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Abstract

Differences in the relative abundance of dinucleotides, if any may provide important clues on host-driven evolution of
viruses. We studied dinucleotide frequencies of large DNA viruses infecting vertebrates (n = 105; viruses infecting
mammals = 99; viruses infecting aves = 6; viruses infecting reptiles = 1) and invertebrates (n = 88; viruses infecting
insects = 84; viruses infecting crustaceans = 4). We have identified systematic depletion of CpT(ApG) dinucleotides and
over-representation of CpG dinucleotides as the unique genomic signature of large DNA viruses infecting invertebrates.
Detailed investigation of this unique genomic signature suggests the existence of invertebrate host-induced pressures
specifically targeting CpT(ApG) and CpG dinucleotides. The depletion of CpT dinucleotides among large DNA viruses
infecting invertebrates is at least in part, explained by non-canonical DNA methylation by the infected host. Our findings
highlight the role of invertebrate host-related factors in shaping virus evolution and they also provide the necessary
framework for future studies on evolution, epigenetics and molecular biology of viruses infecting this group of hosts.
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Introduction

Differences in the relative abundance of dinucleotides provide

interesting insights on virus evolution. CpG dinucleotides in

particular have received a lot of attention. Depletion of CpG

dinucleotides among viruses has been linked to selective

mutational pressure [1], translational selection [2] and virus

evolution [3]. Virus-related factors that contribute to virus

evolution include the type of genetic material (DNA vs RNA

and strandedness) and the genome size [4]. Host factors that

contribute to virus evolution are poorly understood.

Mutational pressure at specific dinucleotides is a critical

parameter for understanding evolution of viruses. CpG dinucle-

otides are heavily methylated (80%–90%) in vertebrate host

genomes as opposed to low levels of methylation in invertebrate

host genomes [5–7]. As a result vertebrate host genomes are more

CpG depleted than are invertebrate host genomes [8,9]. Among

DNA viruses infecting vertebrates, most small DNA viruses (,

10 kb) are CpG depleted [10], while medium- and large-DNA

viruses show marginal depletion or near-normal levels of the

expected CpG dinucleotide frequencies [11]. The most widely

accepted explanations for depletion of CpG dinucleotides include

(a) spontaneous deamination of 5-methylcytosine (within a CpG

dinucleotide) leading to an irreversible C to T transition [8,12,13]

and (b) avoidance of toll-like receptor 9-mediated immune

response [14]. There are no studies investigating the dinucleotide

frequencies among large DNA viruses infecting invertebrate hosts.

In addition, several complete genome sequences of large DNA

viruses have became available in the last decade, allowing

systematic analysis of dinucleotide frequencies in this group of

viruses. We believe that understanding the differences in

dinucleotide biases, if any among large DNA viruses infecting

vertebrate and invertebrate hosts may provide clues on virus

evolution. Interestingly, host-driven variation in dinucleotide

content of viral genomes has received much attention recently.

We have recently demonstrated a link between host methylation

capabilities and virus evolution based on the relative abundance of

dinucleotide frequencies [3].

Codon usage bias is an important determinant of virus

evolution. Both mutational pressure and translational selection

may contribute to codon usage bias [11,15,16]. Codon usage bias

has not been investigated among large DNA viruses infecting

invertebrate hosts.

In this study, we investigate the differences in the relative

abundance of dinucleotides, mutational pressure and codon usage

bias between large DNA viruses infecting vertebrate- and

invertebrate hosts. Well documented differences between the two

host groups include (a) Depletion of CpG dinucleotides in the

vertebrate host genomes [7] (b) Higher rates of non-canonical

DNA methylation (methylation of cytosines other than those

within CpG dinucleotides) among invertebrate hosts [17,18] (c)

TLR 9-mediated selection pressure in vertebrate hosts (absent in

invertebrate hosts) [19]. Keeping in mind the differences between

the two host groups and the fact that viruses often co-evolve with
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their hosts [3,16], we hypothesize that there will be significant

differences in the relative abundance of dinucleotides and codon

usage bias between the large DNA viruses infecting vertebrate

hosts and those infecting invertebrate hosts. We believe that the

study will help identify host-specific constraints principally

responsible for driving the evolution of large DNA viruses within

a given host group.

Materials and Methods

Retrieval of DNA sequences
The available full-length sequences of large double-stranded

DNA (ds-DNA) viruses infecting vertebrates and invertebrates

were retrieved from NCBI virus genome resources (http://www.

ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?taxid=35237) or

http://www.ncbi.nlm.nih.gov/nucleotide). When multiple full-

length sequences were available for a virus, only one full-length

sequence was used for analysis. The genomes with annotated

tRNAs were excluded from analysis. A total of 193 sequences were

used in this study; this includes 88 sequences of large DNA viruses

infecting invertebrates (host details: insects = 84; crustaceans = 4)

and 105 sequences of large DNA viruses infecting vertebrates (host

details: mammals = 99 aves = 6; reptiles = 1) (the accession num-

bers and names of all viruses along with their respective hosts are

listed in Dataset S1). Large DNA viruses have a genome size of

about 100 kb or longer [11]. Despite being biologically similar to

large DNA viruses, viruses belonging to the family Adenoviridae
were excluded from the study owing to their small genome size

(28–45 kb) as compared to the large DNA viruses included in the

study (average genome size 164 kb). In addition, viruses belonging

to the family Iridoviridae and Polydnaviridae were also excluded

from the study. The genomes of iridoviruses are known to encode

DNA methyltransferases leading to heavy methylation of the

cytosine residues of CpG dinucleotides [20,21]; this could

potentially influence our study aimed at investigating host-related

evolutionary forces. The viruses in the family Polydnaviridae are

composed of multiple segments of DNA including wasp genes and

wasp non-coding DNA [22]; hence this group of viruses were

excluded from our study.

Calculation of dinucleotide frequencies
The observed/expected ratios for the dinucleotide XpY [(O/

E)XpY] are generally calculated using the observed frequency of

the dinucleotide f(XY), the frequencies of the mononucleotides f(X)

and f(Y) and the length of the genome G. In other words,

O=Eð ÞXpY ~ f XYð Þ=f Xð Þf Yð Þ½ � � G. However, this calculation is

suitable for organisms with single-stranded sequences [16]. In case

of organisms with double-stranded sequences, opposite strand with

the complementary nucleotides should also be considered while

calculating the frequency of dinucleotides. In other words, in a

double-stranded sequence, frequency of dinucleotide XpY of one

strand will be equal to the frequency of dinucleotide Y9pX9 in the

complementary strand, where Y9 and X9 are complementary

nucleotides to Y and X respectively.

Hence, the dinucleotide frequencies in a double-stranded

sequence can be calculated using the following formula:

(O=E)XpY~(O=E)Y 0pX 0~
2(fXpYzfY 0pX 0)

(fXzfY )(fX 0zfY 0)

where, XpY denotes the dinucleotide in one strand, and Y9pX9

denotes the complementary dinucleotide in the opposite strand.

Computation of codon usage frequencies
A freely available and widely used web tool, CodonW (http://

bioweb.pasteur.fr/seqanal/interfaces/codonw.html) was used to

determine the effective number of codon (ENC), total GC content

and the nucleotide composition at the third codon position. The

values of ENC range from 20–61, with a value of 20 representing

maximum codon bias i.e one codon is used for one amino acid and

a value of 61 represents no codon bias i.e. all the codons are

equally used for each amino acid. ENC values of 35 or less are

suggestive of significant codon usage bias.

The expected ENC value (ENC*) was calculated by using the

following formula:

ENC � ~2zGC3z 29= GC3sð Þ2z 1{GC3sð Þ2
h in o

[23]. To de-

termine how GC content influences codon usage, the relationship

between ENC, ENC* and GC3 content was studied using an

ENC-GC3 plot [23]. Another codon usage statistic, ENC9 was also

calculated using the programs SeqCount and ENC prime [24].

ENC9 also ranges from 20–61 and is similar to ENC, except that

ENC9 statistic corrects for the background nucleotide composition

[24].

Calculation of distribution of dinucleotides in the coding
regions

The coding DNA sequences (CDS) as annotated in Genbank

files were extracted using a web tool (http://www.cbs.dtu.dk/

services/FeatureExtract/). The observed/expected ratios for the

CDS (XpY O/E-CDS) were calculated.

Neutrality plots
For each virus, total GC content and the frequency of

nucleotides at the third (silent) codon position was calculated. In

order to determine the relative effects of translational selection and

mutation pressure, GC content at the third codon position (GC3)

was plotted against the GC content at the first and second codon

positions (GC1,2). The GC1,2 values were plotted against GC3

values in a scatter plot.

Statistical analysis
Data were analyzed using Student’s t test, Wilcoxon signed-rank

test and Pearson’s correlation coefficient (r2) as appropriate. Box

plots, scatter plots and column (bar) graphs were made using MS-

Excel or using the software Graph pad. On each box, the central

horizontal line represents the median, the edges represent lower

(Q1) and upper quartiles (Q3). Scatter plots were used to compare

two parameters. Results were considered statistically significant at

a P value of ,0.05.

