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Abstract—A tandem repeat is a special kind of subsequence in
a DNA sequence. It is characterised by an introductory sequence
of nucleotides, called its motif, which is followed by several
contiguous copies of the motif. These copies may either be exact
or approximate. A minisatellite is a tandem repeat whose motif
length is within a certain prespecified range.

This paper investigates software that searches for minisatel-
lites. Four prominent publicly available software packages have
been run on sample data. They employ different algorithms for
doing the search; the notion of approximate matching differs;
and the way in which search parameters are set varies. The
results are studied and compared. Several significant differences
in output derived from the various packages are reported.

I. INTRODUCTION

Repetitive DNA sub-sequences are of relevance in biology
for various reasons. These reasons include gene variations
as well as regulatory functions on gene expressions. Tandem
repeats constitute two or more contiguous copies of a nu-
cleotide sequence [1], the sequence being called the motif.
Consider the sequence ACGTCG ACGTCG ACGTCG
TT . In this case the motif ACGTCG of length 6 is repeated
3 times as ACGTCG ACGTCG ACGTCG TT . The motif
CGTCGA is also repeated 3 times, allowing for one mutation,
as in A CGTCGA CGTCGA CGTCGT T . As it can be
seen, the last sub-string is not the exact copy of the motif. In
the former case the string is referred to as a perfect tandem
repeat (PTR); in the latter the string is referred to as an
approximate tandem repeat (ATR). Thus in the case of an ATR,
the so called motif or perfect tandem repeat element (PTRE) is
followed by one or more approximate tandem repeat elements
(ATREs). ATREs are not exact copies of the motif1.

Biologists distinguish between three types of TRs namely
microsatellites, minisatellites and satellites. These three TRs
differ in terms of the length of their consensus motif. Mi-
crosatellites have a motif length of (2 ≤ |motif | ≤ 5),
minisatellites have a motif length of (5 < |motif | ≤ 100)
and the motif length of satellites is (|motif | > 100). However,

1Approximate copies are generally ascribed to one of three errors: a
mismatch, insertion or deletion. In the case of a mismatch, a nucleotide other
than the expected one appears in a given position; in the case of an insertion,
a nucleotide is unexpectedly inserted ahead of another one; and in the case
of a deletion, a nucleotide is absent from the string in its expected position.
Some authors use the term “indel” to refer to either an insertion or a deletion.

there are some inconsistencies with regard to this classification
based on motif size. Delgrange and Rivals [2], Benson [3] and
De Ridder et al [4] agree on the above classification. Thurson
and Field [5] classify microsatellites as having motif size
less than seven—hence, in their scheme minisatellites have
7 ≤ |motif | ≤ 100. For the purpose of this paper, the size of
minisatellite motif is regarded as 5 < |motif | ≤ 100.

The detection of minisatellites can contribute to the develop-
ment of DNA fingerprinting which has been used in forensic
medicine, paternity testing and population genetics [6]–[8].
Minisatellites have also been associated with certain human
diseases such as epilepsy and diabetes [9], [10].

The present study represents a starting point in a larger
project, where the intention is to improve on minisatellite
detecting algorithms. It is clearly of importance to establish
the strengths and weaknesses of existing packages in terms
of usability, data generated, accuracy, etc. This paper reports
our findings in regard to data generated. Further research is
needed in order to investigate the accuracy of implications.
Our usability findings will be reported elsewhere.

Several software packages that detect minisatellites are
investigated, namely: Mreps [11], Phobos [12], TRF [3] and
ATRHunter [13]. All of these packages are freely available
on the web. Apart from Phobos, they have all been reported
in the literature. Although this is not an exhaustive set of
available packages, it was nevertheless considered sufficiently
representative for our purposes. Note that TRF appears to be
the package of choice for benchmarking purposes [4], [11],
[13].

The remainder of the paper is laid out as follows, in
Section II we provide an overview of the algorithmic details of
software searching for minisatellites. Section III reports on the
detected TRs by the respective software packages. The data
generated by the different software packages is compared and
reported on.

II. ALGORITHMS

The algorithms behind the identification of minisatellite can
be classified as library based [4], [14] and ab initio [14].
Library based techniques determine the repetitive sequence by
comparing an input to a set of known repeats in a database. An
example of a Library based algorithm is RepeatMasker [15].



