear
elements (LINEs) and short interspersed nuclear elements
(SINEs); and (3) DNA transposons. The first two types of
repeats are sometimes also called Class I (RNA-mediated)
elements, where the third type is called Class II (DNA-
mediated) elements.49 Each class of repeats consists of both
autonomousand non-autonomouselements. Autonomous
elements are intact elements so that they encode the full set
of proteins (enzymes) that are sufficient to move themselves.
On the other hand, non-autonomous elements contain only
partial sequence of an intact element, thus, rely on another
active intact element of the same type to move them.

Similar to endogenous retroviruses (ENVs), LTR retro-
transposons consist of a few overlapping open reading frames
(ORFs) encoding proteins including group-specific antigen
(gag), protease (prt), and polymerase (pol). The expression
of these genes is ensured by promoter activities within the
two long terminal repeats (LTRs, 100-400 bases in length)
flanking the intact element. The pol protein contains domains
such as retrotranscriptase (RT) and integrase (IN), and can
retrotranspose the element into the genome in a “copy-and-
paste” fashion. Some LTR retroelements contain an envelope-
like gene, which implies that they may originate from the
common ancestor as ENVs. LINEs (non-LTR retrotrans-
posons) usually contain two non-overlapping ORFs, encoding
protein domains with RT and endonuclease (EN) activities.
A short 5′ UTR in front of the first ORF shows promoter
activity and ensures the expression of these genes. SINEs
are short (100-400 bases in length) and do not encode
proteins; thus, they can only be moved by other active LINE

Figure 1. Classification of TE-derived repeats in eukaryotic genomes based on their transposition/duplication mechanisms.
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elements. The most common SINE element in the human
genome, the Alu element, contains two GC-rich monomers
(L- and R-), and ends with a poly-A tail. DNA transposons
are flanked by two short terminal inverted repeats (TIRs,
2-10 bases in length) and contain a long ORF encoding
protein domains with DNA binding and transposase (TR)
activities. DNA transposons can be transposed in different
modes, even though their duplications all occur during DNA
replication.50 Most eukaryotic DNA transposons follow the
classical “cut-and-paste” mechanism, in which the element
is cleaved and transferred to a new location by the TR. Some
eukaryotic elements are transposed by a rolling circle (RC)
mechanism, similar to the ones first discovered in prokary-
otes.51 Many non-autonomous DNA transposons are derived
from the intact elements by internal deletions. For instance,
Miniature Inverted Repeat Transposable elements (MITEs)
are a collection of short (100-500 bp in length) non-
autonomous DNA transposons without encoding a TR gene.52

TEs are generally assumed to be originated from various
bacterial elements. In a recently proposed probable evolu-
tionary scenario, DNA transposons and non-LTR retro-
tranposons may be derived from bacterial transposons and
retroelements (e.g., group II introns),53,54respectively, whereas
the LTR retrotransposons may be derived from the fusion
of these two types of elements.55

2.3. Segmental Duplications

Although a majority of interspersed repeats in eukaryotic
genomes are derived from transposable elements, many other
repeats are derived from a different mechanism. Segmental
duplications, sometimes referred to as low copy repeats
(LCRs), are typically long (>1 kb), similar copies of a
fragment of genomic sequence that are present in at least
two locations in the genome. Segmental duplications origi-
nate from the duplicative transpositions of a piece of
chromosomal DNA. Interestingly, these duplicated segments
have no known distinguishable sequence features from the

rest of the genome.56,57 Therefore, to date, the molecular
mechanism of segmental duplication is not fully understood,
although it is often speculated that it may be related to
mistakes in DNA replication. Many of the duplicated
segments in mammalian genome are highly similar (with
>90% sequence identity) and, thus, are often referred to as
recent duplications. It is estimated that about 5% of the
human genome is composed of recent segmental duplications
that occurred in the last 35 millions years,37,58 as compared
to only 2.9% and 1.2% of rat and mouse (Table 2).59,60 The
distribution of these duplicated segments in mammalian
genome is highly nonuniform, with some regions (e.g., Y
chromosome, telomeres, centromeres, etc.) containing more
duplications than others.57,59-61

Segmental duplications represent an important feature of
mammalian evolution. On the one hand, highly homologous
sequences may cause misalignment during meiosis and, thus,
facilitate large-scale chromosomal rearrangements, such as
pericentric inversions and segmental deletions. On the other
hand, numerous paralogous genes in mammals are created
through segmental duplications, especially those recombined
mosaic genes resulted from joining promoter regions and
exons of different ancestor genes. Many of them have
developed new biological functions.62,63Segmental duplica-
tion regions have also shown high genic variations in human
population, among which more and more have been linked
to substantial phenotypic variations, in particular, common
diseases.64

