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Evolution and diversity of nucleotide and dinucleotide
composition in poxviruses

Cristian Molteni™*, Diego Forni', Rachele Cagliani’, Ignacio G. Bravo? and Manuela Sironi'

Abstract

Poxviruses (family Poxviridae) have long dsDNA genomes and infect a wide range of hosts, including insects, birds, reptiles
and mammals. These viruses have substantial incidence, prevalence and disease burden in humans and in other animals.
Nucleotide and dinucleotide composition, mostly CpG and TpA, have been largely studied in viral genomes because of their evo-
lutionary and functional implications. We analysed here the nucleotide and dinucleotide composition, as well as codon usage
bias, of a set of representative poxvirus genomes, with a very diverse host spectrum. After correcting for overall nucleotide
composition, entomopoxviruses displayed low overall GC content, no enrichment in TpA and large variation in CpG enrichment,
while chordopoxviruses showed large variation in nucleotide composition, no obvious depletion in CpG and a weak trend for TpA
depletion in GC-rich genomes. Overall, intergenome variation in dinucleotide composition in poxviruses is largely accounted
for by variation in overall genomic GC levels. Nonetheless, using vaccinia virus as a model, we found that genes expressed at
the earliest times in infection are more CpG-depleted than genes expressed at later stages. This observation has parallels in
betahepesviruses (also large dsDNA viruses) and suggests an antiviral role for the innate immune system (e.g. via the zinc-
finger antiviral protein ZAP) in the early phases of poxvirus infection. We also analysed codon usage bias in poxviruses and we
observed that it is mostly determined by genomic GC content, and that stratification after host taxonomy does not contribute
to explaining codon usage bias diversity. By analysis of within-species diversity, we show that genomic GC content is the result
of mutational biases. Poxvirus genomes that encode a DNA ligase are significantly AT-richer than those that do not, suggesting
that DNA repair systems shape mutation biases. Our data shed light on the evolution of poxviruses and inform strategies for
their genetic manipulation for therapeutic purposes.

INTRODUCTION

The family Poxviridae (order Chitovirales, phylum Nucleocytoviricota) includes a number of genetically diverse dsDNA viruses
that replicate in the cytoplasm. Members of the family infect a wide spectrum of hosts, including insects, birds, reptiles and
mammals [1-5]. Based on phylogenetic relationships and host(s) associations, the Poxviridae are organized into two subfamilies,
Chordopoxvirinae and Entomopoxvirinae, for vertebrate- and invertebrate- infecting viruses, respectively. Chordopoxviruses are
further classified into several genera [6]. Among these, the genus Orthopoxvirus includes viruses of great medical relevance,
such as variola virus (VARYV, the causative agent of smallpox), vaccinia virus (VACV, which was used in the smallpox eradication
campaign) and monkeypox virus (MPV), responsible for a recent global outbreak of mpox [7, 8]. Other orthopoxviruses can also
infect humans and are usually zoonotically transmitted [9]. Several chordopoxviruses infect wild and domestic animals causing
substantial pathology and economic loss (e.g. fowlpox virus, lumpy skin disease virus or orf virus) [10]. Members of other genera
within Chordopoxvirinae can also infect humans, the most cogent example being molluscum contagiosum virus (MCV), an
endemic human-specific pathogen and the only representative of the genus Molluscipoxvirus [11]. The subfamily Entomopoxvirinae
is divided into four genera and includes viruses that establish parasitic or symbiotic relationships with their insect hosts [12-17].
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Poxviruses are characterized by large virions and long genomes, ranging in size roughly from 135 to 350 kb [18]. The long-term
evolution of chordopoxviruses was characterized by major waves of gene acquisition from host genomes, followed by extensive
gene duplications, but also by gene losses [19]. These host-gene capture events have contributed to shape the gene content of
extant poxvirus species. Indeed, comparative genomic analyses indicate that extant poxvirus genomes typically harbour a set of
core, essential genes plus a variable number of non-core genes, which mainly encode proteins involved in host-virus interactions
[18-21]. This arrangement in core and dispensable genes allows poxviruses to show remarkable genome plasticity.

