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1  |  INTRODUC TION

It has been known for many years that the genomes of cellular organ-
isms display important dinucleotide composition biases. Vertebrate, 

but not invertebrate, genomes are characterized by a depletion of CpG 
(a cytosine followed by a guanine in the 5′ to 3′ direction) dinucleo-
tides (Bird & Taggart, 1980; Burge et al., 1992; Gentles & Karlin, 2001; 
Gonçalves- Carneiro et al., 2021; Karlin & Burge, 1995; Provataris 
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Abstract
The	genomes	of	 cellular	 organisms	display	CpG	and	TpA	dinucleotide	 composition	
biases.	Such	biases	have	been	poorly	investigated	in	dsDNA	viruses.	Here,	we	show	
that	 in	dsDNA	virus,	bacterial,	and	eukaryotic	genomes,	 the	 representation	of	TpA	
and	CpG	dinucleotides	 is	 strongly	dependent	on	genomic	G + C	 content.	Thus,	 the	
classical observed/expected ratios do not fully capture dinucleotide biases across 
genomes.	Because	a	larger	portion	of	the	variance	in	TpA	frequency	was	explained	
by	G + C	content,	we	explored	which	additional	factors	drive	the	distribution	of	CpG	
dinucleotides. Using the residuals of the linear regressions as a measure of dinucleo-
tide abundance and ancestral state reconstruction across eukaryotic and prokaryotic 
virus trees, we identified an important role for phylogeny in driving CpG representa-
tion.	Nonetheless,	phylogenetic	ANOVA	analyses	showed	that	few	host	associations	
also	account	for	significant	variations.	Among	eukaryotic	viruses,	most	significant	dif-
ferences were observed between arthropod- infecting viruses and viruses that infect 
vertebrates	 or	 unicellular	 organisms.	However,	 an	 effect	 of	 viral	DNA	methylation	
status (either driven by the host or by viral- encoded methyltransferases) is also likely. 
Among	 prokaryotic	 viruses,	 cyanobacteria-	infecting	 phages	 resulted	 to	 be	 signifi-
cantly CpG- depleted, whereas phages that infect bacteria in the genera Burkolderia 
and Staphylococcus were CpG- rich. Comparison with bacterial genomes indicated that 
this effect is largely driven by the general tendency for phages to resemble the host's 
genomic	CpG	content.	Notably,	such	tendency	is	stronger	for	temperate	than	for	lytic	
phages.	Our	data	shed	light	into	the	processes	that	shape	virus	genome	composition	
and inform manipulation strategies for biotechnological applications.
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et al., 2018; Simmonds et al., 2013). This is thought to be at least par-
tially due to methylation and mutational loss of cytosines at CpG sites 
(in vertebrates) or lack thereof (in invertebrates). In microbial and plant 
genomes, the representation of CpG dinucleotides is highly variable 
ranging from under-  to over- representation (Karlin & Burge, 1995). 
Conversely,	 TpA	 dinucleotides	 (UpA	 in	 RNA)	 are	 under-	represented	
across the tree of life (Beutler et al., 1989; Burge et al., 1992; Karlin & 
Burge, 1995; Simmen, 2008; Simmonds et al., 2013).

As	obligate	intracellular	parasites,	viruses,	especially	those	in-
fecting animals, were often reported to have evolved genomes that 
resemble the genomic dinucleotide composition of their hosts.

(Karlin et al., 1994; Lobo et al., 2009;	Rima	&	McFerran,	1997; 
Sexton & Ebel, 2019; Simmonds et al., 2013). This is thought to par-
tially result from the ability of cellular defence mechanisms to sense 
nucleic acids with a molecular signature different from the hosts' 
– that is, with a different dinucleotide composition. In vertebrates, 
the	identification	of	toll-	like	receptor	9	(TLR9)	as	a	sensor	of	DNA	
containing unmethylated CpG dinucleotides, and of the zinc- finger 
antiviral	protein	(ZAP)	as	a	restriction	factor	of	viruses	with	elevated	
CpG content, supported this view (Bowie & Unterholzner, 2008; Luo 
et al., 2020; Takata et al., 2017).	However,	the	abundance	and	role	
of	CpG	(and	TpA)	dinucleotides	in	the	genomes	of	viruses	that	infect	
invertebrates and unicellular organisms remains under- investigated 
or	poorly	explained.	Also,	a	survey	of	animal	RNA	viruses	indicated	
that the dinucleotide composition of their genomes more closely re-
flects viral family than host associations (Giallonardo et al., 2017).

Compared	to	RNA	viruses,	the	dinucleotide	composition	of	DNA	
viruses	has	been	investigated	in	shallower	details.	Nonetheless,	DNA	
viruses cover an impressive diversity in terms of host spectrum, ge-
nome	size,	and	biological	characteristics.	Also,	double-	strand	DNA	
(dsDNA)	viruses	that	infect	animals	pose	an	exceptional	health	bur-
den to human and animal populations, whereas those infecting pro-
karyotes play important roles as modulators of microbial ecosystems 
(Brown et al., 2022; Koskella et al., 2022; Puxty & Millard, 2023). 
Moreover, viruses that infect bacteria (bacteriophages, phages) are 
regarded as a promising strategy to control infections, especially 
in	 the	 light	 of	 the	 rising	 problem	 of	 antibiotic	 resistance	 (Hatfull	
et al., 2022).	Herein,	we	use	base	composition-		and	phylogeny-	aware	
methods to explore dinucleotide biases in the full set of representa-
tive	dsDNA	viruses.

2  |  MATERIAL S AND METHODS

2.1  |  Genome datasets and proteomic trees

A	list	of	exemplar	viruses	was	retrieved	from	the	ICTV	Virus	Metadata	
Resource (https:// ictv. global/ vmr, VMR_MSL38_v1 of 04/25/2023). 
This list includes information regarding virus name, host source, 
isolate designation, taxonomical classification, and GenBank acces-
sion	entries.	We	only	retained	dsDNA	viruses,	including	virophages,	
longer than 500 nucleotides (Table S1).	Due	to	their	 limited	repre-
sentation, reverse- transcribing viruses were excluded.

The list of bacterial genomes was derived from the BV- BRC site 
(https:// www. bv-  brc. org/ ) by selecting entries corresponding to 
representative or reference strains (Table S2).

