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ABSTRACT

RepeatMasker is a popular software tool widely used in computational genomics to
identify, classify, and mask repetitive elements, including low-complexity sequences and
interspersed repeats. RepeatMasker searches for repetitive sequence by aligning the input
genome sequence against a library of known repeats, such as Repbase. Here, we describe
two Basic Protocols that provide detailed guidelines on how to use RepeatMasker, either
via the Web interface or command-line Unix/Linux system, to analyze repetitive elements
in genomic sequences. Sequence comparisons in RepeatMasker are usually performed by
the alignment program cross_match, which requires significant processing time for larger
sequences. An Alternate Protocol describes how to reduce the processing time using an
alternative alignment program, such as WU-BLAST. Further, the advantages, limitations,
and known bugs of the software are discussed. Finally, guidelines for understanding the
results are provided. Curr. Protoc. Bioinform. 25:4.10.1-4.10.14. © 2009 by John Wiley
& Sons, Inc.
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INTRODUCTION

RepeatMasker (developed by A.F.A. Smit, R. Hubley, and P. Green; see
http://www.repeatmasker.org/) was designed to identify and annotate repetitive elements
in nucleotide sequences and mask them for further analysis. The repetitive elements,
including low-complexity DNA sequences and interspersed repeats, are annotated and
replaced by Ns, Xs, or lowercase letters (see below for options) in the correspond-
ing positions of the DNA sequence. The new addition to the RepeatMasker package
is a program that also identifies repetitive elements within protein sequences. Here,
we focus on utilizing RepeatMasker to identify repetitive elements in genomic se-
quences. To run RepeatMasker, one needs to select the repeat library files, which
contain repetitive elements consensus sequences. Currently, Repbase Update (Jurka,
2001; Jurka et al. 2005; http://www.girinst.org/) is the largest commercially avail-
able repeat library (free for academic use) and covers a number of organisms in-
cluding human, rodent, zebrafish, Drosophila, and Arabidopsis thaliana. Library files
for organisms that do not have Repbase Update library files can be generated ab ini-
tio using RECON (Bao and Eddy, 2002; http://selab.janelia.org/recon.html) or Re-
peatScout (http://bix.ucsd.edu/repeatscout/; Price et al., 2005). The newest version of
RECON, v. 1.06, was released recently and is available from the RepeatModeler package
at http://www.repeatmasker.org/RepeatModeler.html. Sequence comparisons in Repeat-
Masker are usually carried out by the program cross_match, developed by Phil Green
(http://www.phrap.org/consed/consed.html#howToGet). One can also use WU-BLAST
(http://info.cchmc.org/help/wublast.html; see Alternate Protocol) to replace cross_match
for fast processing.
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BASIC
PROTOCOL 1

USING RepeatMasker VIA THE WEB INTERFACE

RepeatMasker may be accessed through the Web at http://www.repeatmasker.org/cgi-
bin/WEBRepeatMasker. Unlike the command-line version of RepeatMasker (see Basic
Protocol 2), Web RepeatMasker has a nucleotide sequence size limit of 100 kb. The
attempt to analyze a sequence larger than 100 kb fails (whereupon a prompt is displayed
in a message window, shown in Fig. 4.10.1). Sequences shorter than 100 kb are readily
analyzed using the Web RepeatMasker, with the time needed for processing correlating
with the length of the sequence. For faster service outside North America, there are
RepeatMasker mirror sites in Germany, Israel, and Australia.

On the other hand, if one routinely submits large sequences for analysis, it may be
better to download the command-line version and run RepeatMasker locally (see Basic
Protocol 2). Importantly, if the query sequence exceeds the 100-kb limit, the only choice
is to download RepeatMasker and run it locally.

Necessary Resources

Hardware

Any Internet-connected computer

Software

Web browser: e.g., Mozilla Firefox or Internet Explorer

Files

A FASTA file (appenDIX 1B) or a collection of FASTA files can be processed via the
Web interface. Note that the size limit is 100 kb for RepeatMasker via Web. The
example file used in this protocol is a 22,539-bp human genomic DNA sequence
from the UCSC Genome Browser (http://genome.ucsc.edu/cgi-bin/hgGateway).
The coordinate is chr10:62743355-62765893.

1. Point the Web browser to http://www.repeatmasker.org/cgi-bin/WEBRepeatMasker.
Load the FASTA sequence file (maximum 100 kb) by entering the sequence name or
browsing the file. Alternatively, paste the FASTA sequence (maximum 100 kb) into
the indicated text field.

