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Abstract

Eukaryotic genomes are full of repetitive DNA, transposable elements (TEs) in particular, and accordingly
there are a number of computational methods that can be used to identify TEs from genomic sequences.
We present here a survey of two of the most readily available and widely used bioinformatics applications
for the detection, characterization, and analysis of TE sequences in eukaryotic genomes: CENSOR and
RepeatMasker. For each program, information on availability, input, output, and the algorithmic methods
used is provided. Specific examples of the use of CENSOR andRepeatMasker are also described. CENSOR
and RepeatMasker both rely on homology-based methods for the detection of TE sequences. There are
several other classes of methods available for the analysis of repetitive DNA sequences including de novo
methods that compare genomic sequences against themselves, class-specific methods that use structural
characteristics of specific classes of elements to aid in their identification, and pipeline methods that
combine aspects of some or all of the aforementioned methods. We briefly consider the strengths and
weaknesses of these different classes of methods with an emphasis on their complementary utility for the
analysis of repetitive DNA in eukaryotes.

Key words: Transposable elements, sequence analysis, bioinformatics, Repbase, CENSOR,
RepeatMasker.

1. Introduction

Transposable elements (TE) are repetitive DNA sequences capable
of moving from one chromosomal locus to another. The ubiquity
of TEs has been appreciated for some time; they have been found
in the genomes of a wide variety of species from all three domains
of life. However, one of the major revelations of eukaryotic
genome sequencing projects was the staggering abundance of
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TE-related sequences in large genomes. For instance, approxi-
mately one half of the human genome sequence was shown to
consist of the remnants of TE insertion events (1). In light of the
sustained efforts underway to sequence and characterize numerous
eukaryotic genomes, the prevalence of TEs necessitates the devel-
opment and use of computational tools aimed at their detection,
characterization, and analysis. After all, it is simply not possible to
fully comprehend the structure, function, and evolution of eukar-
yotic genomes without a deep understanding of their TEs.

The most commonly used programs for the detection and
analysis of TE sequences employ comparisons of genomic
sequences to a library of consensus sequences that represent
families of known repetitive (transposable) elements. This is the
so-called homology-based method for the detection of TEs in
genomic sequence. The Repbase Update (2, 3) is a comprehensive
database of known eukaryotic repetitive sequence elements main-
tained by the Genetic Information Research Institute (GIRI;
http://www.girinst.org). The developers of the Repbase Update,
led by Jerzy Jurka, pioneered computational approaches toward
the automatic detection of TEs in genomic sequences. DNA
sequence searches against very early versions of Repbase, aimed
primarily at the detection of Alu elements, were first carried out by
the Pythia server (4, 5). The Pythia server later gave way to the
programCENSOR (6, 7), which is still maintained and distributed
by the GIRI. The tight integration of CENSOR with the Repbase
Update library provides the user with access to the latest available
TE annotations, which are constantly being updated at the GIRI.
In addition to identifying known TEs in genomic sequence, CEN-
SOR also provides for the de novo identification of simple
sequence repeats that are characteristic of low complexity DNA
regions (8).

Arian Smit’s RepeatMasker is another widely used program
that identifies the location and identity of TEs in genomic
sequence via searches against the Repbase Update library (9).
RepeatMasker employs a similar approach to compare genomic
sequences against Repbase as the CENSOR program does. Addi-
tionally, RepeatMasker incorporates a great deal of ad hoc post-
processing in order to try and ensure the best representation of
TEs as single contiguous regions in genomic sequence. Repeat-
Masker has been used to annotate the TEs of numerous eukaryotic
genomes, including the human genome sequence, and static
releases of RepeatMakser annotations are widely distributed on
various genome databases. Insight gained from RepeatMasker
analyses has been critical to the field of genomics.