Results

The relative abundance of dinucleotides among large DNA

viruses infecting invertebrates and vertebrates are summarized in

Figure 1a and Figure 1b respectively. Since our study pertains to

ds-DNA viruses, only 10 unique dinucleotides were used instead of

16 dinucleotides. For example, TT on the forward strand of a

DNA sequence corresponds to AA on the reverse strand, so TT

and AA were counted as one dinucleotide. For large DNA viruses

infecting invertebrates the mean (6standard deviation (SD) value)

dinucleotide O/E ratio is 1.060.24 (confidence interval of 0.76–

1.24; Figure 1a). For large DNA viruses infecting vertebrates the

mean (6standard deviation (SD) value) dinucleotide O/E ratio is

1.060.15 (confidence interval of 0.85–1.15; Figure 1b). The TpA

dinucleotide is found to be universally under-represented in both

the groups of viruses studied. No other major dinucleotide bias
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(O/E ratios outside the confidence interval) was seen among large

DNA viruses infecting vertebrate hosts. In contrast, CpT(ApG)

depletion (mean6standard deviation (SD): 0.7260.10) and CpG

excess (mean6standard deviation (SD): 1.4160.29) emerged to be

the two most striking dinucleotide biases among large DNA viruses

infecting invertebrate hosts. The CpT(ApG) dinucleotide was the

most depleted dinucleotide (CpT dinucleotide O/E ratios vs all

other dinucleotide O/E ratios; P,0.0001; Wilcoxon signed rank

test) and the CpG dinucleotide was the most overrepresented

dinucleotide (CpG dinucleotide O/E ratios vs all other dinucle-

otide O/E ratios; P,0.0001; Wilcoxon signed rank test) among

large DNA viruses infecting invertebrate hosts.

The distribution of CpT(ApG) dinucleotides in large DNA

viruses infecting invertebrates and vertebrates is shown in

Figure 2a. Large DNA viruses infecting invertebrates had

significantly lower CpT(ApG)O/E ratios than those infecting

vertebrates (mean6SD:0.7260.10 vs 0.9660.09; P,0.0001).

Large DNA viruses infecting invertebrates had a significantly

higher CpGO/E ratios than those infecting vertebrates (1.4160.29

vs 0.9960.26; P,0.0001; Figure 2b). The distribution patterns of

CpT and CpG dinucleotides are shown in Figure S1.

The GC content ranged from 19–58% in large DNA viruses

infecting invertebrate hosts and between 26–77% in those

infecting vertebrate hosts. A positive correlation between GC

content and CpG dinucleotide frequencies has been demonstrated

in previous studies [25,26]. In our study, there was no correlation

between CpGO/E ratios and GC content (Figure 3a: r2 = 0.057;

P = 0.226 for the large DNA viruses infecting invertebrates; and

Figure 3b: r2 = 0.017; P = 0.182 for large DNA viruses infecting

vertebrates).

To investigate differences, if any in codon usage bias between

the large DNA viruses infecting vertebrates and those infecting

invertebrates we used the effective codon usage statistic, ENC

(Effective number of codons) [11]. The ENC values ranged from

42.11 to 58.2 (mean6SD:53.7764.02) for large DNA viruses

infecting invertebrates and from 42.77 to 60.31

(mean6SD:54.8364.58) for large DNA viruses infecting verte-

brates. The ENC values clearly indicate the absence of major

codon usage biases in both the groups of viruses. We examined the

relationship between GC content at third codon position (GC3)

and ENC values using ENC-GC3 plots. This relationship was then

compared to the expected ENC value (ENC*) that would result if

GC content primarily accounts for codon usage biases. In other

words, ENC-GC3 plots will help assess the relative role of

mutational pressure (ENC values lie on the expected ENC curve

or just below the expected ENC curve) and translational selection

(values would be considerably lower than the expected ENC

curve). Interestingly, the actual values of ENC for both the groups

of viruses lie on, or just below the expected ENC curve (Figure 4a

and Figure 4b), indicating that codon usage bias is primarily

explained by differences in GC composition and hence suggesting

little or no role for translational selection.

The ENC statistic does not take into account the variation in

nucleotide composition of the sequences studied [24]. ENC9 is a

widely used statistic to measure codon usage bias and it takes into

account the inherent differences in nucleotide composition of the

sequence [24]. Higher the ENC9 values lower the codon usage

bias. The ENC9 values ranged from 52.46 to 59.37

(mean6SD:56.7461.68) for large DNA viruses infecting inverte-

brates and from 56.21 to 60.38 (mean6SD:59.2360.93) for large

DNA viruses infecting vertebrates. Notably, all ENC9 values

(except for 1 virus) were higher than ENC values. This finding

suggests that after correction for the observed background

nucleotide composition there is no evidence of notable codon

usage bias in either group of viruses studied. The difference

between ENC9 values and ENC values (ENC9-ENC) are plotted

against GC content in Figure 5a and 5b.

Figure 1. Dinucleotide usage patterns in large DNA viruses. (a) The mean6SD of dinucleotide O/E ratios (1.060.24) of large DNA viruses
infecting invertebrates. For most dinucleotides the O/E ratios were located inside the confidence interval of 0.76–1.24 with the exception of CpT(ApG)
dinucleotides (under-represented) and CpG dinucleotides (over-represented). (b) The mean6SD of dinucleotide O/E ratios (1.060.15) of large DNA
viruses infecting vertebrates. The relative abundance of most dinucleotides was near-normal levels with the exception of TpA dinucleotide, which
was under-represented.
doi:10.1371/journal.pone.0111793.g001
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Nucleotide composition among the three codon positions in

both group of viruses was further examined by comparing the GC

content at the synonymous third position (GC3) with GC content

at non-synonymous first and second codon position (GC1,2)

(Figure 6a and 6b). The correlation between GC3 and GC1,2 is

often used to understand the role of mutational pressure and/or

translational selection influencing nucleotide composition. In our

study, we found significant correlation between GC3 and GC1,2 in

both the groups of viruses (r2 = 0.943 for large DNA viruses

infecting invertebrates, P,0.0001, Figure 6a and r2 = 0.960 for

those infecting vertebrates; P,0.0001, Figure 6b), implying that

all codon positions are similarly affected.