Ab initio based techniques find the repetitive sequence without
using known references. Examples of Ab initio based algo-
rithms include: FORRepeats [16], Reputer [17], [18], TRF [3],
Mreps [11], Phobos [12] and ATRHunter [13]. This paper
therefore investigates software packages based on ab initio
techniques.

Section II is laid out as follows, in Section II-A Mreps is
discussed followed by Phobos in Section II-B. Section II-C
and Section II-D discuss ATRHunter and TRF respectively.

A. Mreps

Mreps is an implementation of an algorithm developed by
Kolpakov et al [19], [20] for detecting all exact maximal
repeats in a sequence of length n in time O(n), as well
as all maximal runs of k-mismatch of tandem repeats in
O(nklog(k)+S) time, where S is the number of repeats found.
A repeat is maximal if it can be extended to a maximum length
without affecting its motif.

Mreps identifies TRs, including minisatellites in DNA se-
quences. The speed of execution depends on the resolution
parameter (a value used as a measure of the number of errors
in the repeat): the algorithm runs very fast on low resolution
values and vice-versa. This resolution parameter allows the
computation of approximate repeats—or ”fuzzy repeats” as
referred to by the author [21].

The Mreps algorithm consists of two parts:
• The first part collects all repeating sequences using a

combinatorial algorithm [21], [22]. This algorithm con-
siders that two adjacent repeats with the same motif size
in a given sequence are part of the same TR if they differ
by at most k mismatches. Sequences are compared and
this process stops when the adjacent repeats differ by k+1
errors.

• The detected repeats are filtered by means of heuristics
and expected repeats are reported on.

The above algorithm is based on advanced string processing
techniques. The maximal run of k-mismatch tandem repeats
notation is used to find all repeats during the first part of the
algorithm. Given an error threshold, k, a run of k-mismatch
tandem repeats of motif m is a string such that any substring of
size 2m or more is a tandem repeat with at most k substitution
errors [11]. The computation of maximal runs of k-mismatch
tandem repeats has several limitations:
• The parameter k, which is the number of mismatch errors

should be specified beforehand. This implies that the
user has to have an a priori knowledge of the motif of
repetitions he/she is looking for in order to be able to
specify a proper number of allowed errors.

• There are certain artefacts of the definition of maximal
runs of k-mismatch tandem repeats, that produce unnatu-
ral side effects. The definition sometimes turns out to be
too rigid: indels are not directly accounted for. Rivals et
al suggest that these indels can be accounted for by using
large k values [23].

• All repetitions are output, including those that are ex-
pected or insignificant.

The repeats found by the first part of the algorithm are now
processed by the second part to obtain the desired repeats.
Details can be found in Kolpakov et al [11] on the heuristic
treatment in the second part to remove errors introduced in
the first part.

B. Phobos

Phobos is claimed to be a highly accurate and fast search
tool which detects microsatellites, minisatellites and satellites
[12]. Phobos has been incorporated into the Staden package2

as an extension of a fast and efficient minisatellite marker [12].
Phobos implements a recursive alignment algorithm [24]

to detect TRs. The developers of Phobos have not published
a formal academic paper. Thus the details of this recursive
alignment algorithm behind Phobos and some of the details
of their calculations are not available.

Phobos checks each position in a sequence and determines
for each unit length, whether it is a valid starting position.
Unfortunately, details of how Phobos determines a valid
start position are not currently available. After Phobos has
established a valid starting position the software extends the
detected repeat in both directions as far as possible. A scoring
scheme is used as optimality criterion. Scoring is computed
as follows: each match in the alignment gets a positive score
of 1, mismatched and indel (insertion or deletion) scores
can be chosen by the user and are restricted to negative
numbers. Phobos allows the inclusion of N’s (Nucleotides
that are unknown) in the DNA sequence. Users can again
decide whether an N is to be treated as neutral with score
0 or as a missense, i.e. as a mismatch or an indel. Starting
units are not scored. A repeat is considered better than another
repeat if it obtains a higher score. This optimality criterion is
used to decide whether a repeat should be extended beyond a
mismatch or gap position or not [24]. Presently, the above is
the only information that has been made available with regards
to the optimality criterion.