In this chapter, we will provide specific information on, and
examples of, the use of the programs CENSOR and RepeatMasker
along with a description of several other complementary classes of
methods available for the analysis of repetitive DNA sequences.
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1.1. Complementary
Methods

CENSOR and RepeatMasker represent one general class of meth-
ods for the detection and analysis of repetitive DNA sequences.
There are several additional classes of methods for the analysis of
repetitive DNA: (i) de novo methods, (ii) class-specific methods,
and (iii) pipeline methods. All of the different classes of methods
have different strengths andweaknesses with respect to their ability
to detect and characterize TEs in eukaryotic genome sequences. As
such, they may be considered to be complementary, and indeed
when different methods are compared on the same query
sequence, they are often found to identify substantially non-
overlapping parts of the sequence as being repetitive. Thus, inves-
tigators should be careful not to rely overly on one method or
another. Homology-basedmethods in particular are limited by the
extent of knowledge that already exists concerning the repetitive
elements of a given genome or evolutionary lineage. In other
words, the TEs, or their relatives, must have been previously
characterized in order to be detected by homology-based meth-
ods. For this reason, these methods will perform poorly when
applied to genomes that have many uncharacterized TE families.
Homology-based methods will also be unable to detect novel TE
families with distinct sequences. De novo methods, on the other
hand, are ideal for identifying previously unknown repetitive DNA
elements. However, de novo methods provide no information on
the identity of these elements, or whether they are even TEs at all,
and as such can be best used to simply mask repetitive elements.
Clearly, homology-based methods are far better suited for inves-
tigations into the biology and genome dynamics of the TEs
themselves.

1.1.1. De Novo Methods Another general class of applications for identifying repeats in
genomic sequence entails the so-called de novo methods that
identify repeats by comparing genomic query sequences against
themselves. Repeats are characterized in this way by clustering the
similar groups of sequences that emerge from self comparison. De
novo methods are interesting from an historical perspective
because they represent the computational analogs of the re-
association kinetic experiments that were first used to demonstrate
the repetitive nature of eukaryotic genomes (10).

De novo methods are naı̈ve in the sense that they do not
require any prior knowledge of the repetitive elements that may
be present in the query sequence. This has the effect of eliminat-
ing ascertainment biases leading to false negatives for unknown
repetitive elements. So in the formal sense de novo methods
represent the most sensitive approach for the detection of repe-
titive DNA, and the recently developedWindowsMasker de novo
method (11) has the added advantage of being much faster than
homology-based methods. However, to work properly de novo
methods require long and complete (or nearly so) query
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sequences (i.e., whole contigs or genomes). More importantly,
these methods do not provide any information on the character-
istics of the repeats that are detected. De novo methods will
report repeats of very different classes, such as tandem repeats,
large segmental duplications, and interspersed repeats (TEs),
together without discriminating among them. In other words,
de novo methods work well for the detection and/or masking of
repeat elements but do not aid in their characterization or analy-
sis. De novo methods are also generally ineffective in identifying
repetitive elements that are in low copy number as well as rela-
tively ancient repetitive elements that may be too divergent from
one another to be recognized as repetitive. RECON is another de
novo method available for the detection of repetitive DNA
sequences (12).

1.1.2. Class-Specific

Methods

Class-specific methods are a relatively recent development in the
detection and analysis of TE sequences. For these methods,
experts in the analysis of TEs have taken advantage of particular
genomic features characteristic of specific classes of elements to
aid in their identification. This approach has been most widely
implemented with the LTR_STRUC program that identifies
members of the long terminal repeat (LTR) containing class of
TEs by virtue of the direct repeat sequences that are present at
both ends of the elements (13, 14). A recent publication presents
a newly implemented method for the identification of LTR ele-
ments in eukaryotic genomes based on the same underlying
rationale as LTR_STRUC (15). However, in addition to identi-
fying full length elements, this new program can also identify solo
LTRs.

Since these kinds of methods do not rely on sequence identity
(similarity) searches, they are particularly well suited to the iden-
tification of novel element families and low copy number ele-
ments. However, these methods are limited to families of
elements that possess well-defined structural characteristics
such as LTR elements and miniature-inverted repeat containing
TEs (MITEs). Class-specific methods also enable the detection of
novel TE sequences from a given element class while allowing for
a deep interrogation of elements from that class. On the other
hand, these methods will be particularly sensitive to sequence
changes that accumulate after TE insertion and obscure the
structural characteristics, such as inverted repeats, that they use
to identify TEs.

