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Background: Microsatellites have evoked the interest of researchers owing to their applications in different fields such as DNA
fingerprinting, genetic mapping, population genetics, forensics, paternity studies and evolution.

Objectives: The present study focused on the analysis of simple sequence repeats (SSRs) in genomes of seven species from three genera of
the Filoviridae family.

Materials and Methods: Genome sequences of seven species from the Filoviridae family were assessed by the National Center for
Biotechnology Information (NCBI), microsatellites were extracted using the IMEx software, and statistical analysis was performed
Microsoft Office Excel 2007.

Results: A total of 516 microsatellites and 14 Compound Simple Sequence Repeats (cSSR) (also known as compound microsatellites) were
extracted. Evidently, the conversion of SSRs to cSSR was low. Mononucleotide AT was the most prevalent followed by dinucleotide AC/CA
and trinucleotide AAC/CAA. Highest incidence of SSRs (mon-/di-nucleotide motif) was observed in RNA Dependent RNA Polymerase (RDRP)
gene whereas tri-nucleotide motif was maximally localized in nucleoproteins (NP).

Conclusions:The salient features of simple and compound microsatellites in Filoviridae family have been highlighted herein. Microsatellite
regions with higher mutation rates compared to the rest of the genome play a crucial role in genome evolution by acting as a source of
quantitative genetic variation. The SSR mutation rate is known to be affected by motif length, motif sequence, and number of repeats and
purity of repetition. The functional role of tandem repeats in viruses, remains to be fully elucidated. However, with the repetitive sequence
allegedly acting as a hot spot for recombination, we postulate their involvement in genetic events such as recombination, replication, and

repair mechanisms that drive sequence diversity leading to the formation of the genetic basis of adaptation.

Keywords: Max Protein, Drosophila; Microsatellite Repeats; Ebolavirus

1. Background

Microsatellites have evoked the interest of researchers
owing to their applications in different fields such as DNA
fingerprinting, genetic mapping, population genetics,
forensics, paternity studies and evolution, to name a few
(1, 2). However, the exploration of plausible functions and
mutational mechanisms of microsatellites in genomes is
atbestin its nascent stage. Concerted efforts are underway
to identify the presence, distribution and variations of
Simple Sequence Repeats (SSRs) in RNA and DNA viruses.

Simple Sequence Repeats, also called microsatellites are
tandem repetitions of one to six base-pair relatively short
motifs of DNA, whereas minisatellites consist of a short
series of nucleobases (10 - 60 base pairs); thus minisatel-
lites are longer in length than microsatellites. The pres-
ence of SSRs in genomes of animal viruses such as Hepati-
tis Cvirus (HCV) (3) and Human Cytomegalovirus (HCMV)
(4) has confirmed their existence beyond prokaryotes and
eukaryotes (5, 6). Their repeat number, length, and motif
size influence microsatellite mutability. For instance, the

more the number of repeats, the higher the mutability
(7). Moreover, variations in copy number due to strand
slippage and unequal recombination highlight the in-
stability of the microsatellites (5); which in turn makes
them a predominant source of genetic diversity and a
crucial player in viral genome evolution (8, 9). Variable
length of microsatellites may affect local DNA structure
or the encoded proteins (6) and hence influence the ex-
pression profile of the corresponding genes. Their role in
gene regulation, transcription and protein function has
been elucidated in a few cases (9, 10). Genome features
such as size and GC content influence the incidence and
polymorphic nature of microsatellites (11-13). However,
owing to the absence of a universal correlation per se, a
single priority rule cannot be forged for predicting their
occurrence and density.

