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Parvoviruses are rapidly evolving viruses that infect a wide range of hosts, including vertebrates and invertebrates. Extensive
methylation of the parvovirus genome has been recently demonstrated. A global pattern of methylation of CpG dinucleotides is
seen in vertebrate genomes, compared to “fractional” methylation patterns in invertebrate genomes. It remains unknown if the
loss of CpG dinucleotides occurs in all viruses of a given DNA virus family that infect host species spanning across vertebrates
and invertebrates. We investigated the link between the extent of CpG dinucleotide depletion among autonomous parvoviruses
and the evolutionary lineage of the infected host. We demonstrate major differences in the relative abundance of CpG dinucle-
otides among autonomous parvoviruses which share similar genome organization and common ancestry, depending on the in-
fected host species. Parvoviruses infecting vertebrate hosts had significantly lower relative abundance of CpG dinucleotides than
parvoviruses infecting invertebrate hosts. The strong correlation of CpG dinucleotide depletion with the gain in TpG/CpA di-
nucleotides and the loss of TpA dinucleotides among parvoviruses suggests a major role for CpG methylation in the evolution of
parvoviruses. Our data present evidence that links the relative abundance of CpG dinucleotides in parvoviruses to the methyl-
ation capabilities of the infected host. In sum, our findings support a novel perspective of host-driven evolution among autono-
mous parvoviruses.

The relative abundance of dinucleotides, particularly the CpG
dinucleotide, has received much attention recently. The CpG

dinucleotide content is normally expressed as a ratio of the actual
(observed) number of CpG dinucleotides and the expected num-
ber of CpG dinucleotides (O/E ratio). The relative abundance of
CpG dinucleotides varies greatly across viruses (1, 2). Depletion of
CpG dinucleotides has been reported to occur in all small DNA
viruses (�30 kb) infecting humans (2), while most large DNA
viruses (�30 kb) infecting humans show little or no CpG dinucle-
otide depletion. Several possible reasons have been suggested to
play a role in the depletion of CpG dinucleotides, including (i)
lower transcription rate for CpG-containing codons (3), (ii) stim-
ulation of Toll-like receptor 9-mediated innate immune response
by unmethylated CpGs (4), and (iii) spontaneous deamination of
methylated cytosines in CpG dinucleotides (5). Deamination of
unmethylated cytosines results in C-to-U transitions which are
amenable to mismatch repair mechanisms, whereas the deamina-
tion of 5-methylcytosine leads to C-to-T transitions that are often
irreversible, resulting in high mutation rates in methylated CpGs
and a depletion of CpG dinucleotides (6, 7).

In most vertebrate genomes, the O/E ratio for CpG dinucleo-
tides is �0.35, suggesting that vertebrate genomes have lost about
two-thirds of CpG dinucleotides (5, 8). In contrast, invertebrate
genomes show minor or no depletion of CpG dinucleotides (5).
Early investigations on insects showed that insect DNA lacked
DNA methylation, suggesting the lack of DNA methylation appa-
ratus in insects (9, 10). Subsequent studies unambiguously re-
vealed the presence of several DNA methyltransferases in inverte-
brates (11). However, there are major differences between the
methylation patterns of invertebrates and vertebrates. Vertebrate
genomes show high levels of methylation (global methylation) of
CpG dinucleotides (up to 90%) (12, 13) compared to the very low
levels of CpG methylation seen among invertebrate genomes
(13, 14).

Among viral genomes, methylation of CpG dinucleotides has

been extensively studied among double-stranded DNA (dsDNA)
viruses, including herpesviruses, papillomaviruses, and hepatitis
B virus (15, 16, 17). In a recent report, Bonvicini et al. demon-
strated for the first time CpG methylation of a single-stranded
DNA (ssDNA) virus (18). They showed extensive CpG methyl-
ation of parvovirus B19 both in clinical samples and in cell culture
models (18).

Studies demonstrating the loss of CpG dinucleotides in small
DNA viruses (�30 kb) have focused only on viruses infecting
humans or higher-order mammals. It remains unknown if the loss
of CpG dinucleotide occurs in all viruses of a given DNA virus
family that infect host species spanning across vertebrates and
invertebrates. We hypothesized that within a given family of vi-
ruses, the genomes of those infecting invertebrates will show min-
imal or no CpG depletion, in keeping with the near-normal levels
of CpG dinucleotides in invertebrates, while that of viruses of the
same family infecting vertebrate hosts will have marked depletion
of CpG dinucleotides. To test this hypothesis, we chose to inves-
tigate the CpG dinucleotide content of parvoviruses, which are
single-stranded DNA viruses infecting a wide range of hosts, span-
ning from insects to primates, including humans. We believe that
parvoviruses are an appropriate choice to test our hypothesis for
the following reasons: (i) parvoviruses do not encode their own
polymerase and their replication is dependent on the cellular rep-
lication machinery (19, 20), (ii) parvoviruses are known for their
rapid adaption to the host (21), (iii) recent studies on parvovirus
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B19 confirm that parvovirus DNA is extensively methylated in
humans (18), (iv) single-stranded methylated DNA is more rap-
idly deaminated than double-stranded methylated DNA (22), and
(v) parvoviruses spanning across different subfamilies share com-
mon ancestral origins (23). Therefore, we believe that parvovi-
ruses are suitable to study host-driven evolution of viruses.