While viral gene content evolves through discontinuous, macromolecular events such as recombination, gene duplication or gene
gain/loss, other genomic features such as nucleotide composition and codon usage bias (CUB) are the result of micromolecular
events, such as mutation or repair biases. Global and local nucleotide composition can be subject to mutation-selection-drift
evolutionary dynamics, if they lead to differential viral fitness [22-24]. This seems to actually be the case, as viral genome
compositional features result in differential gene expression, and are likely to contribute to successful infection and evasion of
host immune responses [25]. This line of evidence is often described as the ‘translational selection hypothesis, proposing that
differences in CUB result in functional differences at the gene expression level, ultimately affecting organismal fitness, and being
thus subject to natural selection [26]. Indeed, a number of studies have shown that the CUB of viral genes tends to match that
of the host [27-34]. Also, changes in viral CUB were reported to modulate the clinical presentation of infection, as in the case of
papillomaviruses [35] and of respiratory viruses [36]. Indeed, the link between viral CUB and gene expression is well established,
to the extent that synonymous recoding of viral genes to ‘deoptimize’ CUB has been regarded as a promising strategy for the
development of live attenuated vaccines [37-41].

In parallel, a substantial body of evidence reports that CUB in viruses reflects mostly nucleotide and/or dinucleotide composition,
patterned by directional mutation events and ultimately subject to drift and/or to historical contingency, rather than arising
from translational selection [25, 42-44]. This neutralist view of CUB explains differences in viral genome composition to have
evolved to mimic the genomic composition of their hosts’ genomes, as animal genomes vary extensively in overall G+C content,
but also in terms of dinucleotide representation. In viruses infecting vertebrates, the CpG dinucleotide shows the strongest bias,
being highly under-represented [45-48]. This trend towards CpG under-representation is not observed in the majority of viruses
infecting invertebrates [47, 49-53]. Conversely, the TpA dinucleotide (UpA in RNA) is under-represented in the genomes of
vertebrates and in invertebrates alike [47, 48, 51, 54]. Different hypotheses have been proposed to explain CpG and TpA avoidance
in viruses infecting vertebrates [47, 49, 54, 55]. The fitness advantage of dinucleotide biases may arise from a balance between
two contrasting trends: (i) an increase in gene expression efficiency, as genes enriched in CpG are more efficiently transcribed
and translated [56, 57]; and (ii) an increased exposure to the immune system, as genes enriched in CpG or TpA deviate from the
host’s compositional standards and could serve as targets for immune mechanisms triggered by the recognition of non-self nucleic
acids. Indeed, elements in the vertebrate non-adaptive immune system have evolved to target nucleic acids with compositional
features under-represented in their own genome, such as CpG- or TpA-enriched DNA or RNA. This is the case of toll-like receptor
9 (TLR9), which can recognize the presence in the cytoplasm of dsDNA with non-methylated CpG dinucleotides, of RNAse L,
which degrades cytoplasmic RNA with a preference for a cleavage after TpA or TpT sites, or of the zinc-finger antiviral protein
(ZAP), which hinders the infectious cycle of RNA viruses with elevated frequencies of CpG and/or UpA dinucleotides [58-68].
Although the antiviral activity of RNAse L or ZAP have been mainly studied in the context of RNA virus infections, they may
mediate an antiviral action against DNA virus infections by a direct action on the viral mRNAs. Indeed, recent evidence has
indicated that the herpesvirus human cytomegalovirus (HCMYV, a large dsDNA virus) can be restricted by ZAP through the
targeting of viral transcripts [69, 70]. Also, ZAP counteracts the replication of modified vaccinia virus Ankara (a highly passaged
VACV strain) in human cells [71]. Overall, a sound body of experimental evidence shows a decreased infectivity of DNA and
of RNA viruses after synonymous genomic recoding to increase TpA and/or CpG [51, 72-76], and experimental development
confirms a decreased fitness of viral genomes with increased TpA and/or CpG content [77].

The compositional features of viral genomes have been studied in great detail for RNA viruses, whereas much less is known about
the origin, diversity and evolution of the genomic nucleotide composition of large DNA viruses in general, and of poxviruses in
particular. The forces that have shaped the CUB and nucleotide composition of these viruses have remained poorly character-
ized, and no comprehensive analysis of CpG and TpA composition has been reported for poxviruses. We aimed here to fill these
knowledge gaps, by using sequence information of representative poxviruses that belong to distinct viral genera and infect highly
diverse hosts. Our results are relevant not only to further our understanding of the major forces driving genome evolution in
these viruses, but also to provide clues on possible strategies for the engineering of attenuated strains for vaccination purposes.