A	 list	 of	 eukaryotic	 genomes	 was	 retrieved	 from	 the	 NCBI	
Genome Table for eukaryotes (https:// www. ncbi. nlm. nih. gov/ ge-
nome/ browse# !/ eukar yotes/  ).	 We	 used	 the	 filter	 utility	 to	 select	
organism groups (green algae, birds, fishes, insects, mammals, pro-
tists, reptiles/amphibia) and, for each group, one representative per 
genus	was	randomly	included.	Out	of	the	remaining	genomes,	50	in	
each	 group	were	 randomly	 selected	 (with	 the	 exception	of	Algae,	
for which only 48 genomes were available after filtering). In the 
case of arthropods, we selected insects as a group, as the majority 
of	arthropod-	infecting	viruses	in	our	dataset	were	sequenced	from	
these animals (Table S3).

Viral	genome	sequences	were	 retrieved	by	using	 the	GenBank	
accession entries from the ICTV Virus Metadata tables and applying 
the	read.GenBank	function	from	the	APE	R	tool	package	(Paradis	&	
Schliep, 2019).	Eukaryotic	and	prokaryotic	host	genome	sequences	
were retrieved using the ncbi- genome- download tool (Blin, 2023).

The proteomic reference trees of prokaryotic and eukary-
otic	 viruses	 were	 downloaded	 from	 the	 GenomeNet/ViPTree	
server (https:// www. genome. jp/ viptr ee/ ). Pioneered by Rohwer 
& Edwards (2002), proteomic trees are distance trees based 
on	 genome-	wide	 sequence	 similarities	 computed	 by	 tBLASTx.	
Specifically, all- against- all distances are calculated on the basis of 
the	 length-	normalized	bit	 score	of	 tBLASTx.	Pairwise	genome	dis-
tances	 are	 then	 used	 to	 generate	 trees	 using	 BIONJ	 (Bhunchoth	
et al., 2016; Gascuel, 1997;	Nishimura,	Watai,	et	al.,	2017). Reference 
proteomic trees were pruned to retain only tips corresponding to ge-
nomes	present	in	our	database	using	the	APE	R	tool	package	and	the	
keep.tip.phylo function (Table S1).

2.2  |  Virus metadata

Kingdom/clade host associations were retrieved from the ICTV 
Virus	Metadata	 Resource.	 For	 eukaryotic	 viruses,	 a	 finer	 level	 of	
taxonomic definition was obtained through manual inspection of in-
dividual	entries.	For	prokaryotic	viruses,	host	genera	were	retrieved,	
when	available,	from	the	Virus–Host	DB	(Mihara	et	al.,	2016; https:// 
www. genome. jp/ virus hostdb/ ).	For	the	remaining	viruses,	informa-
tion was retrieved from GenBank accessions.

Information	 about	 lifestyle	 (bioinformatic	 prediction)	 and	GCF	
mode	was	retrieved	from	a	previous	study	(Mavrich	&	Hatfull,	2017; 
Table S4).

2.3  |  Dinucleotide observed/expected ratio

To investigate dinucleotide biases, we calculated the observed/
expected	 ratio	 for	 all	 dinucleotides.	 Specifically,	 the	 frequency	 of	
each	 dinucleotide	 in	 each	 genome	 (i.e.	 the	 observed	 frequency)	
was	divided	by	the	product	of	 the	frequencies	of	 the	contributing	
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nucleotides	 (i.e.	 the	 expected	 frequency).	 For	 instance,	 for	 CpG,	
we calculated the number of CpG along the genome divided by the 
number	 of	 all	 possible	 dinucleotides;	 this	 frequency	was	 then	 di-
vided	by	 the	product	of	C	and	G	 frequencies.	Dinucleotides	were	
also	counted	in	the	reverse	complement	of	the	sequence.

Dinucleotide	composition	was	calculated	using	the	compseq	tool	
(https:// www. bioin forma tics. nl/ cgi-  bin/ emboss/ ), by setting the size 
of	word	equal	 to	2	and	using	 the	 ‘calcfreq’	parameter,	 so	 that	 the	
dinucleotide	expected	frequencies	are	calculated	from	the	observed	
frequency	of	single	bases.

For	 eukaryotic	 genome	 analysis,	 each	 sequence	 was	 divided	
into	chunks	of	50 kb,	and	100	regions	per	genome	were	randomly	
selected.	For	each	selected	chunk,	G + C	content	and	dinucleotide	
composition	were	calculated.	Sequences	were	processed	using	the	
APE	R	tool	package	and	the	functions	therein,	and	dinucleotide	com-
position	was	calculated	using	compseq,	as	explained	above.

2.4  |  Linear regression, ancestral state 
reconstruction, phylogenetic ANOVA, and 
Euclidean distances

We	modelled	the	relationship	between	CpG	(TpA)	ratios	and	G + C	
content with linear regressions using the lm function in the stats R 
package	 (Wilkinson	&	Rogers,	1973). The residuals were obtained 
from the models using the residual function from stats.

Ancestral	 state	 reconstruction	 was	 performed	 by	 maximum	
likelihood	 using	 the	 FastAnc	 function	 in	 the	 phytools	 R	 package	
(Revell, 2012, 2023), and pyhlogenetic trees were plotted using the 
contMap and setMap functions.

The	 phylogenetic	ANOVA	 and	 post-	hoc	 tests	were	 performed	
using	 the	 phylANOVA	 function	 in	 phytools	 (Garland	 et	 al.,	 1993; 
Harmon	et	al.,	2008; Revell, 2012, 2023) and p- values were calcu-
lated with 10,000 simulations.

Euclidean distances were calculated between the resCpG 
of each two points representing a phage and a bacterial genome. 
Specifically,	 for	 each	 bacteriophage	 sequence,	 we	 calculated	 the	
euclidean distance to all bacteria hosts, and we then mediated dis-
tances among bacteria genera it infects, or not. Statistical analysis 
was	performed	through	paired	Wilcoxon-	rank	sum	tests	followed	by	
Bonferroni correction for multiple tests (R package stats).