RepeatMasker will return an error message if the input sequence contains non-DNA
symbols or if the sequence is too long.

2. Select a format for results from the two radio buttons next to “return format”: “html”
or “tar file.”

If “html” is selected, the results will be written as an html file. If “tar file” is selected,
the results will be packed into an archive using the Unix “tar” protocol. For the example
here, select “html.”

o e

Systems
Biology RepeatMasker Results
RepeatMasker Rejected

Your request has been rejected
The sequence fle is to0 large for mmediate processing. Y'ou may resubmit & in peces smaller than 100 kb or by using emad return routing from the webpage) or go hers to obtain a kocal copy of RepeatMasker

Figure 4.10.1 Sequences with length >100 kb cannot be processed via the Web interface; user is informed
by the RepeatMasker to consider alternate methods.
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Figure 4.10.2 Web RepeatMasker result from an example run showing the repetitive elements annotations section,
which lists cross_match summary lines; this result is available in Text File Format (A) and XHTML format (B). See
Guidelines for Understanding Results and Table 4.10.1 for explanation.
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>hglé_dna range=chrl0:62743355-62765893 5'pad=0 3'pad=0 strand=+ repeatMasking=none

CTHNNNNNNNNNNNNNNNNNNNNN NN NN NN NN NN NN NN NN NN NN
NNNNNNNNNNNNNNNNNNNNN NN NN NN NN NN NN NN NN NN NN
NNNNNNNNNNNNNNNNNNNN NN NN NN NN NN NN NN NN
NNNNNNNNNNNNNNNNNNEN NN NN NN NN NN NN NN NN NN
NNNNNNNNNNNNNNACCACTTCCTGTTGCATTTITGICTITCTICATTITTAR
TATGCCAGCTATCTTITCTATTITCCTICTCTGGTTTATTACCTTITITATICA
TATTTIGACTITGICTITCITATTTCARATCTACTTITATIGCAGATGCTAC
CICAGTGITGATGITATTATITTTITATCCTITACCCTTTTAGTGARTTCAT
TTIGCACAGATAAGTCTCARATCCATTTCTGTARGGCCTGTCCTGAGTIGIC
ATTTCTACCTACCTTCCTCTCAARRACAGTCGATTGAT TNNNNNNNNNNN
NNNNNNNNNNNNNN NN NN NN NN NN NN NN NN NN NN NNY
NNNNNNNN NN NN N NN NN NN NN NN NN NN NN NN NN NN NN
NNNNNNNNNN NN NN NN NN NN NN NN NN NN NN NN NN NN NN
NNNNNNNNN NN NN NN NN NN N NN NN NN NN NN NN NN NN NN NN
NNNNNCTGAATACCCATTGTAAGTTAGGTACAGGGGTAGGTATTAGGAAT
TCARARATATGGTATCTATCTTITAGGATAATACTICCTIGTIICICTACTIGG
AGGTATTIITCIATTAACATGTCTCAATAATTCTTARACTARATATGICAR
ARCTGAAGTCTATGCTITTCTITGACACAGAGTCARTCATICCTICATATTIC
CAGTIGGCACCTTATATATTICAGCTCTCTARGATAACAAACAGAATARTTT
TACACTICCCCCAACCCTCTIGICGTIGICTGTCACTATCTICTAGCCARTTA
TITTIICICTAATGITITTIGCTICTICTITITICITICTICTGCTGACACTT
TTATICIGGTAGTGGGCCTTTTTCACTCCATGCATAGGTAGCCTTAACTA
GCTAITTIITAGTCTITCCAGGCTTITGCCCATTCATCTGTITATATCTTACG
CCACAGCATGAGAATCATCTTGTARCRCARTTCCATCACACACACCCCTIG
CITAGCTITATAATATTTCTCTCTARTACTAGTTATACCAGATCCCARCT
CCTTAGACTGATGTGCAAAGTACTCTARATTCCTACCCACTTACTICICIC
CACTCCCATCTCACCARGGTTAGTTCTCATTARTGARATGAARGGTCTGA
AGATCAGAATGCARAGCTGATCTGHNMNNNNNNNNNNNNNNNNNNNNNNNNN

Figure 4.10.3 Web RepeatMasker result from an example run showing the Masked Sequence annotations
section, which lists the repetitive elements masked sequences (replaced with Ns). See Guidelines for Under-
standing Results for explanation.
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3. Select a method for returning results from the two radio buttons next to “return
method”: “html” or “email.”