1.1.3. Pipeline Methods Pipeline methods, which combine aspects of all the aforemen-
tioned approaches to TE detection, probably represent the most
rigorous and accurate class of method available for the annotation
of TE sequences in eukaryotic genomes. Examples of pipeline
methods are the MITE analysis toolkit (MAK) (16) and a more
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recently proposed pipeline method, which promises to provide the
most accurate and reliable annotations of TE sequences in eukar-
yotic genomes to date (17).While thesemethods are very powerful
in principle, they are also among the least accessible to the user
because their use entails far more effort than any of the other single
methods. Because pipeline methods integrate so many distinct
applications, they also require a high level of sustained develop-
ment and maintenance. Pipeline methods may well become the
standard approach for genome annotation and serve the commu-
nity best by providing static TE annotations of eukaryotic gen-
omes as opposed to readily usable tools for investigators to query
their own sequences of interest.

2. Program Usage

2.1. CENSOR

2.1.1. Purpose

CENSOR allows for the identification and characterization of
repetitive elements in genomic sequences. CENSOR can be used
to mask repetitive sequences to allow for the more efficient use of
downstream applications that are confounded by the presence of
repeats and it can also be used to identify and characterize repeti-
tive sequences in order to study the biology of the elements
themselves.

2.1.2. Availability CENSOR is freely available to download from the GIRI for local
installation (http://www.girinst.org/censor/download.php).
CENSOR can be run locally using Unix type computer operating
systems. Running CENSOR locally requires the installation of a
local version of Repbase, which is optionally included in the down-
load package, as well as the WU-BLAST package (18). CENSOR
can also be run from a server on the GIRI website (http://
www.girinst.org/censor/index.php).

2.1.3. Input Sequences in FASTA, GENBANK, and EMBL formats can be
submitted to CENSOR by uploading a file to their server or by
pasting them in the query textbox. CENSOR accepts DNA as well
as protein sequences as input and decides the version of BLAST to
use given a particular query sequence. One or more sequences can
be submitted in a particular query.

2.1.4. Output CENSOR runs yield a number of distinct kinds of output includ-
ing (a) a repeat map indicating the location of repeats on the
query sequence, (b) annotation of the repeat location, type, and
its similarity and positive score values, and (c) a ‘‘masked’’
sequence file that returns the repetitive sequences replaced by
Ns or Xs.

Analysis of Transposable Element Sequences Using CENSOR and RepeatMasker 327



2.1.5. Method CENSOR uses WU-BLAST (18) or NCBI BLAST (19) algo-
rithms to search the query sequence against the Repbase
Update library of repetitive sequences. CENSOR can be run
on three different speed/sensitivity settings (see Note 1). It can
automatically run an appropriate version of BLAST such as
BLASTN, BLASTP, BLASTX, and TBLASTN in order to
accommodate the various input types used for querying repeti-
tive elements. This feature adds flexibility to the algorithm in
contrast to RepeatMasker, which only uses DNA sequences in
its searches. All options available through BLAST can also be
incorporated in CENSOR searches. CENSOR uses an informa-
tion theoretic method to detect simple sequence repeats such as
satellite DNA and low complexity sequences. CENSOR also
post-processes data to give an interactive positional map of
the query sequence (similar to the NCBI BLAST web inter-
face). In addition, it calculates the similarity values and positive
score values for alignments between query and element con-
sensus sequences. The similarity value can be used to approx-
imate the evolutionary of the age of the TEs.

2.2. RepeatMasker

2.2.1. Purpose

RepeatMasker serves to identify, characterize, and mask repetitive
elements in genomic sequences. It is most often used to simplymask
identified repeats in genomic sequence so that other analyses can be
run on the resulting non-repetitive DNA sequences. However,
RepeatMasker also characterizes repeats by class, family, and indivi-
dual element name based on the Repbase library, and this informa-
tion is critical to the study of TEs. Divergence values between TEs
and their family consensus sequences are also provided and these can
be used to determine the relative age of the elements.

2.2.2. Availability RepeatMasker can be run in two different ways. The program can
be downloaded from http://www.repeatmasker.org/RMDown-
load.html and installed locally, or it can be run on a web server
http://www.repeatmasker.org/cgi-bin/WEBRepeatMasker. To
install and run RepeatMasker locally, users will also need to install
a local copy of the Repbase library as well as the programs WU-
BLAST (18) and CROSS_MATCH (20).

2.2.3. Input RepeatMasker works only on DNA sequences and the query
sequences have to be in FASTA format. Sequences can be sub-
mitted using a file with one or more sequences or by pasting the
sequence(s) in the submission box. Extremely long sequences, or
files with numerous sequences, will be automatically broken down
into batches to be run by RepeatMakser.