METHODS
Viral genome sequences and alignments

A list of 53 complete poxvirus genomes was derived from the ICTV metadata resource (https://ictv.global/vmr). Specifically, we
selected all exemplar strains with complete genome sequence information (n=52). In addition, we included a recently described
orthopoxvirus, Alaskapox virus (NCBI accession number: MN240300 [78]). The final dataset contained a total of 53 viruses,
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Table 1. List of poxvirus names and abbreviations

Subfamily Genus Species
Entomopoxvirinae Alphaentomopoxvirus Anomala cuprea entomopoxvirus (ACEV)

Betaentomopoxvirus Amsacta moorei entomopoxvirus (AMEV)

Betaentomopoxvirus Adoxophyes honmai entomopoxvirus (AHEV)

Betaentomopoxvirus Choristoneura biennis entomopoxvirus (CBEV)

Betaentomopoxvirus Choristoneura rosaceana entomopoxvirus (CREV)

Betaentomopoxvirus Mythimna separata entomopoxvirus (LMEV)

Unclassified Diachasmimorpha entomopoxvirus (DLEV)

Deltaentomopoxvirus Melanoplus sanguinipes entomopoxvirus (MSEV)

Chordopoxvirinae Avipoxvirus Fowlpox virus (FPV); Canarypox virus (CPV); Flamingopox virus (FLMPV);
Penguinpox virus (PNGPV); Pigeonpox virus (PPV); Turkeypox virus (TKPV)

Capripoxvirus Sheeppox virus (SPV); Goatpox virus (GPV); Lumpy skin disease virus (LSDV)

Centapoxvirus Murmansk microtuspox virus (MMPV); Yokapox virus (YKV)

Cervidpoxvirus Mule deerpox virus (DPV)

Crocodylidpoxvirus Nile crocodilepox virus (NCPV)

Leporipoxvirus Myxoma virus (MYXV); Rabbit fibroma virus (REV)

Macropopoxvirus Western kangaroopox virus (WKPV); Eastern kangaroopox virus (EKPV)

Molluscipoxvirus Molluscum contagiosum virus (MCV)

Mustelpoxvirus Sea otterpox virus (SOPV)

Oryzopoxvirus Cotia virus (COTV)

Parapoxvirus Orfvirus (ORFV); Bovine papular stomatitis virus (BPSV); Grey sealpox virus (GSEPV);
Pseudocowpox virus (PCPV); Red deerpox virus (RDPV)

Pteropopoxvirus Pteropox virus (PTPV)

Salmonpoxvirus Salmon gillpox virus (SMGPV)

Sciuripoxvirus Squirrelpox virus (SQPV)

Suipoxvirus Swinepox virus (SWPV)

Vespertilionpoxvirus Eptesipox virus (EPTPV)

Yatapoxvirus Yaba monkey tumor virus (YMTV); Tanapox (YLDV)

Orthopoxvirus Vaccinia virus (VACV); Abatino macacapox virus (ABMPV); Akhmeta virus (AKHV);
Camelpox virus (CMPV); Cowpox virus (CPV); Ectromelia virus (ECTV); Monkeypox
virus (MPV); Raccoonpox virus (RAPV); Skunkpox virus (SKPV); Taterapox virus
(TATPV); Variola virus (VARV); Volepox virus (VPXV); Alaskapox virus (AKPV)

representative of two subfamilies and 21 genera (see Tables 1 and S1, available in the online version of this article). Genome
sequences were retrieved from the NCBI database.

Nucleotide composition and principal component analysis

In order to determine the dinucleotide composition of poxvirus genomes, we applied the compseq tool (https://www.bioinfor-
matics.nl/cgi-bin/emboss/). The observed-over-expected dinucleotide composition (O/E ratio) was defined as the quotient of
the observed frequency of a specific dinucleotide divided by the product of the frequencies of the contributing nucleotides. The
O/E CpG and TpA ratios were obtained by setting the size of word to 2, the ‘calcfreq’ parameter, and by counting words also in
the reverse complement of the sequence. For each viral species, CpG and TpA ratios were calculated for the whole genome, by
concatenating all coding sequences, as well as for single genes longer than 100 nt. For concatenated sequences, overlapping ORF
regions were masked.
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The COUSIN (COdon Usage Similarity Index) tool [79] was applied to calculate the G+C content in first, second and third
codon position. To estimate the relative synonymous codon usage (RCSU) we used the seginr R package [80]. RSCU is a measure
of non-uniform usage of synonymous codons and represents the number of times a particular codon is observed compared to
uniform synonymous codon frequency.