The family Parvoviridae is comprised of small nonenveloped
DNA viruses with �5-kb linear, single-stranded DNA genomes
encapsidated within an icosahedral protein coat. The family Par-
voviridae is divided into two subfamilies: Parvovirinae, infecting
vertebrates, and Densovirinae, infecting invertebrates. Based on
the phylogenetic analysis, the subfamily Parvovirinae is further
classified into five genera, namely, Parvovirus, Amdovirus, Bocavi-
rus, Dependovirus, and Erythrovirus. The subfamily Densovirinae is
further classified into four genera, namely, Brevidensovirus,
Densovirus, Iteravirus, and Pefudensovirus. The members of the
genus Dependovirus require a helper virus for their replication
(23).

In this study, we investigate the link between the evolutionary
lineage of the infected host and the extent of CpG dinucleotide
depletion in the infecting parvovirus genome. We believe that this
study will shed light on the role of host methylation capabilities in
driving parvovirus evolution.

MATERIALS AND METHODS
Parvovirus genomes analyzed. A total of 259 full-length sequences (all
the full-length sequences available for autonomous parvoviruses) were
retrieved from GenBank (http://www.ncbi.nlm.nih.gov/GenBank/); this
includes 35 sequences of parvoviruses infecting invertebrates (densovi-

ruses; n � 35), parvoviruses infecting vertebrates (n � 56), human boca-
viruses (n � 144), gorilla bocaviruses (n � 2), and animal bocaviruses
(includes bovine, canine, and feline bocaviruses; n � 22) (all the accession
numbers are provided in Table 1). The keywords used to search the full-
length genomes in the NCBI GenBank sequence database were “parvovi-
rus complete genome” and “bocavirus complete genome.” The majority
of the full-length sequences retrieved did not contain the terminal palin-
dromic sequences, while 50 sequences contained the terminal palin-
dromic sequences. The terminal palindromic regions were removed from
the full-length sequences using palindrome prediction software (http:
//mobyle.pasteur.fr/cgi-bin/portal.py?#forms::palindrome). A total of
259 sequences (includes 209 sequences used as available from GenBank
and 50 sequences from GenBank in which the terminal palindromic se-
quences were trimmed) were used for analysis. Analysis using all the se-
quences (n � 259) as available from GenBank (without trimming the
terminal palindromes) caused no significant changes to any of the find-
ings reported in this study (data not shown). The genus Dependovirus was
not included in this study, as members are not capable of autonomous
replication and are dependent on a helper adenovirus or herpesvirus for
active replication (19, 23). In addition, the mode of cellular entry, infec-
tion, and replication of dependoviruses is different from that of autono-
mous parvoviruses (19). Hence, our study was restricted to autonomous
parvoviruses. Despite their ability to replicate autonomously, goose and
Muscovy duck parvoviruses were excluded from the study, as they are
genetically related to dependoviruses (24, 25). With a few exceptions,
parvoviruses are known to cause acute infections. Human parvovirus B19
(26, 27), canine parvovirus (28, 29), and Aleutian mink disease virus (30,
31) are known to cause chronic/persistent infection. Extended virus-host
interaction during chronic/persistent infection will have a bearing on vi-
rus evolution and may potentially influence the results of this study;
hence, human parvovirus B19, canine parvovirus, and Aleutian mink dis-

TABLE 1 Accession numbers of autonomous parvovirus sequences analyzeda

Host GenBank accession no.

Insects NC_006555.1, AY665654.1, NC_004284.1, A12984.1, NC_005041.2, AY189948.2, NC_004288.1, NC_004285.1, NC_012636.1, FJ360744.1,
AF192260.1, NC_000936.1, NC_015718.1, JQ894784.1, AY033435.1, NC_004287.1, NC_005341.1, NC_001899.1, NC_004286.1,
NC_018450.1, NC_018399.1, NC_015115.1, NC_012685.1, NC_004290.1, NC_004289.1

Crustaceans NC_011545.2, FJ410797.2, NC_007218.1, DQ002873, GU371276.1, NC_014357.1, JN082231.1, DQ458781.4, NC_002190, AF218266.2
Aves GU214705.1, GU214706.1, GU214704.1
Mammals NC_004442.1, FJ899734.1, AB158475.1, HM989009.1, JN872448.1, NC_001718.1, EU790641.1, EU790642.1, NC_014665.1, GU978967.1,

