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Abstract
Dinucleotide usage is known to vary in the genomes of organisms. The dinucleotide usage proﬁles or genome signatures are
similar for sequence samples taken from the same genome, but are different for taxonomically distant species. This concept
of genome signatures has been used to study several organisms including viruses, to elucidate the signatures of evolutionary
processes at the genome level. Genome signatures assume greater importance in the case of host–pathogen interactions, where
molecular interactions between the two species take place continuously, and can inﬂuence their genomic composition. In this
study, analyses of whole genome sequences of the HIV-1 subtype B, a retrovirus that caused global pandemic of AIDS, have
been carried out to analyse the variation in genome signatures of the virus from 1983 to 2007. We show statistically signiﬁcant
temporal variations in some dinucleotide patterns highlighting the selective evolution of the dinucleotide proﬁles of HIV-1
subtype B, possibly a consequence of host speciﬁc selection.
[Pandit A., Vadlamudi J. and Sinha S. 2013 Analysis of dinucleotide signatures in HIV-1 subtype B genomes. J. Genet. 92, 403–412]

Introduction
Advances in sequencing technologies have led to an exponential growth in gene and genome sequences deposited
in public databases. Statistical analysis of the nucleotide
sequences has been carried out to study the nature of information stored at the molecular level. Several local and global
patterns have become apparent by studying the genome
sequences, some of which have functional signiﬁcance. A
genomic pattern that has been extensively studied is the composition of certain ‘words’, or contiguous arrangement of
nucleotides on the DNA sequence of speciﬁc length (dinucleotide, trinucleotide, etc.). From the large isochore regions,
which are correlated with the number of genes in the region
(Bernardi et al. 1988), to Alu repeats found in primate
genomes, to simple dinucleotide motifs—each have been
shown to be a pattern that differs from one organism to
another (Karlin et al. 1998). Certain dinucleotide patterns
were also found to be common in large group of organisms,
like the dinucleotide TA is underrepresented in most organisms, and CG is known to be underrepresented in vertebrates
(Karlin and Cardon 1994).
∗ For correspondence. E-mail: ssinha@iisermohali.ac.in; somdattasinha@
gmail.com.

It was also shown that the proﬁle generated by taking all
dinucleotides together led to unique species-speciﬁc patterns
(Burge et al. 1992; Karlin et al. 1997; Campbell et al. 1999).
Dinucleotide compositions have been shown to be consistent
throughout a genome as opposed to G+C content (Karlin and
Mrázek 1996). This led to the concept of ‘genome signature’,
where the signatures or dinucleotide proﬁles of sequence
samples taken from the same genome were found to be similar compared to the samples taken from other organisms
(Karlin and Burge 1995). Moreover, taxonomically close
species were seen to have similar dinucleotide proﬁles compared to distant species. Genomic signatures have since then
been used to study relationships between several organisms
(Karlin et al. 1997; Campbell et al. 1999; Deschavanne et al.
1999; Edwards et al. 2002). It has been further proposed that
the DNA repair machinery plays an important role in maintenance of species-speciﬁc dinucleotide bias (Karlin et al.
1997). Later, the concept of genome signature was extended
to words of length 1–9, as it was shown that the word proﬁles
in short DNA fragments are similar to the complete genome
sequences (Deschavanne et al. 2000; Hao et al. 2000). Phylogenetic analysis was also performed using the genome signatures (Edwards et al. 2002; Pride et al. 2003; Pandit and
Sinha 2010; Pandit et al. 2012).

Keywords. genome signature; DRAP; HIV-1; chaos game representation.
Journal of Genetics, Vol. 92, No. 3, December 2013