2.2.4. Output RepeatMasker runs yield three files: (a) annotation of the location,
type, and percent divergence of repeat from the consensus sequence,
(b) a sequence file that has the repetitive sequences replaced by Ns or
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Xs, and (c) a summary of the repetitive content of the query sequence.
Additional output files, including alignments between query and
consensus sequences, can be optionally included.

2.2.5. Method RepeatMasker scans the query sequence using the program
CROSS_MATCH (20) against the library of consensus sequences
provided by Repbase Update. CROSS_MATCH implements the
Smith-Waterman (SW) dynamic programming algorithm (21)
that guarantees optimal pairwise sequence alignments. Using
CROSS_MATCH, a score matrix is first constructed based on
exact word matches between the library sequences and the query
sequence. This is then expanded to include a ‘‘band’’ of sequences
that surround the exact match. The band is based on the overlap of
SW scoring matrices. The width of the band, and thus the sensi-
tivity of RepeatMasker, can be adjusted using different speed set-
tings to allow for wider or narrower acceptance of sequences
surrounding the band. Since there can be many consensus
sequences in the Repbase Update library that match the same
region of the query sequence, the search engines return the
matrices that have less than 80–90% overlap with each other.
Typically the sequence with the highest SW score is selected for
annotation after various approximation improvements. Repeat-
Masker can also use WU-BLAST to search against Repbase to
improve the speed of searches (22). Simple repeats are detected
by computing the AT or GC content for overlapping windows of
200 bp and then checking for characteristics attributed to most
simple repeats. RepeatMasker uses stringent criteria for identifying
simple repeats and low-complexity DNA, which can result in
omission of some repeats.

3. Examples

3.1. CENSOR We provide an example of running CENSOR from the GIRI web
server. The URL http://www.girinst.org/censor/index.php
points to the CENSOR submission page (Fig. 16.1). We used a
2-kb DNA sequence from the proximal promoter region of the
human hydroxysteroid (17-beta) dehydrogenase 13 gene as an
example query (Genbank mRNA accession NM_178135). The
FASTA format sequence is pasted into the submission page text-
box as shown; note that a file with the sequence could also be
uploaded using the Browse and Submit buttons shown
(Fig. 16.1). For the purposes of this search, the ‘‘Mammalia’’
option of the ‘‘Sequence source’’ is chosen. This option specifies
which subset of Repbase will be searched and in this case the subset
will include all repeat sequences that are common to mammals as
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well as those specific to individual mammalian species. The
‘‘Report simple repeats’’ option is also selected to identify simple
sequence repeats. Since the sequence is non-coding a translated
search is not used. Neither the option ‘‘Search for identity,’’ which
forces the program to search for only identical or nearly identical
sequences, nor the option ‘‘Mask pseudogenes,’’ which searches
for pseudogenes, is selected in this example.

Once the query sequence is pasted (or uploaded) and the
appropriate options are selected, the search is run using the ‘‘Sub-
mit Sequence’’ button (Fig. 16.1). There are several output dis-
plays provided byCENSOR.CENSORpost-processes data to give
an interactive positional map of the query sequence along with a
summary table of identified elements (Fig. 16.2). On the posi-
tional map, the query sequence is represented by the horizontal
bar with red representing repetitive (masked) DNA and blue
representing non-repetitive DNA. The individual repeats and
their annotations are shown below the bar; mouse-overs yield
the element name and classification, and clicking on the element
links to its Repbase entry. A masked version of the sequence is also
provided (Fig. 16.3), as are alignments of the query sequence with

Fig. 16.1. CENSOR web server query submission page.
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each repeat consensus sequence found in Repbase (Fig. 16.4).
CENSOR also shows the Repbase records for all the repeats found
in the query. Along with the alignments, CENSOR calculates the
similarity values and positive score values (Figs. 16.2 and 16.4).
The similarity value (Sim) reports the number of matches in the
alignment normalized by the length of the alignment, while the
positive value (Pos) reports the normalized number of alignment

Fig. 16.2. CENSOR output repeat map and summary table. The location of repeats and
their identity are shown as a graphical schematic and also listed line-by-line. Links to the
Repbase entries for individual elements are provided in the schematic Figure and the
table.

Fig. 16.3. Query sequence with repetitive elements masked by ‘‘X’’s.

