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Abstract. A tandem repeat in DNA is a sequence of two or more contiguous, 
approximate copies of a pattern of nucleotides. Tandem repeats occur in the ge-
nomes of both eukaryotic and prokaryotic organisms. They are important in 
numerous fields including disease diagnosis, mapping studies, human identity 
testing (DNA fingerprinting), sequence homology and population studies. Al-
though tandem repeats have been used by biologists for many years, there are 
few tools available for performing an exhaustive search for all tandem repeats 
in a given sequence. In this paper, we present INVERTER, a de novo tandem 
repeat finder without the need to specify either the pattern or a particular pattern 
size, integrated with a data visualization tool. INVERTER is implemented in 
Java and has a built-in user-friendly Graphical User Interface. A standalone 
version of the program can be downloaded from http://bmserver.sce 
.ntu.edu.sg/INVERTER. Comparison search result of INVERTER with an ex-
isting software tool is presented. The use of INVERTER will assist biologists in 
discovering new ways of understanding both the structure and function of DNA 
and protein.  

Keywords: Variable Number Tandem Repeat, exact match search, non-exact 
match search, data visualization. 

1   Introduction 

Most genomes have a high content of repetitive DNA. Fifty percent of the human 
genome, for example, consists of repeated sequences[1]. A tandem repeat (TR) in 
DNA is a sequence of two or more contiguous, approximate copies of a pattern of 
nucleotides. Variable Number Tandem Repeat (VNTR) is a location in a genome 
where a short nucleotide sequence is organized as a tandem repeat. 

VNTRs appear in biological sequences with a wide variety and occur in the genomes 
of both eukaryotic and prokaryotic organisms. They are found in both coding and non-
coding regions of DNA. Expansions of repeats found in the protein-coding portions of 
genes can affect the function of the gene by causing synthesis of malfunctioning  
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proteins. Repeats in non-coding regions have been shown to affect biological processes 
by affecting gene expression, transcription and translation. 

VNTRs are essential in genetics and biology research. They are important as ge-
netic markers[2] as well as responsible for over 30 inherited diseases in humans. Ex-
pansions of simple DNA repeats have been linked to hereditary disorders in humans, 
including Fragile X Syndrome[3], Myotonic Ddystrophy[4], Huntington’s Disease[5], 
spinal and bulbar muscular atrophy[6], various Spinocerebellar Ataxias and Frie-
dreich’s Ataxia[7]. These diseases are sometimes called the repeat expansion diseases 
since they are caused by long and highly polymorphic VNTRs [8, 9]. Tetra- or penta-
nucleotide VNTRs in the human genome are the genetic markers used in DNA foren-
sics[10]. Since the number of adjacent repeated units varies from individual to indi-
vidual, the copy number of a tandem repeat can be used to identify an individual, and 
relations such as parent or grandparent. VNTRs are also used in population 
studies[11], conservation biology[12] as well as multiple sequence alignments[13]. 

Although VNTRs have been used by biologists for many years, there are few tools 
available for performing an exhaustive search for all VNTRs in a given sequence. Popu-
lar existing software tools for finding VNTRs in a sequence include: Tandem Repeats 
Finder (TRF)[14], mreps[15], ATRHunter[16], STRING[17], and T-REKS[18].  

One of the difficulties involved in locating VNTRs is in the precision of finding a 
tandem repeat given its loose definition. Exact repeats, i.e. repeats that do not allow 
any errors, are clearly defined. Once we introduce errors, such as insertions and dele-
tions of single or multiple bases, we have to define what constitutes a tandem repeat. 
Each of the tools for locating VNTRs relies on certain assumptions and definitions. 
Thus, the output of the different tools differs, each offering different insights into the 
presence of repeated sequences. Furthermore, none of the above software tools pro-
vide data visualization of the resulting VNTRs to facilitate users to correlate annota-
tions, observe visual patterns, and view useful statistics of the data.  

In this paper, we present INVERTER, a de novo tandem repeat finder without the 
need to specify either the pattern or a particular pattern size, integrated with a data 
visualization tool. INVERTER is aimed to identify both exact match and non-exact 
match VNTRs and provide data visualization which would allow users to correlate 
annotations, observe visual patterns, and view useful statistics of the data.  
INVERTER is implemented in Java and has a built-in user-friendly Graphical User 
Interface. The use of INVERTER will assist biologists in discovering new ways of 
understanding both the structure and function of DNA and protein. 