403

Aridaman Pandit et al.
Genome signatures have important implications in viruses
that persist by infecting the host cells and utilizing the host
cell machinery for their own replication cycle and survival.
Several studies on viruses have been performed to study
their genomic signatures. Flaviviruses, which infect vertebrates, are known to have underrepresentation of TA and
CG dinucleotides, while those ﬂaviviruses, which infect only
invertebrates, have underrepresentation of dinucleotide TA,
similar to the corresponding hosts (Lobo et al. 2009). Thermal virus metagenomes, isolated from hot springs, showed
signatures similar to Archaea and other thermophilic bacteria (Pride and Schoenfeld 2008). On the other hand, genome
signatures of large DNA viruses have been shown to deviate from the genome signatures of their hosts (Mrazek and
Karlin 2007). Recently, it was shown that inﬂuenza A virus
that crossed from avian hosts to humans show a decline
in CG dinucleotide content over the years (Greenbaum
et al. 2008). This temporal decline in CG content has been
attributed to host selection, as humans are known to have
low CG content, while there is no such pattern seen in the
avian hosts. Thus, it is not clear if host–pathogen interactions always have a role in altering genome signatures of
pathogens towards their hosts. How pathogens change their
genomic signatures when they encounter a new host is an
open and challenging question.
In this study, we focus on the human immunodeﬁciency
virus type 1 (HIV-1), a virus that belongs to Lentivirus
genus of the Retroviridae family, and analyse its dinucleotide
genomic signatures. HIV-1 is the causative agent of the
global pandemic of acquired immunodeﬁciency syndrome
(AIDS) with more than 33 million individuals living with
the virus and about 25 million dead since the early 1980s
(UNAIDS 2007). HIV-1 has high genetic variability and evolutionary rates, which have posed major problems for the
development of a vaccine or drug therapy (Leitner et al.
2005; Tebit et al. 2007). The retrovirus has crossed hosts
from chimpanzees to human multiple times leading to phylogenetically distinct groups of HIV-1: major (M), outlier
(O), non-M/non-O (N) and P group (Robertson et al. 1999;
Takebe et al. 2008; Plantier et al. 2009). HIV-1 group M
is globally spread and is mainly responsible for the pandemic. Group M is further divided into nine phylogenetically distinct clades (or subtypes) namely, A to D, F to
H, and J and K (Leitner et al. 2005; Tebit et al. 2007).
There are more than 2000 complete genomes deposited in the
HIV Sequence Database at Los Alamos National Laboratory
(www.hiv.lanl.gov.in), which is a central repository of HIV
related information.
The HIV-1 genome comprises of three large structural
genes: env, gag and pol (Williamson 2003; Williamson et al.
2005) and six other genes, two regulatory: rev and tat
(Dayton et al. 1986; Fisher et al. 1986; Arrigo and Chen
1991), and four accessory: nef, vif, vpr and vpu (Trono 1995;
Miller and Sarver 1997; Anderson and Hope 2004). The env
gene produces gp120, an external glycoprotein which contains the binding site for human CD4 receptor, and gp41
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which promotes the fusion of viral and cellular membrane.
The gag gene encodes for four proteins: p17, p24, p7 and p6,
which form the building blocks of the virion core. The pol
gene encodes for the viral enzymes protease (prot), reverse
transcriptase (p51 and p15) and integrase (p31). The three
structural genes are important drug targets and are also used
for virus subtype classiﬁcation (Leitner et al. 2005; Tebit
et al. 2007; Pandit and Sinha 2010).
To ﬁnd the genome signatures, we have used an unusual
approach, the chaos game representation (CGR) approach.
In 1990, the CGR was proposed as a novel way to map the
primary sequence of DNA on a two-dimensional plot using
iterative functions (Jeffrey 1990). CGR has since then been
a useful tool to visualize the genome composition and signatures of nucleotide sequences, where patterns like overrepresentation or underrepresentation of nucleotides, dinucleotides, trinucleotides, etc. can be visually determined.
CGR has further been used to compare several genomes
using their genome signatures (Almeida et al. 2001). It has
been used to differentiate between species variations using a
spectrum of word lengths in addition to nucleotide and dinucleotide words (Almeida et al. 2001; Wang et al. 2005).
However, recently, it has been shown that CGR can also
be used to quantify low levels of variation as are observed
within species, and to classify genomes of HIV-1 subtypes
into phylogenetically distinct clusters using genomic signatures (Pandit and Sinha 2010).
In this analysis, we focus on the dinucleotide patterns of
HIV-1 subtype B, as there are relatively large numbers of
complete genomes sequenced from 1983 to 2007. HIV-1 is
comparatively a new pathogen for humans in terms of evolutionary time (Korber et al. 2000; Worobey et al. 2008).
The aim of this study is two-fold: (i) to demonstrate the
use of CGR in dinucleotide frequency analysis in HIV-1
genomes and genes, and (ii) to unravel, using whole genome
sequences, collected between 1983 and 2007, if any of the
dinucleotide patterns show any temporal evolution. We show
statistically signiﬁcant temporal patterns in speciﬁc genome
features, which are discussed in relation to host–pathogen
coevolution.