In search of additional evidence to support that host-induced

substitution (and not translational selection) is the major driving

force leading to CpT(ApG) depletion and CpG excess among large

DNA viruses infecting invertebrates we sought to investigate the

difference between genome-wide dinucleotide O/E ratios and

dinucleotide O/E ratios in the coding DNA sequence for a given

dinucleotide. If CpT depletion is primarily driven by pressures

other than translational selection (eg. mutational pressure), one

would expect that the genome-wide CpTO/E ratio will be lower

than the CDS CpTO/E-CDS ratio. On the contrary, if translational

selection were the major driving force for CpT depletion, one

would expect that the depletion of CDS (CpTO/E-CDS) ratio will be

more pronounced than the depletion of genome-wide CpTO/E

Figure 2. CpT(ApG) depletion and CpG excess among large DNA viruses infecting invertebrate hosts. (a) Box plot showing the
distribution of CpT(ApG) dinucleotides among large DNA viruses infecting invertebrate- and vertebrate hosts. The depletion of CpT(ApG)
dinucleotides is more pronounced among large DNA viruses infecting invertebrates as compared to those infecting vertebrates (mean6SD:
0.7260.10 vs 0.9660.09; P,0.0001). (b) Box plot showing the distribution of CpG dinucleotides among large DNA viruses infecting invertebrate- and
vertebrate hosts. Large DNA viruses infecting invertebrates had a significantly higher CpGO/E ratio than those infecting vertebrates (1.4160.29 vs
0.9960.26; P,0.0001).
doi:10.1371/journal.pone.0111793.g002

Figure 3. CpGO/E ratios are not influenced by GC content. Scatter plot demonstrating the lack of correlation between CpGO/E ratios (X-axis)
and GC content (Y-axis) among (a) large DNA viruses infecting invertebrate hosts and (b) large DNA viruses infecting vertebrate hosts.
doi:10.1371/journal.pone.0111793.g003

Host-Induced Pressures Lead to CpT Depletion and CpG Excess
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ratio. Among viruses infecting invertebrates, the genome-wide

depletion of CpT dinucleotides was more pronounced as

compared to that within the CDS (P = 0.002; Wilcoxon signed

rank test) (Table 1). Similarly, the genome-wide gain in CpG

dinucleotides was more pronounced as compared to that within

the CDS (P,0.0001; Wilcoxon signed rank test) (Table 1).

The CpT dinucleotide is amenable to methylation, while the

TpC dinucleotide is not. We investigated the CpTO/E/TpCO/E

ratios for the viruses studied. The CpTO/E/TpCO/E ratios

were significantly lower in large DNA viruses infecting inverte-

brates as compared to those infecting vertebrates (0.7660.11 vs

0.9360.14; P,0.0001; Figure 7a), clearly demonstrating that

CpT dinucleotides but not TpC dinucleotides are amenable to

invertebrate host-induced substitutions. Similarly, the CpGO/E/

GpCO/E ratios among large DNA viruses infecting invertebrates

were significantly higher than those infecting vertebrates

(1.1760.32 vs1.0660.28; P = 0.01; Figure 7b).

Deamination of methylated cytosines results in C to T

transitions [12,13]. The depletion of CpT(ApG) dinucleotides by

deamination of 5-methylcytosine within the CpT dinucleotides will

lead to a gain of TpT(ApA) dinucleotides. Interestingly, the loss of

CpT dinucleotides among large DNA viruses infecting inverte-

brates correlates to a gain in TpT dinucleotide (Figure 8a;

r2 = 0.206; P,0.0001). There was no correlation between the

Figure 4. Lack of evidence for major codon usage biases. Correlation between GC content at third codon position (GC3) and the effective
codon usage statistic (ENC) among (a) large DNA viruses infecting invertebrate hosts and (b) large DNA viruses infecting vertebrate hosts. The black
line represents the expected ENC values (ENC*) calculated based on GC content. Most ENC values in both groups of viruses are on, or just below the
ENC* values suggesting the absence of strong translational selection.
doi:10.1371/journal.pone.0111793.g004