Because of the nonuniformity of the targets of segmental
duplications, a duplicated segment may be inserted into
another previously duplicated segment. An attractive hy-
pothesis regarding the evolutionary history of these segmental
duplications is that they emerge through a two-step process,
involving the initial duplicative transposition of specific
segments to focal regions within the genome followed by
the duplication of multiple units in concert among these
collector regions.57,61,65In this scenario, the segment at the
original location, called theancestral duplication unitor

Table 2. Repeat Content in Eukaryotic Genomesa

TR-derived repeats (fraction of genome %)

species
sequencing

method LINE SINE
DNA

transposon
LTR

retrotransposon
segmental duplications

(fraction %)

C. elegans hierarchical 0.3 0.1 5.3 <0.1 ?
C. briggsae WGS 22.4b

D. discoideum69 hierarchical 4.6 1.4 4.4 ?
Fruit fly70 Hybrid 0.5 0.3 1.5 2.6 ?
Silkworm WGS 6.7 1.4 1.7 11.1 ?
Mosquito WGS 0.2 3.5 1.1 11.2 ?
Fugu fish WGS 1.2 <0.1 0.5 0.8 ?
Puffer fish WGS <0.1 0 <0.1 <0.1 ?
Chicken WGS 6.5 <0.1 0.8 1.3 ∼2.8
Dog WGS 5.4 6.7 0.13 0.17 ∼0.6
Human hierarchical 20.4 13.1 2.8 8.3 3.2
Mouse WGS 19.2 8.2 0.9 9.9 1.2
Rat Hybrid 23.1 7.1 0.8 9.0 2.9
Chimpanzee WGS 23.1 7.0 0.8 9.0 2.5
Mustard weed hierarchical 0.5 0.5 5.1 4.8 58d

Ricec WGS 1.19 0.09 2.8 9.3 ?
Ricec hierarchical 1.12 0.06 13.0 18.1 60d

a Estimates are based on the original reports of the respective genomes (see Table 1 for references) unless noted otherwise. Analysis of segmental
duplications is unavailable for lower eukaryotic species.b This number is estimated from ade noVo repeat finding analysis by RECON (see section
3 for details) and, thus, accounts for all kinds of interspersed repeats, including segmental duplications.c Two different rice strains were sequenced
simultaneously: one used the whole genome shotgun (WGS) strategy,42 and the other used a map-based hierarchical sequencing approach.71 The
data from both reports were presented here for the comparison.d Plant genomes often consist of plenty of medium-age segmental duplications.
Therefore, these duplicated segments are defined by pairwise alignments longer than 1000 bp with at least 50% identity. The results for the vertebrate
genomes will not change if applying this criteria.
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duplicon,57 jumps to various chromosomal locations and
brings the flanking chromosomal materials over, resulting
in repetitive copies in the genome. The identification of all
ancestral duplication units was formulated as an open
problem by Eichler and colleagues in the 1990s. Since then,
ancestral duplication units for some human loci have been
systematically identified by combining different sources of
evidence, including the comparative study of the DNA
sequences in the duplicated regions in the same genome (e.g.,
human), and their counterparts in another distant species (e.g.,
mouse), as well as the experimental detection of the presence
or absence of the duplicated regions in a range of close
species.61 Figure 2 uses an imaginary example to illustrate
the potential complexity of the evolutionary scenario of
segmental duplications. It shows a simple duplication history
of a single duplication unitR. During each duplication, the
unit’s flanking regions (A, B, C, D) may also be brought
together with R to be duplicatively transposed to a different
location in the genome. As a result, not only R, but also A,
B, C, and D appear to be repeats in current genomics
sequence G. And it is not easy to delimit the boundaries
between these duplication units.

2.4. Repeat Content in Eukaryotic Genomes
The high similarity between recently duplicated segments

poses great challenges to genome assembly (see section 4
for details). Consequently, segmental duplications may be
artificially underrepresented in shotgun assembled genomes.
It has been shown that long (>15 kb) and nearly identical
(>97%) repeats cannot be adequately resolved by whole
genome shotgun (WGS) assembly, and the resulting genome
size may be significantly reduced.66 When analyzing the
repeat content of eukaryotic genomes, it should be taken into
consideration how this genome was sequenced and as-
sembled, especially when comparing the content of recent
segmental duplications in multiple genomes.