If “html”is selected in this step and “html” format was selected in step 2, above, all of
the results will be displayed in the browser. If “html”is selected in this step and “tar file”
was selected in step 2, the results will be provided as links in the browser. If “email” is
selected, one should enter one’s e-mail address so that the results can be sent via e-mail.
For this example, select “html.”

4. At this stage, one can choose to click the Submit Sequence button to start running
RepeatMasker with the other options set at default values. If the default settings do
not satisfy one’s needs, continue with steps 5 to 8 and submit the sequence at step 9.

For this example, click Submit Sequence with other options set at default values. The
results that will be displayed on the browser are shown in Figures 4.10.2, 4.10.3, 4.10.4,
and 4.10.5. See Guidelines for Understanding Results for details.

5. Adjust speed by selecting among the four radio buttons next to Speed/Sensitivity:
“rush,” “quick,” “default,” or “slow.”

Note that a faster speed is associated with a lower sensitivity. For example shown here, se-
lect “default” for Speed/Sensitivity. See Guidelines for Understanding Results for details.

Current Protocols in Bioinformatics



Summary:

£ile name: RMZsequpleoad 1212744700

sequences:
total length:
GC level:

bases masked:

1

22539 bp (22539 bp excl N/X-zuns)

35.84 &
10789 bp ( 47.87 &)

number of length percentage

elements® occupied of sequence

S3INEs: 14 2241 bp 5.94 &
ALUs 0 0 bp 0.00 &

MIRs 14 2241 bp 5.94 &
LINEs: i0 7375 bp d2.72 %
LINEl g 7071 bp 31.37 %
LINEZ2 1 304 bp 1.35 &
L3/CR1 1] 0 bp 0.00 &

LIR elements: 0 0 bp 0.00 &
MalRs ] 0 bp 0.00 %

ERVL (1] 0 bp 0.00 &
ERV_eclassI 0 0 bp 0.00 &
ERV_classII o 0 bp 0.00 &

DNA elements: S 1079 bp 4.79 %
MER1 cype 3 585 bp 2.60 &
MER2_type 1 222 bp 0.98 &
Unelassified: 0 0 bp 0.00 &
Total interspersed repeats: 10695 bp 47.45 %
Small RNA: 0 0 bp 0.00 %
Satellices: 0 0 bp 0.00 &
Simple repeats: H 42 bp 0.19 &
Low complexity: 1 52 bp 0.23 &

* most repeats fragmented by insertiocns or deletions
have been counted as one element

Figure 4.10.4 Web RepeatMasker result from an example run showing the Summary section,
which summarizes and categorizes repetitive elements found in the query DNA sequence. See

Guidelines for Understanding Results for explanation.

6. Select one of the entries from the pull-down menu next to “DNA source,” each of

which corresponds to a different repetitive element library.

The default is Human. For the example here, select Human because the sequence is from

the human genome.

Note that if the query sequence is from an organism that is not listed here, the command-line
version of RepeatMasker must be run locally (see Basic Protocol 2), and an appropriate
repeat file from Repbase Update must be used, if there is one. If working with a genome
for which Repbase does not have an appropriate repeat library, RECON (Bao and Eddy,
2002; Stein et al., 2003) or RepeatScout (http://bix.ucsd.edu/repeatscout/; Price et al.,

2005) can be used to establish one from scratch.

7. In the series of pull-down menus, radio buttons, and check boxes under Lineage

Annotation Options, select the appropriate options.

These options are self-explanatory. For example, if Comparison Species is selected, the
lineage-specific repeats are annotated with the RepeatMasker output with respect to the

selected species.

Current Protocols in Bioinformatics
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hgl8_dna 3 GECAMATACCTCARAGGAAAMATTG-~CTTARATGTTAGACTIA--TCTA 48
i ii i wi ==Piii iid i & — v
C LIMEg SendfLI 21€ GGCAMATGCCTCGAGHGGAMMAGOGECNCCEAATGTICGEGCTCACCTICIC 167
hgll_dna 49 GOAACITIGITICCCTCTIGGAATCTIGRCCCTIGAAGS-CTITGLTAATT 97
v ii ivdi i i i iv di=di i ivi
C LIMEg Send$LI 16€ TGEGCTTOCCTITCTCTCOGGGATCTITGGOCCCTCAAATTOCTCOGOTGOCT 117
hglf_dna 98 TGGTAAGCTITCIGATGICTICARACAAGTATITTAAMACATITICTIGRA 147
= i i 2 ii i v =i v e
C LIMEg_Send}LI 116 TGETA-GCTICTCOGATGOCTICAMCAGATGTITITTA-TATITIGICCA €9
hgll_dna 148 G--TITATAATTGICCTITIGGCAGCAGTGCTGGITIGTAATAGGCTTATCT 195
- v i i di diw v i i = 4 4i? wi i
C LIMEg_Send$LI €8 GCITTICTAGTIGTICICAGD AGGCTIGEICTG-AACAANCTAGTCOC 20
hgll_dna 196 ATCATTACTIGGAAGTGGAA 214
ii i i i
€ LIMEg Send$LI 15 GCOCATTGOCGGAAGCOGGAA 1