GU978966.2, GU978965.1, U44978.1, HM031134.1, HM031135.1, DQ675456.1, FJ822038.1, AY583318.1, NC_001630.1, U12469.1,
DQ898166.1, M14363.1, DQ335247.1, NC_001540.1, NC_008186.1, DQ196319.1, NC_011619.1, NC_011618.1, FJ445512.1,
FJ441297.1, FJ440683.1, DQ898166.1, HQ113143.1, NC_016752.1, JQ037754.1, NC_016744.1, JQ037753.1, JQ814850.1, U79033.1,
AF221122.1, AF221123.1, JN794565.1, JN794566.1, JQ923422.1, JQ411251.1, NC_012729.2, NC_012564.1, NC_012042.1,
NC_007455.1, JN632518.1, JN632516.1, JN632514.1, JN632512.1, JN632519.1, JN632517.1, JN632515.1, JN632513.1, JN632511.1,
JN387085.1, JN387083.1, JN387081.1, JN387079.1, JN387084.1, JN387082.1, JF327789.1, JF327787.1, JF327788.1, JF327786.1,
HQ585888.1, GU048664.1, GU048662.1, GU048665.1, GU048663.1, FJ858259.1, FJ973561.2, FJ973560.1, FJ973558.1, FJ973562.1,
FJ973559.1, GQ925675.1, GQ200737.1, AB481080.1, GQ867667.1, GQ867666.1, FJ496754.1, EF203922.1, EF203920.1, EF203921.1,
GU338055.1, GU139423.1, EF450740.1, EF450738.1, EF450736.1, EF450734.1, EF450732.1, EF450730.1, EF450723.1, EF450721.1,
EF450719.1, EF450717.1, GQ926983.1, GQ926981.1, GQ926982.1, DQ000495.1, DQ000496.1, DQ988934.2, FJ948861.1, FJ948860.1,
EU984245.1, EU984243.1, EU984244.1, EU984242.1, EU984241.1, EU984239.1, EU984237.1, EU984235.1, EU984233.1, EU984231.1,
EU984240.1, EU984238.1, EU984236.1, EU984234.1, EU984232.1, EU082213.1, EU918736.1, EU082214.1, AB480171.1, AB480173.1,
AB481083.1, AB481081.1, AB481078.1, AB481076.1, AB481074.1, AB481072.1, FJ170280.1, FJ170278.1, FJ170279.1, EU262979.1,
EU262978.1, EF584447.1, EF441262.1, DQ988933.1, DQ778300.1, DQ340570.1, NC_016647.1, NC_016032.1, NC_016031.1,
JN681175.1, JN831651.1, JF713714.1, JF713715.1, JF429836.1, JF429834.1, JF429835.1, HM053693.1, HM053694.1, NC_014358.1,
HM145750.1, NC_017823.1, JQ692587.1, JN086998.1, EF450729.1, AB481073.1, GQ455988.1, EF450727.1, AB481071.1, AY622943.1,
FJ375127.1, EF450733.1, AB481077.1, AB481085.1, NC_001358.1, JF699044.1, EF450731.1, AB481075.1, X01457.1, NC_004295.1,
FJ375128.1, EF450737.1, AB481082.1, GQ455987.1, NC_007018.1, FJ375129.1, EF450735.1, AB481079.1, EF450725.1, M12032.1,
DQ196317.1, NC_008185.1, NC_004713, JN128955.1, JN128953.1, EF450720.1, EF450718.1, EF450739.1, AB480174.1, AB480176.1,
FJ695472.1, AB481084.1, JQ692589.1, JQ692590.1, JQ692588.1, JN648103.1, NC_001510, J02275.1, AB551032.1, HM132056.1,
EF450726.1, EF450724.1, AB480170.1, AB480172.1, JQ692586.1, JQ692591.1, JN128954.1, EF450722.1, DQ196318.1, JN387080.1,
EF450728.1, AB480175.1, JQ692585.1, JN128956.1

a n � 259 sequences. Accession numbers are grouped based on the infected host.
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http://www.ncbi.nlm.nih.gov/nuccore?term=NC_001718.1
http://www.ncbi.nlm.nih.gov/nuccore?term=EU790641.1
http://www.ncbi.nlm.nih.gov/nuccore?term=EU790642.1
http://www.ncbi.nlm.nih.gov/nuccore?term=NC_014665.1
http://www.ncbi.nlm.nih.gov/nuccore?term=GU978967.1
http://www.ncbi.nlm.nih.gov/nuccore?term=GU978966.2
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http://www.ncbi.nlm.nih.gov/nuccore?term=HM031134.1
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http://www.ncbi.nlm.nih.gov/nuccore?term=FJ822038.1
http://www.ncbi.nlm.nih.gov/nuccore?term=AY583318.1
http://www.ncbi.nlm.nih.gov/nuccore?term=NC_001630.1
http://www.ncbi.nlm.nih.gov/nuccore?term=U12469.1
http://www.ncbi.nlm.nih.gov/nuccore?term=DQ898166.1
http://www.ncbi.nlm.nih.gov/nuccore?term=M14363.1
http://www.ncbi.nlm.nih.gov/nuccore?term=DQ335247.1
http://www.ncbi.nlm.nih.gov/nuccore?term=NC_001540.1
http://www.ncbi.nlm.nih.gov/nuccore?term=NC_008186.1
http://www.ncbi.nlm.nih.gov/nuccore?term=DQ196319.1
http://www.ncbi.nlm.nih.gov/nuccore?term=NC_011619.1
http://www.ncbi.nlm.nih.gov/nuccore?term=NC_011618.1
http://www.ncbi.nlm.nih.gov/nuccore?term=FJ445512.1
http://www.ncbi.nlm.nih.gov/nuccore?term=FJ441297.1
http://www.ncbi.nlm.nih.gov/nuccore?term=FJ440683.1
http://www.ncbi.nlm.nih.gov/nuccore?term=DQ898166.1
http://www.ncbi.nlm.nih.gov/nuccore?term=HQ113143.1
http://www.ncbi.nlm.nih.gov/nuccore?term=NC_016752.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JQ037754.1
http://www.ncbi.nlm.nih.gov/nuccore?term=NC_016744.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JQ037753.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JQ814850.1
http://www.ncbi.nlm.nih.gov/nuccore?term=U79033.1
http://www.ncbi.nlm.nih.gov/nuccore?term=AF221122.1
http://www.ncbi.nlm.nih.gov/nuccore?term=AF221123.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JN794565.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JN794566.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JQ923422.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JQ411251.1
http://www.ncbi.nlm.nih.gov/nuccore?term=NC_012729.2
http://www.ncbi.nlm.nih.gov/nuccore?term=NC_012564.1
http://www.ncbi.nlm.nih.gov/nuccore?term=NC_012042.1
http://www.ncbi.nlm.nih.gov/nuccore?term=NC_007455.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JN632518.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JN632516.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JN632514.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JN632512.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JN632519.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JN632517.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JN632515.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JN632513.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JN632511.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JN387085.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JN387083.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JN387081.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JN387079.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JN387084.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JN387082.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JF327789.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JF327787.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JF327788.1
http://www.ncbi.nlm.nih.gov/nuccore?term=JF327786.1
http://www.ncbi.nlm.nih.gov/nuccore?term=HQ585888.1
http://www.ncbi.nlm.nih.gov/nuccore?term=GU048664.1
http://www.ncbi.nlm.nih.gov/nuccore?term=GU048662.1
http://www.ncbi.nlm.nih.gov/nuccore?term=GU048665.1
http://www.ncbi.nlm.nih.gov/nuccore?term=GU048663.1
http://www.ncbi.nlm.nih.gov/nuccore?term=FJ858259.1
http://www.ncbi.nlm.nih.gov/nuccore?term=FJ973561.2
http://www.ncbi.nlm.nih.gov/nuccore?term=FJ973560.1
http://www.ncbi.nlm.nih.gov/nuccore?term=FJ973558.1
http://www.ncbi.nlm.nih.gov/nuccore?term=FJ973562.1
http://www.ncbi.nlm.nih.gov/nuccore?term=FJ973559.1
http://www.ncbi.nlm.nih.gov/nuccore?term=GQ925675.1
http://www.ncbi.nlm.nih.gov/nuccore?term=GQ200737.1
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http://www.ncbi.nlm.nih.gov/nuccore?term=EF203920.1
http://www.ncbi.nlm.nih.gov/nuccore?term=EF203921.1
http://www.ncbi.nlm.nih.gov/nuccore?term=GU338055.1
http://www.ncbi.nlm.nih.gov/nuccore?term=GU139423.1
http://www.ncbi.nlm.nih.gov/nuccore?term=EF450740.1
http://www.ncbi.nlm.nih.gov/nuccore?term=EF450738.1
http://www.ncbi.nlm.nih.gov/nuccore?term=EF450736.1
http://www.ncbi.nlm.nih.gov/nuccore?term=EF450734.1
http://www.ncbi.nlm.nih.gov/nuccore?term=EF450732.1
http://www.ncbi.nlm.nih.gov/nuccore?term=EF450730.1
http://www.ncbi.nlm.nih.gov/nuccore?term=EF450723.1
http://www.ncbi.nlm.nih.gov/nuccore?term=EF450721.1
http://www.ncbi.nlm.nih.gov/nuccore?term=EF450719.1
http://www.ncbi.nlm.nih.gov/nuccore?term=EF450717.1
http://www.ncbi.nlm.nih.gov/nuccore?term=GQ926983.1
http://www.ncbi.nlm.nih.gov/nuccore?term=GQ926981.1
http://www.ncbi.nlm.nih.gov/nuccore?term=GQ926982.1
http://www.ncbi.nlm.nih.gov/nuccore?term=DQ000495.1
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ease virus were excluded from this study. The inclusion of human parvo-
virus B19, canine parvovirus, and Aleutian mink disease virus caused no
significant changes to findings reported in this study (data not shown).

