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Computational Analysis
of Transposable Element Sequences

0 King Jordan and Nathan }. Bowen

This chapter provides a simple guide for the computational analysis of transposable element
(TE) sequences. Web links are provided for a number of sequence analysis applications, and
their potential use in the analysis of TE sequences is briefly described. The level of detail
provided is intended to be sufficient for a naive user to begin to analyze TE sequences in silico.
The emphasis is placed on the identification, retrieval and manipulation of TE sequences. In-
formation is also provided on the evolutionary study of TE sequences including the use
phylogenetics programs.

Key Words: Transposable elements; computational analysis; sequence comparison; repeat
masker; phylogenetics; alignment.

1. introduction

The purpose of this chapter is to provide the reader with a simple heuristic
guide for the computational analysis of transposable element (TE) sequences
(nucleotide and/or amino acid). The current revolution in genomics has pro-
duced a wealth of sequence information. These sequence data are of particular
relevance to the field of TE biology as mobile elements are ubiquitous and
often constitute a substantial fraction of their hosts” genomes. Concurrent with
the production of genomic sequence data has been a concerted effort to pro-
duce and disseminate the computational tools necessary to analyze and inter-
pret these data. This work has resulted in a vast and potentially confounding
array of computational tools and approaches. This chapter attempts to present
a beginning framework for the appropriate selection and use of these tools.
This work in no way represents a comprehensive or in-depth survey of the
conceptual foundations and computational tools available for sequence analy-
sis. Programs and analytical approaches presented here are chosen on the basis
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of ease of use and the authors’ familiarity. An emphasis is placed on brevity,
and just enough information is provided for the naive user to get started
with a variety of sequence analysis techniques. Only software that is freely
available, either on Web servers or as downloadable executable code, is described
here. In addition, an attempt is made to provide information relevant to users
working under the Windows® (PC), Macintosh®, and/or UNIX® operating
systems.

Given that evolution is a unifying theme in biology and that TEs are known
to have a major impact on genome evolution and organization, the emphasis
here is on sequence analyses that enable detailed evolutionary inferences. How-
ever, it is hoped that the tools and approaches described here will prove to be
relevant to the computational analysis of TEs in any biological context.

2. Material

URLs (Web addresses) where the programs can be found that are rec-
ommended for computational sequence analysis are given, for the most part,
in Tables 1-5 and in Subheading 2. The prefix http:// has been omitted
from the addresses in the interest of space, but is required when typing
the URL.

3. Methods
3.1. Sequence Retrieval and Manipulation

Molecular sequence data are represented as strin gs of characters (e.g., A, T, C,
and G for nucleotides) and are stored with annotation as text files in a variety
of different file formats. Some familiarity with a few of the more common
sequence formats (e.g., FASTA format; see www.ncbi.nlm.nih.gov/BLAST/
fasta.html) will be helpful to the user. Sequence analysis programs require that
data be entered in specific and often different formats. Thus the use of a file-
format converter will likely be inevitable in any sustained effort at sequence
analysis. Format converters can input sequences (usually aligned) in a variety
of formats and then output them in a different user-defined format. Table 1
lists some programs that include file-format conversion functions.

The first step in any sequence analysis project is the retrieval of sequence
data. A number of databases exist that are designed to store, organize, and
disseminate sequence data (see Table 2). These include very comprehen-
sive databases such as Genbank, more focused databases such as the TIGR
microbial genome database (www.tigr.org/tdb/), and even organism-
specific databases such as the yeast genome database (genome-www.
stanford.edu/Saccharomyces/). Sequence retrieval from Genbank will be
described here.
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Table 2
Molecular Sequence Databases

URL

Database (All addresses require btip:/ prefix)
Genbank (NCBI) www.ncbi.nlm.nib.gov/

EMBL Nucleotide sequence database (EBI) www.ebi.ac.uk/embl/index.html
DDBJ (DNA databank of Japan) www.ddbj.nig.ac.jp/