The remainder of the paper is organized as follows. Section 2 explains the problem 
definition and implementation details of INVERTER. Experimental works on 6 com-
pleted projects of Acinetobacter baumanii genomes using the INVERTER are pre-
sented in Section 3. Section 4 concludes the paper. 

2   Method 

2.1   Problem Definition  

There are two principal families of VNTRs: microsatellites and minisatellites. Mi-
crosatellites are short tandemly repeated DNA sequences of 1-6 base pairs in  
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Table 1. Commonly employed terms for VNTRs 

Biological 
definition 

Mathematical/Computational 
description 

Features Example 

Perfect Exact match 100% identical 
copies 

(A)n, (ATC)n 

Imperfect Approximate-Hamming  
Distance  

Substitutions 
(=mismatches) 

(AC)nAT(AC)m 

Interrupted* Approximate Edit-Distance substitutions,  
insertions,  
deletions 
(=interruptions) 

(ACG)nT(ACG)m, 
(AT)nCGAG(AT)m 

Compound/ 
complex 

‘Fuzzy’ multiple motifs, 
periods,  
substitutions 

(ACG)nT(TC)m  

* Interrupted repeats are often included in imperfect repeats 
 
length[19]. Minisatellites, on the other hand, consists of moderately 10-100 base pairs 
of DNA sequences[20]. 

It is well known that sequences are subject to many kinds of modifications, such as 
point mutations, i.e. substitutions, insertions and deletions (indels for short), and ex-
pansions, i.e. exact tandem replications of some tracts. Table 1 shows the commonly 
employed terms for VNTRs based on their types of repeats[21]. 

Given a sequence S of length l, S ={s1, s2, … sl}. S contains exact match VNTR r 
of length k at position p if r can be partitioned into consecutive n sub-sequences of 
pattern q, as defined in the following equation 

 
S = wrw’, 

 

where r = {sp,…,sp+k} = (q)n, n > 1, w = {s1,…,sp-1} and w’ = {sp+k+1,…,sl}. 
INVERTER is aimed to identify both exact match and non-exact match VNTRs 

and provide data visualization which would allow users to correlate annotations, ob-
serve visual patterns, and view useful statistics of the data. More specifically, 
INVERTER is more optimized towards minisatellite VNTRs, although it can be used 
to identify and visualize microsatellite VNTRS. The reason is that due to the size of 
microsatellite VNTRs, visual patterns and statistical result provided may not be as 
significant as in minisatellite VNTRs. 

2.2   Implementation  

INVERTER is designed to be portable and therefore it is implemented in Java due to 
its platform-independent characteristics. Java supports four popular Operating Sys-
tems, i.e. Windows, Linux, Solaris and MacOS.  

INVERTER also has a built-in GUI to allow user to set parameters needed for the 
identification and visualization of VNTRs in DNA sequences. A standalone version 
can be downloaded from http://bmserver.sce.ntu.edu.sg/INVERTER. Fig. 1 illustrates 
the workflow diagram of INVERTER. Currently, there are three features that are avail-
able to users, i.e. identification of exact match VNTRs and non-exact match VNTRs in 
DNA sequences as well as visualization of the resulting tandem repeat data. 
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Fig. 1. Workflow diagram of INVERTER 

2.2.1   Identification of Exact Match Tandem Repeats 
The first feature allows users to identify exact match VNTRs in the input nucleotide 
sequences. Users can open an input file containing one or more sequences in FASTA 
format or copy and paste a sequence directly in FASTA format to INVERTER. Several 
parameters and options of the program can be defined by the users, as seen in Fig. 2.  

 

 

Fig. 2. VNTR Exact Match Search 
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Minimum length lmin defines the minimum length of pattern to be reported in the 
result in terms of base pairs. The default value lmin is 9 bps and is chosen based on the 
analysis of known minisatellites of biological importance. Setting the value of lmin to a 
smaller value will generate more VNTR results but also increase the probability of 
inclusion of irrelevant repeats (noise). Given a sequence S of length l, the theoretical 
maximum of lmax is l/2. However, although it is possible to increase the maximum 
length value, it is not feasible to verify it using wet lab experiment due to the limita-
tion of current gel-based technology verification technique, e.g. pulsed-field gel elec-
trophoresis (PFGE). Therefore, the maximum length of searched pattern lmax is cur-
rently limited to 200.  