Figure 5. Observed differences in codon usage bias are primarily explained by the differences in the background nucleotide
composition. Graphs showing the relationship between GC content and the difference between ENC9 and ENC (i.e. ENC9-ENC) among (a) large DNA
viruses infecting invertebrate hosts and (b) large DNA viruses infecting vertebrate hosts. For most viruses (except for one virus), the ENC9 values were
greater than ENC values; implying that the observed differences in codon usage bias are further reduced when corrected for background nucleotide
composition.
doi:10.1371/journal.pone.0111793.g005

Host-Induced Pressures Lead to CpT Depletion and CpG Excess

PLOS ONE | www.plosone.org 5 November 2014 | Volume 9 | Issue 11 | e111793



relative abundance of CpT (ApG) dinucleotides and TpT(ApA)

dinucleotides among large DNA viruses infecting vertebrate hosts

(Figure 8b; r2 = 0.015; P = 0.503). In addition, TpTO/E ratios was

significantly higher among the large DNA viruses infecting

invertebrates as compared to those infecting vertebrates

(mean6SD: 1.1760.13 vs 1.0860.11; P,0.0001) (Figure 8c).

The loss of CpT(ApG) dinucleotides correlated with a gain in

CpG dinucleotides among large DNA viruses infecting inverte-

brate hosts (Figure 9a; r2 = 0.335; P,0.0001). However, there was

no correlation between the relative abundance of CpT(ApG) and

CpG dinucleotides among the large DNA viruses infecting

vertebrate hosts (Figure 9b; r2 = 0.036; P = 0.28).

Discussion

Systematic CpT(ApG) depletion and CpG excess among
large DNA viruses infecting invertebrate hosts

We investigated the relative abundance of dinucleotides among

large DNA viruses infecting a wide range of invertebrates and

vertebrates hosts. We found systematic CpT(ApG) depletion and

CpG excess among large DNA viruses infecting invertebrate hosts

(Figure 1a). In contrast, there was no major variation in the

relative abundance of CpT and CpG dinucleotides among large

DNA viruses infecting vertebrate hosts (Figure 1b). The CpTO/E

ratios were significantly lower among the large DNA viruses

infecting invertebrates as compared to those infecting vertebrates

(Figure 2a; 0.7260.10vs 0.9660.09; P,0.0001). The CpGO/E

ratios were significantly higher among the large DNA viruses

infecting invertebrates as compared to those infecting vertebrates

(Figure 2b; 1.4160.29 vs 0.9960.26; P,0.0001). Depletion of

TpA dinucleotides was a common feature among both the groups

of viruses (Figure 1a and 1b). Avoidance of stop codons (UAG and

UAA) and increased susceptibility of UpA to cytoplasmic

ribonucleases [27] may explain the depletion of TpA dinucleo-

tides.

The depletion of CpT dinucleotides and the presence of CpG

excess appears to be a unique genomic signature of large DNA

viruses infecting invertebrate hosts. To the best of our knowledge,

neither CpT depletion nor CpG excess have been described

among any group of viruses. Intrigued by this finding, we went on

to investigate the underlying mechanisms that could potentially

contribute to this unique genomic signature of large DNA viruses

infecting invertebrates.

CpGO/E ratios are not influenced by GC content
Several studies have demonstrated a positive correlation

between CpGO/E ratios and GC content [25,26]. In our study,

we found no correlation between GC content and the CpGO/E

ratios (Figure 3a: r2 = 0.057; P = 0.22 for the large DNA viruses

infecting invertebrates; and Figure 3b: r2 = 0.017; P = 0.18 for

large DNA viruses infecting vertebrates). Despite their high

CpGO/E ratios, large DNA viruses infecting invertebrates had

lower GC content as compared to those infecting vertebrates

Figure 6. Neutrality plot. Evolution of large DNA viruses is primarily governed by mutational pressure. Scatter plot demonstrating a strong, near-
perfect correlation between GC at the synonymous third codon position (GC3) (X-axis) and non-synonymous first/second codon positions (GC1,2) (Y-
axis) among (a) large DNA viruses infecting invertebrate hosts and (b) large DNA viruses infecting vertebrate hosts. This finding suggesting that all
codon positions are similarly affected and hence mutational pressure and not translational selection is primarily responsible for the observed
differences in nucleotide composition among large DNA viruses.
doi:10.1371/journal.pone.0111793.g006

Table 1. CpT and CpG dinucleotide frequencies: Genome-wide vs coding DNA sequences (CDS) among large DNA viruses
infecting invertebrates.

Genome-wide
O/E ratio

CDS O/E
ratio

Viruses with increased bias in the non-coding
region than in coding region (n)

Wilcoxon signed
rank test

CpT dinucleotide 0.7260.10 0.7360.11 57 P = 0.002

CpG dinucleotide 1.4160.29 1.3960.28 73 P,0.0001

doi:10.1371/journal.pone.0111793.t001

Host-Induced Pressures Lead to CpT Depletion and CpG Excess
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(mean6SD: 0.4160.08 vs 0.5160.13; P,0.0001). Thus, it is clear

that higher CpGO/E ratios among large DNA viruses infecting

invertebrates are not linked to higher GC content.