Matrix = Unknown
Transitions / transversionms = 3.27 (4% / 185)
Gap_inic rate = 0.03 (7 / 211), avg. gap sizme = 1.43 (10 / 7}

€38 31.57 3.30 1.39 hglf_dna 3 214 (20830) € LiIMEg_Send LINE/L1 (1885) 21¢€ 1

359 32.€8 12.9€ 0.83 hglf_dna 490 705 [20439) + MIRE SINE/MIR a7 268 (o
hglh_dna 450 AMAGGAGGGATATTIGAAAT--AGTATGAGITGGAGTCAACTICTITIGATTIC 537
i w v iiwv id==ii= wi dv i v 4 dd ii
MIRL$SINE/MIR 27 AGAGCACGGGCITIGGAGICAGGCA-GACCTGGGTICGAATCOCTGGCTICT 75
hgl8_dna 538 ACAACTTACT=---=GIGIC-TCTITIITCAACTIGITTAACCICTTITATG- S61
iw —— =i Y w ddd i div -
MIRbL$SINE/MIR 76 GOCACTTACTAGCTGTGTGACCTTIGGGCAAGTCACTTAACCTICTICTGAGT 125
hgll_dna 582 -TCAGTTTCTCCATCA--AMMATATGGA-AGTAATA--TAMAT---AGGA €22
- ii == iv =& = gy =—— i
MIRE$3INE/MIR 12€ CICAGTTITCCTCATCTGTAMMATGEGOATAATAATACCTACCICGOAGES 175
hgll_dna €23 TTATTGIGAGTGTI TAARTAAGGTCATGTATATARA - === === AATG €E&1
i wi i d» £ &  e———————— i
MIRL$SINE/MIR 17€ TIGTIIGIGAGGATTAAATGAGATAATGCATGTAAAGCOGCTTAGCACAGTE 225
hglf_dna €62 CITITCATAAGGTAAGCACTTIGARAATATTICACTITTACTAIT 705
iwr 4iwi i dwivw ivwi i - i
MIRBL$SINE/MIR 22€ CCTGGCACACAGTAAGCGCTCAATAMATGGTAGCTCT-ATTATT 260

Figure 4.10.5 Alignments between query sequence and consensus repetitive elements are shown if the
option Show Alignments is selected.
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8. In the series of pull-down menus under Advanced Options, select the appropriate
Options.

These options are straightforward as well. For example, if the user wants to make a choice
between the Masking Options, users can either choose ambiguous characters, like “N”
or “X” for masking, or lowercase letters, which may be more appropriate for subsequent
alignments. Detailed explanation of these and additional options available can be accessed
by clicking on the link to the right of each pull-down menu.

9. Click the Submit Sequence button to run RepeatMasker.

The results displayed in the browser are shown in Figures 4.10.2, 4.10.3, 4.10.4, and
4.10.5. See Guidelines for Understanding Results for details.

USING THE COMMAND-LINE Unix/Linux VERSION OF RepeatMasker TO
STUDY REPETITIVE ELEMENTS IN GENOMIC SEQUENCES

Command-line RepeatMasker provides users with more choices and does not have the
100-kb length limit for query sequences. To run RepeatMasker locally, one must obtain
RepeatMasker, cross_match, and correct repetitive libraries from Repbase Update, as
detailed below. It is also possible to run RepeatMasker with WU-BLAST (see Alternate
Protocol) for faster processing.

Current Protocols in Bioinformatics



NOTE: Investigators unfamiliar with the Unix environment should read ApPENDIX iC and
APPENDIX ID.