Materials and methods
Sequence data

Complete genome sequences of HIV-1 subtype B were
downloaded in FASTA format from HIV Sequence Database
(www.hiv.lanl.gov.in). For dinucleotide analysis, four
HIV-1 subtype B genomes were randomly chosen (when
more than four sequences are available) for each year from
1983 to 2007 (for accession numbers refer to table 1). All
the years except 1995 had at least four full-length genome
sequences in the database from different geographical
regions for HIV-1 subtype B. Only one sequence from any
single individual was taken. The accession numbers of other
sequences used to generate the CGR plots are: genome
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Table 1. Accession numbers and country from which the sequence was taken.
Year

Accession number

1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007

K03455, AY835748, AY835754, AY835770
AY352275, AY835762, AY835765, AY835779
AB221005, AF003887, AF070521, AY835755
AF004394, AF042100, AJ271445, AY835749
AF042101, AY835758, AY835760, L02317
AF286365, AY835763, M26727, U26546
AF256204, AY173956, AY835750, AY835766
AY173951, AY173952, AY173953, AY173954
AF069140, AY835761, FJ496145, FJ496146
AY713411, AY779559, AY835752, AY835764
AF042102, AY779562, AY835767, AY835776
AF086817, AY713410, AY779560, AY835773
AF042103, AY835768, DQ487189
AF042104, AF042105, AY308760, AY314044
AB078005, AF224507, AY331282, AY331284
AY037268, AY331294, AY560107, AY560108
AB097870, AB287369, AY037270, AY037282
AB287371, AB289587, AB428551, AY037269
AB289589, AB428552, AY180905, AY561236
AB428553, AB428554, AY795904, AY795905
AB428555, AB428558, DQ207940, DQ207942
AB221125, AB286955, AB428559, AY682547
AB287363, AB287364, AB287366, AB287368
AB428561, AB428562, EU786674, EU786675
EU786678, EU786679, EU786680, FJ469689

sequence of simian immunodeﬁciency virus from chimpanzee (SIVCPZ , accession number: AF103818) and human
T-lymphotropic virus type 1 (HTLV-1, accession number: AF033817). These were downloaded from GenBank
(www.ncbi.nlm.nih.gov/genbank/). The three major genes,
gag (1503 bp), env (2586 bp) and pol (3012 bp), of the
HIV-1 subtype B HXB2 genome (accession number:
K03455) were obtained using the gene cutter tool
(www.hiv.lanl.gov.in).
Chaos game representation

CGR of a genome was plotted in a square of size 800 × 800
units, with each of the four vertices labelled as the four
nucleotide bases A (0,0), T (800,0), G (800,800) and C
(0,800), respectively (Pandit and Sinha 2010; Pandit et al.
2012). Thus, to represent a genome g of length N, the position
for nucleotide gi in the CGR was calculated as:

Location
France, USA, USA, USA
USA, USA, USA, USA
USA, France, France, USA
USA, Australia, Gabon, USA
Australia, USA, USA, USA
USA, USA, Gabon, USA
Spain, Brazil, USA, USA
Thailand, USA, USA, USA
USA, USA, USA, USA
France, Canada, USA, USA
Australia, Canada, USA, USA
Taiwan, USA, Canada, USA
Australia, USA, USA
Australia, Australia, USA, Canada
USA, Republic of Korea, USA, USA
Argentina, USA, USA, USA
Myanmar, Japan, Bolivia, Argentina
Japan, Japan, Japan, Argentina
Japan, Japan, China, Columbia
Japan, Japan, Yemen, Yemen
Japan, Japan, Georgia, Georgia
Japan, Japan, Japan, Russia
Japan, Japan, Japan, Japan
Japan, Japan, Spain, Spain
Spain, Spain, Spain, USA

calculated by dividing each of the quadrants corresponding
to a nucleotide into four subquadrants (ﬁgure 1b). To remove
the effect of sequence length variation, the frequency of each
word of length k were normalized by the total number of
k-letter words possible for each genome. The normalized
frequency FX is given by,
FX =

CX
,
N−k+1

where CX is the count of word X in the corresponding quadrant, N the length of the genome and k the word length. For
single nucleotide frequency calculation, k = 1 while for
dinucleotides k = 2.