Translational pressure/codon usage bias does not shape
evolution of large DNA viruses

After having demonstrated CpT depletion and CpG excess

among large DNA viruses infecting invertebrates we asked the

question if these differences arose because of translational selection

or host-induced pressures other than translational selection.

A previous report investigating 41 large DNA viruses infecting

vertebrates found no major codon usage bias [11]. In our study, all

ENC values were above 40, suggesting the absence of major codon

usage biases in the viruses studied. The ENC values for most

viruses in both groups were either on the ENC* curve (expected

ENC values) or just below it in the ENC-GC3 plot (Figure 4a and

4b). This finding also implies that the observed codon usage bias is

explained by the underlying differences in nucleotide composition,

supporting the role of host-induced pressures other than transla-

tional selection.

We then used the ENC9 statistic, which corrects for the

influence of uneven base composition [24,28]. The greater the GC

content departs from 0.5, the higher the difference between ENC9

and ENC in both groups of viruses studied (Figure 5a and 5b).

Most ENC9 values were closer to 61 (representing no codon usage

bias) than were ENC values, implying that the observed

differences in codon usage bias are influenced by underlying

differences in nucleotide composition. Taken together, the ENC

statistic and the ENC9 statistic support (a) the absence of major

codon usage biases among the viruses studied and (b) the notion

that host-induced pressures other than translational selection

shapes the evolution of large DNA viruses infecting vertebrates

and invertebrates.

Codon usage bias across different species [29–31] and also

within different cell types of a given species are well documented

[32]. We found no evidence of strong codon usage bias among the

viruses we studied. A possible explanation for this may be that low

codon usage bias may be beneficial for the virus as it is likely to

facilitate efficient replication across multiple cell types of a species

or even across different species.

Host-induced pressures other than translational selection
lead to CpT depletion and CpG excess among large DNA
viruses infecting invertebrates

To support the notion that host-induced pressures other than

translational pressure is the major force contributing to the

observed differences in nucleotide composition and codon usage

bias comes from analysis of the correlation between GC3 and

GC1,2. If a poor correlation between GC3 and GC1,2 (reflecting

the presence of codon position-dependent differences in nucleotide

composition) is observed it suggests a major role for translational

pressure; while a good correlation between GC3 and GC1,2

supports the role of mutational pressure (since all codon positions

are similarly affected) in shaping the nucleotide composition of the

genome. We found significant correlation between GC3 and GC1,2

among viruses infecting invertebrate hosts (r2 = 0.943; P,0.0001;

Figure 6a) and those infecting vertebrate hosts (r2 = 0.960; P,

0.0001; Figure 6b) vindicating the role of host-induced pressures

other than translational pressure in shaping the evolution of large

DNA viruses. This finding further supports the notion that

nucleotide composition of the viruses studied is primarily governed

by host-induced pressures other than translational pressure.

Additional evidence linking host-induced pressures other than

translational pressure to CpT depletion and CpG excess among

large DNA viruses infecting invertebrates comes from analysis of

differences between genome-wide O/E ratios and coding region

(CDS) O/E ratios for CpT and CpG dinucleotides. The genome-

wide depletion of CpT dinucleotides and the genome-wide over-

representation of CpG dinucleotides were more pronounced as

compared to that with the CDS (Table 1).

Figure 7. Invertebrate host-induced pressure is specific to CpT (and not TpC) and CpG (and not GpC) dinucleotides. (a) Box plot
comparing the CpTO/E/TpCO/E ratios among large DNA viruses infecting invertebrates and vertebrates. The CpTO/E/TpCO/E ratios were significantly
lower in large DNA viruses infecting invertebrates as compared to those infecting vertebrates (0.7660.11 vs 0.9360.14; P,0.0001) clearly
demonstrating that CpT dinucleotides but not TpC dinucleotides are subjected to host-induced pressures. (b) Box plot comparing the relative CpGO/

E/GpCO/E ratios dinucleotides among large DNA viruses infecting invertebrates and vertebrates. The CpGO/E/GpCO/E ratios among large DNA viruses
infecting invertebrates were significantly higher than those infecting vertebrates (1.1760.32 vs 1.0660.28; P = 0.01), demonstrating that CpG
dinucleotides but not GpC dinucleotides are subjected to host-induced pressures among large DNA viruses infecting invertebrate hosts.
doi:10.1371/journal.pone.0111793.g007
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Taken together, these findings unambiguously support the role

of genome-wide substitutions as the major driving force leading to

CpT depletion and CpG excess among large DNA viruses

infecting invertebrates. Our finding that genome-wide substitu-

tions dominate translational selection of specific codons is in

keeping with previous reports on other viruses [32,33].

Host methylation capabilities may be linked to CpT(ApG)
depletion and CpG excess

Having demonstrated that host-induced pressures other than

translational pressure contribute to CpT(ApG) depletion and CpG

excess among large DNA viruses infecting invertebrate hosts we

investigated if the TpC dinucleotide is also under a similar

pressure. The TpC(GpA) dinucleotide has the same mononucle-

otide composition (C and T or A and G ) as CpT(ApG)

dinucleotides.