Based on interruptions of microsatellites, they are clas-
sified as interrupted, pure, compound, interrupted com-
pound, complex and interrupted complex (14). The present
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study also focused on compound microsatellites, which
are composed of two or more microsatellites adjacent to
each other. Their presence has been reported in diverse
taxa across viruses, prokaryotes and eukaryotes (15-17).
Interestingly, microsatellites are more abundant in non-
codingregions than in coding regions in eukaryotes (5,18),
and some prokaryotes (16, 19). The presence of minisatel-
lites in coding regions of different species has formed the
basis of excavation and exploration of genes from novel
genomes; therein acting as probes for cDNA preparations,
thus ruling out the screening of cDNA library, giving fast
insight into hitherto unexplored genomes and transcrip-
tomes. It has been reported that ~3% of the human genome
is composed of microsatellites (20), whereas the conver-
sion of the SSR to compound microsatellites in eukaryotic
genomes like Homo sapiens, Macaca mulatta, Mus musculus
and Rattus norvegicus has been 4 - 25% (17).

In the present study we analyzed repeat sequences in
the Filoviridae family. The Filoviridae is one of the fami-
lies of order Mononegavirales. It comprises of three Gen-
era, which constitute seven species. Genera Ebolavirus
comprises of five species whereas the other two genera
have one species each according to the Ninth Report of
the International Committee on the Taxonomy of Viruses
(ICTV) (21). The negative-strand RNA viruses of Filoviri-
dae family are feared for their ability to cause hemor-
rhage and death in infected individuals. The fatality rate
can range from 30% to 90% (22). Ebola Virus (EBOV), Su-
dan Virus (SUDV) and Bundibugyo Virus (BDBV) are the
three clinically significant species that cause Ebola Virus
Disease (EVD). These viruses are typically found in sub-
Saharan Africa, and cause sporadic outbreaks that can
be brought under control with appropriate rapid public
health responses. However, the containment and man-
agement of the recent emergence of EBOV in West Africa
in early 2014 has been challenging (23).

The EBOV genome is a single-stranded RNA approxi-
mately 19000 nucleotides long that encodes for seven
structural proteins; nucleoproteins (NP), polymerase co-
factors VP35 and VP40, glycoproteins (GP), transcription
activators VP30 and VP24, and RNA Dependent RNA Poly-
merase (RDRP). The EBOV surface glycoprotein (GP1, 2)
plays important roles in virus infection and pathogene-
sis, and its expression is tightly regulated by an RNA edit-

ing mechanism during virus replication. An understand-
ing of how GP1, 2 expression affects virus production and
infectivity may enable us to identify targets in the virus
life cycle for vaccines and antivirals.

2. Objectives

Here, we systematically analyzed the Filoviridae family
genomes for microsatellites, with an attempt to put forth
a virus genome model for understanding functional as-
pects, evolutionary relationships, and adaptation to di-
vergent hosts.

3. Materials and Methods

3.1. Genome Sequences

Complete genome sequences of seven species from the
Filoviridae family were assessed by the National Center for
Biotechnology Information (NCBI) (http://[www.ncbi.nlm.
nih.gov) and used for identification and analysis of sim-
ple and compound microsatellites. Genome size of the
studied species ranged from 18796 nt (Acc No-F]621585)
to 19111nt (Acc No-DQ217792). The accession numbers and
salient features of Filoviridae family genomes have been
summarized in Table 1.

3.2. Microsatellite Identification and Investigation

The microsatellite search was performed using the IMEx
software (24). Earlier studies on eukaryotes and E. coli ge-
nomes have focused on microsatellites with lengths of 12
bp or more (5), yet due to the smaller size of the Filoviri-
dae family genome, simple and compound microsatellite
search using these parameters did not yield any results.
Therefore, the search for simple and compound micro-
satellites was accomplished with the ‘Advance-Mode’
of IMEx using the parameters used for HIV (15), potexvi-
rus, carlavirus, tobamovirus and potyvirus (25-28). The
parameters were set as follows: type of repeat: perfect;
repeat size: all; minimum repeat number: 6, 3, 3, 3, 3, 3;
and maximum distance allowed between any two SSRs
(dMAX) was 10. Other parameters were used as default.
Compound microsatellites were not standardized in or-
der to determine real composition.