Principal component analysis (PCA) was performed using a vector of all RSCU values calculated for concatenated coding
sequences using the mixOmics R package [81].

Orthology inference

To investigate CpG distribution in the orthopox genus, we performed orthology inference using the OrthoFinder bioinformatic
tool. OrthoFinder is able to recognize hierarchical OrthoGroups (OGs) as groups of genes that have descended from a common
gene in the last common ancestor [82]. We only considered OGs present in all orthopoxviruses. OrthoFinder was run using
MAFFT as an aligner and FastTree for tree inferences. We obtained a list of 118 orthologous genes, which were used for subsequent
analyses (Table S2). The CpG O/E ratios of these genes were used to make a clustered heatmap using the pheatmap R package,
applying the ‘complete linkage’ method as clustering algorithm, both for genes and for species.

Gene expression timing and levels

Gene expression levels of VACV were retrieved from a previous study [83]. We based our analyses on the authors’ classification
and we assigned each VACV (Western Reserve, WR) gene to one of three categories corresponding to their expression during
the infection: two early clusters (E1.1 and E1.2) and a post-replicative cluster (PR). Transcript read counts were retrieved from
the same study and normalized as suggested by the authors [83]. We performed a Nemenyi non-parametric all-pairs comparison
test to verify the equality between the medians of each temporal expression category in relation to CpG gene values. Analyses
were carried out in the R environment using the PMCMRplus package [84].

Phylogenetic trees, phylogenetic regression analysis and phylogenetic ANOVA

The poxvirus phylogenetic tree was generated using the concatenated alignment of the amino acid sequences of the 25 proteins that
are conserved in all poxviruses (https://ictv.global/report_9th/dsDNA/poxviridae). The alignment was generated with MAFFT
(v7.427) [85] with default parameters. The tree was generated with IQTREE (v1.6), with a partition per protein, and allowing
each partition to have a distinct evolutionary model and a specific evolution rate (-spp parameter) [86, 87].

We used Pagel’s A using the BayesTrait software to evaluate the extent to which phylogenetic relatedness explains the variation in
the distribution of the continuous trait G+C content values we calculated [88]. This tool allows us to evaluate whether a specific
trait varies following the shared ancestry specified by a phylogenetic tree. In particular, we performed two Random Walk (Model
A) Markov chain Monte Carlo (MCMC) analyses of the G+C content (log-transformed), by estimating A or fixing it to 1 [88].
MCMC chains were run for 100 million iterations and the two models were compared by log Bayes Factor from a stepping-stone
sampling.

A phylogenetic ANOVA was performed using the phylANOVA function in the phytools R package [89-91]. The P-value was
calculated with 1000 simulations.

Identification of G+C content shifts

To estimate the occurrence of shifts in C+G content during poxvirus evolution, we ran the /1ou R package [92]. This tool estimates
the number and location of shifts of a continuous trait along a phylogenetic tree, without any a priori assumptions, by using a
phylogenetic LASSO (Least Absolute Shrinkage and Selection Operator) method under an Ornstein-Uhlenbeck process [92].
We ran [lou by using an ultrametric version of the tree calculated for the 25 poxvirus conserved proteins, generated with the
ape package [92] and the whole genome C+G content of the 53 viral genomes. The best shift configuration was defined by the
phylogenetic Bayesian Information Criterion (pBIC), which is a conservative model when searching for adaptive shifts [92].