The subset option indicates whether subset VNTRs should be included in the 
search result. The on option will include subset VNTRs in the result, while off will 
exclude them. The default option is on. Given a VNTR r of length k, r = {r1, r2, … , 
rk}, a subset VNTR z = {z1, z2, … , zk} of length kz containing m consecutive pattern qz 
can be defined as follows: 

 

r = vzv’, 
 

where z = (qz)m, 1 < m < n, 1 ≤ kz ≤ k, v = {r1,…,rc-1}, v’ = {rc+kz+1,…,rk} and 1 < c ≤ 
kz. For example, a VNTR r = ACGTACGTACGT contains subset VNTRs 
CGTACGTA, GTACGTAC and TACGTACG.  

The search option indicates whether search should be a simple or extensive search. 
The simple search denotes that each VNTR is searched only in its origin sequence. 
On the other hand, extensive search searches for the occurrence of each VNTR in 
every sequence in the input file and is suitable to find inter-relationships of VNTRs 
among the input sequences. The default option is simple search. 

Given a set of input sequences S and input parameters lmin and lmax, the exact match 
search will generate a list of VNTR V, which is then filtered for the occurence of 
VNTRs consisting of only N-nucleotides. N-nucleotide stands for an unknown nu-
cleotide in some databases. It can be either of the four nucleotides (A, C, G or T). 
Therefore, it is logical to remove the N-VNTRs in order to reduce redundancy and 
improve the efficiency of the result. Subsequently, INVERTER checks for the subset 
and extensive search flag and then executes the necessary processing accordingly. 
The pseudocode of the exact match search is illustrated in Fig. 3. 

After the search has finished, users can opt to use the visualization tool to view the 
result or save the result in a comma-separated value (csv) or text format. The saved 
search result contains the exact match VNTRs with their respective relevant data 
needed for the visualization tool, i.e. their origin sequence, the length of the origin 
sequence, the pattern, the initial position of the VNTR in the sequence, the length of 
the VNTR and the number of count. 

2.2.2   Identification of Non-exact Match Tandem Repeats 
The second feature of INVERTER allows users to identify non-exact match VNTRs. 
For this purpose, we implement a heuristic algorithm based on the unsupervised clas-
sification K-means algorithm[22]. Other VNTR finder tools using K-means algorithm 
include T-REKS[18]. 
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Fig. 3. Exact Match Search Pseudocode 

We use short strings (SS) to detect for the presence of VNTRs and use the lengths 
between identical neighbouring SSs as datapoints of the K-means algorithm. Hence, 
all datapoints are partitioned into k clusters for user-defined k. For each partition a 
centroid is defined. K initial centroids are selected from the dataset. Distances be-
tween each datapoint and the centroids are then calculated to assign the datapoint to 
the cluster which has the nearest centroid. This procedure repeated iteratively until 
convergence is met. Statistically, the longer is the sequence the higher is the number 
of occurrences of a given SS. The increase of the occurrences will amplify a back-
ground noise and decrease the quality of detection at the clustering steps. Therefore, 
we split the input sequences to smaller chunks of length 1500 or less to avoid the 
reduction of detection quality in long sequences and then concatenate them after the 
search. This strategy is also used in T-REKS. For our implementation, we choose the 
length of SS lSS to be 4 and k to be 20. These values are obtained empirically. 

The candidate VNTR lengths is determined first by selecting the most frequent 
length mfl within each cluster generated. This step is applied to each type of SS found. 
If a cluster has several most frequent lengths which occur the same number of times, 
the shortest length is chosen.  