Table 2 summarizes the repeat content through a rapid
homologue-based computational screening in the assembled
genome sequences (see section 3 for details of the methods).
We note that these estimations present a low bound of repeat
content in these genomes. The accuracy of these estimations
depends on various factors, for example, the coverage of
complete genomic sequence, the approach used for genome
sequencing (hierarchical or WGS, see section 4), and the
structural details that have been known for the repeat families

in a specific genome. Novel repeat families, for example,
transposons, are continuously reported in various genomes.67

Although TEs exist universally in all eukaryotic genomes,
their densities are very different from one genome to another.
Generally, large genomes (e.g., mammalian genomes) contain
more TE-derived repeats than smaller ones, indicating a
significant contribution of TEs’ activities to the expansion
of these genomes. Furthermore, the distribution of different
classes of TE-derived repeats may be very different across
genomes. For examples, non-LTR retrotransposons derive a
majority of repeats (LINEs and SINEs) in higher animals,
whereas the repeats in plants are mainly derived from LTR
retrotransposons and DNA transposons; SINEs are present
in high density in all mammalian genomes but are very rare
in the chicken genome; the dog genome has the least portion
of TE-derived repeats among all sequenced mammalian
genomes, but these elements consist of a large number of
polymorphic sites (e.g., 8% among 87 000 young SINE
elements).36 Recent segmental duplications are sometimes
difficult to place within whole genome shotgun assemblies,
and special attention should be paid when drawing conclu-
sions from these analyses.68 For instance, in the chicken
genome, a self-genome comparison reveals that 11% (∼123
Mb) of the genome sequence in pairwise alignment is longer
than 1 kb with higher than 90% sequence identity. In an
independent test, however, only 26% (32.3 out of 123 Mb)
of them were confirmed.35

3. Computational Methods To Identify Repeats in
Genomic Sequences

3.1. Tandem Repeat Finders

A number of programs can be used to find tandem repeats.
Some of them, like REPuter,72 can be used to identify both
tandem and interspersed repeats, and will be discussed in
the following sections. The other programs are designed to
identify tandem repeats only. Tandem Repeats Finder
(TRF),73 STRING,74 and Mreps75 adopt anab initio approach
and report all types of tandem repeats within the input
genome, although their definitions of a tandem repeat are
slightly different. These programs are rapid enough for whole
genome sequence analysis and allow a user-defined “fuzzi-
ness” (mismatches or gaps) among the tandem copies of
repeating units. TROLL,76 designed mainly for identifying

Figure 2. An imaginary example of complex segmental duplications. Three consecutive duplications of one ancestral duplication unit R.
In the second duplication, R is duplicated together with its flanking segments A and B. In the third duplication, R is duplicated together
with its flanking segments C and D. In the resulting genome G, in addition to the four copies of repeat R, there are also two copies of
repeats A, B, C, and D that form the complicated mosaic structure.
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microsatellites, adopts a similarity-based strategy, which
limits the search to an appropriate dictionary of repeating
units.

3.2. Repbase Update and RepeatMasker

Similar to the programs for tandem repeat finding, the
programs for identifying interspersed repeats adopt two
different approaches: similarity searching andab initio repeat
finding. The similarity searching approach is commonly used
in eukaryotic genome annotation, which requires a library
of repeat sequences, and a fast sequence comparison
program. Repbase Update (RU, http://www.girinst.org/rep-
base/update/index.html)77 is a well-maintained eukaryotic
repeat (mainly TE-derived repeat) sequence database, de-
veloped since 1990. RU represents large repeat families/
subfamilies by their consensus sequences and represents
small repeat families by sequence examples. It contains many
TE consensus sequences that are not deposited anywhere else.
RU is used in many genome sequencing projects for masking
repeats prior to fragment assembly (see section 4.1.1 for
details), and for repeat annotation in complete genomes.
RepeatMasker (http://www.repeatmasker.org/) is a typically
used software tool for screening interspersed repeats (as well
as low-complexity regions) in genomic sequences from a
library such as RU. Other programs with similar functions
include CENSOR78 and MaskerAid.79

3.3. Other Similarity-Based Repeat Finders

Although RepeatMasker is popular in repeat annotation,
its sensitivity relies on good representative sequences in the
repeat library, since its screening is based on the comparison
of DNA sequences. Precise repeat annotation requires more
sensitive repeat finders, using the sequence comparison of
protein domains that are encoded in TE-derived repeats. It
has been shown that tblastx,80 a program in BLAST family
that compares two DNA sequences by comparing their six-
frame translations, can identify many more TE families than
RepeatMasker in theDrosophila melanogasterandAnoph-
eles gambiaegenomes.81 Additional information, for ex-
ample, the difference in base composition between TEs and
the rest of the genome, can be incorporated in the repeat
searching to further increase the sensitivity. TE-HMM used
Hidden Markov Models (HMM) to represent TE families,
accounting for the word frequency and the heterogeneity
between coding and non-coding parts within TE sequences.82

Recently, a computational pipeline that combines several
similarity-based repeat annotation programs was developed.70

This combined evidence approach has been shown to be able
to identify more repeat elements than any single program,
which implies that these methods may be complementary in
repeat finding.