SwissPROT (SIB and EBI) www.ebi.ac.uk/swissprot/

Genbank’s Entrez search and retrieval system (www.ncbi.nlm.nih.gov/
Entrez/) can be used to do a variety of string searches to identify transposable
element sequences of interest. For example, entering the boolean search com-
mand ‘gypsy AND transposable element’ in the Entrez nucleotide search field
will retrieve a number of gypsy-like retrotransposon sequences. In addition to
such string searches, the user will probably want to perform a sequence-simi-
larity search to locate sequences that show some similarity (and thus putative
relatedness) to their element of interest. This can be done using any number of
different BLAST (1,2) searches (www.ncbi.nlm.nih. gov/BLASTY/). To perform
a search using BLAST, the user selects a query sequence (element of interest)
to search the database of choice. The BLAST program then retrieves all
sequences in the chosen database that have a similarity score at or above a
user-defined value. The use of amino-acid query sequences usually results in
more sensitive searches than those conducted with nucleotide query sequences,
and it can effectively retrieve distantly related sequences. Another way to
increase the sensitivity of a sequence search is to incorporate the site-specific
information embedded in multiple alignments of related sequences. This can
be accomplished using PSI-BLAST (2). PSI-BLAST generates a multiple
sequence alignment based on an initial BLAST search. The site-specific varia-
tion derived from this alignment is then used to iteratively re-search the data-
base for more distantly related sequences. At each iteration the user has the
option of choosing which sequences to include in the next multiple sequence
alignment. The process is repeated until it converges and no new sequences
are retrieved. The use of PSI-BLAST has the advantage that it can retrieve
very distantly related sequences that may not be detected with a standard
BLAST search. However, the increased sensitivity of PSI-BLAST can also
result in more false positives, and this approach necessarily involves more input
and consideration from the user.

A very powerful and useful tool designed explicitly for the identification
of TEs and other repetitive sequences is the Repeat Masker program
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(repcatmasker.genome,washington.cdu/cgi~bin/RepeatMasker) (Smit, A.F. A.
and Green, P., 2001, unpublished). Repeat Masker takes a FASTA-formatted
sequence as input and characterizes any repetitive elements in the seqguence
that have similarity to the elements in its database. The “masked” regions of
the input sequence, i.e., those with similarity to known repetitive DNA, are
annotated and returned to the user. This program works best for systems where
most if not all of the repetitive DNA elements have been defined and are thus
already present in the database.

Once the user has retrieved a number of TE sequences of potentiai interest,
the next step is to align the sequences. Muitiple sequence alignment involves
the identification and alignment of homologous residues among a group of
related sequences, and it is a prerequisite to the extraction of meaningful bio-
logical and evolutionary information from the sequences. A number of multiple
sequence alignment methods and programs are available (Table 3). The most
commonly used program is Clustal. Clustal users can choose from two differ-
ent interfaces that run the same alignment algorithm: ClustalW (3) has a text
interface, and ClustalX {4) has a more user-friendly Windows interface.
Sequences can be input into Clustal in a number of different formats. Prior to
multiple sequence alignment, the user has the option of adjusting a number of
alignment parameters, including gap penalties and the protein or DNA weight
matrix fo be used. Once the ali gnment is complete, the user can re-align selected
sequences or a selected residue range. These procedures are often iterated, with
variations, a number of times unti] the best alignment is obtained.

It is important to note that multiple sequence alignment can be quite inexact,
especially with distantly related sequences. The user should always visually
inspect the output from any multiple alignment program. In obvious cases, the
user may choose to manually adjust any misaligned region.
knowledge of the sequence in question as well as familiarity with previous
work done on similar or related sequences can greatly aid in manually aligning
conserved motifs. A more conservative approach would entail the removal of
! any ambiguous or poorly aligned region from the alignment. The reliability of
| any subsequent analysis depends on the accuracy of the alignment. It is there-
fore critical to ensure that the best possible alignment is obtained, using both

the parameters of the program and manual adjustment if necessary, before pro-
& ceeding with analysis of the data.