Not all mfls may correspond to the VNTR lengths, because a given short string 
may occur more than one time within a repeat. Hence, we filter the mfls. First, we 
consider only SSs which are separated by lengths that are equal or close to the mfls.  
The threshold of closeness of the length to the mfls is proportional to the length, so it 

Start 
Get input data and relevant input parameters lmin and lmax; 
While there are still unprocessed input sequence in |S| 
     For i:0 to lmax  

     Search for potential VNTR candidate with length >   
       lmin using sliding window;  

      If a VNTR is found  
         Process VNTR data; 
         Add VNTR to V; 
      End If 
     End For 
End While 
Filter for N-VNTRs; 
If Subset Flag is TRUE 
     Do subset processing  
End If 
If Extensive Search Flag is TRUE 
     For i:1 to |V| 
      For j:1 to |S| 
         If the origin of current VNTR is Sj 
     Get the data from  
         Else 
     Search the VNTR in other sequences  

      in the dataset; 
      End For 
 End For 
End If 
End 
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takes into account the variability of the lengths in biological tandem repeats. Second, 
we scan the sequence and do not consider a downstream SS of the neighbouring SSs 
except for those which length correspond to one chosen mfls. The lengths are then re-
calculated and the scanning is repeated for each of the mfls and leads to k new sets of 
re-calculated lengths.  

K-means algorithm is simultaneous applied to all mfls of all type of SS which will 
provide k most frequent mfls that can be considered as candidate VNTRs. The level of 
sequence similarity between the putative repeats of each run is evaluated using Multiple 
Sequence Alignment (MSA) center-star approach. Based on the obtained MSA of the 
repeats constituting the runs, we obtain a consensus sequence and subsequently use it as 
a reference for similarity calculation. Given an alignment made by m repeats of length l. 
Hamming distance di between the consensus sequence and a repeat ri with 1 ≤ i ≤ m are 
calculated. A similarity coefficient for the whole alignment as sim = (m*l – ∑ Di)/m*l 
where 0 ≤ sim ≤ 1. The pseudocode of the non-exact match search is illustrated in Fig. 4. 

 

 

Fig. 4. Non-Exact Match Search Pseudocode 

2.2.3   Visualization Tool 
To our knowledge, INVERTER is the first tandem repeat discovery tool with an inte-
grated visualization tool. The visualization tool is aimed to provide data visualization 
of the resulting VNTRs, which allow users to correlate annotations, observe visual 
patterns, and view useful statistics of the data, which are not available in other tools. 

Start 
Get input data and relevant input parameter sim; 
While there are still unprocessed input sequence in |S| 
 If lSi >= 1500 
  Split Si; 
  For all the split sequences 
   For all SS 
    Apply k-Means and assign datapoints; 
    Filter mfls; 
    MSA string alignment; 
    Do similarity calculation; 
    Bridge the split sequences;   
   End For 

   If candidate fulfills criteria 
    Add VNTR to list; 
   End If; 

  End For 
 Else 
  For all SS 
   Apply k-Means and assign datapoints; 
   Filter mfls; 
   MSA string alignment; 
   Do similarity calculation; 
  End For 

  If candidate fulfills criteria 
   Add VNTR to list; 
  End If 

 End If 
End While 
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The availability of this novel tool is aimed to help biologists visualize VNTRs in raw 
genomic data as well as overall view of the entire data in form of useful statistics, 
hence facilitating new ways of understanding both the structure and function of DNA 
and protein. An example of this is frequency analysis of DNA sequences, in which 
some of tandem repeat patterns have been associated with known genetic factors e.g. 
a 3bp repeats has been found to be characteristic of exonic regions[23, 24] and a 10-
11bp repeats has been found to be characteristic of DNA prone to supercoiling[25].  

Users can directly use the visualization tool on the latest search result or open a csv 
file containing the result of a previous search. The visualization tool partitions the 
VNTRs based on their respective origin sequences in tab form. Users can display all 
the sequences or choose selectively which ones they are interested for comparison 
purposes. The visualization tool includes four features, i.e. table view, zoom view, 
statistics and intra-inter repeat.  

The zoom view provides an overall view of the positions VNTRs in the sequence. The 
x axis shows the relative position while the y axis shows the id of the VNTRs, respec-
tively. Users can zoom in and zoom out of a particular area in the sequence to get a more 
detailed visualization of the VNTRs in the sequence. VNTRs marked with repeat refer-
ence are color coded in accordance to the table view while VNTRs that are not marked 
with repeat reference are given grayscale colors, ranging from light gray to black. For the 
latter, the higher the number of count of a particular VNTR, the lighter the color associ-
ated to it. Tooltip showing the VNTR sequence and the starting position of the VNTR 
will appear if users mouseover a particular VNTR. Furthermore, users can choose to 
display only selected VNTRs marked with repeat reference, with or without the non-
repeat reference VNTRs for isolation purposes. In addition, users can also save the visu-
alization as a PNG image file or print it directly from the user interface. Fig. 5 shows an 
example of the zoom view of the Acinetobacter baumannii AYE complete genome. 