Calculation of dinucleotide frequencies. The observed and expected
frequency of dinucleotides was calculated using a program written in PHP
(hypertext preprocessor). The observed/expected ratios for the dinucle-
otide XpY [(O/E)XpY] were calculated as the observed frequency of the
dinucleotide f(XY) relative to the product of the frequency of the individ-
ual nucleotides f(X) and f(Y) weighted by the length of the genome G. In
other words, (O/E)XpY � [f(XY)/f(X)f(Y)] � G.

The loss of CpG dinucleotides was calculated by using the following
formula: Loss of CpG dinucleotides � 1 � (O/E)CpG.

The average gain in TpG and CpA dinucleotides was calculated using
the following formula: Average gain in TpG and CpA dinucleotide fre-
quencies � {[(O/E)TpG � 1] � [(O/E)CpA � 1]}/2.

The deviation of the actual O/E ratio from 1 (i.e., if the observed
frequency equals the expected frequency) for each dinucleotide (XpY) was
calculated using the following formula: Deviation of O/E ratio for dinu-
cleotide (XpY) � 1 � (O/E)XpY.

Statistical analysis. Data were analyzed using Student’s t test, Pear-
son’s correlation coefficient (r2), and analysis of variance (ANOVA) as
appropriate. Box plots and scatter plots were created using Matlab. The
minimum value, lower quartile (Q1), median, upper quartile (Q3), and
maximum value were used for constructing box plots. On each box, the
central horizontal line marks the median, the edges represent first and
third quartiles, and the interquartile range (IQR) within the box includes
the central 50% of the data. Scatter plots were used to analyze the corre-
lation between 2 parameters. Results were considered statistically signifi-
cant at a P value of �0.05.

RESULTS

Autonomous parvoviruses infecting invertebrates had a signifi-
cantly higher CpG O/E ratio than those infecting vertebrates

(mean 	 standard deviation [SD], 0.76 	 0.19 compared to
0.50 	 0.15; P � 0.0001) (Fig. 1a). The distribution of CpG dinu-
cleotide O/E ratios for parvoviruses infecting different classes of
host species is shown in a box plot (Fig. 1c). Among parvoviruses
infecting invertebrates, those infecting insects had significantly
higher CpG O/E ratios than those infecting crustaceans (mean 	
SD, 0.82 	 0.18 compared to 0.62 	 0.11; P � 0.003). Among all
autonomous parvoviruses studied, the lowest CpG O/E ratios
were observed in parvoviruses infecting mammals (mean 	 SD,
0.50 	 0.15). The CpG O/E ratios observed in parvoviruses infect-
ing mammals were significantly lower than those observed in par-
voviruses infecting insects (mean 	 SD, 0.50 	 0.15 compared to
0.82 	 0.18; P � 0.0001) and crustaceans (mean 	 SD, 0.50 	
0.15 compared to 0.62 	 0.11; P � 0.01).