Some biological

xwm&ww«ww%mnmwmzn [FRI_

3.2. Sequence Analysis

Computational analysis of TE sequences is a comparative endeavor which
at its core entails the detection and study of shared patterns among groups of
related elements. The patterns that are revealed through these efforts reflect the
historical process of evojution. With this relationship between pattern and

Material may be protected by co t law (Title 17, U.S. Code)



Jordan and Bowen

atMasker) (Smit, A. F. A,
akes a FASTA-formatted
zlements in the sequence
The “masked” regions of
own repetitive DNA, are
ks best for systems where
seen defined and are thus

nces of potential interest,
1ence alignment involves
sidues among a group of
action of meaningful bio-
zes. A number of multiple
able (Table 3). The most
1 choose from two differ-
1: ClustalW (3) has a text
dly Windows interface.
lifferent formats. Prior to
of adjusting a number of
ie protein or DNA weight
-user can re-align selected
"es are often iterated, with
it is obtained.
ment can be quite inexact,
't should always visually
-am. In obvious cases, the
. region. Some biological
familiarity with previous
/ aid in manually aligning
yuld entail the removal of
znment. The reliability of
the alignment. It is there-
nt is obtained, using both
t if necessary, before pro-

parative endeavor which
yatterns among groups of
gh these efforts reflect the
hip between pattern and

TE In Silico Analysis 67
process in mind, the sequence analysis section consists of four parts. The first
two parts, Phylogenetic Analysis and Aging of Elements, emphasize the detec-
tion of evolutionary patterns among elements. While the final two parts,
Genome-Level Selection and Host-Level Selection, describe the study of some
of the forces involved in the process of element evolution.

3.2.1. Phylogenetic Analysis

The evolutionary relationships among a related group of TEs can be dis-
cerned using phylogenetic analysis. Phylogenetic analysis can also be used to
identify novel families of TEs (5) or to uncover recombination events between
individual elements (6). Phylogenetic reconstruction begins with a reliably
aligned set of sequences (see Subheading 3.1.). There are three general
methods of phylogenetic reconstruction: distance-based, parsimony, and maxi-
mum-likelihood (7). Many programs that implement one or more of these
approaches are available (Table 4 and evolution.genetics.washington.edu/
phylip/software.html).

The most commonly used programs are PAUP* (8) and PHYLIP (9).
PAUP*, as implemented on the Macintosh operating system, is probably the
most user-friendly phylogenetic analysis program. However, PAUP* is not
freely available. PHYLIP, although not quite as user friendly as PAUP*, is
also quite useful and widely employed. PHYLIP can perform all three general
methods of phylogenetic reconstruction. The program requires the user to sup-
ply an input file of aligned sequences in a format specific to the program. Align-
ments can be converted into this PHYLIP format using a sequence converter
(Table 1). In order to execute a program in PHYLIP, it is simplest to put the
input file in the same directory as the program to be used and name that file
“infile.” Use of PHYLIP can be somewhat unwieldy, as it requires each step in
the analysis to be performed by a different program. For example, with dis-
tance-based phylogenetic reconstruction the user must first calculate a distance
matrix using either the DNADIST or PROTDIST programs, depending on the
type of sequence being analyzed.

Once a distance matrix has been calculated, it can be used with one of sev-
eral tree-building programs to reconstruct the phylogeny. The most common
measure of support for individual branches of phylogenetic trees is the boot-
strap. As with phylogenetic reconstruction, bootstrapping with PHYLIP
requires the separate use of several different programs. First, randomized rep-
licate sequence alignments are generated using SEQBOOT. Then, for each
alignment a distance matrix is calculated, followed by multiple tree reconstruc-
tions using the programs described above. Finally, a consensus phylogeny is
built using the CONSENSE program. The percentage of times each branch
shows up in all of the phylogenies reconstructed from the bootstrapped align-
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ments can be determined from the CONSENSE output; this is taken as the
measure of support for that branch. Viewing and graphically manipulating the
phylogenies produced by PHYLIP and other programs can be done using
the Treeview (16) program (Table 4).