Necessary Resources
Hardware

Any Unix or Linux workstation

Software

RepeatMasker: The software is now licensed under the Open Source License v. 2.1,
and can be downloaded from http.//www.repeatmasker.org/RMDownload. html.

cross_match: This software is part of the Phred/Phrap/Consed (http://www.phrap.
org/consed/consed.html#howToGet; also see UNIT 11.2) package. It is also free for
academic use. Write to Phil Green (phg @u.washington.edu) and include the
following information in the message: (a) name; (b) an acknowledgement of
agreement to observe the licensing conditions described on the above Web site
(state that cross_match is desired); (c) institution/department; (d) e-mail address
for all future correspondence (ideally e-mail should be received through a Unix
computer running a generic mail program, since several of the programs are sent
as unencoded files which may be corrupted by some mail programs). Note that it
takes up to 2 weeks for a license application to be processed.

Repbase Update: This database (http://www.girinst.org/; Jurka, 2001) manages a
large selection of repetitive element libraries, which are required for running
RepeatMasker. The library is free for download by academic users, who are
required to set up accounts to access the database files by filling an online form
(http://www. girinst.org/accountservices/register.php). Commercial users should
contact Jolanta Walichiewicz (jola @ girinst.org). Once again, if one’s genome of
interest does not have an appropriate repeat library file in Repbase Update, one
can establish one with RECON (Bao and Eddy, 2002) or RepeatScout (http://bix.
ucsd.edu/repeatscout/; Price et al., 2005). Stein et al. (2003) used RECON to
establish a repeat library file for the round worms C. elegans and C. briggsae.
RECON can also be obtained as part of a Repeat Modeler package, available for
download from (http://www.repeatmasker.org/RepeatModeler. html).
Alternatively, the RepeatScout software can also be used with RepeatMasker to
identify and mask repeat family sequences from newly sequenced genomes.

Files

A FASTA file (apPENDIX IB) or a collection of FASTA files can be processed via the
command-line RepeatMasker. Note that there is essentially no size limit for
query sequences for running RepeatMasker on the command line. The example
file used in this protocol is the fully sequenced whole Caenorhabditis elegans
genome, 102,287,094 bp in length, downloaded from the WormBase
(http://www.wormbase.org) FTP site (ftp://ftp.wormbase.org/pub/wormbase/
genomes/elegans/sequences/dna/).

Prepare system
1. Download and install programs—RepeatMasker, Tandem Repeat Finder (TRF),
cross_match, and WU-BLAST, as well as Repbase library files. RepeatMasker is
a Perl script and can be put in any desired directory.
cross_match will be e-mailed to users after contacting the authors. With an account

properly set up, Repbase Update will assign a user name and password to download the
repetitive library files.

For this example, make a directory called repeat in the home directory and then copy
RepeatMasker, TRF, and cross_match into this directory. For this example, type:

[mtab7@grouse ~]$ mkdir repeat
[mtab7@grouse ~]$ cd repeat
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2. Change the permission of the programs.
For this example, type:

[mtab7@grouse repeat]$ chmod u+x RepeatMasker
[mtab7@grouse repeat]$ chmod u+x cross_match
[mtab57@grouse repeat]$ 1In -s trf32l.linux.exe trf

3. Set the correct paths by running the Configure Script.
First, find out where Perl is installed:

[mtab7@grouse ~]which perl
/usr/bin/perl

Then, after changing to the directory repeat and the directory RepeatMasker, get
the current directory path using the command pwd:

[mta57@grouse RepeatMasker]$ pwd
/home/mtab7/repeat/RepeatMasker
Then, do the same for the TRF and cross_match to get the paths to the directories.

To configure the program use the following script:

[mtab7@grouse repeat]$ cd RepeatMasker
[mtab7@grouse RepeatMasker]$S perl ./configure

Enter the required paths; for example, to write the path to the Perl interpreter, enter:
Enter path: /usr/bin/perl

To write the path to the location where the RepeatMasker program has been installed,
enter:

Enter path: /home/mtab57/repeat/RepeatMasker
For the path to the location where the TRF program can be found, enter:
Enter path: /home/mtab57/repeat
To add a search engine, enter:
Enter path: /home/mta57/repeat/cross match
4. Place repeat libraries in the correct directory (i.e., the same directory as the script
RepeatMasker).

Make sure that subdirectory Libraries in the RepeatMasker directory contains
RepeatMasker.lib and RepeatMaskerLib.embl files.

5. Create a new directory for input and output files.

Note that RepeatMasker output files will be written to the same directory as the input file
resides.

For this example, type the following:

[mtab7@grouse repeat]$ mkdir RepeatMasker_file
[mtab57@grouse repeat]$ cd RepeatMasker_file
[mtab57@grouse RepeatMasker_filel$

Next, download or copy the FASTA file (current . dna. fa.gz) containing the sequence
of C. elegans genome to the directory and unpack it:

[mtab7@grouse RepeatMasker_file]$ gunzip current.dna.
fa.gz
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6. To get a brief description of the command-line parameters and options, type in the
program name RepeatMasker on the command line.