Considering the high similarity between two flanking long
terminal repeats of LTR retrotransposons, programs are
specifically designed to identify this class of repeats.
LTR_STRUC is a program that searches for structural
features of LTR elements to automatically identify these
elements in genome sequences.83 Its applications in insect,84

animal,85 and plant86 genome annotation demonstrate its
advantages over the other established similarity-based meth-
ods when there is low sequence homology between the
known and query elements. Along the same lines, a recent
algorithmic improvement has facilitated fast and accurate
LTR element screening in whole mammalian genomes.87

3.4. De Novo Repeat Classification by Whole
Genome Sequence Analysis

Similarity-based repeat annotation programs can identify
repeats only if they are similar to one that has been previously
identified and deposited in the library. Therefore, many novel
repeat families may escape current similarity-based genome
annotations and are waiting to be discovered.De noVo repeat
classification aims at identifying repeats from genomic
sequences without relying on any previous knowledge; thus,
it is capable of identifying new repeat elements. The
conventionalde noVo repeat finding methods (e.g., REPuter72

and RepeatFinder) perform a self-alignment of a target DNA
sequence and represent the repeats in a pairwise fashion. It
is not straightforward to classify these pairs of repetitive
DNA segments into repeat families, because some copies
of repeats may exist in a fragmented form, and some others
are located so close that they can be identified together as a
single segment. This issue was first addressed by Volfovsky
et al.,88 and Bao and Eddy89 independently, resulting in two
pioneer programs, RepeatFinder and RECON, which applied
heuristic rules to classify the identified pairs of similar DNA
sequences into repeat families, and then define their bound-
aries. These methods can be modified to a rigorous formula-
tion using graph theory.90 Nevertheless, these programs have
been successfully used to identify novel repeat families, such
as TE in plants.67

A major difficulty when applying RECON-like algorithms
in analyzing large mammalian genomes is that an extremely
large number of segment pairs may be discovered in the
genome self-alignment step, due to very large repeat families
in these genomes. For example, there are about 106 Alu
repeats in the human genome;91 all-against-all pairwise
alignment will result in 1012 pairs of segments to be reported
and analyzed. This issue can be addressed in two different
ways. One method, implemented in the program PILAR,92

utilizes the characteristic patterns of pairwise alignments for
certain classes of repeats to filter redundant segment pairs,
and then cluster them into repeat families. The other method,
implemented in the program RepeatScout,93 completely
avoids the pairwise alignment step; instead, it adopts a much
more efficient method, which progressively extends each
seed (i.e., high-frequency substrings with the same lengthl)
to a longer consensus sequence in a greedy fashion, following
the fit alignment score between the consensus sequence and
the repeat occurrences in the genome. RepeatScout can
reconstruct the consensus sequence for each repeat family
with approximately the same accuracy as RECON, but with
a magnitude faster speed.

An emerging method forde noVo repeat identification that
is different from those described above makes use of the
comparison of closely related genomes. For instance, in the
comparative analysis of human and chimpanzee genomes,
TE insertions specific to one lineage can be identified by
examining the gap regions in their pairwise alignment.94 This
method has recently been systematically tested on four
closely relatedDrosophila genomes.95 Since it studies the
TE-derived repeats in multiple genomes simultaneously, the
history of TE insertions and their relationship with the
evolution of the host genome may be revealed at the same
time.

3.5. Identification of Segmental Duplications
Segmental duplication commonly covers a significant

fraction of higher vertebrate genomes (Table 2). Since
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duplicated segments are usually in low copies in the genome
and do not exhibit sequence characteristic patterns, they
cannot be identified through similarity search. The most
frequently used strategy for detecting segmental duplication
is based on a self-alignment of a whole genome sequence.58

To avoid the large number of alignments from the high-copy
TE-derived repeats, their identification and removal prior to
whole genome alignment is required. A computational
pipeline developed by Eichler and colleagues was used to
analyze higher vertebrate genomes,35,58-60 and many seg-
mental duplications have been identified. Using these results,
Eichler and colleagues discovered some important features
of segmental duplications, such as the relatively large fraction
of duplicated region and the nonuniform distribution of the
segmental duplications. Many novel gene families were also
observed to be overlapping with recent segmental duplica-
tions and, thus, may be created through this mechanism.

The accuracy of the self-alignment-based method to detect
duplicated regions, however, depends on the quality of
genome assembly. It has been shown that, for genomes
assembled using the whole genome shotgun (WGS) ap-
proach, those large and highly identical duplications are often
collapsed. Consequently, the resulting genome size is
significantly reduced, and many duplicated genes embedded
in these duplications are missed.66 To address this issue, a
different strategy was proposed, which first maps the WGS
reads onto the assembled genome and then detects duplicated
regions and their copy numbers within the genome based
on the read coverage of these regions.96 This strategy can
also be extended to identify segmental duplications in one
genome (e.g., chimpanzee) using another well-assembled
genome as the mapping template.68

The methods described above can detect duplicated
regions, but do not classify them into repeat families. Because
of the interacting duplication units caused by the complex
duplication history (e.g., Figure 2), the existing repeat
classification algorithms (section 3.4) are not applicable to
classify duplicated segments. It is suggested that a mosaic
structure of duplication units can represent well the complex
duplication.65 It involves, however, extensive manual integra-
tion of results from sequence comparison and experimental
verification, to reveal the mosaic structure of segmental
duplications, even for the short human chromosome 22.97 A
repeat graph approach has been recently proposed for
automatically identifying duplication units and revealing their
mosaic structures.90 Interestingly, the repeat graph derived
from the whole genome, in which duplication units are
represented by edges and each duplicated region is repre-
sented a path, can be computed equivalently from sequence
fragments of genome. This observation establishes a con-
nection between the repeat classification and the repeat
resolution in fragment assembly (see section 4 for details).