C. Approximate Tandem Repeat Hunter (ATRHunter)

The ATRHunter algorithm is constituted of two phases:
a screening phase, followed by a verification phase. The
screening phase identifies candidate ATRs of one of the types
defined with respect to a scoring function ϕ [13]. The scoring
function computes the similarity of two sequences, whereby
the higher the score, the more similar are the sequences. The
following are types of ATRs as defined by Wexler et al [13]:
• A simple ATR is a concatenation of sequences T =
T1T2 · · ·Tr for which there exists a sequence T∗ such that
ϕ(Ti, T∗) ≥ η for every i = 1, · · · , r. In other words, T
consists of r (possibly) mutated copies of a consensus
motif T∗ with diversity limited by ϕ(Ti, T∗) ≥ η.

• A neighbouring ATR is a concatenation of sequences T =
T1T2 · · ·Tr for which ϕ(Ti, Ti+1) ≥ η for every i =
1, · · · , r−1. This definition allows the similarity between
distant copies to be small.

2A Staden package is an extension for automating minisatellite marker
design developed by Lars Kraemer (now IKMB Kiel).



• A pairwise ATR which generates the latter, is the con-
catenation of sequences T = T1T2 · · ·Tr for which the
similarity ϕ(Ti, Tj) for every pair Ti and Tj is higher
than the threshold ηij .

The screening phase generates a list of candidate regions
that may contain TRs. Thus the screening phase identifies sub-
strings which each have an unusually high probability of being
a TR. The candidate ATR identified should pass the similarity
criteria in which very strict criteria will limit the number of
false candidates.

Similarity between two adjacent sub-strings of length t
is tested by comparing segments of length l of these two
sub-strings. Every segment of length l (also referred to as
an l−window) in the first sub-string is compared with the
corresponding l−window in the second sub-string. The result
of this comparison is a vector entry which indicates a match
or a mismatch. This vector is said to be a q-quality vector if
the number of matches is at least q × l, where 0 ≤ q ≤ 1.

Two quantities that are very important in defining the
similarity criteria are:
• score St(i), which is the number of q-quality vectors

computed by comparing two sub-strings starting at po-
sition i; and

• gap ∆t(i), which is the maximal number of consecutive
l−windows in the sub-string of length t starting at
position i that generates vectors which are not q-quality.

The similarity criteria depends on the motif length t and
two parameters PM and PI , where PM is the probability of
a match between two aligned string elements, and PI is a
measure of the number of insertions (or deletions) that are
expected when comparing adjacent sub-strings. For a sub-
string of length t starting at position i to be considered as a
candidate, it should pass the following three similarity criteria:
• Score criterion: Si ≥ σt.
• Continuity criterion: ∆i ≤ δt.
• Distance criterion: Every q-quality vector counted in
St(i) is the result of a comparison between two
l−windows whose offset is at least 0 but not more than
dt
max.

During the verification phase, the list of candidate ATRs from
the screening phase is validated to determine if the ATRs are
in fact what they are supposed to be. Every type of ATR,
as discussed earlier, is subjected to two different verification
procedures. Firstly, a candidate ATR and a sub-string are
aligned and tested to verify whether the alignment score passes
a given threshold. The alignment of a TR must meet or exceed
this alignment score. Secondly, two repeats are combined into
a single ATR containing more repeats. A certain statistical
framework is used in determining whether the threshold is met.
Further reading on it can be obtained in Wexler et al [13].

D. TRF

TRF uses a probabilistic model to find TRs. The model is
said to be probabilistic because it is based on percent identity.
Two tandem copies of a pattern are aligned by a sequence

A G C T C A C T A G T A C A C A
− | | | | | | | − | | − − | | |
C G C T C A C T G G T A C A
T H H H H H H H T H H T T H H H

Fig. 1. Two TR copies aligned, H is a match, and T is a mismatch or indel.

of Bernoulli trials3. The probability of a match (shown as H
for Heads) represents the average percent identity between the
copies. A tails is a mismatch, insertion or deletion. Figure 1
shows the idea behind the model. A match in the figure is
shown as H for Heads, and a mismatch, insertion or deletion is
shown as T for Tails. The probability of a match is given by the
average percent identity between the copies. For example, the
length of the top string in the figure is 16, and the number of
matches (the number of times H occurs) is 12. The probability
of a match between the two example TR copies in the figure
is therefore 12×100

16 = 75%.
The algorithm can be viewed as having two components.