For this example:

[mta57@grouse RepeatMasker_filel$S ../RepeatMasker/
RepeatMasker

The following contents will be returned:

SYNOPSIS
RepeatMasker [-options] <seqgfiles(s) in fasta format>

default settings are for masking all type of repeats
in a primate sequence.

Choose from a number of options:

-g Quick search; 5-10% less sensitive, 2-5 times
faster than default

-nolow Do not mask low_complexity DNA or simple
repeats

-div [number] Mask only those repeats < X percent
diverged from consensus seq

-species <query species> Specify the species or
clade of the input sequence (choose only one!)

contamination options
running options

output options

To get detailed help, type in:

[mta57@grouse RepeatMasker_filel]$../RepeatMasker/
RepeatMasker -h

Run RepeatMasker
7. Run command-line version of RepeatMasker on the local system:

o)

% /path/to/RepeatMasker -el current.dna.fa
For this example, run:

[mta57@grouse RepeatMasker_filel$ ../RepeatMasker/
RepeatMasker -species elegans current.dna.fa

Because the example sequence is from C. elegans, the -species elegans command
is used, so that the C. elegans Repbase repetitive element library file is used.

The result files will be written into the directory RepeatMasker_file, the same direc-
tory where the query sequence file(s) reside(s). For this example, the result files include:

current.dna. fa.masked

current.dna.fa.log Finding Genes
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current.dna.fa.dna.cat
current.dna.fa.dna.out
current.dna.fa.dna.tbl

The result files are explained in Guidelines for Understanding Results, below.

8. RepeatMasker provides users with a large array of options to meet the needs ap-
propriate for different cases. Here, only commonly used ones are covered. For more
advanced options, users are encouraged to read the help file repeatmasker . help,
which comes with the RepeatMasker program package.

Note that the order of the command-line options is not important when entering multiple
commands.

a. Species options andthe -1ib flag allow users to specify a particular library
file for the corresponding organism. RepeatMasker provides common name flags
for some species, like —cat or -dog, but not for all. For that reason, usage of
Latin names as a species option is highly recommended. Users can also provide a
repeat library file, especially if the library file is not from Repbase collection, to
RepeatMasker using a -11ib flag. The default repeat library is for primate.

To establish one’s own repeat library for RepeatMasker, use the format for IDs as recom-
mended by repeatmasker .help, e.g.:

>repeatname#class/subclass
or, simply

>repeatnameffclass

b. Masking options are used for determining what kind of repeats are masked. Com-
monly used options within this category are: ~-cutoff, -nolow, and -div.
The option -cutoff sets cutoff score for masking repeats when using -1ib.
The default cutoff score is 225. Lower scores give more false matches. A -nolow
flag causes RepeatMasker not to mask low-complexity DNA or simple repeats.

The —div option sets the divergence level to limit the masking and annotation to a subset
of less diverged (younger) repeats.

c. Some options are used to control processing speed and search parameters. Options
that affect processing speed are:

-g  quick search; 5% to 10% less sensitive, 3 x to 4 x faster than default
-gqg rush job; ~10% less sensitive
-s slow search; 0% to 5% more sensitive; 2.5 x slower than default

These flags make significant differences when the input sequences are long. If only a quick
check is desired, the —qq flag may be used for fast results. On the other hand, if the quality
of the result is more critical, the default (with none of the above options selected), or even
-s, should be used.

1t is possible to recruit more processors for RepeatMasker by using the -pa (rallel)
flag, which only works when there are many input files or if the query files are big
(>50kb).

WU-BLAST can be used to replace cross_match if the flag —w (ublast) (see Alternate
Protocol ) is used.
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d. Output options support the following frequently used formats (for other available
options refer to repeatmasker.help):

-a shows the alignments in a . align output file;

-small  returns complete .masked sequence in lower case

-xsmall returns repetitive regions in lowercase (rest capitals) rather
than masked

-X returns repetitive regions masked with Xs rather than Ns

-gff creates an additional General Feature Finding format output

Note that the —cut option is not supported in the current release of RepeatMasker;
however, the function may be obtained by contacting Robert Hubley (rhubley@
systemsbiology.org).