3.2.2. Aging of Elements

The age of elements in the genome may be of interest to the TE researcher.
Long terminal repeat (LTR)-containing retrotransposons can be aged in a
straightforward way by comparing the sequences of their 5' and 3' LTRs
(£1,12). Due to the mechanism of reverse transcription, when an LTR
retrotransposon inserts into the genome its LTRs are expected to be identical in
sequence. Subsequent to insertion, the LTRs accumulate mutations. Thus the
level of sequence divergence between 5' and 3' LTRs of an element can be used
to assess approximately how much time has elapsed since it inserted in the
genome. For non-LTR elements, ages can be estimated for groups or subfami-
lies of related elements (13) as opposed to the aging of individual elements
possible with LTR retrotransposons. This technique also relies on the fact that
elements accumulate mutations subsequent to their insertion in the genome,
i ‘ In the case of a related group of non-LTR elements, the sequence of a common
! i ancestor can be estimated either by using a consensus sequence, or by using a
: phylogenetic approach. Once an ancestral sequence is estimated for a given
group of elements, the average number of mutations that have accumulated
between the ancestral sequence and each extant sequence can be determined.
This average level of sequence diversity can be used to estimate the age of a
group or subfamily of elements.

Bow

3.2.3. Genome-Level Selection

In addition to the patterns of evolution revealed as described above, analysis
of TE sequences can also yield information on the process of element evolu-
tion. Selection on TE sequences at the level of the genome, or inter-element
selection (£4), occurs as a result of differential reproductive success (i.e., trans-
position rates) among members of a TE family. This type of selection is con-
sistent with the “selfish DNA” hypothesis (15,16) of TE evolution. The role of
inter-element selection can be inferred by comparing paralogous copies of ele-
ments within genomes (7). Comparison of protein encoding nucleotide
sequences can yield evidence of inter-element selection. In order to perform
such comparisons, it is necessary to align the codons of the protein-encoding
nucleotide sequences. This action can be accomplished by first aligning the
encoded protein sequences, and then ensuring that the gaps in the correspond-
ing nucleotide sequence alignment match those in the encoded amino-acid
sequence alignment. This procedure is implemented in the DAMBE (18)
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program (Table 1) for PC users or the DNA stacks (19) program (biology.
fullerton.edu/deernisse/dnastacks.html) for Macintosh users.

Once the codons are properly aligned, comparison of synonymous (ds) and
nonsynonymous (dn) substitution rates will yield information on the nature of
selection that has operated on element sequences within genomes. A number
of programs are available that can calculate ds and dn (Table 5) as well as
other measures of nuclectide variation. Some of these programs also include
more sophisticated tests that may reveal subtle effects of selection not detected
by a simple ds versus dn comparison. For example, comparison of ds and dn
can be done for individual branches of a phylogenetic tree to evaluate different
historical episodes of selection (20,21).

3.2.4. Host-Level Selection

The detection of host-level selection (i.e., between organisms) on element
sequences is not as straightforward as the detection of inter-element selection
and as yet is less common. The availability of identically located (orthologous)
element sequences from the genomes of different but closely related species is
critical to this endeavor. Unless the elements have a site-specific insertion
mechanism, the presence of orthologous element sequences in related genomes
indicates that these elements inserted prior to the evolutionary divergence of
the genomes (species). Thus any selection acting on these sequences necessar-
ily occurred after transposition (insertion), or in other words, during the pro-
cess of species divergence (22). Orthologous element sequences can be
compared in the same way as described for paralogous copies above. For example,
ds and dn comparisons can be made to assess whether orthologous element
sequences are being conserved between species due to selection acting at the
host level. In addition, nonencoding orthologous element sequences can be
compared to determine if they may be conserved between species and thus
potentially play some regulatory role for the host species. Selection of TE
sequences at the host level is not consistent with the “selfish DNA” hypothesis
of TE evolution and indicates that the element sequences in question are per-
forming an essential function for their host species (23).
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