The detection and analysis components. The detection compo-
nent searches for candidate TRs while the analysis component
attempts to produce an alignment for each candidate and
reports on TR statistics.

The TRF algorithm looks for matching nucleotides sepa-
rated by a common distance denoted by d [25]. It looks for
runs of k matches, called k-tuple matches.

This k-tuple is a window that contains k consecutive char-
acters. A Bernoulli model would produce a run of k heads if
two k-tuples match, i.e. if they contain the same characters in
the same order.

A list of all possible k-length strings is kept. Each such
string is called a probe. Each probe, p, is slid across the
sequence and a list, Hp, of occurrences of p in the sequence is
maintained. For every entry i and earlier entry j in Hp of the
probe p, the distance d = i − j is a possible pattern (motif)
size for a tandem repeat, since the strings starting at i and
j respectively are matching k-tuples. Information about other
k-tuple matches at the same distance is placed in a distance
list DP and this list is updated every time a match at distance
d is detected.

The information in the distance list is evaluated using
some criterion. If it passes this evaluation, the candidate
pattern is selected from the nucleotide sequence and is aligned
with the surrounding sequence using wrap-around dynamic
programming [26]. This is seen as the analysis component of
the algorithm.

III. COMPARISONS

In this section, software discussed in the previous section is
compared. The comparison is in terms of data that is generated
as well as in terms of the respective execution times. Generated
data refers to PTRs and ATRs reported by the respective
packages. (Section III-D).

3A Bernoulli trial is an experiment whose outcome is random and can be
either of two possible outcomes, success and failure. The tossing of a coin
can be identified with a Bernoulli trial, where, say, Heads is associated with
success and Tails with failure.



TABLE I
THE NUMBER OF MINISATELLITES REPORTED FOR DIFFERENT MOTIF
LENGTH. THE ALGORITHMS WERE FIRST RUN ON Jejuni genome THEN

Human X Chromosome.

Motif size Mreps Phobos TRF ATRHunter
Jejuni HumanX Jejuni HumanX Jejuni HumanX Jejuni HumanX

6 1328 35 1328 35 1222 4 6 2
7 263 11 252 9 241 6 0 0
8 98 5 94 5 89 4 0 0
9 98 3 95 2 90 2 98 3
10 10 1 10 1 35 1 10 4
11 10 0 10 0 15 1 10 0
12 11 1 11 1 25 0 11 1
13 0 1 0 1 0 0 0 1
14 0 0 0 0 0 0 0 2
15 1 0 1 0 2 0 1 0
16 0 0 0 0 1 0 0 0
17 0 0 0 0 1 0 0 0
18-20 0 0 0 0 0 0 0 0
21 1 0 1 0 1 0 1 0
22-100 0 0 0 0 0 0 0 0
Total 1820 57 1802 54 1722 18 137 13

A. The sample data and computer configuration

Data that was used during trial runs is as follows:
• The Human X Chromosome (±50KB)
• The Jejuni genome sequence (±1.6MB)
• The Fusarium genome (±34MB)

The latter was used for the execution time comparison. All
this data is available on www.dna-algo.co.za. These software
packages were run on Windows XP Version 2002 with service
pack 3 platform. The machine hardware configuration is: In-
tel(R) Core(TM) 2 Duo CPU E6850 @3.00GHz and 2.99GHz,
1.96GB RAM.

B. Generated data of different software packages

The parameters introduced by different software packages
enable users to manipulate the “type” of minisatellite to be
detected. In the context of this paper “type” refers to the motif
length of ATREs and nature (motif error(s) of each ATRE
allowed). It is clear that in the case of PTRs, no ATREs and
motif errors are allowed. In the next section we report on the
PTRs detected by different software packages.

C. Detected PTR comparisons

For the data comparison of PTRs, two genetic sequences
from Jejuni genome and the Human X Chromosome were used
as input sequences. The results obtained are summarised in
Table III-C.

Parameters of the different software packages were set in
order to ensure only the detection of PTRs. Thus parameters
were set as follows.
• Mreps: the resolution parameter has been set to 0 (res=0).
• Phobos: was set to detect PTRs by setting the search

mode to exact.
• TRF: alignment weights were set to 2, 7, 7 whilst the

alignment score was set to 20.
• ATRHunter: alignment weights were set to 2, 7, 7, 7 and

the alignment score was set to 2.

