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Abstract Single sequence repeats (SSRs) are DNA sequences composed of tandem repetitions of
relatively short motifs. They are not only considered as genetic markers but also play an important
role in gene regulatory networks, One of the greatest challenges of functional genomics. In order to
identify key SSR regulators among functional gene sets, we have developed an efficient algorithm
for SSR pattern retrieval and a verification mechanism based on cross-species comparison and sta-
tistical analysis. Cross-species comparison and orthologous relationship provide an added level of
validation for identifying multiple genes that are likely to be regulated similarly. In addition, sta-
tistical analysis of appearance frequency rates confirms the retrieved SSRs as significant regulators
from a given set of related genes. In this study, the target gene set with growth factor related genes
was evaluated and several well known “CA”, “CCG” and “CAG” repeat pattern were successfully
identified by our proposed system. Accordingly, the novel pattern mining methods proposed to an-
alyze large-scale genome datasets are successfully achieved for all organisms and genes of interest,
and the proposed mechanism can be applied to retrieve important candidates of SSR regulators for
further biological experiments.
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1 Introduction
Simple sequence repeats (SSRs, also called microsatellites or minisatellites) are mutation-

prone DNA composed of tandem repetitions of relatively short motifs. These repeat pat-
terns frequently appeared in both eukaryotes and prokaryotes, and can be easily observed
in DNA sequences with fundamental patterns ranging from one to six base pairs in length
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[1]. For decades, SSRs were considered as genetic markers in DNA fingerprinting and
diversity studies because of high polymorphism [2]. Nevertheless, recent studies pointed
out that repeat-number variation affects various gene functions such as transcript sta-
bility, rates of protein folding and turnover, protein-protein interaction, aggregation and
transcription rate [3]. With the development of genetic markers, single nucleotide poly-
morphism (SNP) is considered to replace SSR for some applications such as genome
mapping [4]. Therefore, biologists emphasize more on comprehensive understanding of
SSRs’ biological function.

Recent studies have shown that the influence of SSRs on gene regulatory networks
generally rely on the total number of repeats, motif length, flanking sequences and inclu-
sion of variant motifs [3]. However, these properties are not sufficient to judge whether
an SSR indeed possesses a biological function among millions of candidates. Due to
functional constraints, DNA regions involved in gene regulation or genome evolution are
expected to be conserved among related species. It has been shown that cross-species
comparison of DNA sequences can facilitate the identification of candidate regulatory el-
ements [5]. If these SSRs possess significant biological functions, it can be assumed that
they stand a good chance of being located in conserved regions. In this study, we de-
veloped computational methods for identifying putative functional SSRs through cross-
species comparison and for evaluating the statistical significance of their prevalence in
a given set of functional related genes. Through the developed mechanism for statistical
verification, we could expect to discover candidate SSRs as the key regulators of a specific
gene sets among various species

2 Material and Method
To identify potential key SSR patterns located in the same region of orthologous genes

among various species, an efficient methodology should be carefully designed for on-line
analysis services. In this study, all possible SSR patterns located in different regions for
all species were pre-calculated and stored in a database. To retrieve the perfect and im-
perfect SSRs, each chromosome in the original dataset is scanned by an auto-correlation
method and a set of serial processes for precise annotation. These sequential processes
include frame shifting and matching, region growing, boundary detection, boundary trim-
ming, redundant pattern removing, and noise filtering modules. The lengths of frame
shift were defined to be the same as basic unit lengths of SSRs, from mononucleotide
to hexanucleotide. If the repeat condition in a sequence existed, the repeated patterns
would be exactly or partially overlapped by its neighboring segments during shifting pro-
cesses. By comparing the shifted sequence with the original one, the loci of repeating
parts were detected. Shifting processes within 1 to 6 nucleotides were performed indi-
vidually for all various genomes to primarily extract perfect SSR candidates. The exactly
matched patterns were extended by region growing techniques for formulating imperfect
SSR patterns, and a boundary detection module was accomplished by considering noisy
nucleotides which do not belong to the repeat patterns. Once the fundamental SSR pat-
terns were identified, a trimming operation was applied to delimit the range of each SSR
by verifying the feature of compactness at both end sides. Furthermore, a splitting pro-
cess for segmentation was employed to consider the cases of two overlapped SSR patterns
which were usually caused by concatenating conditions of two similar repeat patterns. At
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the last step of SSR searching algorithm, a noise filtering module was designed to remove
SSR candidates which possess percentages of imperfect repeat contents higher than the
default proportional thresholding.

All possible patterns of SSRs located in various regions of a gene within different
lengths are identified by previously described searching algorithms. These genes and
genome sequences are provided by the Ensembl archive version 48 released in December
2007 (http://www.ensembl.org/index.html). When a gene possessing more than one tran-
script IDs, only the ID with the smallest index number is selected and analyzed for its SSR
distribution. In fact, all retrieved SSRs located in the 6 various regions in a gene including
coding, Intron, 5’ UTR, 3’ UTR, upstream, and downstream regions are considered and
annotated in the proposed system. The upstream and downstream regions are defined as
the regions which are located in front of the first exon and at the rear of the last exon, ac-
cording to the transcript direction, respectively. The 5’ UTR region is a particular section
in messenger RNA that is the leader sequence and ends just before the start codon of the
coding region, and the 3’ UTR region is the untranslated region in messenger RNA that
follows after the coding region. Detail information of coordinates of all defined regions
was also obtained from Ensembl website.