Substitution rates and recombination analysis

A set of representative C+G-and A+T-rich poxvirus species were selected. We analysed species for which a sufficient number of
sequenced genomes were available in the NCBI virus database (https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/): clade I cowpox
virus (n=32), fowlpox virus (n=21), type I molluscum contagiosum virus (n=16), orf virus (n=23), crocodylepox virus (n=17),
sheeppox virus (SPV, n=18) and goatpox virus (GPV, n=12). A list of all NCBI accession identifiers is reported in Table S3. Viral
genomes within each viral species were aligned using MAFFT and for each species we selected as a reference strain the one with
the oldest known sampling date. Then, for each genomic position, we counted the number of changes that were present in at least
two sequences compared to the reference strain. Finally, we selected the total number of G/C to A/T changes and the number
of A/T to G/C changes and, because the probability that a specific nucleotide mutates depends on its frequency in the genome,
these counts were normalized by the number of the respective nucleotides in the reference genome.
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The expected G+C content at equilibrium (G+Ceq) was estimated by dividing the G/C to A/T normalized rates by the sum of
G/Cto A/T and A/T to G/C rates.

Evidence of recombination events was analysed using ClonalFrameML v.1.12 [93]. ClonalFrameML requires a sequence alignment
and a phylogenetic tree as input files. We used the whole genome alignments of the individual viral species mentioned above
(intraspecies analysis), the trees generated by IQTREE and the tree mean branch lengths as priors for the M parameter. R/theta
(relative rate of recombination to mutation), 1/delta (inverse mean DNA import length) and nu (mean divergence of imported
DNA) were estimated.

RESULTS
CpG depletion is limited and varies across and within viral genomes

We have assembled a dataset of 53 complete poxvirus genomes (Table 1). These correspond to all exemplar strains from the ICTV
metadata resource (https://ictv.global/vmr), plus the recently described Alaskapox virus. The viruses in the final dataset belong
to two subfamilies, Entomopoxvirinae (insect-infecting viruses, n=8) and Chordopoxvirinae (vertebrate-infecting viruses, n=45)
(Table S1).

To investigate CpG and TpA biases, we calculated the O/E ratio for each dinucleotide, where the expected frequency in a genome
is the product of the frequencies of the corresponding nucleotides. Ratios above or below 1 indicate that the dinucleotide is
over- or under-represented, respectively, and ratios below 0.78 and above 1.25 are generally considered to define significant
depletion and enrichment [55, 94]. The distribution of O/E CpG ratios was very wide both in entomopoxviruses and in chor-
dopoxviruses, while the range for distribution of O/E ratios for TpA was narrower (Fig. 1a). Overall, O/E ratios for CpG and
TpA dinucleotides did not deviate from the null expectation, with the exception of a number of chordopoxviruses that displayed
significantly lower TpA content than expected, and of a number of entomopoxviruses displaying significantly higher CpG content
than expected (Fig. 1a). Previous analyses of vertebrate genomes as well for vertebrate-infecting viruses identified a covariation
between genomic G+C content and specific dinucleotide frequencies. Specifically, G+C-rich genomes tended to display a high
O/E ratio for CpG dinucleotides, while A+T-rich genomes tended to display a high O/E ratio for TpA [48, 51, 95, 96]. We thus
tested whether variation in G+C content correlated with variation of O/E ratios for CpG and for TpA dinucleotides in our poxvirus
dataset. Entomopoxviruses presented G+C-poor genomes with low dispersion for overall G+C content (median: 0.197, range:
0.177-0.300), a number of them being enriched in CpG nucleotides above the null expectation, but also with two being depleted
(Fig. 1b). Conversely, chordopoxviruses covered a wider range and displayed a bimodal distribution of G+C genomic values
(median: 0.328, range: 0.235-0.666). Significant correlations between genomic G+C content and O/E ratios for CpG and TpA
were detected for both dinucleotides. Such correlations were primarily driven by G+C-richer chordopoxviruses, which tended
to be enriched in CpG dinucleotides, and were significantly depleted in TpA dinucleotides (Fig. 1b).

To gain further insight into poxvirus dinucleotide composition, we calculated O/E ratios for CpG and TpA dinucleotides for
all viral ORFs longer than 100 nt. These fine-grain ratio distributions were overall consistent with the results obtained for the
corresponding whole genomes. Specifically, the O/E ratios for CpG displayed again a much wider variation than the O/E ratios
for TpA, both across and within viral genomes (Fig. 2).

Dinucleotide biases partially depend on gene expression timing

Orthopoxviruses have historically been the subject of detailed investigation compared to poxviruses in other genera because they
include several viruses highly pathogenic for humans. We thus exploited the available knowledge to investigate the functional
determinants of within-genome variation in CpG content.