2.5  |  Dinucleotide composition in viral ORFs

Viral	coding	sequences	were	downloaded	using	the	datasets	com-
mand line tool (https:// www. ncbi. nlm. nih. gov/ datas ets/ docs/ v2/ 
refer ence-  docs/ comma nd-  line/ datas ets/ ) and processed using the 
APE	R	tool	package	and	the	functions	therein.	The	G + C	content	for	
each	ORF	was	calculated	using	the	GC.content	function	and	dinu-
cleotide	composition	was	calculated	using	compseq,	this	time	with-
out	considering	the	reverse	complement	strand.	For	each	virus,	the	
dinucleotide	observed	values	of	all	ORFs	were	added	together	and	

then	divided	by	the	sum	of	the	viral	ORF	expected	values;	 in	this	
way	we	took	into	account	the	different	composition	both	in	G + C	
content	 and	 in	 length	 of	 each	ORF.	Correlation	 between	 resCpG	
and	resTpG	or	resApG	was	calculated	using	Spearman's	test	imple-
mented in the cor.test function of the R package stats.

3  |  RESULTS

3.1  |  Dinucleotide biases in dsDNA virus genomes

We	assembled	 a	dataset	of	4885	dsDNA	viruses	 from	 the	 ICTV	
(International Committee on Taxonomy of Viruses) virus metadata 
resource (Table S1). To investigate composition biases, we cal-
culated	 the	 observed/expected	 (O/E)	 ratio	 for	 all	 dinucleotides.	
Specifically,	 the	 expected	 dinucleotide	 frequency	 in	 a	 sequence	
is	 simply	 the	product	of	 the	 frequencies	of	 the	 contributing	nu-
cleotides. Thus, ratios higher or lower than 1 indicate that a 
dinucleotide is over-  or under- represented, respectively. In par-
ticular, ratios lower than 0.78 and higher than 1.23 are generally 
considered to define significant depletion and enrichment (Karlin 
et al., 1994; Karlin & Mrázek, 1997).	 Across	 our	 virus	 genome	
dataset,	TpA	dinucleotides	were	the	most	depleted,	whereas	CpG	
dinucleotides, although not generally under- represented, showed 
the widest dispersion (Figure 1a).

Previous	 analyses	 of	 vertebrate	 genomes	 and	 RNA	 viruses	 de-
tected	a	positive	correlation	between	the	O/E	ratio	of	CpG	(O/E	CpG)	
and	G + C	content.	A	negative	correlation	with	G + C	content	was	in-
stead	detected	for	O/E	TpA	(Duret	&	Arndt,	2008;	Odon	et	al.,	2022; 
Simmen, 2008; Simmonds et al., 2013). By fitting linear models to 
the virus dataset, we also detected strong and significant relation-
ships (Figure 1b).	This	basically	 implies	that	CpG	and	TpA	dinucleo-
tide	abundance	cannot	be	 interpreted	without	taking	G + C	content	
into account. Thus, to further investigate how these biases relate to 
other virus properties, we used the fitted regression lines to calculate 
the	residuals	of	O/E	CpG	and	O/E	TpA	over	G + C	content	(hereafter	
referred	to	as	resCpG	and	resTpA).	Thus,	resCpG	and	resTpA	are	mea-
sures	of	dinucleotide	representation	which	account	for	genomic	G + C	
content. Comparison of such measures indicated that resCpG have 
much	wider	distribution	than	resTpA	(Figure 1c).	In	fact,	G + C	content	
was	associated	 to	54%	of	 the	variability	 in	TpA	 representation	and	
29% in CpG (Figure 1b).	As	a	comparison,	we	also	calculated	resGpC	
and resGpG/CpC and analysed their distributions, which resulted nar-
rower than that of resCpG (Figure S1).	Overall,	 these	data	 indicate	
that	 the	 representation	of	TpA	dinucleotides	 is	more	 influenced	by	
G + C	 content	 than	 that	 of	 CpG,	 suggesting	 that	 additional	 factors	
drive the abundance of CpG dinucleotides in viral genomes.

3.2  |  A role for the host or for taxonomy?

To explore additional forces that may explain CpG representa-
tion in the viral genomes, we grouped viruses by host or by phylum 
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(Figure 2a,b).	In	both	cases,	important	differences	were	evident.	For	in-
stance, vertebrate- infecting viruses were the most depleted, although 
with a wide variability. Conversely, viruses infecting invertebrates 

showed no suppression of CpG dinucleotides (Figure 2a). Similarly, 
Cossaviricota viruses showed remarkable CpG depletion, whereas oth-
ers did not (Figure 2b). Clearly, though, host associations and taxonomy 

F I G U R E  1 Dinucleotide	representation	in	dsDNA	viruses.	(a)	Violin	plots	with	boxplots	of	the	observed/expected	ratio	(O/E)	for	
all dinucleotides. The horizontal hatched lines correspond to ratios of 0.78 and 1.23, which generally define significant depletion and 
enrichment (Karlin et al., 1994; Karlin & Mrázek, 1997).	(b)	Linear	models	of	O/E	CpG	(purple)	and	O/E	TpA	(orange)	on	G + C	content.	
Regression	lines	are	shown	with	confidence	intervals	and	the	results	of	the	models	are	included	in	each	plot.	(c)	Distribution	of	residuals	for	
the	O/E	CpG	model	(resCpG)	and	the	O/E	TpA	model	(resTpA).

(a) (c)

(b)
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are not independent and it is thus imperative to disentangle the two 
effects. In fact, Cossaviricota viruses are found in vertebrate hosts only 
(Figure 2c).

Taxonomic classifications largely reflect phylogenetic relat-
edness.	 We	 thus	 aimed	 to	 explore	 the	 variation	 in	 resCpG	 re-
sulting from host associations after accounting for phylogenetic 
relationships.	However,	viral	genomes	do	not	contain	universally	
conserved genes that can be used for phylogenetic reconstruc-
tion (Rohwer & Edwards, 2002).	We	thus	exploited	viral	proteomic	
trees, which do not depend on gene alignments but rather rely on 

the	whole	 set	of	proteins	encoded	by	viral	genomes	 (Nishimura,	
Yoshida, et al., 2017). Proteomic trees are expected to largely 
reflect evolutionary histories, although they are affected by 
some limitations. These include the challenge of reliably detect-
ing remote homologies among proteins and the noise introduced 
by	 horizontal	 gene	 transfer	 (Adriaenssens	 et	 al.,	 2015; Chibani 
et al., 2019; Medvedeva et al., 2023; Rohwer & Edwards, 2002; 
Zhang et al., 2023).	We	downloaded	the	reference	prokaryotic	and	
eukaryotic	virus	trees	from	the	GenomeNet/ViPTree	server.	Trees	
were then pruned to retain only genomes present in our dataset. 