There are in total 501 distinct SSR repeat patterns from mononucleotide to hexanu-
cleotide. In this paper, all possible SSRs in each genome are searched and the positional
attributes of each SSR is annotated according to their coordinate positions. A binary
counting mechanism is designed to represent the appearance condition of each pattern. If
at least one SSR pattern appeared in a defined region, a bit representation of the specified
pattern in this region will be set as 1, otherwise it will be set as 0. All 501 SSR patterns
distributed in various regions of genes for different species are pre-analyzed. After per-
forming SSR pattern searching and existence evaluation in each region of a gene, we can
obtain a bitwise matrix within a size of 501*6. It shows the appearance condition of all
SSR patterns of a gene which has been dispersed in different regions. Each element in
the matrix is denoted by either 1 or 0 and called as an "SSR Distribution Matrix" of a
gene. Clearly, the bitwise matrix can efficiently reflect the condition of existence for each
distinct SSR pattern. There is another matrix called “SSR Background Matrix” which is
obtained by taking the summation of all SSR distribution matrices from all genes of a
specified species. The dimension of an SSR Background Matrix is 501*6 as well and the
number in each element ranges from 0 to the gene number of the selected species.

To obtain the SSR Distribution and Background Matrices, two parameters, ranges of
upstream/downstream regions and minimum length of SSRs, should be determined in ad-
vance. Firstly, different range of the upstream and downstream sequences directly affects
the existing condition of SSR patterns. In this study, we set 2,000 base pairs as default
setting for both upstream and downstream regions. Secondly, a minimal requirement of
length for SSRs also directly reflects the final searched SSR records. The default setting
of this parameter was 20 in this study which guarantied at least three repeat units for a
hexanucleotide SSR, four repeat units for a pentanucleotide, and five repeat units for a
tetranucleotide SSR, and et cetera.

In order to define important SSR patterns from a selected target gene set, two statis-
tical indices are proposed in this paper: functional significance score (FSS) and orthol-
ogous conservation score (OCS). The FSS of an SSR represents the relative ratio of the
appearance rate of the SSR located in the same region of a target gene set with respect to
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the appearance rate of the SSR located in the same region of whole gene sequences in a
genome. In another words, we first count the hit gene number of the specified functional
consensus SSR from the target gene set with respect to the total number of target genes
(Fc % = number of gene with functional consensus SSR in the target gene set / number of
total genes in the target gene set). Then, we compute the percentage of hit gene number
of the functional consensus SSRs in a genome (i.e. the SSR Background Matrix) with
respect to the total number of genes in the specified genome (Fb% = number of gene with
functional consensus SSR in the genome/ number of total genes in the whole genome).
Therefore, the FSS of an SSR located in a specific region is equal to the value of Fc %
divided by Fb%. A higher FSS score represents the larger significant representation of the
searched SSR. In this paper, we only focus on the SSR patterns with FSS score higher than
2. To ensure the significance of an SSR, the quantity of SSR hit number in the target gene
set is sorted from high to low in order, and the ranked first three functional consensus SSR
patterns with high FSS values will be selected and highlighted to show their significance.

The second way to enhance the importance of SSRs is to consider the orthologous
conservation relationship which is approached by calculating the orthologous conserva-
tion score (OCS) among the target and query genomes. If we define an orthologous con-
served SSR as a repeat pattern which is located in the same region of orthologous genes in
both target and query genomes and constrained within the specified functional gene sets,
then the OCS is obtained by taking Oc % divided by Ob%, where Oc % is the percentage
of the hit number of an orthologous conserved SSR within the orthologous target gene set
with respect to the total number of orthologous target genes, and Ob% is the percentage of
hit number of the orthologous conserved SSR with respect to the total number of orthol-
ogous genes from both target and query genomes. A higher OCS score represents higher
significance of the identified orthologous conserved SSRs in statistical sense. In this pa-
per, the threshold setting of 2 was applied to retrieve the important orthologous conserved
SSRs. Similarly, only the first three orthologous conserved SSRs were selected based on
the sorted SSR hit numbers. Figure 1 shows the data flow diagram of the proposed system
in which all possible SSRs located in various regions of genes of selected genomes were
pre-analyzed, and genes with functional consensus SSRs or orthologous conserved SSRs
distributed in a specified functional gene set or orthologous gene set were also analyzed
for comparison.