 

 

Fig. 5. Table view of the Acinetobacter baumannii AYE complete genome 
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Table view displays the search result in spreadsheet form. It shows the identifica-
tion number (id), the VNTR, the initial position of the VNTR in the sequence, the 
length of the VNTR, the number of count and whether the VNTR is a repeat refer-
ence. If a VNTR is marked with repeat reference, it indicates that the VNTR appears 
in either another position in the origin sequence or in another sequence in the one of 
selected sequences. The repeat reference cell is color coded, up to 1024 unique colors 
and the value inside the cell indicates the reference number that particular VNTR. The 
spreadsheet can be sorted according a particular column (the default is id). In addi-
tion, the columns can be expanded and interchanged to allow greater flexibility for 
users. Example of the table view of the Acinetobacter baumannii AYE complete ge-
nome is illustrated in Fig. 6. 

 

 

Fig. 6. Zoom view of the Acinetobacter baumannii AYE complete genome 

The main idea of the statistics feature is for users to be able to make a quick de-
cision on whether or not the VNTRs in the sequence are worth pursuing further. 
This feature will be very useful especially when users are dealing with numerous 
sequences, as it summarizes how VNTR is distributed over the sequences. The 
statistics include the maximum value, minimum value, average, median, mode and 
histogram of the length and count of the VNTRs in the search result, respectively. 
In addition, repeat reference statistics are also included, namely the total number of 
repeat reference in the sequence and their respective references, total number of 
unique repeat reference in the sequence and their respective references as well as 
the total number of multiple occurrence of repeat reference in the sequence. Exam-
ple of the statistics of the Acinetobacter baumannii AYE complete genome is 
shown in Fig. 7. 

Intra-inter repeat shows the intra-relationship and inter-relationship of VNTRs 
marked with repeat reference. Intra-relationship means that the VNTR appears in  
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Fig. 7. Statistics of the Acinetobacter baumannii AYE complete genome 

another position in the origin sequence while inter-relationship means that the VNTR 
appears in another sequence. The cell is color coded in accordance to the table view 
and the value inside the cell of row r and column c indicates the number of occur-
rence of that a VNTR that is marked with a repeat reference r in sequence c. Fig. 8 
illustrates an example of relationship of the Acinetobacter baumannii AYE and Acine-
tobacter baumannii AB307-0294 complete genomes. 

 

 

Fig. 8. Intra-inter repeat relationship of the Acinetobacter baumannii AYE and Acinetobacter 
baumannii AB307-0294 complete genomes 
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3   Result 

Acinetobacter baumannii is a major nosocomial pathogen with many clones resistant 
to most available antibiotics. It affects primarily immunocompromised patients, often 
in intensive care and burns units[26]. The reported antibiotic resistance includes the 
carbapenems, which have been the antibiotics of choice against this organism. Infec-
tions can therefore be difficult to treat, and are associated with increased morbidity 
and mortality[27, 28]. 

We have examined 6 completed genome projects of Acinetobacter baumannii obtained 
from the NCBI website (http://www.ncbi.nlm.nih.gov/sites/entrez ?db=genomeprj&cmd= 
Retrieve&list_uids=21111,30993,17827,17477,28921,13001), i.e. AB0057, AB307-0294, 
ACICU, ATCC17978, AYE and SDF. The parameter values of lmin and lmax  
chosen for the experiment are 9 and 200, respectively. Our experiment is bench-
marked on an Intel Core i5-540M 2.40 GHz CPU, 4 GB RAM  running Windows 
7 64 bit. The runtime is measured in seconds. The result of the experiment is 
shown in Table 2.  