Table 1. Salient Features of the Studied Genomes and the Observed Microsatellites ¢

S.No Name AccNo Genome Size (bp) GC% SSR RA RD ¢SSR cRA cRD CcSSR%
F1 Bundibugyo ebolavirus  KC545395 18939 41.84 74 3.91 25.77 2 011 153 2.70
E2 Reston ebolavirus F]621585 18796 40.67 75 399 2671 1 0.05 090 133
E3 Sudan ebolavirus FJ968794 18875 41.27 64 339 2241 2 0.1 164 3.13
E4 Tai Forest ebolavirus FJ217162 18935 42.25 79 417 2725 2 011 217 2.53
E5 Zaire ebolavirus AF499101 18960 41.11 78 4.11 26.69 4 0.21 3.43 5.13
E6 Lloviu cuevavirus JF828358 18927 45.99 80 4.23 28.69 1 0.05 132 1.25
E7 Marburg marburgvirus  DQ217792 19111 38.29 66 345 2145 2 010 194  3.03

3 Abbreviations: Acc No, accession number; bp, base pair; cRA, compound simple sequence repeats relative abundance; cRD, compound simple sequence
repeats relative density; cSSR, compound simple sequence repeats; GC%, guanine cytosine %; RA, relative abundance; RD, relative density; SSR, simple

sequence repeats.
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3.3. Statistical Analysis

We used the Microsoft Office Excel 2007 to perform all
statistical analysis. Linear regression was used to reveal
the correlation between the relative abundance, and rela-
tive density of microsatellites with genome size.

4.Results

4.1. Presence of Simple Sequence Repeats, Com-
pound Simple Sequence Repeats and Compound

Simple Sequence Repeats Percentage in Analyzed
Genomes

Genome-wide scan of Filoviridae genomes revealed that
SSRs are present across all the species with the least be-
ing 64 in E3 (Acc No-FJ968794) and the most being 80 in
E6 (Acc No-JF828358) (Table 1, Suppl 1 and Figure 1 A). A to-
tal of 516 SSRs were observed in the seven Filoviridae ge-
nomes (Table 1) whereas 14 Compound Simple Sequence
Repeats (cSSR) (also known as compound microsatel-

lites) were also present across all the analyzed genomes
with the least being one in E2 (Acc No-FJ621585) and E6
(Acc No-JF828358) and the most being four in E5 (Acc No-
AF499101) (Table 1, Suppl 1 and Figure 1 B). The percentage
of individual microsatellites being part of a compound
microsatellite (cSSRs%) (Figure 1 C) was 1.25% in E6 (Acc
No-JF828358) with 80 microsatellites, and 5.13% in E5 (Acc
No-AF499101) with 78 microsatellites.

4.2. Relative Abundance and Relative Density of
Simple Sequence Repeats and Compound Simple
Sequence Repeats

The relative abundance of SSR was highly variant rang-
ing from 3.39 bp/kb in E3 to 4.23bp/kb for E6 (Table 1,
Figure 2 A). Similarly, relative abundance for cSSR varied
from a minimum of 0.05, for E2 and E6, to a maximum
of 0.21 bp/kb for E5. (Table 1, Figure 2 B). However, relative
density of SSR varied from 21.45 in E7 to 28.69 in E6 (Table
1, Figure 3 A), and similarly relative density of cSSRranged
from 0.9 in E2 to 3.43 in E5 (Table 1, Figure 3 B).

Figure 1. Analysis of Simple Sequence Repeats
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A, Distribution of SSRs; B, distribution of cSSRs; C, cSSR% across the Filoviridae family.

Figure 2. Relative Abundance: Simple Sequence Repeats | Compound Simple Sequence Repeats Present per Kilo Base of Genome
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Figure 3. Relative density: Total length covered by Simple Sequence Repeats Per Kilo Base of Genome

A

40.0 1

30.0 A

20.0 o

10.0 9

Relative density of SSR
[HH]
[

0.0 +
E1 E2 E3 E4 E5 E6 E7

Genome serial number

B

Relative density of cSSR

E1 E2 E3 E4 E5 E6 E7

Genome serial number

A, SSR; B, cSSR across Filoviridae family.