3.6. Domains in TE-Derived Repeats
Accumulating results indicate that TE-derived repeats may

show a mosaic structure similar to that of segmental
duplications. One cause may be the active recombination
between various transposable elements.98 A graph-theoretical
approach similar to the repeat graph approach has been
applied to sequences of several TE-derived repeat families,
and has revealed novel sharedrepeat domains.99 This implies
that repeat elements may evolve in a way analogous to
proteins, through not only point mutation, but also domain
recombination.

4. Repeats and Genome Fragment Assembly

4.1. Repeat-Induced Genome Misassembly
Sanger’s method,100 used by the current DNA sequencing

machines, can accurately acquire a DNA sequence of about
600-1000 bases. To sequence long DNA molecules, a
shotgun strategy is often adopted.101 The whole procedure
starts from breaking the target DNA molecules into overlap-
ping fragments, which are each processed by a DNA
sequencing machine, and output to a short piece of DNA
sequence (called aread). The reads need to be put together
based on their overlaps to reconstruct the original sequence
of the target DNA, by an automated computer program called
an assembler. This strategy was successfully applied to a
whole bacterial genome for the first time in 1995, leading
to the 1.8 Mbp sequence of the whole genome of the
bacteriumHaemophilus influenzae.102

Fragment assemblers mainly follow the “overlap-layout-
consensus” paradigm.103-109 The overlaps between all pos-
sible pairs of reads are first detected in the overlap step, based
on which of the reads are then aligned together in the layout
step. Finally, the consensus sequence is constructed by taking
the major nucleotide at each aligned position. In theory, it
is not much more difficult to assemble long sequences than
the short ones, as long as a sufficient number of reads are
sequenced. The number ofcontigs (i.e., the group of
overlapping reads) for a given readcoVerage(i.e., the ratio
between the total length of reads and the length of genome)
can be estimated using Lander-Waterman’s probabilistic
model.110 A not-too-high read coverage (e.g., 9-12) seems
sufficient to assemble entire vertebrate genomes.

However, repeats pose a major challenge to fragment
assembly and genome sequencing.111 Since different copies
of repeats are very similar (sometimes identical) to each
other, overlapping reads detected by the assembler may not
be from the overlapping regions, but from two copies of
repeats in the real DNA molecule. Thesepseudo-oVerlaps
may cause two types of mistakes in the assembled se-
quence: base-calling errors and false rearrangements. When
reads in multiple nearly identical repeats are mistakenly
placed in the wrong repeat copy, nucleotides will be
misassigned in the consensus sequence, givingbase-calling
errors.112 And pseudo-overlaps between repeats may create
large-scale rearrangements of DNA segments in the assembly
(Figure 3).

The high repeat content in eukaryotic genome (Table 1)
raises the question of whether the shotgun strategy can be
applied to whole genome sequencing of eukaryotic genomes
(e.g., the human genome), or if it can be efficiently
conducted.113,114Conventional genome sequencing, including
the worldwide Human Genome Project (HGP), adopted a
hierarchicalshotgun strategy.37 It involves the construction
and selection of overlapping large-insert clones called BAC
(Bacterial Artificial Chromosome), each carrying an inserted
human genome fragment (typically 100-200 kb), and the
shotgun sequencing of every clone. Assembling the shotgun
reads from individual clones is a relatively easy task because
the interspersed repeat copies are often split into different
clones and, thus, no longer produce pseudo-overlaps. The
genome assembly is finally obtained by mapping the
sequenced clones to obtain a tiling path.115 Although it
alleviates the challenge for genome assembly, the hierarchical
strategy requires intensive efforts in constructing and select-
ing clones. In contrast, whole genome shotgun (WGS)
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sequencing attempts to assemble the reads directly from the
original large genome without the clone map. It speeds up
the sequencing process but, at the same time, poses great
challenges to the assembler, particularly to place the long
repeats correctly. Since the rice genome has been sequenced
using both the WGS and hierarchical approaches by two
different groups, we compare these two assemblies to show
the impact of sequencing approach on the repeat contents
perceived in the genome assembly.42,71Even though the WGS
rice genome sequencing reported larger set of contig
sequences (466 vs 389 Mbp) and more protein coding genes
(46 022 vs 37 544) than the hierarchical sequencing, the
hierarchical sequencing method reported significantly more
repeats, in particular TE-induced repeats (Table 2). We note
that in WGS assembly, about 42% of shotgun reads were
masked as highly repetitive sequences and disregarded in
the assembly, in which many could be classified as partial
TE-induced repeats.42