F I G U R E  2 CpG	representation	as	a	function	of	host	associations	and	viral	taxonomy.	Violin	plots	with	boxplots	of	resCpG	for	viruses	that	
infect	different	hosts	(a)	or	classified	in	different	phyla	(b).	In	panel	(a),	African	swine	fever	virus	was	not	included	in	the	analysis	as	it	infects	
both invertebrate and vertebrate hosts. (c) Taxonomic classification of viruses that infect different hosts.

(a)

(c)

(b)
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For	 prokaryotes,	 we	 only	 retained	 bacteriophages,	 as	 the	 num-
ber	of	 archaea	 viruses	was	 limited.	We	eventually	 obtained	 two	
trees with 3428 (bacteriophages) and 576 (eukaryotic viruses) tips 
(Figure 3, Table S1).

Using these trees, we reconstructed the maximum likelihood an-
cestral state of resCpG. In both trees, clear associations between 
CpG content and phylogenetic relationships were evident (Figure 3). 
For	instance,	among	eukaryotic	viruses,	papillomaviruses	and	poly-
omaviruses were strongly CpG depleted. The opposite was true for 
baculoviruses, whereas other viral families (e.g. Adenoviridae and 
Orthoherpesviridae) were more heterogeneous (Figure 3a).	 Among	
bacteriophages, there were a large number of viruses with no fam-
ily	association.	However,	families	with	generally	high	(Drexlerviridae, 
Rountreeviridae) or low (e.g. Kyanoviridae, Schitoviridae) resCpG were 
also evident (Figure 3b).

We	next	set	out	to	explore	host	associations	by	taking	phylogeny	
into account. To this purpose, we defined hosts at a finer level of tax-
onomic definition (e.g. birds, fish, reptiles, amphibians, and mammals 
rather than vertebrates; for bacteria we used genera as the taxo-
nomic level) and we exploited the trees to run phylogenetic ANOVA 
analyses (Garland et al., 1993).

For	the	eukaryotic	viral	dataset,	we	limited	analysis	to	hosts	with	
at	least	five	infecting	viruses	and	the	phylogenetic	ANOVA	detected	
significant differences among groups (F = 117.78,	 p = .001).	 After	
post- hoc tests, it was evident that most significant pairwise com-
parisons involved viruses infecting arthropods (Figure 4). In these 
viruses, CpG dinucleotides were significantly more represented than 
in viruses infecting not only vertebrates, but also protists and algae. 
Conversely, no significant difference was observed among viruses 
that infect different vertebrate hosts or between the latter and 
protist- infecting viruses (Figure 4).

For	the	prokaryotic	viruses,	the	situation	is	complicated	by	the	
large number of viruses, as well as of bacterial genera that such vi-
ruses	infect.	We	thus	limited	analysis	to	host	genera	with	at	least	10	
associated	viruses.	A	significant	phylogenetic	ANOVA	was	obtained	
for bacteriophages, as well (F = 21.65,	p = .011).	 Pairwise	 compari-
sons indicated that four host genera accounted for most differences 
(Figure 4). Thus, viruses infecting bacteria in the Burkholderia and, to 
a lesser extent, in the Staphylococcus genera tended to be enriched 
in CpG dinucleotides. The opposite was true for viruses that infect 
cyanobacteria (Prochlorococcus and Synechococcus genera).

3.3  |  Host and methylation status may drive CpG 
abundance in eukaryotic virus genomes

Several previous studies showed that the genomes of verte-
brates are more CpG depleted than invertebrate genomes (Bird & 
Taggart, 1980; Burge et al., 1992; Gentles & Karlin, 2001; Gonçalves- 
Carneiro et al., 2021; Provataris et al., 2018; Simmonds et al., 2013). 
However,	most	analyses	focused	on	the	genomes	of	a	few	model	or-
ganisms.	Also,	differences	among	vertebrates	were	poorly	explored	
and data on other eukaryotes (e.g. protists, algae) are scant. To relate 

the	results	obtained	in	the	phylogenetic	ANOVA	for	eukaryotic	vi-
ruses	 to	host	 genome	 features,	we	 calculated	O/E	CpG	and	G + C	
content for 50 genomes from each host groups analysed above. 
Specifically, for each genome, we randomly extracted 100 regions 
50 Kb in length (Gentles & Karlin, 2001; see Section 2,2.1: Materials 
and Methods).

Results	indicated	a	similar	dependency	of	O/E	CpG	on	G + C	con-
tent in all host groups (i.e. similar slopes of the regression lines), with 
some uncertainty in the case of insects, as the majority of genomes 
have	a	G + C	content	in	the	0.3–0.4	range	(Figure 5).	However,	the	
degree of CpG depletion was very different across groups, with 
most hosts showing some level of under- representation, strongest 
in mammals and birds, and insects having CpG contents similar to 
or	 higher	 than	 the	 expectation	 based	 on	 nucleotide	 frequencies	
(i.e.	O/E	CpG	equal	 or	 higher	 than	1)	 (Figure 5). Thus, the results 
of	the	phylogenetic	ANOVA,	which	detected	significant	differences	
between arthropod- infecting viruses and viruses infecting other eu-
karyotes, have parallels in the host genome composition.

Among	eukaryotic	viruses,	strong	CpG	depletion	was	observed	
for papillomaviruses and polyomaviruses, which infect different 
vertebrates (mammals, birds, fishes, and reptiles) and are known 
to	 undergo	CpG	methylation	 during	 latency	 (Hoelzer	 et	 al.,	2008; 
Figure 3a). Likewise, gammaherpesviruses (all of them infecting 
mammals), which are also methylated in their latent phases, were the 
most	CpG	depleted	among	orthoherpesviruses	(Hoelzer	et	al.,	2008; 
Lieberman, 2013; Figure 3a).	On	the	other	hand,	poxviruses,	which	
infect a broad range of hosts including vertebrates and inverte-
brates, showed little or no CpG depletion (Figure 3a). These viruses 
replicate in the cytoplasm and are not known to be methylated 
(Hoelzer	et	al.,	2008).