The loss of CpG dinucleotides by deamination of methylated
cytosines within CpG dinucleotides results in a gain of TpG and
CpA dinucleotides (5). Interestingly, we found a strong correla-
tion between the loss of CpG dinucleotides and the average gain in
TpG and CpA dinucleotides in parvoviruses (r2 � 0.77; P �
0.0001), as shown in Fig. 2a. The average gain in TpG and CpA
dinucleotides in parvoviruses infecting invertebrates was signifi-
cantly higher than those infecting vertebrates (1.25 	 0.05 com-
pared to 1.10 	 0.03; P � 0.0001) (Fig. 2c).

A strong correlation between the loss of CpG dinucleotides and
the loss of TpA dinucleotides among parvoviruses is shown in
Fig. 3a (r2 � 0.99; P � 0.0001). The depletion of TpA dinucle-
otides among parvoviruses infecting vertebrates was much higher
than that observed among parvoviruses infecting invertebrates
(0.89 	 0.049 compared to 0.73 	 0.049; P � 0.0001) (Fig. 3c).

The GC% of the parvovirus sequences used in this study

FIG 1 The extent of CpG depletion is closely linked to host methylation capabilities. (a) Box plot showing CpG O/E ratios in parvoviruses infecting different
classes of host species; all autonomous parvovirus sequences studied were analyzed (n � 259). Parvoviruses infecting invertebrates have significantly higher CpG
O/E ratios than parvoviruses infecting vertebrates (P � 0.0001). (b) Box plot showing the CpG O/E ratios in parvoviruses infecting different classes of host species
in a subset of sequences (one sequence each for every autonomous parvovirus; n � 56) (P � 0.0001). (c) CpG depletion is more pronounced among parvoviruses
infecting mammals than among those infecting crustaceans and insects when analyzing all the sequences studied (n � 259) (mammals compared to crustaceans,
mean 	 SD, 0.50 	 0.15 compared to 0.62 	 0.11, P � 0.01; mammals compared to insects, mean 	 SD, 0.50 	 0.15 compared to 0.82 	 0.18, P � 0.0001). (d)
CpG depletion is more pronounced among parvoviruses infecting mammals compared to those infecting crustaceans and insects in the subset of sequences
analyzed (n � 56) (mammals compared to crustaceans, mean 	 SD, 0.44 	 0.17 compared to 0.63 	 0.12, P � 0.03; mammals compared to insects, mean 	 SD,
0.44 	 0.17 compared to 0.84 	 0.19, P � 0.0001).
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ranged from 35% to 55%. There was no correlation between GC%
and depletion of the CpG dinucleotide among the parvoviruses
studied (Fig. 4a) (r2 � 0.06; P � 0.38).

The O/E ratios for all dinucleotides are compared between par-
voviruses infecting invertebrates and those infecting vertebrates in
Fig. 5a. This figure demonstrates that among all dinucleotides, the
CpG dinucleotide is the most depleted dinucleotide in both par-
voviruses infecting invertebrates and vertebrates (depletion of
CpG dinucleotide compared to depletion of any other dinucle-
otide, P � 0.0001). The deviation of the O/E ratio for each dinu-
cleotide from 1 (the O/E ratio is 1 if the observed frequency equals
the expected frequency) is shown in Fig. 5c. This figure demon-
strates that among all dinucleotide O/E ratios, the O/E ratio for
CpG dinucleotide is most deviant from 1 (i.e., if the observed
frequency equals the expected frequency), suggesting that the loss
of CpG dinucleotides is more pronounced than the loss or gain in
any other dinucleotide among autonomous parvoviruses (devia-
tion of CpG dinucleotide O/E ratio from 1 compared to deviation
of any other dinucleotide O/E ratio from 1, P � 0.0001).

Bocavirus sequences are overrepresented among the sequences
studied (168/259 sequences studied were bocavirus sequences).
To ascertain if the overrepresentation of bocavirus sequences in-
fluenced any of the major findings reported in this study, we an-
alyzed data using one sequence each for every autonomous par-
vovirus included in the study; this included autonomous
parvoviruses infecting insects (n � 20), crustaceans (n � 5), and
mammals (n � 31; including bocaviruses). The results of this

analysis were in keeping with results obtained by analyzing all
available sequences (Fig. 1b and d, 2b and d, 3b and d, 4b, and 5b
and d), suggesting that the overrepresentation of bocavirus se-
quences did not affect any of the findings reported in this study.

DISCUSSION
Host methylation capabilities may determine the extent of CpG
depletion. We investigated the depletion of CpG dinucleotides
among autonomous parvoviruses that infect a wide range of host
species, including insects, crustaceans, aves, and mammals. In our
study, despite the similarities in genome organization, proteins
encoded, and replication strategies, the CpG dinucleotide content
of autonomous parvoviruses varied greatly depending on the in-
fected host species. The depletion of CpG dinucleotides among
parvoviruses infecting vertebrates was significantly higher than
that among parvoviruses infecting invertebrates (0.50 	 0.15
compared to 0.76 	 0.19; P � 0.0001) (Fig. 1a).