4.2. Repeat Resolution in Whole Genome
Shotgun Sequencing

4.2.1. Repeat Masking

A simple yet effective approach to handle repeats in WGS
assembly is not to assemble them. If the reads from the
repeats can be detected and masked from the assembly
process, the remaining reads from unique regions in the
genome can be easily assembled into the contigs (sometimes
called unitigs)106 based on their all-real overlaps. Indeed,
WGS sequenced genomes are assembled following this
principle.42,116,117RepeatMasker, coupled with repeat libraries
Repbase,77 is often used in genome projects to detect and
mask reads from known repeats.42 For those genomes in
which the repeat families have not been well-studied,
statistical methods have to be used. Assuming the reads are
sampled randomly from the genome with a fixed read

Figure 3. Large-scale misassemblies caused by the pseudo-overlaps between reads from the repeats. (a) Two closely located repeat copies
(R) in the correct genomic sequence (top) may be collapsed into one copy in the misassembled genome sequence (bottom); (b) two DNA
segments (B and C) flanked by three repeat copies in the correct genome sequence (top) may switch their order in this misassembled
genome sequence; (c) a DNA segment flanked by two inverted repeat copies (B) in the genome sequence (top) may reverse its orientation
in the misassembled genome sequence.
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coverage (e.g., 8), those reads overlapping with a sufficiently
large number of reads indicate that they may come from a
repeat region. An even simpler method can identify repeti-
tive k-tuples (i.e., words of lengthk) in reads based on
their multiplicity (i.e., the number of reads containing
it).118,119

The assembly of repeat-masked WGS reads generates a
collection of contigs. Most of the gaps that separate these
contigs are unassembled, highly identical repeat regions,
rather than physical gaps with no read coverage. These
contigs can be further grouped together intoscaffolds, that
is, a subset of contigs with determined order and orientation,
based on double-barreled data (Figure 4). Most recently
developed WGS assemblers contain such a scaffolding
step.119-124 Separate scaffolding programs are also imple-
mented.125

4.2.2. The Repeat Graph and Eulerian Path Approach
Although repeat masking is useful in WGS assembly, not

all repeats can be easily detected and masked. In par-
ticular, low copy repeats derived from segmental duplica-
tions are often undetectable because there is no clear
sequence characteristic in these regions. As a result, collapsed
repeat copies have been observed in WGS assembled
genomes.66

A different approach to fragment assembly, the Eulerian
path approach, attempts to represent repeats in a repeat graph
rather than masking them. In graph theory, an Eulerian path

is defined as a path that visits each edge in the graph once
and only once. A graph in which an Eulerian exists is called
an Eulerian graph. The greedy algorithm solution of the
Eulerian path problem was first introduced by Leonhard
Euler when solving the famous Seven Bridge in Konigsberg
problem in 1736. The repeat graph is defined as an Eulerian
graph representing each repeat in the genome that is longer
than a predefined minimum length as an edge, and the
genome as one of the Eulerian paths (Figure 5). Intuitively,
if the genome sequence is given, the repeat graph can be
constructed simply by first representing the genome as a
linear line and then gluing together all similar repetitive
regions. Importantly, it was shown that the repeat graph built
from the fragments of genome (reads) is equivalent to the
one built from the whole genome, if the minimum repeat
length is predefined as the read lengthl (i.e., representing
repeats longer thanl).90 So the fragment assembly prob-
lem can be transformed into the problem of constructing a
repeat graph from a given set of reads, and afterward,
assembling the genome sequence is equivalent to finding
an Eulerian path in the repeat graph. The repeat graph can
be built from reads using either the classical de Bruijn
graph approach, if the reads are error-free or error-cor-
rected,126 or a generalized A-Bruijn graph approach, if the
reads are error-prone.90 In general, repeat resolution in
fragment assembly can be viewed as ade noVo repeat
classification problem with the input of a set of fragments
rather than the entire genome. The repeat graph provides a

Figure 4. Improving WGS assembly by double-barreled sequencing. (a) Double-barreled sequencing is carried out by obtaining a pair of
reads (mate pairs) simultaneously from both DNA strands of a medium-insert clone. These reads are first assembled into contigs using a
shotgun assembler; the contigs are further linked together by the read pairs located at adjacent contigs in a scaffolding step. (b) The
repeat-induced gaps in a scaffold may be filled by reassembling masked reads, which sometimes can be placed into the appropriate gaps
based on their mates (linked by dashed lines) in the assembled contigs.