The near-normal TpC(GpA)O/E ratios (mean 6 SD:

0.9660.13; P,0.0001; Figure 7a) among large DNA viruses

infecting invertebrates indicates that the TpC(GpA) dinucleotide is

not subjected to similar host-induced substitutions that occur at

CpT dinucleotides. In addition, CpT(ApG)O/E/TpC(GpA)O/E

ratios were significantly lower in large DNA viruses infecting

invertebrates host as compared to those infecting vertebrate hosts

(0.7660.11 vs 0.9360.14; P,0.0001) (Figure 7a). This finding

reiterates that CpT(ApG) dinucleotides but not TpC(GpA)

dinucleotides are subjected to invertebrate host-induced pressures

leading to substitutions. In addition, it also suggests that the

depletion of CpT dinucleotides in this group of viruses is not linked

to general substitutions within the constituent mononucleotides (C

and/or T) but to substitutions that are specific to CpT

dinucleotides.

Similarly, the CpGO/E/GpCO/E ratios among large DNA

viruses infecting invertebrates are significantly higher than those

Figure 8. Host methylation capabilitites may be linked to the depletion of CpT dinucleotides among large DNA viruses infecting
invertebrates. (a) Scatter plot demonstrating a positive correlation between the loss of CpT dinucleotides (X-axis) and the gain of TpT dinucleotides
(Y-axis) in large DNA viruses infecting invertebrate hosts. (b) There was no correlation between the loss of CpT dinucleotides (X-axis) and the gain of
TpT dinucleotides (Y-axis) among large DNA viruses infecting vertebrate hosts. (c) Box plot showing the distribution of TpT dinucleotides among
large DNA viruses infecting invertebrate and vertebrate hosts. The TpTO/E ratios were significantly higher among the large DNA viruses infecting
invertebrates as compared to those infecting vertebrates (mean6SD: 1.1760.13 vs 1.0860.11; P,0.0001).
doi:10.1371/journal.pone.0111793.g008
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infecting vertebrates (Figure 7b, 1.1760.32 vs 1.0660.28;

P = 0.01), suggesting that mechanisms linked to increasing or

maintaining CpG dinucleotide content do not influence the GpC

dinucleotide content. The CpT (and not TpC) and CpG (and not

GpC) dinucleotides of large DNA viruses infecting the inverte-

brates represent unique targets for substitution, implying that the

underlying invertebrate host-induced pressure is likely to be linked

to methylation of 5-methylcytosine within the dinucleotides.

Major differences in methylation patterns and in the repertoire

of DNA methyltransferases (DNMTs) between vertebrate and

invertebrate hosts are well known [5]. Interestingly, non-canonical

cytosine methylation in non-CpG dinucleotides, including meth-

ylation in CpT dinucleotides has been described among inverte-

brate hosts [34,35]. The DNMT2 protein in invertebrates has

been linked to CpT and CpA methylation. While DNMT 2

appears to be conserved among vertebrates and invertebrates, the

lack of DNA binding domain within invertebrate DNMT2 has

been linked to non-canonical cytosine methylation [36]. Given

that CpT methylation occurs in invertebrate hosts [35,37] it is

possible that the cytosines within CpT dinucleotides of large DNA

viruses infecting invertebrates may also be methylated; subsequent

deamination of 5-methylcytosines within CpT dinucleotides will

result in a C to T transition leading to the loss of a CpT (ApG)

dinucleotide and the gain of a TpT(ApA) dinucleotide. Interest-

ingly, in our study, a significant correlation between the depletion

of CpT dinucleotides and the gain in TpT dinucleotides was seen

among large DNA viruses infecting invertebrates (Figure 8a; P,

0.0001); but there was no such correlation among large DNA

viruses infecting vertebrate hosts (Figure 8b; P = 0.503). This

finding suggests that deamination of 5-methylcytosine in CpT

dinucleotides may, at least in part explain the depletion of CpT

dinucleotides among large DNA viruses infecting invertebrates. In

addition, higher TpTO/E ratios among the large DNA viruses

infecting invertebrates as compared to those infecting vertebrates

(mean6SD: 1.1760.13 vs 1.0860.11; P,0.0001; Figure 8c)

strengthens the link between the ability of invertebrates to

methylate CpT and the depletion of CpT among large DNA

viruses infecting this group of hosts. In addition, this finding argues

against random mutations leading to CpT depletion in large DNA

viruses infecting invertebrates.