(CGR)i = 0.5 × (CGR)i−1 + gi ,
where the initial point (CGR)0 was the mid-point of the
square (i.e., 400,400) and i varied from 1 to N. The frequencies at different word lengths were extracted by dividing the
CGR with a grid of appropriate size. The frequencies were
obtained by counting the number of occurrences (points) in
each box of the grid. Single nucleotide frequencies (k = 1)
were calculated by dividing the CGR into four quadrants, and
each quadrant was labelled according to the corresponding
vertex (ﬁgure 1a). The dinucleotide frequencies (k = 2) were

Figure 1. Schematic layout of the CGR with corresponding grids
to obtain (a) single-nucleotide frequencies and (b) dinucleotide frequencies. Each quadrant is divided into four subquadrants, each
subquadrant for the dinucleotide with the second nucleotide corresponding to the quadrant nucleotide.
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Dinucleotide relative abundance (DRAP) proﬁle

Dinucleotide frequencies are known to be inﬂuenced by
the abundance of the corresponding single nucleotides. To
remove the single nucleotide frequency bias, the standard
odds ratio index, also known as DRAP is used (Karlin and
Burge 1995; Karlin et al. 1997, 1998). DRAP is deﬁned as
the odds of occurrence of each dinucleotide (FXY , where X
and Y are the single nucleotides) in a sequence, divided by
the product of the odds of occurrence of the corresponding
single nucleotides (FX , FY ).
ρXY =

FXY
.
FX FY

If X and Y are not correlated, then the ratio ρXY = 1,
indicating that the dinucleotide occurrence is in accordance
with the corresponding single nucleotide frequencies in the
sequence. Values of ρXY > 1 indicate overrepresentation of
the dinucleotides, and ρXY < 1 indicates underrepresentation.

Statistical analysis

Temporal correlations were calculated using Kendall’s
tau (τ ) rank correlation coefﬁcient, which is a nonparametric correlation test, using MATLAB R2007b
(www.mathworks.com/). The type-1 error that may occur
during multiple hypotheses testing was corrected for using
false discovery rate (FDR) method (Benjamini and Hochberg

1995). MATLAB R2007b (www.mathworks.com) was used
for the statistical analysis and visualization. The programs
were written in C++.

Results and discussion
CGR of retroviral genomes

The CGR plot for the 9719 nucleotides long HIV-1 subtype
B genome sequence HXB2 (accession number: K03455) is
shown in ﬁgure 2a. Several genomic features are visually
evident from the CGR plot—the dense region in the A quadrant represents the known A-richness of HIV-1 genome. The
quadrants of dinucleotides AA and AG are denser than the
others, while CG dinucleotide quadrant is most sparse (refer
ﬁgure 1b for locations of dinucleotides in CGR plot). We
generated a random control (RC1) by randomly shufﬂing the
positions of the nucleotides of the original HXB2 genome.
The CGR of RC1 is shown in ﬁgure 2b. The CGR plot for
RC1 clearly differs from that of HXB2. The AA and AG
quadrants are dense in both, but unlike the HXB2 CGR,
the GA dinucleotide quadrant appears to be equally dense
in the CGR of RC1. Further, the quadrant corresponding
to dinucleotide CG is denser in RC1 CGR compared to
the original CGR (ﬁgure 2a). Thus, with randomization of
the single nucleotide positions, the features present in the
genome are no longer clear. Thus, even though the single nucleotide composition is the same, shufﬂing of the

Figure 2. Chaos game representation plots for (a) HIV-1 subtype B HXB2 genome,
(b) RC1 control of the HXB2 genome, (c) SIVCPZ genome and (d) HTLV-1 genome.
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Figure 3. CGR plots for (a) gag, (b) env and (c) pol genes of the HXB2 genome.