Genome Assembly and Repeats Chemical Reviews, 2007, Vol. 107, No. 8 3399



unified solution to both problems of genome assembly and
repeat classification.

4.2.3. Repeat Resolution with Double-Barreled Data

The repeat graph reveals the best possible assembly one
can achieve using shotgun sequencing data. It is often
complex enough even for many bacterial genomes. An
improved shotgun strategy, calleddouble-barreled sequenc-
ing (or clone-end sequencing), greatly helps repeat resolution,
and leads to longer contigs and fewer gaps. Double-barreled
sequencing obtains a pair of reads (calledmate-pairs)
simultaneously from both DNA strands of a medium-insert
clone, typically 3-5 or 30-45 kb in length (Figure 4a). Since
the approximate distance between mate-pairs is known, many
nearly identical repeats can be resolved using double-barreled
data.

Within the “overlap-layout-consensus” framework of frag-
ment assembly, the gaps induced by repeat masking can be
filled in by placing masked reads into the corresponding gaps
and reassembling them if their mates are placed into the
assembled unique contigs (Figure 4b).124 By contrast, within
the repeat graph framework, double-barreled data can be used
to transform (or simplify) the repeat graph by eliminating
some repeat edges (Figure 5b).1

4.2.4. Identification and Separation of Collapsed Repeats
in Assembled Genomes

The methods for repeat resolution described above are
applied during the process of genome assembly. Neverthe-
less, there may be collapsed repeat copies in the assembled
contigs. Identification and separation of these collapsed
repeats have been formulated as a rigorous repeat separation
problem.127 Since then, various probabilistic and combina-
torial methods have been proposed to solve this prob-
lem.127,128A recent study shows that the double-barreled data
can significantly help the separation of nearly identical repeat
copies.112

5. Genome Rearrangement

5.1. Classification of Genome Rearrangement
Genome rearrangements, referred to as the shuffling of

large genomic segments between two species sharing a
common ancestor, fall into two general classes: interchro-
mosomal rearrangements, for example, inversions, and
intrachromosomal rearrangements, for example, transloca-
tions, and fusion/fission of chromosomes.129The first analysis
of large-scale genome rearrangement in eukaryotic genomes
can be traced back to over 50 years ago, when Sturtevant

Figure 5. Repeat representation and resolution by repeat graph. (a) A complex repeat structure in a genome (top) created by a series of
imaginary segmental duplications (see Figure 2) is represented by tangles in the repeat graph (bottom). Each repeat, A, B, C, D, and R, is
represented as an edge with different copy number, e.g., R with 4 and A, B, C, and D all with 2. Unique regions are shown as dashed lines.
(b) A tangle in the repeat that represents a repeat in the genome (top) is resolved by equivalent transformation using mate-pair derived
paths (bottom).1
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and Dobzhansky studied the gene order in the various strains
of Drosophila130,131and discovered many “blocks of genes
rotated by 180° (inversions)”.132 Since then, geneticists have
found many similar events in different eukaryotic genomes
by comparing maps of genes or other types of genetic
markers.133 With many available eukaryotic genome se-
quences, the comparative analysis of two or multiple com-
plete genomes may reveal homologous genomic regions in
these genomes and their rearrangements at the nucleotide
level (i.e., the highest possible resolution).

5.2. Homologous Blocks and Breakpoints
First introduced by Nadeau and Taylor,134 a homologous

block(or conserved block) between two genomes is referred
to as segments with same gene order not disrupted by any
genome rearrangements. Accordingly, the boundaries of
maximum homologous blocks, where genome rearrange-
ments occur, are called breakpoints. Although these notions
consistently work well in comparative genetic map analy-
sis,133 they need to be revisited when applied to the
comparison of genome sequences, at a much higher resolu-
tion than genetic maps. It has been shown that many
homologous blocks identified based on genetic maps are not
completely conserved at the sequence level, because they
may contain multiple microrearrangements (i.e., rearrange-
ments with a small span) within the blocks that are not
detectable by low-resolution comparative genetic map analy-
sis.135 A new concept,synteny blocks, was proposed to
generalize the original idea of homologous blocks for the
comparative analysis of whole genome sequences.136 Synteny
blocks between two genomes are generally a chain of short
regions with high similarity, intervened with dissimilar
regions, which can be transformed to conserved blocks by
only microarrangements within the blocks. In practice, the

generation of synteny blocks is dependent on the algorithms
used and the parameter settings (e.g., the maximum size to
determine a microrearrangement).38,136,137 Synteny blocks
allow to distinguish large-scale rearrangements from many
microarrangements, and focus on reconstructing the scenario
of large-scale rearrangements. This strategy may avoid the
influence of potential misassemblies in the WGS-assembled
genomes, which causes some of the microrearrangements.138

5.3. Computational Methods for Genome
Rearrangement Analysis

The computational problem of inferring genome distance
of rearrangement between two genomes can be formulated
as finding a series of genome rearrangements to transform
the order of homologous or synteny blocks in one genome
into the order of another one. The parsimony approach to
the genomic distance problem was introduced by Palmer and
colleagues.139 It seeks a scenario to transform the block orders
in a minimal number of rearrangements. This minimal
number is called the genomic distance. In these studies, the
most common genome rearrangement events, for example,
translocations, fusion, and fission for multichromosomal
genomes, and inversions (also calledreVersals) for both
unichromosomal and multichromosomal genomes, are usu-
ally considered.