Differences in DNA methylation capabilities between verte-
brate and invertebrates are well documented. A global pattern of
methylation is reported among vertebrate genomes compared to
fractional methylation patterns among invertebrate genomes (12,
13), suggesting that vertebrates have superior methylation capa-
bilities. The methylation of the cytosine of a CpG dinucleotide at
the C5 position is catalyzed by enzymes known as DNA methyl
transferases (DNMTs) (32). In vertebrate genomes, DNA methyl-
ation is recognized as a defense mechanism against intragenomic
parasites (33), while studies on invertebrate genomes fail to sup-

FIG 2 Loss of the CpG dinucleotide is linked to deamination of 5-methylcytosine. (a) Scatter plot demonstrating a positive correlation between the loss of CpG
O/E ratios (x axis) and the average gain in TpG and CpA O/E ratios (y axis); all autonomous parvovirus sequences studied were analyzed (n � 259). (b) Scatter
plot demonstrating a positive correlation between loss of CpG O/E ratios (x axis) and average gain in TpG and CpA O/E ratios (y axis); analysis done using a subset
of sequences (one sequence each for every autonomous parvovirus; n � 56). (c) Box plot comparing the average gain in TpG and CpA ratios between parvovirus
infecting vertebrates and invertebrates when analyzing all the sequences studied (n � 259). The average gain in TpG and CpA O/E ratios is higher among
parvoviruses infecting vertebrates than among those infecting invertebrates (1.25 	 0.05 compared to 1.10 	 0.03; P � 0.0001). (d) Box plot comparing the
average gain in TpG and CpA ratios between parvovirus infecting vertebrates and invertebrates; analysis done using a subset of sequences (n � 56) (1.24 	 0.08
compared to 1.14 	 0.09; P � 0.0001).
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port this role of DNA methylation among invertebrates (34). The
near-normal levels of CpG dinucleotides among parvoviruses in-
fecting invertebrates compared to major depletion of CpG di-
nucleotides among parvoviruses infecting vertebrates in our study
may reflect the differences in DNA methylation capabilities be-
tween the two host lineages.

Interestingly, among all autonomous parvoviruses, minimal
CpG depletion was seen in those infecting insects, the lowest lin-
eage in evolution among hosts infected by parvoviruses, while the
highest depletion of CpG dinucleotides was seen in parvoviruses
infecting mammals, the highest lineage in evolution among hosts
infected by parvoviruses (0.82 	 0.18 compared to 0.50 	 0.15;
P � 0.0001) (Fig. 1c). Of note, studies investigating several verte-

brate and invertebrate host genomes show that the lowest levels of
DNA methylation occur in insect genomes, and the highest levels
of DNA methylation are seen among mammalian genomes (12).
Our study demonstrates for the first time a link between the evo-
lutionary lineage of the infected host and the extent of CpG dinu-
cleotide depletion in the infecting virus genome.

The presence of DNA methylation in the crustacean genomes
and the number of DNMTs encoded by crustaceans are poorly
studied. However, a limited number of studies investigating crus-
tacean genomes show that crustaceans encode DNMT1, DNMT2,
and DNMT3, while representative members of major insect lin-
eages are believed to lack one or more of the DNMTs (35, 36).
Parvoviruses infecting crustaceans infect primarily prawns of the

FIG 3 Depletion of CpG dinucleotides is linked to the loss of TpA dinucleotides. (a) Scatter plot demonstrating a strong correlation between the loss of CpG
dinucleotides (y axis) and the loss of TpA dinucleotides (x axis); all autonomous parvovirus sequences studied were analyzed (n � 259). (b) Scatter plot
demonstrating a strong correlation between the loss of CpG dinucleotides (y axis) and the loss of TpA dinucleotides (x axis) in a subset of sequences (one sequence
each for every autonomous parvovirus; n � 56). (c) Box plot comparing the TpA O/E ratios between parvoviruses infecting invertebrates and vertebrates; all
autonomous parvovirus sequences studied were analyzed (n � 259). The TpA O/E ratios are higher among parvoviruses infecting invertebrates than among those
infecting vertebrates (0.89 	 0.049 compared to 0.73 	 0.049; P � 0.0001). (d) Box plot comparing the TpA O/E ratios between parvovirus infecting invertebrates
and vertebrates in a subset of sequences analyzed (n � 56) (0.88 	 0.05 compared to 0.77 	 0.07; P � 0.0001).

FIG 4 CpG depletion is not influenced by GC content. (a) Scatter plot demonstrating the lack of correlation between GC% (y axis) and CpG dinucleotide O/E
ratio (x axis); all autonomous parvovirus sequences studied were analyzed (n � 259). (b) Scatter plot demonstrating the lack of correlation between GC% (y axis)
and CpG dinucleotide O/E ratio (x axis); analysis done using a subset of sequences (one sequence each for every autonomous parvovirus; n � 56).
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genus Penaeus. In Penaeus spp., approximately 4.5% of CpGs are
methylated (14). The average level of CpG methylation detected in
Penaeus spp. is higher than that detected in most major insect
lineages. Interestingly, in our study, among autonomous parvovi-
ruses infecting invertebrates, significantly higher levels of CpG
dinucleotide depletion were observed among those infecting crus-
taceans (higher-order invertebrates) compared to those infecting
other insects (lower-order invertebrates) (0.62 	 0.11 compared
to 0.82 	 0.18; P � 0.003) (Fig. 1c). This is in keeping with the
detection of higher CpG methylation in Penaeus spp. than in most
major insect lineages. This finding in our study further strength-
ens the link between host methylation capabilities and depletion
of CpG dinucleotides in parvoviruses.

Loss of CpG dinucleotides in parvoviruses is linked to deami-
nation of 5-methylcytosine. The methylated cytosines in CpG
dinucleotides are highly susceptible to spontaneous deamination
(37) or enzyme-mediated deamination (38), resulting in thymine
substitution causing T/G mismatch. This T/G mismatch is irrep-
arable (6, 7), resulting in the formation of a CpA dinucleotide in
the opposite strand. Therefore, the deamination of a methylated
cytosine in a CpG dinucleotide leads to the loss of 2 CpG dinucle-
otides (one from each strand) and an increase in one TpG and one

CpA dinucleotide (5). Other reasons proposed for the depletion of
CpG dinucleotides, including avoidance of CpG dinucleotides for
better transcription rates (3) or minimizing stimulation of unde-
sired immune response (4), will result in random mutations at the
CpG dinucleotides, leading to a loss of CpG dinucleotides but not
necessarily an increase in the relative abundance of TpG and CpA
dinucleotides. Hence, the correlation between the loss of CpG
dinucleotides and the gain of TpG and CpA dinucleotides links the
depletion of CpG dinucleotides to the deamination of methylated
cytosines within the CpG dinucleotides (5).