Orthopoxviruses are divided into two sister clades: the Eurasian/African orthopoxviruses (Old World orthopoxviruses) and the
North American orthopoxviruses (New World orthopoxviruses), with the still unclassified Alaska virus forming a distinct branch
located between the these two major clades [78, 97]. Genome composition in orthopoxviruses has evolved through lineage-specific
episodes of gene duplication, capture and loss, with extant genomes displaying gene content values between 164 (VARV) and
208 (CPV) [19]. To perform meaningful comparisons, we identified the core gene set of orthopoxviruses, i.e. the largest set of
orthologous genes that are present in all extant orthopoxviruses genomes. We identified a core set of 118 orthologous genes
shared by all orthopoxviruses (detailed in Table S2). Paired comparison detected no significant differences in O/E ratios for CpG
between core and non-core genes within a given genome (Fig. S1). Using the core genes set we next compared O/E CpG among
orthopoxviruses by generating a heatmap with dendrograms using all orthologues (Fig. 3). The O/E ratio for CpG was much
more similar across genes (columns) than across genomes (rows). The dendrogram for the viral clustering nicely recapitulated
the phylogenetic relationships among orthopoxviruses, with New World and Old World viruses being clearly separated. In fact,
New World orthopoxviruses tended to have lower O/E CpG than Old World viruses, and this was particularly evident for two
clusters of genes that showed values >1 in several Old World viruses and <1 in most New World viruses (Fig. 3). The dendrogram
for the gene clustering did not show any clear association between clusters of core genes and the functional annotation (Fig. 3).
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Fig. 1. CpG and TpA dinucleotide content in poxviruses. (a) Boxplots (median, first and third quartiles) representing values of CpG and TpA O/E ratios
(observed frequency/expected frequency) of a set of chordopoxvirus (n=45) and entomopoxvirus (n=8) reference genomes. The area in light grey
corresponds to the expected range of O/E ratios. (b) Correlation between G+C content and O/E CpG or TpA values in poxvirus genomes. Viruses with
over- or under-represented dinucleotides (CpG and TpA) are labelled. Spearman’s correlation coefficient (rho) and P-value are also shown.

To provide a finer evaluation of the functional implications of O/E CpG and TpA ratios at the gene level, we resorted to focusing
the study on VACV. VACV is the type species in the genus Orthopoxvirus (https://ictv.global/report_9th/dsDNA/poxviridae). This
virus has been intensely investigated and is regarded as a model to study poxvirus biology. Because the functional role of several
VACYV proteins has been elucidated, we tested whether, more generally, CpG representation was influenced by gene function. In
line with the results obtained in the comparison among orthpoxviruses, no significant difference was observed among functional
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categories (Fig.S2). As this gene function level analysis did not provide any insight into dinucleotide variation between genes,
we resorted to analysing gene expression timing data for VACV genes. Genes in the VACV genome can be classified depending
on the variation in their expression levels across the first stages of viral infection, with two clusters of early genes (E1.1 and E1.2)
and a cluster of post-replicative genes (PR) [83]. We used these data to infer whether O/E CpG ratios differ between genes as a
function of their transcription timing. Our results indicated that O/E CpG ratios in E1.1 genes were significantly lower than for
the other two categories of genes expressed at later time points (Fig. 4).

Codon usage bias is strongly influenced by genomic G+C content

Variations in dinucleotide composition and G+C content are tightly related to CUB [25, 42-44]. As a proxy for CUB, we calculated
the RSCU for each viral genome, so that each of the 53 poxviruses was represented by a vector of 59 positions, corresponding
to the codons encoding the 18 amino acids with synonymous coding. We performed then a PCA to reduce dimensionality on
the 59-dimension RSCU vector. Variation along the first component captured a very large portion of the total RSCU variance
(87%), with the second component only accounting for 5%. The 53 viruses were distributed along the two components with
most entomopoxviruses, excluding DLEV (Diachasmimorpha entomopoxvirus), tending to group together (Fig. 5a). Among
chordopoxviruses, a relatively good stratification as a function of viral taxonomy was observed. Conversely, vertebrate-infecting
poxviruses showed very limited clustering by host species (Fig. 5b). Overall, these results suggest that codon usage in poxviruses
is at least partially driven by phylogenetic relationships among viruses, while host taxonomy did not provide any explanatory
power for variation in viral CUB.
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In viruses, CUB can be strongly influenced by overall G+C content [25, 42, 44, 98]. This is indeed the case in poxviruses, as we
found an extremely strong correlation between variation along the first component of the PCA (PC1) and the variation in G+C
content in the third codon position (GC3) (Fig. 5¢ and S3). Likewise, GC12, the average value of G+C content in the first and
second position of the codons, was strongly correlated to PC1 (Fig. 5¢). Overall, these results suggest that genomic G+C content
strongly shapes CUB.