Nadeau and Taylor had already noticed the connection
between the number of breakpoints and the genome distance,
when they proposed the definition of breakpoints.134 How-
ever, in early studies, breakpoints were counted indepen-
dently without considering their potential relationships. For
example, a single inversion can create two related break-
points. This connection was first recognized by Kececioglu
and Sankoff.140 Its combinatorial property was later fully
revealed by the introduction of the concept ofbreakpoint

Figure 6. Segmental duplication/deletion/insertion rearrangement induced by Homologous Recombination (a) and Non-Homologous End
Joining. (a) Two non-allelic repeats (R and R′) cause chromosomal misalignment and act as the substrates for recombination, resulting in
a deletion with one recombinant product, and a duplication in the other recombinant product. (b) Two non-homologous segments (shown
in rectangle and oval, respectively) act as the substrates for Non-Homologous End Joining (NHEJ), resulting in the deletion of intervening
fragment, and the insertion of additional bases (NN...NN) at the junction.
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graph in a series of papers by Pevzner and colleagues,141-143

which finally led to the polynomial solution to the genome
distance problem for both the unichromosomal144,145 and
multichromosomal cases.146,147

5.4. Fragile versus Random Breakage Model
Under the assumption that breakpoints are uniformly

distributed in the genomes (known as the “random breakage
model”), Nadeau and Taylor estimated the number of
conserved segments in human and mouse.134 This estimate,
along with the assumption of a random distribution, has been
largely consistent with subsequent comparative studies of
genetic maps148 and genomic sequences.38 It was, however,
recently challenged by a combinatorial analysis by Pevzner
and Tesler,149 who tried to reconstruct the genome rear-
rangement scenario of 281 synteny blocks between the
human and mouse genome. The most parsimonious scenario
involves 245 rearrangement events, which leads to at least
190 (1.9 times) breakpoint reuses, and indicates 190 “short”
(<1 Mb) synteny blocks located to one of the breakpoints
from the original blocks. This observation contradicts the
random distribution of breakpoints. Hence, an alternative
model for chromosome evolution, called the fragile breakage
model, is suggested, which postulates that there exist hotspots
of rearrangement in certain fragile regions of the genome.149

Although there is still debate between the random and fragile
breakage models,150,151 the fragile model appears to be
consistent with observations from the genome rearrangement
analysis of cancer and genetic diseases (see section 5.5).

5.5. Genome Rearrangement and Repeats
Genome rearrangements are of great medical interests. A

growing group of genetic diseases, called genomic disorders,
are coupled with abnormal function of a gene(s) located
within a rearranged genomic segment.152-154 At least two
kinds of recombination mechanisms have been observed to
be able to induce genome rearrangments, both of which are
related to repeats (Figure 6). Homologous recombination
(HR) may occur during DNA repair or other processes,
resulting in non-allelic crossover, often between paralogous
low copy repeats (LCR) induced by recent segmental
duplications.155 Non-homologous end joining (NHEJ), one
of the mechanisms that repairs DNA double strand break
(DSB), may also induce genome rearrangements around the
junction. Although most NHEJs occur at the unique genomic
regions, they were observed to be associated to TE-derived
repeats, for example, Alu or LINE.153 Even the origination
of LCRs in the human genome appears to be associated with
Alu elements.156 Above all, the nonuniform distribution of
repeats in eukaryotic genomes suggests the existence of
hotspots for rearrangement breakpoints. The completion of
the human genome and the full annotation of repeats can
greatly help the identification of these regions that may be
linked to genomic disorders. It should be kept in mind,
however, that the repeats may induce not just the real
rearrangements, but also virtual rearrangements (i.e., mis-
assemblies) (Figure 3). These assembled breakpoint regions
need to be carefully examined for assembly mistakes before
drawing any conclusion.

6. Conclusion
The complete sequences of many eukaryotic genomes open

the door for computational approaches to many biological

problems. As compared with the intensive studies in coding
regions of eukaryotic genomes, not much attention has been
paid to the noncoding regions (“junk DNA”); in particular,
repeats in noncoding regions have not been well-studied.
Accumulating evidence shows, however, that many of them
play essential roles in various cellular functions and are
probably the driving forces of important evolutionary process,
for example, genome rearrangements. Therefore, novel
computational methods should be continuously developed
toward identifying and classifying repeats, and ultimately
understanding their potential functions.
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