In our study, we found a strong correlation between the deple-
tion of CpG dinucleotide among autonomous parvoviruses and
the gain in TpG and CpA dinucleotides (r2 � 0.77; P � 0.0001)
(Fig. 2a). This suggests that methylation of the cytosine in CpG
dinucleotides followed by deamination is the likely cause of CpG
depletion in parvoviruses. It has been reported in literature that
ssDNA serves as a better substrate for methyltransferases than
dsDNA. Hence, the extent of methylation and subsequent deami-
nation in ssDNA is higher than that in dsDNA (39); this is partic-
ularly relevant to the strong correlation between the depletion of
CpG dinucleotide and the gain in TpG and CpA dinucleotides
among autonomous parvoviruses that we found in our study.

FIG 5 Role of CpG depletion in parvovirus evolution. (a) Comparison of all dinucleotide O/E ratios between parvoviruses infecting invertebrates and
those infecting vertebrates; all autonomous parvovirus sequences studied were analyzed (n � 259). CpG dinucleotides are the most depleted dinucleotides
among parvoviruses infecting invertebrates and vertebrates (depletion of CpG dinucleotide compared to depletion of any other dinucleotide, P � 0.0001).
(b) Comparison of all dinucleotide O/E ratios between parvoviruses infecting invertebrates and those infecting vertebrates in a subset of sequences (one
sequence each for every autonomous parvovirus; n � 56). (c) Box plot comparing the deviation of the O/E ratio for each dinucleotide from 1 (the O/E ratio
is 1 if the observed frequency equals the expected frequency); analysis done using all autonomous parvoviruses studied (n � 259). CpG dinucleotide O/E
ratios are the most deviant among all dinucleotide ratios in autonomous parvoviruses, suggesting that CpG dinucleotide loss is more pronounced than
the loss or gain of any other dinucleotide (deviation of CpG dinucleotide from 1 compared to deviation of any other dinucleotide from 1, P � 0.0001).
(d) Box plot comparing the deviation of the O/E ratio for each dinucleotide from 1 (the O/E ratio is 1 if the observed frequency equals the expected
frequency) in a subset of sequences (n � 56).
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The depletion of TpA dinucleotides is indirectly linked to loss
of methylated cytosine in CpG dinucleotides by deamination.
When methylated CpG dinucleotides are deaminated, TpG and
CpA dinucleotides increase in number. This leads to an increase in
number of T’s and A’s but not TpA. Hence, the loss of methylated
CpG dinucleotides by deamination is linked to a decrease in the
O/E ratio of TpA dinucleotides (40). In addition, the underrepre-
sentation of TpA dinucleotide is more pronounced in DNA which
is destined to become RNA. Two of the three stop codons, UAG
and UAA, contain TpA dinucleotides, making TpA dinucleotide
scarcity in the coding DNA sequence a prerequisite for mRNA
stability (41). Second, cytoplasmic ribonucleases preferentially
target UpA dinucleotides, and therefore coding DNA sequences
are more likely to have TpA dinucleotide deficiencies than non-
coding DNA sequences (41). Given that among parvoviruses most
of the genome represents coding sequences, TpA deficiencies may
occur in parvovirus genomes.

We demonstrate a strong correlation between depletion of
CpG dinucleotides and the loss of TpA dinucleotides among par-
voviruses (Fig. 5a) (r2 � 0.99; P � 0.0001). Our results clearly
indicate that the loss of CpG dinucleotides in parvoviruses is
linked to a gain in TpG and CpA dinucleotides (Fig. 2a) and also to
a loss in TpA dinucleotides (Fig. 3a). This finding suggests that the
loss of CpG dinucleotides in parvoviruses is linked to deamination
of methylated cytosines within the CpG dinucleotide leading to
the gain of TpG and CpA dinucleotides that in turn results in the
loss of TpA dinucleotides. These results argue against random
mutations leading to the loss of CpG dinucleotides in parvoviruses
and also against inherent differences in CpG dinucleotide compo-
sition among parvoviruses. We report here for the first time a link
between the evolutionary lineage of the infected host and TpA
depletion in the infecting virus (Fig. 3c).

Apart from the proposed role of methylation capabilities of the
infected host, differences in the extent of CpG methylation among
autonomous parvoviruses infecting a given host could potentially
influence the depletion of CpG dinucleotides. In addition, deple-
tion of CpG containing codons by random mutations in the CpG
dinucleotide may allow better transcription rates (3). It is also
possible that random mutations occurring during virus replica-
tion leading to the loss of CpG dinucleotides may help the virus
survive host defense mechanisms, and vertebrate parvovirus
strains with these mutations may be positively selected. However,
our findings demonstrate that the loss of CpGs in parvoviruses is
primarily by mutation of CpG dinucleotides to TpG/CpA dinucle-
otides and not by random mutation of the CpG dinucleotide.
Therefore, it is unlikely that the loss of CpG dinucleotides, either
for avoidance of stimulation of TLR-9-mediated innate immune
responses or for improved transcription rates, is a major mecha-
nism driving the depletion of CpG dinucleotide among parvovi-
ruses.