Whereas	 papillomaviruses,	 polyomaviruses,	 gammaherpesvi-
ruses, and adenoviruses are methylated by host enzymes, some vi-
ruses in the families Iridoviridae, Alloherpesviridae, Phycodnaviridae, 
and Nudiviridae are known to encode their own 5- cytosine methyl-
transferases	(Hoelzer	et	al.,	2008;	Wagner	et	al.,	1985; Xu, 1998).	We	
thus inspected viral genomes for the presence of methyltransferases. 
These were detected in nine iridoviruses, two ranid herpesviruses, 
seven phycodnaviruses, and three nudiviruses. These genomes dis-
played variable levels of CpG depletion (Figure 3a). It is thus possi-
ble that methylation status interacts with host association and other 
factors in driving CpG content. Unfortunately, lack of information on 
the methylation status of individual viruses hampers formal statisti-
cal testing of this hypothesis (see also Section 4:	Discussion).

3.4  |  CpG dinucleotide abundance in eukaryotic 
virus coding sequences

Previous analyses of vertebrate genomes detected stronger and 
additional	 selection	pressures	 imposed	on	mRNA	sequences	com-
pared	to	non-	cytoplasmically	expressed	DNA	sequences	(Simmonds	
et al., 2013). Viral genomes are mostly occupied by coding se-
quences	and,	as	expected,	we	found	similar	levels	of	CpG	abundance	
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    |  7 of 16FORNI et al.

F I G U R E  3 Ancestral	state	of	resCpG	for	eukaryotic	and	prokaryotic	viruses.	Phylogenetic	trees	of	eukaryotic	(a)	and	prokaryotic	
(b)	viruses	with	branches	coloured	by	ancestral	state	reconstruction	of	resCpG	calculated	by	maximum	likelihood.	When	available,	the	
classification into viral families (the most numerous only) is reported on both trees. Red crosses indicate eukaryotic viruses that encode their 
own methyltransferases.

(a)

(b)
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8 of 16  |     FORNI et al.

in whole genomes and in the coding portion only (Figure S2).	We	
nonetheless wished to gain further insight into the mutational bi-
ases responsible for CpG depletion. In vertebrates, loss of CpG dinu-
cleotides caused by methylation- induced mutation occurs through 
CpG → TpG	 changes.	 However,	 mRNA	 sequences	 from	 organisms	
with methylated genomes were shown to display additional selection 
against	CpG	through	CpG → ApG	mutations	(Simmonds	et	al.,	2013). 

Because	O/E	TpG	and	O/E	ApG	also	depend	on	G + C	content,	we	
calculated	resTpG	and	resApG	for	the	coding	sequences	of	viruses	
infecting	vertebrates	or	invertebrates.	For	both	hosts,	negative	and	
significant	correlations	between	resCpG	and	resTpG	or	resApG	were	
detected (Figure 6).	 However,	 the	 correlations	 were	 stronger	 for	
vertebrate-	infecting	viruses,	suggesting	that	the	sequences	of	their	
mRNAs	are	subject	to	similar	selective	pressures	as	host	transcripts.

F I G U R E  4 Results	of	the	phylogenetic	ANOVA.	The	results	of	the	phylogenetic	ANOVA	of	resCpG	against	host	group	are	shown	for	
eukaryotic viruses and bacteriophages. Specifically, the pairwise comparisons of t- values are shown as matrices and colour- coded as in the 
legend. Comparisons that remained significant after pos- hoc tests are marked with an asterisk.
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    |  9 of 16FORNI et al.

One	possible	source	of	selective	pressure	on	mRNAs	is	binding	by	
ZAP.	The	preferred	virus	RNA	targets	of	ZAP	are	CpGs	located	be-
tween 12 and 32 nucleotides apart (Gonçalves- Carneiro et al., 2022). 
We	thus	aimed	to	investigate	whether	viral	coding	sequences	were	
targeted by pressures to space CpG dinucleotides at distances other 
than	those	preferred	by	ZAP.	We	divided	viruses	based	on	the	host,	
because	mammals,	birds,	and	reptiles/amphibia	possess	ZAP,	whereas	
fishes and invertebrates do not (Gonçalves- Carneiro et al., 2021).	We	
next calculated the distances between all consecutive CpG dinu-
cleotides	 in	each	viral	ORF	and,	as	a	comparison,	the	distances	be-
tween	GpC	dinucleotides.	No	differences	were	observed	in	any	host	

between the distribution of CpG and GpC distances (Figure S3), sug-
gesting that such distances largely depend on the length of individual 
ORFs,	with	no	or	little	effect	from	ZAP.

3.5  |  Host and lifestyle modulate CpG dinucleotide 
abundance in phage genomes

To investigate whether differences in CpG abundance in phage ge-
nomes result from adaptation to the host genome composition, we 
calculated	the	G + C	content	and	O/E	CpG	for	all	reference	genomes	

F I G U R E  5 CpG	distribution	in	eukaryote	genomes.	Linear	models	of	O/E	CpG	on	G + C	content	for	a	set	of	randomly	selected	genomic	
regions from different eukaryotes. Regression lines are shown with confidence intervals.

F I G U R E  6 CpG	depletion	through	TpG	and	ApG	changes.	Correlation	plots	between	resCpG	and	resTpG	(left	panel)	or	resApG	
(right	panel)	in	coding	sequences	of	eukaryotic	viruses.	Viruses	are	divided	based	on	the	hosts	they	infect	(see	legend).	Spearman's	rho	
coefficients, along with their p- values, are also reported.
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10 of 16  |     FORNI et al.

(n = 2890)	of	bacteria	in	the	genera	infected	by	the	viruses	we	ana-
lysed. Several bacterial genomes were found to be CpG- depleted 
and	a	strong	correlation	between	G + C	content	and	O/E	CpG	was	
observed	 (linear	 regression,	 estimate = 0.98,	 p- value <2 × 1016; 
Figure 7a).	As	expected,	given	that	we	stratified	by	host	taxonomy,	
clustering by genus was evident for bacterial genomes and much 
less for their phages (Figure 7a).	However,	comparison	of	the	G + C	

content	and	O/E	CpG	for	phages	and	their	hosts	revealed	some	level	
of	 correspondence.	 For	 instance,	 the	 genomes	 of	 bacteria	 in	 the	
genus Burkholderia and of their phages were in the upper range of 
the	distribution	of	G + C	content	and	O/E	CpG.	Likewise,	phages	that	
infect Synechococcus cells, as well as the single reference bacterial 
genome in the genus Prochlorococcus,	were	in	the	low	range	of	G + C	
content	and	O/E	CpG	(Figure 7a).