4.3. The Effect of Maximum Distance Allowed Be-
tween Any Two SSRs on the Occurrence of Com-
pound Microsatellites

To determine the impact of dMAX, incidence of com-
pound microsatellites of the seven genomes with increas-
ing dMAX was studied by analyzing cSSRs percentage (13).
It is important to mention that the dMAX value can only
be set between 0 and 50 for IMEx (24). Our analysis re-
vealed an overall increase in cSSRs percentage with higher
dMAX in all the seven Filoviridae genomes (Figure 4).

4.4. Sequence Repeats and Compound Microsatel-
lite Distribution

We tested for the correlation between genome size/GC
content and number/relative abundance/relative density
of SSRs and cSSRs. Incidence of SSRs was non-significantly
correlated (R2 = 0.06, P > 0.05) with genome size and
GC content (R2 = 0.44, P > 0.05). Similarly, relative abun-
dance (R2 = 0.08, P> 0.05) and relative density (R2 = 0.2,
P> 0.05) were non-significantly correlated with genome
size and GC content, R2 =0.45,P > 0.05;and R2=0.62,P >
0.05 respectively. The regression analysis of cSSR for ¢SSR
percentage (R2 = 0.15, P > 0.05), relative abundance (R2
= 0.11, P > 0.05) and relative density (R2 = 0.18, P > 0.05)
showed a non-significant correlation with genome size.
Similarly, GC content was also not significantly corre-
lated with ¢SSR percentage (R2 = 0.21, P > 0.05), relative
abundance (R2 = 0.12, P> 0.05) and relative density (R2 =
0.06,P>0.05).

4.5. Related Parameters Influencing Single Motif
Types in Analyzed Genomes

Mononucleotide repeats were observed in all the ana-
lyzed Filoviridae genomes. Poly A|T repeats were signifi-
cantly more prevalent (89%) than poly G/C repeats in ev-
ery Filoviridae genome (Suppl 1), which can be attributed
to the high AJT content of the genomes. However, the

AT content being only slightly higher than G/C content
in each of the analyzed sequences suggests a weak influ-
ence on the occurrence of poly G/C repeats. Similar to ear-
lier studies of eukaryotic and prokaryotic genomes with
more abundant poly A/T tracts; in the analyzed sequences
poly A or poly T mononucleotide repeats prevailed over
poly G or poly C repeats (Figure 5).

The present study revealed di-nucleotide repeats of five
types: AG/GA, GT[TG, AC/CA, CT|TC, and AT|TA, which ex-
hibited variations in occurrence across different Filoviri-
dae genomes. The AC/CA repeats were the most common
motifs followed by AT/TA, whereas, CG/GC was the least
represented. The distribution results of di-nucleotide re-
peats in the studied genomes have been summarized in
Suppl1(Figure 5).

Tri-nucleotide repeats were the third most abundant
SSRs within the Filoviridae genomes. Of the 64 triplet re-
peat types, the density of AAC/CAA coding for asparagine/
glutamine was the most abundant (Suppl 1) followed by
ACC|CCA coding for threonine/proline, respectively (Fig-
ure 5). Differences exist in abundance of trinucleotide
repeats among different Filoviridae genomes species yet
AAC|CAA showed the highest prevalence in most species.
Tetra-nucleotide repeat motifs CTTC (E1), GTTT (E2), TAAC
(E2), ACCA (E3), CCAA (E4), TCGA (E5) and TTCT (E6) were
present in Filoviridae genomes whereas pentanucleotide
and hexanucleotide motifs were absent.

4.6. Single Sequence Repeats in Coding Regions

The distribution of SSRs in coding/non-coding regions
revealed that 31.4% of SSRs were located in the RDRP pro-
tein followed by 11.24% in NP. Furthermore, mono and di-
nucleotide repeats were most prevalent in RDRP proteins
whereas tri-nucleotide repeats had the highest incidence
in nucleoproteins (NP) (Figure 6). Similarly distribution
of ¢SSRs in coding/non-coding regions revealed that 21%
were located in RDRP followed by 14.3% in GP, VP30 and
VP40 while a maximum of 37% of cSSR were present in
non-coding regions (Figure 7).