Table 2. Exact match result on 6 complete Acinetobacter baumanii genomes 

Subset option off Subset option on A. baumanii 
genome 

RefSeq Length 
(Mbps) #VNTRs 

found 
Runtime

(s) 
#VNTRs  

found 
Runtime 

(s) 
AB0057 NC_011586 4.050513 570 42 1164 43 
AB307-0294 NC_011595 3.760981 821 38 2720 39 
ACICU NC_010611 3.904116 508 39 1201 40 
ATCC17978 NC_009085 3.976747 394 40 838 41 
AYE NC_010410 3.936291 787 39 2023 39 
SDF NC_010400 3.421954 1524 35 4600 35 

 
We compare INVERTER result with T-REKS[18]. The similarity parameter Psim of 

T-REKS is set to 1.0 to ensure that it search only for exact match VNTRs and we set 
the type to DNA sequence.  

In general, all of the VNTRs reported by T-REKS are found by INVERTER as well. 
Furthermore, INVERTER found several more VNTRs that are not reported in T-REKS. 
However, there are a total of 4 VNTRs that are reported in the T-REKS but are not 
included in the INVERTER result with subset option off. By modifying the subset op-
tion parameter to on, these 4 VNTRs are included in the INVERTER result. The reason 
is because INVERTER found a more significant VNTR compared to the T-REKS re-
sult, and therefore it relegates that particular VNTR as a subset VNTR. In all 4 cases, 
the more significant VNTR has a higher count value compare to the subset counterpart. 
The difference of INVERTER result with T-REKS is highlighted in Table 3. 

Table 4 shows non-exact match result of INVERTER on the 6 completed genome 
projects of Acinetobacter baumannii. The similarity threshold value sim chosen for 
the experiment is 0.85. The runtime is measured in seconds. As a comparison,  
T-REKS needs 17 min to analyze a medium size genome of Drosophila melanogaster 
using a Pentium 4 3.0 GHz and 2 GB of RAM[18]. In some genomes, INVERTER 
found less non-exact match compared to the exact match. One possible reason for this  
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Table 3. Difference of INVERTER result with T-REKS  

A.baumanii 
genome T-REKS  INVERTER (Subset option off) 

AB307-0294 ATTCTTTGG CTTTGGATT 
ATCC17978 GGATTCTTT TTCTTTGGA 
AYE GGATTCTTT TTCTTTGGA 
SDF GACAGCGATTCGGATTCTGACTCA TGACTCAGACAGCGATTCGGATTC 

Table 4. Non-exact match result on 6 complete Acinetobacter baumanii genomes 

A. baumanii genome RefSeq Length 
(Mbps) 

#VNTRs  
(non-overlapping) 

Runtime 
(s) 

AB0057 NC_011586 4.050513 450 802 
AB307-0294 NC_011595 3.760981 260 743 
ACICU NC_010611 3.904116 355 771 
ATCC17978 NC_009085 3.976747 318 786 
AYE NC_010410 3.936291 416 779 
SDF NC_010400 3.421954 372 677 

 
anomaly is that the non-exact match result excludes overlapping VNTRs of different 
tandem repeats that can be detected in the same region. Another possibility is that 
DNA sequences of length 1500 may contain more than the determined maximum 
number of clusters k different lengths of VNTRs (20 in this case) and that the splitting 
step may lead to the failure to detect some VNTRs. Our future work includes the 
optimization of parameters for the non-exact matches as well as to compare the time 
complexity with other tools. 

4   Conclusions 

In this paper, we present INVERTER, a de novo exact match tandem repeat finder 
which main advantage is that there is no need to specify either a pattern or a particular 
pattern size, integrated with a data visualization tool and a built-in user-friendly 
Graphical User Interface. INVERTER is designed to be portable; hence it is written in 
Java. It is therefore usable without problems on any CPUs with Windows, Linux, 
Solaris and MacOS operating systems. A standalone version of the program can be 
downloaded from http://bmserver.sce.ntu.edu.sg/INVERTER. Three features are 
currently available to users, i.e. identification of exact match VNTRs and non-exact 
match VNTRs in DNA sequences as well as visualization of the resulting tandem 
repeat data. 

INVERTER is aimed to identify both exact match and non-exact match VNTRs 
and provide data visualization which would allow users to correlate annotations, ob-
serve visual patterns, and view useful statistics of the data. More specifically, 
INVERTER is more optimized towards minisatellite VNTRs. The visualization tool is 
aimed to provide data visualization of the resulting VNTRs, which would allow users 
to correlate annotations, observe visual patterns, and view useful statistics of the data. 
The visualization tool includes four features, i.e. table view, zoom view, statistics and 
intra-inter repeat. 
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