Analysis of Transposable Element Sequences Using CENSOR and RepeatMasker 331



positions that produce positive scores in the alignment matrix.
Finally, a summary table is provided listing the total number and
length of elements identified from different Repbase classes and
families.

3.2. RepeatMasker RepeatMasker can also be run from a web server as shown in the
following example. For consistency, the same 2-kb human pro-
moter sequence (Genbank mRNA accession NM_178135) that
was used in the CENSOR example is used for RepeatMasker. The
URL http://www.repeatmasker.org/cgi-bin/WEBRepeatMas-
ker points to the RepeatMasker submission page (Fig. 16.5).
The first part of the query submission form is the ‘‘Basic Options’’
section. This allows for the uploading of a FASTA format sequence
file or pasting sequence(s) into the text box. Users can select from
a number of options that allow for the specification of the search
algorithm to be used, the speed/sensitivity settings (see Note 2),
the source of the query sequence, and the return format and
method. More advanced search options can be found under the
‘‘Lineage Annotation Options’’ and ‘‘Advanced Options’’ sections
(Fig. 16.6). The ‘‘Lineage Annotation Options’’ settings allow
users to choose one or two comparison species against which the
query can be surveyed for lineage-specific repeats. This can help to
refine and narrow search results by eliminating elements common
to many species. These options only work for mammalian query
sequences due to the greater coverage of mammalian repeats in
Repbase. The ‘‘Advanced Options’’ allow users to display align-
ments, choose how sequences are masked, decide on what kinds of
repeats are to be masked, and adjust the sequence similarity matrix
to be used based on GC-content of the query sequence.

RepeatMasker returns a number of output files describing the
repeat content of the query and providing the masked sequence. A
RepeatMasker summary file (or screen on the web server) is a

Fig. 16.4. CENSOR alignment between query sequence and its closest related Repbase
consensus sequence. Summary data on the alignment are provided.
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summary table that lists the percentage of query sequencemasked
by the different types of repeats (Fig. 16.7). A more detailed
table is also provided with information on each individual repeat
that is identified (Fig. 16.8). This table includes data on the

Fig. 16.5. RepeatMasker web server query submission page (Part 1). The ‘‘Basic Options’’ part of the submission page is
shown.

Fig. 16.6. RepeatMasker web server query submission page (Part 2). The ‘‘Lineage Annotation Options’’ and ‘‘Advanced
Options’’ parts of the submission page are shown.
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levels of divergence between the query and consensus sequences
along with location information specifying where the repeats are
found in the query and which part of the repeats are represented.
As was shown for CENSOR, RepeatMasker also provides a
FASTA file with the repeats masked out, and the program can
be configured to show alignments between repeats and their
family consensus sequences.

Fig. 16.7. RepeatMasker summary table output. Data on the length (bp) and percentage
of different classes of identified repeats are provided.

Fig. 16.8. RepeatMasker table output. Data for each individual repetitive element identified are provided.
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RepeatMasker can also be run from the command line onUnix
type operating systems. An example of the command line for the
same search that was demonstrated for the web server is ‘‘Repeat-
Masker NM_178135.fasta -species human -alignments.’’ Running
RepeatMasker locally allows users to employ their own repeat
libraries to search against. Another one of the advantages of the
local RepeatMasker installation is the very detailed documentation
that is provided including information on all command line
options and flags. A list of all command line flags with brief
descriptions can be obtained by simply typing ‘‘RepeatMasker’’
at the prompt. Typing ‘‘RepeatMasker –h(elp)’’ will print out all of
the documentation.

4. Notes

1. Since CENSOR is powered by BLAST searches, search time
varies directly with the length of the query and database and it
can be run in three different speed/sensitivity settings. CEN-
SOR usesWU-BLAST or NCBI-BLAST heuristics, which are
both several times faster than the CROSS_MATCH dynamic
programming algorithm employed as default by
RepeatMasker.

2. The time complexity of the SW algorithm used by Repeat-
Masker is O(n2) where n is the word length. Therefore the
time to process sequences increases sharply with length.
Consequently, the speed settings are directly related to
the word length used in CROSS_MATCH searches. In
general, the program loses 5–10% sensitivity at each step
of the speed settings, while gaining speed at a much higher
rate. The time difference between the fastest and the slow-
est settings is approximately 30X. Heuristic WU-BLAST
searches with RepeatMasker are generally much faster and
compare to the fastest setting using CROSS_MATCH
search algorithm.
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