Correlation between CpT depletion and CpG excess
An earlier study investigating dinucleotide frequencies among

completely sequenced vertebrate and invertebrate animal genomes

found a correlation between loss of CpG dinucleotides and the

gain of CpT dinucleotides [38]. In our study, we demonstrate a

correlation between the loss of CpT dinucleotides and the gain of

CpG dinucleotides among large DNA viruses infecting inverte-

brates (Figure 9a; r2 = 0.335; P,0.0001); but there was no such

correlation among the large DNA viruses infecting vertebrates

(Figure 9b; r2 = 0.036; P = 0.28). The inverse correlation between

the relative abundance of CpT and CpG dinucleotides among

large DNA viruses infecting invertebrates is in keeping with finding

from earlier studies on animal genomes [38]; however, the reasons

for this inverse correlation remain unclear.

Possible reasons for CpT depletion and CpG excess
among DNA viruses infecting invertebrates

Despite major differences in genome organization, replication

and host range among DNA viruses infecting invertebrates, CpT

depletion and CpG excess have emerged to be the unifying theme

across this group of viruses. This finding clearly links host-related

factors to CpT depletion and CpG excess. Apart from the

potential link between host methylation and the depletion of CpT

dinucleotides, our findings do not elucidate specific host-related

factors linked to CpT depletion or CpG excess. Two possible

explanations are summarized below:

(a) CpT dinucleotides are immunostimulatory. The

depletion of CpG dinucleotides has been linked to evasion of host

immune response via stimulation of Toll-like receptor 9 (TLR9) by

unmethylated CpG dinucleotides [19,39]. TLR9 acts through IL-8

secretion [40] and unmethylated CpG motifs in bacterial DNA

induce IL-8 secretion through TLR9 [40,41]. IL-8 is highly

conserved from invertebrates to mammals [42]. Thymidine-rich

motifs lacking CpG dinucleotides are immunostimulatory [43].

Importantly, synthetic oligonucleotides containing unmethylated

Figure 9. Inverse correlation between CpT loss and CpG gain among large DNA viruses infecting invertebrates. (a) Scatter plot
demonstrating a positive correlation between the loss of CpT (ApG) dinucleotides and the gain of CpG dinucleotides (Y-axis) among viruses infecting
invertebrate hosts. (b) Scatter plot demonstrating a lack of correlation between the loss of CpT (ApG) dinucleotides and the gain of CpG dinucleotides
(Y-axis) among viruses infecting vertebrate hosts.
doi:10.1371/journal.pone.0111793.g009
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CpT dinucleotides instead of CpG dinucleotides stimulate an

interleukin (IL-8) response in human cells [44]. Though merely

speculative, we propose that unmethylated CpT dinucleotides may

be immunostimulatory among invertebrate hosts as (a) CpT is the

only other dinucleotide (apart from CpG dinucleotide) shown to

be immunostimulatory (b) induction of IL-8 by both CpG as well

as CpT dinucleotides and (c) high frequency of CpT methylation

among invertebrates [35,37,45]. Our findings do not rule out the

possibility that host-induced selection against CpT occurs due to

the immunostimulatory nature of unmethylated CpT dinucleo-

tides among invertebrate hosts. It is possible that unmethylated

CpT dinucleotides may be linked to pathogen associated

molecular patterns among invertebrate hosts.
(b) Virus-host co-evolution. The complete genome se-

quence of most invertebrate and vertebrate hosts of viruses

included in our study is currently unavailable. Nonetheless, data

from studies analysing a limited number of complete and partial

genomes indicate marginal CpT depletion in invertebrate hosts

[16,38]. It is therefore possible that CpT depletion is a common

feature of invertebrate genomes and CpT depletion among large

DNA viruses infecting invertebrate hosts may reflect virus-host co-

evolution.

The absence of TLR9 in invertebrates may potentially allow the

maintenance of CpG dinucleotides in invertebrates DNA viruses.

A study analysing the CpG content of genes in the Apis mellifera
(honeybee), a social insect, revealed that genes with a low CpG

content (mean CpGO/E = 0.55) were linked to hypermethylation of

germline DNA, while those with a high CpG content (mean

CpGO/E = 1.5) were linked to hypomethylation of germline DNA

[46]. It is therefore possible that lack of CpG methylation among

large DNA viruses infecting invertebrates may explain the high

CpG content among this group of viruses.

In our study, the presence of excess CpG among large DNA

viruses infecting invertebrates suggests that a mechanism to

conserve CpGs against depletion of CpGs may exist in this group

of hosts. Alternatively, large DNA viruses with increased CpG

dinucleotide content may have a survival advantage in inverte-

brate hosts leading to a positive selection of these strains.

Our findings shed new light on evolutionary differences between

large DNA viruses infecting invertebrate hosts and those infecting

vertebrate hosts. We have identified depletion of CpT(ApG)

dinucleotides and over-representation of CpG dinucleotides as the

unique genomic signature for large DNA viruses infecting

invertebrates. Our data provides evidence that supports the

existence of invertebrate host-induced pressures specifically acting

on CpT(ApG) and CpG dinucleotides of the infecting large DNA

viruses. We believe that our findings provide a framework to

understand invertebrate host-related factors and their role in

shaping virus evolution and perhaps virus pathogenesis.
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