HXB2 sequence has changed the genomic features present
in the genome. Thus, single and dinucleotide composition
of genomes can be easily visualized with the help of the
CGR plots.
The HIV-1 retrovirus is known to have crossed hosts
from chimpanzee to human, and hence is a descendent of
the SIVCPZ (Tebit et al. 2007). The CGR plots for SIVCPZ
(ﬁgure 2c) are similar to HIV-1 CGR (ﬁgure 2a), the
dinucleotides AA and AG are overrepresented, while the
dinucleotide CG is underrepresented in both the genomes.
HTLV-1 is a retrovirus belonging to the deltaretrovirus
genus. The CGR for HTLV-1 (ﬁgure 2d) is very different
from the HIV-1 CGR (ﬁgure 2a). Unlike HIV-1, HTLV-1
does not have an A-rich genome, but is rich in C nucleotide,
which is evident from ﬁgure 2d. The dinucleotides CC, CT
and CA are clearly overrepresented in the HTLV-1 genome.
Figure 3 shows the CGR plots corresponding to the three
major genes, gag, env and pol of the HIV-1 subtype B HXB2
genome. The basic features, like CG deﬁciency, A-richness
and AG and AA overrepresentation are seen in all the three
genes. Thus, the major genes have overall similarity with the
single and dinucleotide composition of the HIV-1 B genome.

Frequency CGR

CGR plots (ﬁgure 2) provide a visual representation of dinucleotide frequencies of HIV-1 genomes. We used the CGR
plots to quantify the dinucleotide frequencies from HIV-1
subtype B genome sequences from 1983 to 2007 (see section ‘Chaos game representation’). The frequency proﬁles
calculated from the CGR plots for three years (1983, 1995
and 2007) are given in ﬁgure 4. For 16 dinucleotides, the
expected frequency for each dinucleotide is 0.0625 (dashed
line in ﬁgure 4). The ﬁgure shows that the dinucleotides AA
and AG are highly overrepresented, while dinucleotide CG is
severely underrepresented in the genomes. All dinucleotides
containing ‘A’, except AC, have frequencies more than the
expected frequency. This can be attributed to A-richness of
the HIV-1 genome. On the other hand, CG has frequency
less than 0.01 for all the years, indicating its strong underrepresentation. Similar suppression of CG dinucleotide in
inﬂuenza A virus genomes has been attributed to selective
constraints imposed by the host (Greenbaum et al. 2008).
We used the CGR plots (ﬁgures 2a and 3) to quantify
the dinucleotide frequencies from HIV-1 subtype B HXB2

Figure 4. Frequency of all dinucleotides in HIV-1 subtype B genomes from the years
1983 (red bars), 1995 (green bars) and 2007 (blue bars). Error bars indicate one standard
deviation from the mean. RC1 for each sequence in the year 1983 was calculated. The
mean and one standard deviation are shown (yellow bars).
Journal of Genetics, Vol. 92, No. 3, December 2013
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Figure 5. Dinucleotide frequencies for (a) HXB2 genome and its genes (b) gag, (c) env and (d) pol.

genome and its genes. The 16 dinucleotide frequencies for
the three genes gag, env and pol are shown in ﬁgure 5 by
heat-maps, with the colour scale representing dinucleotide
frequency ranging from 0 to 0.145. All three genes show
suppression of CG dinucleotide and overrepresentation of
AA dinucleotide, with pol gene exhibiting the latter at the
highest frequency. Thus, the genes of HIV-1 have similar
dinucleotide usage pattern as the whole viral genome.

Dinucleotide DRAP

The dinucleotide frequencies (ﬁgure 4) are clearly dominated
by the single nucleotide bias of A-rich HIV-1 genome. To
avoid this bias (see section ‘Dinucleotide relative abundance
proﬁle’), the odds of occurrence of dinucleotides (DRAP)
based on the corresponding single nucleotide frequencies
were calculated. Since any deviation from the DRAP value

Figure 6. Dinucleotide relative abundances for all dinucleotides in HIV-1 subtype B
genomes from 1983 (red bars), 1995 (green bars) and 2007 (blue bars). Error bars indicate one standard deviation from the mean. RC1 for each of the sequence in year 1983
was calculated. The mean and one standard deviation are shown (yellow bars). The
dotted lines show the upper and lower DRAP values for high and low signiﬁcance of
representation.
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Table 2. Kendall’s τ correlation coefﬁcient of each dinucleotide
with time.
Dinucleotide
AA
TA
AT
TT
CA
GA
CT
GT
AC
TC
AG
TG
CC
GC
CG
GG