GC content does not influence CpG depletion. It is well rec-
ognized that among vertebrate genomes the CpG dinucleotide
O/E ratios positively correlate with the GC% of the genome (42,
43). Among DNA viruses that infect humans, minimal or no CpG
depletion is seen in those with a high G�C content, with a few
exceptions (2, 44). Among autonomous parvoviruses, there is no
correlation between the GC% and the extent of CpG depletion
(r2 � 0.06; P � 0.38) (Fig. 4a). This finding suggests the observed
differences in CpG depletion among parvoviruses infecting hosts
of different evolutionary lineages is not linked to differences in

GC%. Based on this finding and the fact that parvoviruses have
diverged from a single common ancestor (23, 45), it may not be
speculative to argue that the differences in CpG depletion among
parvoviruses is not due to the inherent differences in nucleotide
composition of the parvovirus genomes but is more likely due to
the host-driven component of virus evolution, which in this case is
linked to host methylation capabilities.

Not all small DNA viruses are CpG depleted. Based on analy-
sis of viruses infecting humans, it is generally accepted that CpG
dinucleotides are depleted in all small DNA viruses (�30 kb) but
not in large DNA viruses (2, 44). To our knowledge, this is the first
study to investigate CpG depletion among small DNA viruses in-
fecting a wide variety of hosts. Our data show that small DNA
viruses are not necessarily CpG depleted. In fact, depending on the
infected host species, parvoviruses could have CpG O/E ratios
comparable to those reported for large DNA viruses. Cytomega-
lovirus is a large DNA virus with a high G�C content and a CpG
dinucleotide O/E ratio of 1.19, the highest reported CpG O/E ratio
for any virus in the literature (44). Surprisingly, in our study, the
CpG dinucleotide O/E ratio for the parvovirus infecting Planococ-
cus citri is 1.53, making it the virus with the highest relative abun-
dance of CpG dinucleotides. Planococcus citri, also known as citrus
mealybug, is known for the unusual epigenetic mechanisms in-
volved in embryonic development (46, 47). It has been demon-
strated that in mealybugs, CpG methylation is used primarily to
mark the parental origin of chromosomes and that CpG methyl-
ation does not play a role in gene silencing (48). In addition, cy-
tosine methylation does not play a role either in heterochromatin
formation or imprinting in mealybugs (45). Our finding of a high
relative abundance of CpG dinucleotides (CpG O/E ratio of 1.53)
in parvoviruses infecting Planococcus citri may reflect unusual host
methylation capabilities.

Role of CpG depletion in parvovirus evolution. Among par-
voviruses infecting invertebrates and vertebrates, the CpG dinu-
cleotide is the most depleted dinucleotide (Fig. 5a). In addition,
CpG dinucleotide O/E ratios are the most deviant (maximum dif-
ference between observed frequency and expected frequency)
among all dinucleotide ratios in autonomous parvoviruses (Fig.
5c; deviation of CpG dinucleotide O/E ratio from expected com-
pared to deviation of any other dinucleotide O/E ratio from ex-
pected, P � 0.0001). This finding suggests that the loss of CpG
dinucleotides is more pronounced than the loss or gain in any
other dinucleotide among autonomous parvoviruses. Therefore,
depletion of CpG dinucleotides is likely to play an important role
in the evolution of parvoviruses.

Relative abundance of CpG dinucleotides in bocaviruses.
Parvoviruses infecting vertebrates showed marked CpG dinucle-
otide depletion (Fig. 1) with a few exceptions. Modest CpG dinu-
cleotide depletion is observed among animal bocaviruses, includ-
ing bovine parvovirus (mean CpG O/E � 0.70), minute virus of
canines (mean CpG O/E � 0.79), feline bocaviruses (mean CpG
O/E � 0.82), porcine bocaviruses (mean CpG O/E � 0.87), and
canine bocavirus (mean CpG O/E � 0.93). The CpG dinucleotide
depletion in bocaviruses infecting primates, including human bo-
caviruses (mean CpG O/E � 0.47) and gorilla bocavirus (mean
CpG O/E � 0.54), was similar to that observed for other parvovi-
ruses infecting vertebrates. Gorilla bocavirus and human bocavi-
ruses are genetically closely related and share a common ancestry
(49, 50). Recent studies demonstrate that feline bocaviruses (51),
minute virus of canines (51), porcine bocaviruses (52), and canine

Upadhyay et al.

13822 jvi.asm.org Journal of Virology

http://jvi.asm.org


bocavirus (53) are genetically distinct from other related bocavi-
ruses, including bocaviruses infecting primates. In addition, dif-
ferences in splicing (54), length of nonstructural proteins (54),
and replication strategies (55) have been documented between
bocaviruses infecting primates and bocaviruses infecting other an-
imals. Differences in genome organization and the lack of evi-
dence supporting common ancestry and between bocaviruses in-
fecting primates and those infecting other animals could
potentially explain the differences in the relative abundance of
CpG dinucleotides between these viruses.

Conclusion. We demonstrate major differences in the relative
abundance of CpG dinucleotide among viruses of the same family
with similar genome organization and life cycle depending on the
infected host species. Contrary to the general perception, all small
DNA viruses are not necessarily CpG depleted. We present evi-
dence that CpG dinucleotide depletion in parvoviruses is linked to
the methylation capabilities of the infected host. The strong cor-
relation of CpG dinucleotide depletion with a gain in TpG/CpA
dinucleotides and a loss of TpA dinucleotides among parvoviruses
suggests a major role for CpG methylation in the evolution of
parvoviruses. Taken together, our data suggest a strong link be-
tween the evolutionary lineage of the infected host and the extent
of CpG dinucleotide depletion in the infecting parvovirus ge-
nome. Our findings provide evidence for a novel perspective of
host-driven evolution among parvoviruses.
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