RUNNING REPEATMASKER WITH WU-BLAST

Running RepeatMasker for larger sequences (e.g., whole genome for Homo sapiens)
will take a significant amount of time. The processing time can be reduced roughly
30-fold by using WU-BLAST as the engine for RepeatMasker, to replace cross_match
(Bedell et al., 2000). Although RepeatMasker with WU-BLAST has better processing
time, the combination also has some limitations: (1) low-complexity repeats are not
as efficiently masked as when RepeatMasker is used with cross_match; (2) some output
formats are not supported; and (3) the accuracy of the results returned by the combination
of RepeatMasker with WU-BLAST has not been assessed.

NOTE: Investigators unfamiliar with the Unix environment should read APPENDIX IC and
APPENDIX ID.

Necessary Resources

Hardware

Unix or Linux workstation

Software

RepeatMasker (see Basic Protocol 2)
WU-BLAST 2.0: contact licensing @blast.wustl.edu
Repbase Update repeat libraries (see Basic Protocol 2)

Files

A FASTA file or a collection of FASTA files (appENDIX 1B). Note that there is no size
limit for running RepeatMasker with WU-BLAST on command line. The example file
used in this protocol is the fully sequenced whole C. elegans genome, 102,287,094
bp in length, downloaded from the WormBase (http://www.wormbase.org) FTP site
(ftp://ftp.wormbase.org/pub/wormbase/genomes/elegans/sequences/dna/).

1. Download and install programs—RepeatMasker, WU-BLAST, and Repeat library
files. Note that until June 2004, MaskerAid (Bedell et al., 2000) was necessary
for the WU-BLAST to be used with the RepeatMasker. That functionality is now
implemented and does not need to be integrated separately. For this example, make
a directory called repeat and then copy the RepeatMasker/ directory into this
directory. To do this, first change to the home directory and then make a new directory
named repeat using mkdir. Use cd to change directory to repeat, as follows:

[mtab57@grouse ~]mkdir repeat
[mtab7@grouse ~]cd repeat
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Copy RepeatMasker/ into this directory. Copy WU-BLAST package into this directory
as well and unpack it:

[mta57@grouse repeat]$ gunzip -WU_BLAST | tar xvf -
wu_blast/ directory will be seen after unpacking

Programs within the wa_blast/ directory, like blastp, and blastx, are executable
after unpacking.

2. Change the permission of the programs and the directories.
For this example:

[mtab7@grouse repeat]$ chmod u+x RepeatMasker
[mtab57@grouse repeat]$ chmod u+x wu-blast

3. Set the correct paths by running the Configure Script, as described in Basic
Protocol 2.

To add a WU-BLAST search engine, enter:
Enter path: /home/mta57/repeat/wu-blast

4. Create a new directory for input and output files.
RepeatMasker output files will be written to the same directory as the input file resides.

For this example, type the following:

[mtab57@grouse repeat]$ mkdir RepeatMasker_file
[mtab7@grouse repeat]$ cd RepeatMasker_file/
[mtab7@grouse RepeatMasker_filels$

Next, download or copy the FASTA file (current .dna. fa.gz) for C. elegans genome
to the directory and unpack it:

[mta57@grouse RepeatMasker_filel$ gunzip current.dna.
fa.gz

5. Run program on command line using the flag -w (ublast).

For this example, run:

[mta57@grouse RepeatMasker_filel$ ../RepeatMasker/
RepeatMasker -w -species elegans current.dna.fa

Here the flag —w is used to indicate that WU-BLAST is used as the matching engine; the
-species elegans isused toindicate that the C. elegans Repbase repetitive element
library file is used, since the sequence is from C. elegans. Note that species names that con-
tain multiple words need to be bracketed by quotation marks (e.g., "caenorhabditis
elegans").

Other than the —w option, which indicates that WU-BLAST is used, the command-line
parameters and options are similar to those in Basic Protocol 2.

GUIDELINES FOR UNDERSTANDING RESULTS

The output of RepeatMasker is written into five different files in the same directory where
the query sequence or sequences reside. Only three files, those with . out, . masked, and
. tb1l extensions, contain results; others store processing information and are therefore
not detailed here. If RepeatMasker is run via the Web server interface, the contents of
these three files are written into one page (file), shown in Figures 4.10.2, 4.10.3, and
4.10.4, respectively.
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Table 4.10.1 Columns of the . out File from Left to Right (also see Fig. 4.10.2)

Column Content

SW score Smith-Waterman score of the match

Perc div. Percent substitutions in matching region compared to the consensus
Perc del. Percent of bases opposite a gap in the query sequence (deleted bp)
Perc ins. Percent of bases opposite a gap in the repeat consensus (inserted bp)
Query sequence Name of query sequence

Position in query

Begin Starting position of match in query sequence

End End position of match in query sequence

(Left) Number of bases in query sequence past the end position of the
current match

Matching repeat

Repeat Name of repeat

Class/family The class of the repeat

Position in repeat®

Begin Starting position of match in repeat consensus sequence

End End position of match in repeat consensus sequence

(Left) Number of bases in repeat consensus sequence past the end of the

current match

ID Repeat identification number

“Note that if the repeat consensus matches the positive strand, the three subcolumns are begin, end, and (left); otherwise,
the three subcolumns are (left), end, and begin.