The idea behind alignment score used in TRF and
ATRHunter is similar. TRs should meet or exceed this score
to be reported. The alignment weights are also the same

Fig. 2. Venn diagram showing overlaping repeats from Jejuni sequence.

(representing: match, mismatch and indels) with additional
weight for terminal indels in case of ATRHunter. Mismatched
and indels scores are treated as negative numbers.
Reported PTRs of the Jejuni Genome sequence:
Mreps reported the highest number of repeats namely 1820;
Phobos reported 1802 repeats whereas TRF reported 1722
repeats. Furthermore we noted:
• All the software packages reported on the longest TR in

the data.
• All the software packages reported on the TR in the data

that had longest motif length, namely 21.
In Figure 2 a graphical representation of detected repeats
is provided as intersecting sets. The number of repeats
detected and reported by all the software packages is 125.
Mreps detected 3 repeats that were not detected by any other
software packages whilst TRF detected 49 that were not
detected by any other software packages.

Reported PTRs of the Human X Chromosome:
Figure 3 shows that 3 repeats were detected by all the software
packages in the Human X Chromosome analysis. TRF detected
one repeat that was not discovered by any other package, and
ATRHunter discovered 3 such repeats. Table III-C shows these
unique repeats detected by TRF and ATRHunter respectively.

Although Mreps detected the most number of repeats it did
not detect any repeats per se that were not detected by other
software packages too.

Mreps and Phobos reported approximately the same set of
repeats. The longest motif length to be reported was 15. Both
TRF and ATRHunter detected this repeat. From generated data
it was clear that Mreps and Phobos detected more repeats
when the motif length was small whist TRF and ATRHunter
detected more minisatellites than Mreps and Phobos when the
motif length increases.

ATRHunter reported overlapping repeats as shown in Ta-
ble III-C.

In this section we considered the detection of PTRs by
the various software packages. Contrary to our expectation,
the software did not report the same repeats. Therefore in
considering ATRs to be detected and reported on in the next



Fig. 3. Venn diagram showing overlaping PTRs from Human X Chromosome.

TABLE II
UNIQUE REPEATS THAT WERE NOT DETECTED BY OTHER SOFTWARE ON

Human X Chromosome

Software Start position Motif size Sequence
TRF 21584 11 tgtgtgtgtta
ARTHunter 21548 14 ctctctctctctct

49388 10 atatatatat
49411 10 agagagagag

section, one might expect even more variation in the reported
repeats.

D. Detected ATR-comparison

The aim of this investigation was to determine how the
generated data differs in terms of number of TRs detect when
the parameters are set as “loosely” as possible. By this we
mean that parameters of each specific software package were
selected in such a way that the package was given maximum
latitude to decide that a given string of nucleotides should be
construed as a minisatellite. Thus, each respective package was
expected to report as many minisatellites as it was capable to
identify. An extract from the Human X Chromosome was used
for test data.

The Venn diagram presented in Figure 4 represents the
number of TRs detected by the different software packages.
From this figure, it is clear that TRF detected the largest
number of TRs. This is in contrast with the results we obtained
when we were looking for PTRs only. In that exercise, Mreps
detected the largest number of PTRs.

Similarly, ATRHunter reported more TRs than Phobos dur-
ing this search in which ATRs were allowed, whereas the
situation was reversed in the previously described search for
PTRs.

The software packages were only able to find 3 common
TRs. The number of “unique” repeats—i.e. TRs only reported
by one of the software packages—increased drastically.

The further investigation that is required into the differences
between the generated data of the various packages will be
briefly discussed in Section IV. Before that, however, the
execution times of the various packages are investigated in
the next section.

TABLE III
OVERLAPS IN REPEATS REPORTED BY ATRHunter

Start Motif size Sequence
21548 10 ctctctctct
21548 14 ctctctctctctct

49411 6 agagag
49411 10 agagagagag
49411 14 agagagagagagag

Fig. 4. Venn diagram showing overlaping repeats from Human X Chromo-
some. The repeats include both perfect and approximate.