F I G U R E  7 Similarity	in	genome	composition	between	phages	and	their	hosts.	(a)	Scatter	plot	of	G + C	content	and	O/E	CpG	for	reference	
bacterial genomes (left) or phage genomes (right). Genomes are colour- coded based on the bacterial genus or on the infected bacterial host 
(genus).	Host	genera	significantly	different	in	the	phylogenetic	ANOVA	analysis	are	highlighted.	(b)	Boxplot	of	Euclidean	distances	between	
phages	and	bacteria.	For	each	phage,	the	average	of	the	distances	from	all	genomes	of	bacteria	in	the	genus	it	infects	(red),	as	well	as	from	
bacterial	genomes	in	other	genera	(green)	are	shown.	Statistical	analysis	was	performed	through	paired	Wilcoxon-	rank	sum	tests	followed	
by	Bonferroni	correction	for	multiple	tests.	A	p- value <.05 was considered significant.

(a)

(b)
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    |  11 of 16FORNI et al.

To formally determine whether phage genomes are more sim-
ilar to the genomes of their hosts in terms of CpG abundance, ir-
respective	of	G + C	content,	we	used	the	same	approach	as	above	
and	fitted	a	linear	regression	to	the	bacterial	genome	data.	We	next	
used the residuals of this regression to calculate Euclidean distances 
to the resCpG of phage genomes. Specifically, for each phage ge-
nome, we calculated the average distances from all genomes of 
bacteria in the genus it infects, as well from bacterial genomes in 
other	genera.	We	found	that,	in	many	instances,	phages	have	a	CpG	
representation significantly more similar to their hosts than to other 
bacteria (Figure 7b). This was the case of phages that infect bacte-
ria in the genera Burkholderia, Staphylococcus, Synchlorococcus and 
Prochlorococcus, but also of several others (Figure 7b). These results 
indicate a widespread tendency of phages to resemble the dinucle-
otide composition of their hosts and suggest that the results of the 
phylogenetic	ANOVA	are	explained	by	this	effect	(as	bacteria	in	the	
genera Burkholderia and Staphylococcus are CpG- rich, whereas those 
in the genera Synchlorococcus and Prochlorococcus are CpG- poor). 
However,	the	opposite	pattern	(i.e.	phage	genomes	significantly	less	
similar in CpG content to their host) was also observed for phages 
that infect bacteria in the genera Listeria, Klebsiella, Pectobacterium, 
and Streptococcus.

Previous works have shown that bacteriophages differ in terms 
of lifestyle (i.e. lytic and temperate) and in the extent of horizontal 
gene	transfer	(i.e.	high-		and	low-	gene	content	flux,	HGCF	and	LGCF;	
Mavrich	&	Hatfull,	2017). These two features are not independent 
and	distribute	unequally	among	phages	 that	 infect	bacteria	 in	dis-
tinct	genera	(Mavrich	&	Hatfull,	2017).	We	thus	obtained	informa-
tion	about	 lifestyle	and	GCF	for	928	phages	 in	our	dataset	from	a	
previous	work	(Mavrich	&	Hatfull,	2017).	As	expected,	the	two	fea-
tures were unevenly distributed among the phages we analysed, as 
well (Figure 8a,b).

We	first	asked	whether	 lifestyle	or	GCF	mode	affect	 the	degree	
of similarity of phage and host genomes in terms of CpG content 
(measured as Euclidean distances, as above). Results indicated that 
temperate phage genomes are significantly more similar to their host 
genomes	than	 lytic	phages	 (Wilcoxon	Rank	Sum	test,	p = 4.0 × 10−06). 
No	 difference	 was	 instead	 observed	 for	 GCF	 mode	 (Kruskal-	Wallis	
Rank Sum test, p = .73;	Figure 8c).	We	next	analysed	the	effect	of	life-
style for phages that infect bacteria in different genera. To this aim, we 
retained only genera for which at least three temperate and three lytic 
phages were available. Results indicated that the tendency of temper-
ate phages to have CpG content more similar to their host's than lytic 
phages	is	observed	for	many	genera.	However,	significant	results	(after	
Bonferroni correction for multiple tests) were only obtained for phages 
that infect bacteria in the genera Listeria and Staphylococcus (Figure 8d). 
In many instances, the failure to reach statistical significance is likely 
due to lack of power due to small sample sizes. This observation helps 
explain why phages that infect bacteria in the genera Listeria, Klebsiella, 
and Pectobacterium have genomes significantly less similar in CpG con-
tent to their hosts. In the case of Listeria, the effect is likely mediated 
by the large number of lytic phages, which are the only type infecting 
bacteria in the genera Klebsiella and Pectobacterium (Figure 8b).

4  |  DISCUSSION

Gaining insight into the processes that shape virus genome compo-
sition is central not only to understand virus evolution and emer-
gence but also to inform effective manipulation strategies for the 
development of vaccine strains and biotechnological applications 
(e.g.	 phage	 therapy).	Herein	we	 used	 the	 full	 set	 of	 reference	 ge-
nomes	of	dsDNA	viruses	to	test	different	hypotheses	regarding	their	
dinucleotide	 composition.	 Our	 data	 indicate	 that,	 in	 dsDNA	 virus	
genomes, as well as in bacterial and eukaryotic genomes, the rep-
resentation	of	TpA	and	CpG	dinucleotides	is	strongly	dependent	on	
G + C	content.	This	feature,	also	observed	for	RNA	viruses	(Ibrahim	
et al., 2019;	Odon	et	al.,	2022), thus seems a general characteristic 
of	biological	sequences.	Whereas	the	underlying	reasons	are	pres-
ently unclear, the existence of such relationships implies that dinu-
cleotide	biases	cannot	be	interpreted	without	taking	G + C	content	
into	account.	Thus,	the	classical	dinucleotide	O/E	ratio	does	not	fully	
capture	the	variation	of	dinucleotide	biases	across	genomes.	Hence	
our use of the residuals of the linear regression models as a measure 
of	dinucleotide	 representation	 that	accounts	 for	variation	 in	G + C	
content.	A	caveat	that	should	be	taken	into	account	in	this	respect	is	
that such residuals are not absolute measures of dinucleotide abun-
dance	(e.g.	resCpG = 0	does	not	indicate	that	the	representation	of	
CpG dinucleotides corresponds to the expected based on nucleotide 
frequency).	Indeed,	resCpG	and	resTpA	depend	on	the	G + C	content	
and on the distributions that are fitted by the regression.