3 Result and Discussion
Based on the information of orthologous relationship, cross-species comparison, and

statistical analysis on appearance frequencies, several key SSR regulators for growth fac-
tor gene set (GO: 0008083) were retrieved and shown in Table 1. These four SSR reg-
ulators have a higher occurrence than what is expected by chance alone by consulting
the cross-species comparison results of human versus rhesus and human versus mouse;
meanwhile, the patterns were in the form of mononucleotide (A) or dinucleotide (CA),
trinucleotide (CAG) and trinucleotide (CCG) in promoter, coding sequence and 5’ UTR,
respectively. These SSRs could be taken as potential key regulators among growth factor
activity gene regulatory networks because they showed statistical significance and high
evolutional conservation.

According to recent reports, SSR expansions and/or contractions in protein-coding
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Figure 1.  The data flow diagram of functional SSR identification system. 

Each Gene 

SSR

Background  

SSR Search

Each Gene Orthologous Gene 
Orthologous Genes 

SSR

Distribution

SSR Search

fetch

SSR

Distribution 
SSR

Distribution 
SSR

Distribution 

SSR Search

ComparisonComparison

Figure 1: The data flow diagram of functional SSR identification system.

regions were observed to bring about a gain or loss of gene function through frame-shift
mutation [2]. Furthermore, trinucleotide repeats located in coding region were associated
with various types of cancer and implicated in various neurodegenerative disorders. These
studies support the idea that the enriched SSR—trinucleotide (CAG)—in coding region
acts as a key regulator since growth factor activity indeed plays a crucial role in can-
cer biological processes. Moreover, SSRs located in promoter regions have been shown
obvious influence on the transcription activity by serving as cis-regulatory elements [7].
Interestingly, the enriched SSR pattern, dinucleotide (CA), was identified from this study
as well and the variation of such pattern indicated the great impact on the variation of
mammal size [8-13]. In addition, the insulin-like growth factor 1 (IGF1) gene is a highly
conserved polypeptide which regulates growth and metabolic functions in several mam-
mal species [10-15]. In recent studies, alleles of a dinucleotide (CA) SSR appeared within
different frequencies and located at the promoter regions of the IGF1 gene for variant sizes
of various species are unveiled, such as human, cattle, pig, dog and horse. Significant as-
sociation of the allelic form of the microsatellites with adult body size has been clearly
demonstrated[10-16]. For demonstration of the precise locations of the conserved SSRs
among various species, the dinucleotide (CA) SSRs located in the IGF1 promoter regions
are shown in Figure 2, where the “TG” and “CA” patterns are represented as the same
SSR in forward and reverse strands of DNA sequences. Due to high evolutionary con-
servation, the enriched (CA) SSR appears to act a significant regulator in growth factor
activity regulatory networks. Recent studies also indicate that SSR variations in 5’-UTRs
could affect gene transcription and translation. According to our analysis, enriched trinu-
cleotide (CCG) is a key factor for neurodevelopmental disorders. On the other hand, SSR
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Table 1: Functionally significant and orthologous conserved SSR regulators with respect
to human growth factor activity gene set (GO: 0008083). Same patterns within same re-
gions were verified through comparison and the selected key SSRs were highlighted in
boldface representation. Both satisfying the threshold values of FSS/OCS and the appear-
ance number of genes within the target set ranked in the first three positions were selected
to shown in this table.

SSR pat-
tern

Region Functional
Significance
Score
(FSS)

Rank of
SSR
Hit Num-
ber in
Target
Sets

Orthologous
Conservation
Score(OCS)

Rank of
SSR
Hit Number
in Or-
thologous
Conserved
Target Sets

Human vs. Rhesus
AC (CA) Upstream 1.54 2 2.75 2
C Upstream 2.25 3 2.97 3
C 5’ UTR 3.28 2 5.65 1
A Coding 4.90 1 8.58 1
CAG Coding 3.16 1 2.83 2
CCG 5’ UTR 3.98 1 1.79 1
Human vs. Mouse
AC (CA) Upstream 1.54 2 2.4 1
C Upstream 2.25 3 4.13 3
AG 5’ UTR 5.94 2 10.54 2
CCG 5’ UTR 3.98 1 5.27 1
CAG Coding 3.16 1 2.05 1
AGG Coding 2.86 3 1.53 3
AAAT 3’ UTR 8.38 2 10.54 3
AC 3’ UTR 1.73 2 2.14 2

expansions in 3’-UTRs could cause transcription slippage and produce mRNA expansion.
Therefore, these enriched SSRs in specific regions play as good candidates for key ele-
ments in nucleotide sequence that endows the associated gene with the specific biological
functions [2].

In conclusion, through cross-comparison and statistical analysis on orthologous genes,
significant SSR regulators can be retrieved by our proposed system in a very efficient and
effective way. The examples shown in this paper have successfully proved our assump-
tions that SSR regulators of a functional gene set can be identified through the verification
of appearance rates and types of allocated regions. Based on this assumption, the devel-
oped system can be applied to the retrieve key SSR regulators for any functional gene
sets.
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Figure 2: Alleles of a dinucleotide (CA)and (TG)SSRs found in promoter regions of IGF1
genes in several mammalian species.
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