Kendall’s τ

P value

−0.2267
0.1200
0.4600
−0.0200
0.5600
−0.4933
−0.4133
−0.0400
0.1267
0.1133
−0.3200
−0.1533
−0.0667
0.0533
−0.3600
0.4867

0.1183
0.4176
0.0010
0.9080
< 10−4
0.0004
0.0034
0.7993
0.3914
0.4449
0.0254
0.2966
0.6605
0.7288
0.0114
0.0005

The dinucleotides with signiﬁcant temporal correlations (P < 0.05
after FDR correction) are shown in bold.

of 1 indicates a skewed dinucleotide pattern in the genome,
we calculated the mean and standard deviation of DRAP
values for all the years. DRAP for HIV-1 subtype B
sequences, along with that of the Random Control RC1, for
1983, 1995 and 2007 are shown in ﬁgure 6.
Interestingly, even though the frequency for dinucleotide
AA is the highest (ﬁgure 4) for all the years, the DRAP
for dinucleotide AA is less than one (ﬁgure 6). This shows
that the frequency of dinucleotide AA is primarily due to
the high A-nucleotide content of HIV-1. The dinucleotides
with odds ratio value >1.23 are shown to be signiﬁcantly
overrepresented, and that below 0.78 as signiﬁcantly underrepresented (Karlin and Cardon 1994). Figure 6 shows that
dinucleotides CA and CC are signiﬁcantly overrepresented
(>1.23), while dinucleotide CG is signiﬁcantly underrepresented (< 0.78) in all the years. The dinucleotide AG,
which had the second highest frequency value for the years
(ﬁgure 4), has odds ratio greater than one, however, it was
close to the cut-off value (1.23) for all the years. Moreover,

Figure 7. DRAP values of dinucleotides with signiﬁcant positive and negative correlations with time (a) CA
(τ = 0.56), (b) GG (τ = 0.48), and (c) AT (τ = 0.46); (d) GA (τ = −0.49), (e) CT (τ = −0.41), and (f) CG
(τ = −0.36).
Journal of Genetics, Vol. 92, No. 3, December 2013
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all the dinucleotides that are single-base mutation away from
CG (i.e., AG, TG, GG, CA, CT and CC) are overrepresented
(i.e., have DRAP values more than 1). Overrepresentation
of these dinucleotides has been associated with CG underrepresentation in genomes (Karlin et al. 1998). The DRAP
values for RC1 are consistently the same and close to 1 for
all dinucleotides.

Temporal correlation analysis

The above analysis was done for all genome sequences from
1983 to 2007 (shown in table 1). To measure if there are any
temporal variations in the dinucleotide proﬁles, the Kendall’s
rank correlation coefﬁcient (τ ) for the DRAP values of each
dinucleotide with time were calculated as shown in table 2.
The table shows that seven out of 16 dinucleotides (in italics) show signiﬁcant temporal correlation (P < 0.05). On
performing the false discovery rate (FDR) test for multiple
hypotheses testing using alpha as 0.05, six out of these seven
dinucleotides (AT, CA, GA, CT, CG and GG) showed signiﬁcant temporal correlations (shown in bold). Of the six
dinucleotides, three dinucleotides (AT, CA and GG) showed
signiﬁcant positive correlations, while three dinucleotides
(GA, CT and CG) had signiﬁcant negative correlations with
time. It may be noted that of the dinucleotides that show
signiﬁcant correlations, the ones showing increasing trend
differ by one base from the dinucleotides that exhibit
decreasing trend. For example, CA dinucleotide is a single
mutation away from GA, CT and CG, GG is a single mutation away from GA and CG, and AT is a single mutation
away from CT. Thus, a positive trend of one dinucleotide
may be due to negative trends of the other dinucleotides or
vice versa.
Figure 7 shows the time series of the DRAP values for
the nucleotides having statistically signiﬁcant positive and
negative temporal correlations. The base frequencies did not
exhibit any temporal trend. The three dinucleotides (CA, GG
and AT) which showed signiﬁcant positive correlation (see
ﬁgure 7a, b & c) have similar τ (0.46 < τ < 0.56), whereas
the ones (GA, CT and CG) exhibiting negative trends (see
ﬁgure 7d, e & f) have lower correlation coefﬁcients with
CG dinucleotide the lowest frequencies has the lowest correlation. It may be noted that the same analysis for the control RC1 yielded no signiﬁcant Kendall’s rank correlation
coefﬁcient (after FDR correction using alpha as 0.05), since
the values of all dinucleotides ﬂuctuate around 1 for all the
years. We also performed same analysis on HIV-1 genome
sequences collected only from USA, from 1983 to 2007 and
found that GG, AT, CG, CA and GA exhibited signiﬁcant
temporal trends (results not shown).