In	our	viral	dataset,	a	larger	portion	of	the	variance	in	TpA	abun-
dance	was	explained	by	G + C	content	compared	to	CpG.	We	thus	
explored which additional factors drive the distribution of CpG di-
nucleotides.	Our	working	hypotheses	were:	(1)	CpG	representation	
largely reflects viral taxonomy; (2) adaptation to the dinucleotide rep-
resentation of host genomes is the major driver of CpG dinucleotide 
content. To address these non- mutually exclusive hypotheses, we 
resorted	to	viral	proteomic	trees	(Nishimura,	Yoshida,	et	al.,	2017). 
The general advantage is that highly diverse genomes, which do not 
share a universally common gene, can be included in the same tree. 
For	the	purpose	of	the	analyses	herein,	another	favourable	aspect	of	
proteomic trees is that they avoid possible circularity issues (i.e. the 
analysis of dinucleotide composition using a tree derived from nu-
cleotide/protein alignments). Unfortunately, though, such trees are 
unrooted	and	thus	prevent	formal	quantification	of	the	phylogenetic	
signal (e.g. by use of Pagel's lambda (Pagel, 1999) or similar tests). 
Nonetheless,	 inspection	of	both	the	eukaryotic	virus	and	prokary-
otic virus trees indicated an important role of phylogeny in driving 
the distribution of resCpG values. Thus, in order to account for the 
phylogenetic inertia, we studied the role of host associations using 
phylogenetic	ANOVA	analyses	(Garland	et	al.,	1993), which revealed 
that relatively few hosts account for significant variations in CpG 
abundance.

Among	 eukaryotic	 viruses,	most	 significant	 differences	were	
observed between arthropod- infecting viruses and viruses that 
infect vertebrates, protists, and algae. The latter two hosts were 
represented	 by	 few	 viruses,	 limiting	 the	 power	 of	 the	 ANOVA.	
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12 of 16  |     FORNI et al.

However,	 the	differences	among	viruses	 somehow	 reflected	 the	
divide in terms of CpG representation among hosts, as insects had 
the	 lowest	 level	of	genomic	CpG	depletion.	Whereas	vertebrate	
genomes are known to be highly methylated, insect genomes dis-
play no or low level CpG methylation (Bewick et al., 2016; Zemach 
et al., 2010). Methylation status has been poorly investigated 
in	 protists	 and	 algae.	 Although	 several	 protists	 were	 reported	

to	display	 little	or	no	genome	methylation	 (Drewell	 et	 al.,	2023; 
Gissot et al., 2008; Pays et al., 1984; Ponts et al., 2013; Rojas & 
Galanti, 1991), Entamoeba histolytica	(Fisher,	2004) and a genus of 
marine dinoflagellates (Symbiodinium;	De	Mendoza	et	al.,	2018) do 
methylate cytosines at CpG sites. The heterogeneity of genome 
methylation in protists might thus explain the intermediate level of 
CpG depletion we observed in their genomes. Interestingly, marine 

F I G U R E  8 The	effect	of	lifestyle	and	gene	content	flow	on	bacteriophage	CpG	content.	(a)	Barplots	of	the	mode	of	horizontal	gene	
transfer	among	bacteriophages	(high-		and	low-	gene	content	flux,	HGCF	and	LGCF).	(b)	Barplots	of	the	different	bacteriophage	lifestyles.	(c)	
Boxplot	of	Euclidean	distances	between	phages	and	their	hosts	grouped	by	GCF	mode	or	lifestyle.	For	the	lifestyle	grouping	the	Wilcoxon	
Rank Sum test, p- value is also reported. (d) Boxplot of Euclidean distances between phages and their hosts grouped by lifestyle and host 
genus.	Only	genera	for	which	at	least	three	temperate	and	three	lytic	phages	were	available	are	reported.	Statistical	significance	was	
assessed	by	Wilcoxon	Rank	Sum	tests	and	by	Bonferroni	correction	for	multiple	testing.

(a) (b)

(c) (d)
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    |  13 of 16FORNI et al.

heterothrophic protists and amoeboid protists are thought to rep-
resent the natural hosts of giant viruses in the families Mimiviridae 
and Marseilliviridae, which showed some degree of CpG depletion, 
as well. Thus, as the CpG suppression of gammaherpesviruses, 
polyomaviruses, papillomaviruses, and to a lesser extent adenovi-
ruses also suggests, the susceptibility to host methyltransferases 
might represent the driver of CpG suppression, either as a result 
of	methyl-	cytosine	mutation	or	 to	 avoid	 gene	 silencing	 (Hoelzer	
et al., 2008;	White	et	al.,	2009). This conclusion may seem in con-
trast with the variable level of suppression observed in viruses 
that	 encode	 their	 own	 5-	cytosine	 methyltransferases	 (Hoelzer	
et al., 2008;	Wagner	 et	 al.,	1985; Xu, 1998).	 However,	 the	 very	
reason that methylation is driven by viral enzymes suggests that 
these viruses experience no pressure to avoid CpG dinucleotide 
usage. Conversely, in these viruses, some loss of CpG might result 
from mutation of methyl- cytosines. In this respect, it is worth not-
ing that some giant viruses that infect protists (e.g. viruses in the 
family Marseilliviridae) also encode their own methyltransferase, 
but	these	do	not	target	CpG	sites	(Jeudy	et	al.,	2020).