The . out file (Fig. 4.10.2 in the Web example) is the annotation file that contains the
cross_match summary lines. The file is basically self-explanatory. The columns of the
.out file are described briefly in Table 4.10.1.

The matches (domains) are masked in the .masked file. This file can be parsed with
the help of the BioPerl module (Bio::Tools::RepeatMasker, http://www.bioperl.org). The
.masked file (Fig. 4.10.3) is the same as the query sequence, except that the repetitive
elements are masked using Ns, Xs, or lowercase letters (if one has a -x or —xsmall
flag on command line or checked the box “Mask with Xs or lower case to distinguish
masked regions from Ns already in query” on the RepeatMasker Web site).

The . tbl file (Fig. 4.10.4) summarizes the annotation results shown in the . out file.
Notably, the . tbl file states the percentage repetitive elements coverage.

COMMENTARY

Background Information the Smith-Waterman (SW) alignment algo-
rithm (Smith and Waterman, 1981). The pro-

How RepeatMasker works

gram cross_match is one of the best applica-
tions for sequence alignment. The drawback
of cross_match is that it is slow. To make
RepeatMasker process faster, WU-BLAST
can be used to replace cross_match (see
Alternate Protocol). The alignment program
WU-BLAST is a heuristic alignment algo-
rithm. However, the sensitivity is reduced

RepeatMasker finds and masks repetitive
elements by aligning each of the query se-
quence(s) with each of the repeat consen-
sus sequences in the repeat library file. Usu-
ally, cross_match is the engine that does
the alignment, while RepeatMasker manages
the whole process and parses the align-
ments. The program cross_match implements
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when running RepeatMasker with WU-
BLAST.

Critical Parameters and
Troubleshooting

Limitations and known bugs

For files with multiple long sequences
(e.g., a file containing whole-chromosome se-
quences), RepeatMasker does not work well.
All of the output entries are mislabeled as the
first sequence (chromosome). There is a de-
fault maximal sequence length of 4 Mb. There
are two ways to work around this limitation.
One way is to change the default maximal
sequence length value in the RepeatMasker
script. Find the following line in the script:

Smaxsize = 4000000;

and modify the value. Note that the memory
requirements of the program go up as this value
is increased. Another way is to break down
each long (>4 Mb) sequence into shorter ones.

RepeatMasker does not fail explicitly even
if one’s hard disk is full; it actually gives ap-
parently normal results. Therefore, when it is
noticed that the results are far from those ex-
pected, there might be a disk space problem.

Using -qg or -qgqg (see Basic Protocol 2,
step 8) can speed things up, but the sensitivity
is reduced. When WU-BLAST is used, the -s
(slow) option is preferred, since the speed with
WU-BLAST is reasonably fast and the mask-
ing results are better.

Analysis on smaller sequences (<2 kb)
could be less accurate.

Note that previous version(s) of Repeat-
Masker had a problem with overwriting the
files with the same names when multiple anal-
yses were performed on the same input files.
This is no longer a problem, since Repeat-
Masker creates output directories for each
analysis.
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Internet Resources
http://www.repeatmasker.org/
RepeatMasker Web server

http://www.girinst.org/
Repbase Update

http://selab.janelia.org/recon.html
RECON Web site

http://bix.ucsd.edu/repeatscout/

RepeatScout Web site

http://www.phrap.org/consed/consed.
html#howToGet

cross_match Web site

http://blast.wustl.edu/

WU-BLAST Web sites

http://genome.ucsc.edu/cgi-bin/hgGateway

UCSC Genome Browser

ftp://ftp.wormbase.org/pub/wormbase/genomes/
elegans/sequences/dna/

WormBaseFTP site

http://www.repeatmasker.org/RepeatModeler.html

RECON site, the newest version of RECON is

available from the RepeatMasker

http://www.bioperl.org
BioPerl Web site
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