Conclusion
In the past few decades, quantifying variations between
whole genomes using different types of genome signatures
410

have been increasingly used (Vinga and Almeida 2003; Hohl
and Ragan 2007; Sousa et al. 2008; Pandit and Sinha 2010;
Pandit et al. 2012). Genomic heterogeneity can be represented by the frequency of occurrence of a ‘word’ (sequence
of nucleotides) of a ﬁxed length k in each genome. For k = 2,
the words are dinucleotides. In this study, we have used
the CGR approach to analyse the DRAP in whole genomes
of the HIV-1 subtype B. The primary usefulness of this
approach is that it needs to encode the whole genome only
once on the CGR plot and then frequencies of all word sizes
can be obtained by simply subdividing the square plot and
counting the existing points in them. This is computationally less intensive, can be performed in simple desktops,
and is useful for analysing long DNA sequences and whole
genomes. These plots can also be used to study the complex
multi-fractal nature of genomic heterogeneities (Pandit et al.
2012).
Taxonomically close species have been shown to have
similar dinucleotide proﬁles compared to distant species, and
such genomic signatures have since then been used to study
relationships between several organisms (Karlin et al. 1997;
Campbell et al. 1999; Deschavanne et al. 1999; Edwards
et al. 2002). In case of host–pathogen systems, the patterns
of dinucleotides can unravel different aspects of the evolutionary history of an organism (Greenbaum et al. 2008; Lobo
et al. 2009). Our analyses of the dinucleotide patterns of
this A-rich virus show that there are clear overrepresentation of CA and CC, and severe suppression of CG. The CA
and CG dinucleotide are shown to be overrepresented and
underrepresented in inﬂuenza and other RNA viruses also
(Greenbaum et al. 2008), and the underrepresentation of
CG is a feature that has been observed in other pathogens
also. This feature is implicated to be a result of the host
selection pressure, as the vertebrates have suppression of
CG dinucleotide in their genomes (Greenbaum et al. 2008,
2009).
On temporal analysis of HIV-1 subtype B genomes, from
years 1983 to 2007, showed that CA is not only highly
overrepresented in the genome, it also has a fairly strong
and highly signiﬁcant increasing trend over the years. Eventhough, CA dinucleotide is known to be overrepresented in
genomes where CG is suppressed (Karlin et al. 1998), the
implications of this fairly fast increase in CA and the opposite trend in both GA and CG dinucleotides are not clear.
However, it can be a result of ‘G’ to ‘A’ hypermutations
caused by host’s APOBEC gene family (Worobey et al.
2007). More studies are required to understand if the results
highlighting the variation in dinucleotide proﬁle of HIV-1
subtype B over time presented in this study are a result of
host-speciﬁc selection acting on the virus.
In a population-based study of the codon usage pattern of
HIV-1 genes (Pandit and Sinha 2011), it was shown recently
that the codon usage pattern of some genes of HIV-1 (in
several subtypes including B and C) tend to show increasing similarity with the host’s (human) codon usage pattern over 25 years. The result presented in this paper is a

Journal of Genetics, Vol. 92, No. 3, December 2013

Dinucleotide signatures in HIV-1 subtype B genomes
preliminary study and reports, for the ﬁrst time, the dinucleotide patterns in whole HIV-1 subtype B genomes. This
is a population-based study and we have taken sequences
sourced from different countries around the world to arrive
at a population pattern of the dinucleotide set in HIV-1 subtype B over 25 years, though the number of whole genome
sequences available is not high in the early years (1980s).
This study opens avenues for further research on more pathogen sequences from geographically distinct and ethnically
different host populations, which can lead to better understanding of coevolution of the HIV-1 with its human host.
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