The possible role of methylation on CpG abundance is also sup-
ported	 by	 the	 analysis	 of	 coding	 sequences	 in	 viruses	 that	 infect	
vertebrates or invertebrates. In fact, a stronger negative correla-
tion in the former compared to the latter was observed between 
CpG and TpG, suggesting a larger loss of CpG through methylation- 
induced	 mutation.	 However,	 as	 previously	 shown	 for	 mammalian	
transcripts, we also detected a negative correlation between CpG 
and	ApG,	again	stronger	for	vertebrate-	infecting	viruses	(Simmonds	
et al., 2013). This suggests the existence of mechanisms other than 
methylation in the suppression of CpG dinucleotides in coding se-
quences.	Clearly,	a	possibility	 is	that	CpG	avoidance	in	vertebrate-	
infecting viruses represents a strategy to avoid host immune 
sensing.	 Vertebrates	 use	 ZAP	 and	 TLR9	 to	 sense	 CpG-	containing	
non-	self	 nucleic	 acids	 (i.e.	CpG-	rich	RNAs	 and	unmethylated	CpG	
dinucleotides	in	DNA;	Bowie	&	Unterholzner,	2008; Luo et al., 2020; 
Takata et al., 2017). These molecules are not encoded by inverte-
brate	genomes,	in	line	with	their	lack	of	CpG	suppression.	However,	
albeit little is known of defence responses in algae and protists, spe-
cific	mechanisms	 that	 target	 CpG-	containing	DNA	 have	 not	 been	
reported in these organisms either. Thus, the presence of dedicated 
immune- response pathways does not represent an overarching ex-
planation for the representation of CpG dinucleotides in eukaryotic 
viruses. In line with this view, we also failed to detect an effect on 
the spacing of CpG dinucleotides in viruses that infect hosts pos-
sessing	ZAP	(Gonçalves-	Carneiro	et	al.,	2022).

In prokaryotes, defence mechanisms that target viral nucleic 
acids are highly widespread and include restriction- modification (R- 
M) and CRISPR- Cas systems (Bernheim & Sorek, 2020). R- M systems 
are	based	on	the	cleavage	of	phage	DNA	through	recognition	of	spe-
cific	sequence	motifs	 that	are	modified	 (usually	by	methylation)	 in	
the	 host	DNA.	Other	 systems	 (e.g.	 BREX	 and	DISARM)	 based	 on	
DNA	methylation	were	also	identified	but	are	still	poorly	understood	
(Goldfarb et al., 2015;	Ofir	et	al.,	2017).	Although	widespread	R-	M-	
mediated methylation at CpG sites was described in Mycoplasma 

penetrans, analysis of 230 diverse bacteria revealed no specific 
prevalence of CpG methylation by R- M systems (Blow et al., 2016; 
Wojciechowski	et	al.,	2013).	Likewise,	the	BREX	and	DISARM	path-
ways are not known to preferentially target CpG dinucleotides 
(Goldfarb et al., 2015;	Ofir	et	al.,	2017). Moreover, the association 
of specific R- M systems with their hosts is often transient (Bernheim 
& Sorek, 2020). Thus, there is little evidence that bacterial immune 
responses underlie the variable representation of CpG nucleotides 
we observed in phage (and bacterial) genomes.

The	 phylogenetic	 ANOVA	 analysis	 identified	 cyanobacteria-	
infecting phages as CpG- depleted, whereas phages that infect bac-
teria in the genera Burkolderia and Staphylococcus as CpG- rich.

Comparison with bacterial genomes suggested that this effect 
is largely driven by the tendency for these phages to resemble the 
host's genomic CpG content. The reason(s) why these latter differ in 
terms of CpG content remain presently unknown. The tendency of 
phages to resemble their host genome composition was common to 
several other genera, although CpG content was not unexception-
ally high or low (and thus did not contribute significant differences 
in	the	phylogenetic	ANOVA).	In	this	respect,	it	is	worth	mentioning	
that we used the genus as the taxonomic level of classification to 
assign	host	associations.	However,	growing	evidence	suggests	that	
several phages have relatively broad host ranges, which can span 
more than one bacterial genus, whereas others may be restricted to 
individual	bacterial	species	(de	Jonge	et	al.,	2019).	Also,	host	range	
can	evolve	quickly	 (Meyer	et	al.,	2016). It is thus possible that we 
detected significant similarities for phages that have stronger and 
long- lasting host associations (at the species of genus level). Indeed, 
this most likely is the case of temperate phages, which engage in 
long-	term,	mutually	beneficial	 interactions	with	 their	hosts	 (Argov	
et al., 2017).	Although	the	host	range	of	temperate	and	lytic	phages	
has not been systematically compared, several temperate phages 
integrate into bacterial chromosomes using integrases. The latter 
often	rely	on	distinct	target	sequences	and,	as	a	consequence,	tem-
perate phages might have an overall narrower host range than lytic 
phages	(de	Jonge	et	al.,	2019).

In line with our results, temperate bacteriophages were reported 
to	 adapt	 to	 their	 hosts	 in	 terms	 of	 gene	 orientation	 and	DNA	mo-
tifs involved in chromosome segregation and organization (Bobay 
et al., 2013).	Previous	analyses	also	 indicated	that	the	G + C	content	
of bacteria genomes and their phages' are significantly correlated 
(Almpanis	 et	 al.,	2018).	Whereas	we	measured	 CpG	 representation	
after	accounting	for	G + C	content,	 it	 is	possible	 that	both	represent	
specific adaptations of phages to their hosts, possibly to optimize gene 
expression	 levels	 or	 regulation.	 Although	 these	 observations	 par-
tially shift the investigation of the determinants of CpG content from 
phages to bacteria, they shed light into a distinct tier of selection at 
the dinucleotide level and might have important practical implications. 
Indeed, phages are increasingly regarded as important tools to mod-
ulate bacterial communities in different settings. In particular, with 
the rise of antibiotic resistance among pathogens worldwide, phage 
therapy is increasingly considered an attractive alternative for appli-
cation both in medicine and in the food industry (Chen et al., 2019; 
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Hatfull	et	al.,	2022; Mahler et al., 2023; Meile et al., 2022; Mitsunaka 
et al., 2022). Clearly, the development of effective and safe approaches 
hinges upon accurate understanding of phage- host interactions and 
their	possible	evolution.	Our	 results	 suggest	 that	phage	engineering	
approaches	might	benefit	 from	taking	G + C	content	and	CpG	abun-
dance into account to better tailor host specificity and efficacy.
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