Gene Cell Tissue. 2015;2(2):26204
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5. Discussion

In this study, we screened seven Filoviridae family ge-
nomes for the presence, abundance and composition
of SSR tracts. The incidence of SSRs (mononucleotide to

Gene Cell Tissue. 2015;2(2):e26204

hexanucleotide repeats) was proportional to the genome
size of the Filoviridae family with 64 - 80 SSRs per genome
as compared to potyviruses (23 - 45 SSRs) (29) or Human
immunodeficiency virus isolates (22 - 48 SSRs) (30) yet
higher than geminivirus (4-19) with a smaller genome.
Though relative density tends to be positively correlated
with genome size in some fungal and other genomes (31-
33) yet for Filoviridae family species both relative density
and relative abundance were non-significantly correlat-
ed with genome size and GC content.

The sequence composition of repeats determines the
abundance of microsatellites. In the Filoviridae fam-
ily, AC|CA repeats predominated whereas GC/CG repeats
were rare. Furthermore, CG/GC repeats were also rare in
geminivirus, human, Drosophila, Arabidopsis thaliana,
Caenorhabditis elegans, yeast (3), fungi (31, 34) and some
eukaryotes (35). Di-nucleotide repeats are more prevalent
than trinucleotide repeats due to instability of dinucleo-
tide repeats because of higher slippage rate (35). The re-
peat sequences may provide a molecular device for faster
adaptation to environmental stresses (9,19, 36); thus may
accelerate the evolution of the Filoviridae family.

Notably, no significant correlation was observed be-
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tween genome size and two of the microsatellite features
(relative density and relative abundance), concurrent with
E. Coli[HIV-1. The analysis of cSSRs revealed some interest-
ing results. These compound microsatellites are report-
edly involved in regulation of gene expression and at func-
tional level of proteins in several species (3). Though their
significance in the Filoviridae family is not clear, our results
suggest the presence of a possibly complex regulation at
the functional level. Further, the analysis of dMAX (10 to
50) showed that cSSR percentage in the five analyzed spe-
cies of Filoviridae family increased with increase in dMAX,
though not in a linear fashion. Approximately, 97% of the
extracted cSSRs constituted of two motifs only. The larg-
est compound microsatellite in the Filoviridae family was
composed of three SSRs whereas, in prokaryotes the larg-
est microsatellite has four and in eukaryotes three SSRs.
In general, the ¢SSR incidence decreases with increase
in complexity. Interestingly, cSSRs percentage varied be-
tween 1.25 - 5.13% in the Filoviridae family genome; 0 - 15.15%
in potyvirus genome, (28) 0 - 24.24% in HIV-1 genomes, 4 -
25% in eight eukaryotic genomes (17), and 1.75 - 2.85% in E.
coli genomes (37). The distribution of microsatellite in the
viral genome is organism specific rather than host specif-
ic. This is supported by the fact that the taxonomy of Filo-
viridae family shows no comparable congruence with host
taxonomy, and species from the same lineage may have
quite unrelated hosts (38). Interestingly, each Filoviridae
family species possesses at least one cSSR, which might be
causing their variation and evolution.

Microsatellite regions with higher mutation rates as
compared to the rest of the genome (16, 39) play a crucial
role in genome evolution by acting as a source of quan-
titative genetic variation (40). The SSR mutation rate is
known to be affected by motif length, motif sequence,
number of repeats and purity of repetition (41). Single
base substitution can stabilize pure microsatellites by
reducing the purity of repetition. The functional role of
tandem repeats in viruses, remains to be fully elucidated.
However, with the repetitive sequence allegedly acting
as a hot spot for recombination (42), we postulate their
involvement in genetic events such as recombination,
replication, and repair mechanisms that drive sequence
diversity leading to formation of the genetic basis of
adaptation. The microsatellites in Filoviridae family ge-
nomes may serve as one of the tools for better under-
standing of viral genetic diversity and its implications.
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