E. Execution time comparison

TABLE IV
PACKAGE EXECUTION TIME ON THE Fusarium SEQUENCE

Motif length: 1-50
Software Parameter(s) Time
Mreps 0 7.67s

1 21.53s
6 78.57s

TRF (Score: Weight) 50: 2 7 7 32.65s
30: 2 5 5 49.78s
20: 2 3 5 92.58s

Phobos Perfect 54.5s
Approximate 14.85 Hours

Motif length: 1-100
Mreps 0 7.75s

1 21.56s
6 78.73s

TRF (Score: Weight) 50: 2 7 7 33.84s
30: 2 5 5 51.94s
20: 2 3 5 106.04s

Phobos Perfect 101.43s
Approximate indefinitely

Table IV shows the execution times of three of the packages
on Fusarium sequence4. The packages were run with motif
size 1-50, and then with motif size 1-100. The bottom limit
of 1 was selected throughout because TRF cannot change its
minimum motif. We therefore selected the minimum motif

4ATRHunter was not included in this run because of difficulties which were
encountered during the setting of parameters.



setting on the other packages to be 1 as well so as to ensure
fairness. Mreps was run with its resolution parameter setting
at 0, 1, and 6 respectively. Three different TRF score / weight
combinations were used as shown in the table. Phobos was
run in exact mode and then in imperfect mode.

From the execution time results, it can be seen that in-
creasing a package’s motif size increases the execution time.
The number of errors allowed (i.e. the extent of approximate
matching) also has an impact on the execution time: the more
errors are allowed, the more time is needed by the packages
to report on detected repeats.

In comparing execution time for different packages, it is
clear that Phobos is less efficient than the other two packages.
This was especially the case when searching for ATRs, where
the time difference became very large indeed. Of the remaining
two packages, Mreps appears to have a slightly better execu-
tion time than TRF.

IV. CONCLUSION AND FUTURE RESEARCH INITIATIVES

From the data presented in Section III it is clear that
different software packages detect different TRs. At first sight,
this might seem surprising. However, the scope for giving
various interpretations for the same string of nucleotides is
very wide indeed. For example, the string AAA AAA G could
be viewed as a PTR of motif length 3 with 2 repeats, or a
PTR of motif length 2 with 3 repeats, or a PTR of motif
length 1 with 6 repeats, or an ATR starting in the 2nd position
with motif AA and 3 repeats, but with a mismatch in the last
position. Furthermore, once a package has identified a repeat,
the policy on where to start looking for the next repeat could
also differ: some looking for TRs that may overlap with the
one just found, and others looking for non-overlapping TRs
only.

In an earlier and similar study on microsatellites (as opposed
to ours on minisatellites), Rivals [23] reported that various
authors had differing notions of ATRs, but that each imple-
mentation conformed to its own definitions. This, then, was the
reason for differences in that particular context. We conjecture
that the explanation can be given for the differences in ATR
generated data that is shown in Figure 4.

The results displayed in Figures 2 and 3 confirm that the
notion of PTRs also differs from one package to the next.
It is interesting to note that there is a high correspondence
between the Mreps and Phobos generated data. These two
packages allowed the user specifically to request PTR data
generation. In the case of TRF and ATRHunter, the user is
required to set score and weight parameters as stringently as
possible. As a result, these packages find some, but not all, the
PTRs identified by Mreps and Phobos. In addition, they also
report other TRs which conform to their parameter settings,
but which are not PTRs. These are PTRs identified by Mreps
/ Phobos, but which have been extended slightly, because the
TRF / ATRHunter settings allow for a small tolerance of errors,
instead of eliminating them completely.

This may explain why there is much difference be-
tween PTRs detected by the two sets ((Mreps,Phobos) and

(TRF,ATRHunter)).
Figures 2 and 3 show that a total of 18 and 3 repeats,

respectively, were detected by Mreps but not by Phobos. These
turned out to be PTRs that were embedded in larger PTRs
identified by both packages.

The literature on the various software packages does not in-
dicate whether they have been developed for specific biological
research scenarios. If this is the case, then it seems plausible
to classify software searching for minisatellites in terms of its
intended application context, and to presume that the precise
definitions used for PTRs and ATRs were context-dependent.

Definitions regarding minisatellites may be context-
dependent, consequently there appears to be a need for stan-
dardised definitions within the different biological contexts
that are accepted by all concerned. Only then will it be pos-
sible to design minisatellites detecting software that behaves
consistently in filtering out redundant data and generating only
relevant data for a given biological scenario.
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