To determine whether CpG dinucleotides influence codon usage in poxviruses, beyond the contribution of overall G+C content,
we correlated variation along the second principal component with variation in O/E ratios for CpG. No significant correlation was
detected (Spearman’s rank correlation, rho=0.07, P=0.59). We also compared the codon frequencies among pairs of synonymous
codons that contain or lack a CpG (i.e. we calculated the XCpA/XCpG ratio for Ser, Pro, Thr and Ala codons). Because this ratio is
strongly influenced by G+C content, this value was compared with the corresponding XApA/XApG ratio (calculated for Glu, Lys
and Gln). A tendency to avoid CpG-ending codons was only observed for viruses showing an overall CpG depletion (melanoplus
sanguinipes entomopoxvirus, DLEV, centapoxviruses, salmon gillpox virus, cotia virus and sea otterpox virus) (Fig. 6). Overall,
these results confirm that CpG avoidance is not a general feature of poxviruses.

Genomic base composition is mainly driven by mutation biases

The analyses above showed that G+C content is a major determinant of CUB. We thus examined whether a phylogenetic signal
was detectable in the distribution of G+C content across the poxvirus phylogeny. For this we generated a phylogenetic tree using
the sequences of 25 proteins that are conserved in all poxviruses (https://ictv.global/report_9th/dsDNA/poxviridae) and we
calculated Pagel’s \ as a proxy for estimating the extent for which variation in a continuous trait (here G+C content) is accounted
for by the phylogenetic relatedness between the terminal taxa in the tree [99]. Our estimate of A was not different from 1 (A=0.999,
Log Bayes Factor=0.22), indicating a very strong phylogenetic signal.

We next assessed whether shifts in genomic base composition occurred during poxvirus evolution. For this, we fitted variation
in G+C content as a continuous trait using a phylogenetic lasso method (¢1ou) [92]. This method tests for shifts of quantitative
traits across a phylogeny and estimates whether jumps or discontinuous events have occurred and in which ancestral nodes of the
tree such events are more likely to have taken place. We selected the best-fit shift configuration using pBIC. The ¢1ou algorithm
estimated that five shifts, all of them with strong bootstrap support, occurred during poxvirus evolutionary history (Fig. 7a).
One basal shift (labelled 1* in Fig. 7a) towards increasing G+C content would have occurred after the split of tetrapod-infecting
poxviruses from salmon gill poxvirus. Two more recent shifts towards decreased G+C levels were detected, one (labelled 2°) that
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Fig. 5. PCA of poxvirus coding sequences. (a) PCA based on RSCU of the concatenated coding sequence of each poxvirus reference genome. Each
virus is labelled by its genus, as shown in the key (DLEV is labelled as unclassified). (b) PCA based on RSCU of the concatenated coding sequence of
each poxvirus reference genome. Each virus is labelled by host species, as shown in the key. The asterisk indicates that the natural host is unclear.
(c) Correlations between G+C content at third codon positions (GC3) and the first principal component (PC1) (left panel); correlation between the
mean value of G+C content at first and second codon positions (GC12) and PC1 (right panel). Viruses are divided by subfamilies, as shown in the key.
Spearman’s correlation coefficient (rho) and its relative P-value are also shown.

would constitute a synapomorphy of the avipox branch and another one (3°) on a branch leading to several poxviruses, to which
MCYV and squirrelpox virus splits are basal. This last shift would have been followed by two independent events towards increase
G+C content in parapoxviruses (4*) and in leporipoxviruses (5*) (Fig. 7a).

The wide distribution in G+C content in poxvirus genomes, together with the frequent switches proposed above, open the
question of the underlying molecular mechanisms driving nucleotide composition in these viruses. One possibility is that the
main force driving G+C content variation in poxviruses is mutation bias (neutralist hypothesis). This would be in line with the
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observation that the G+C content at sites that are likely to be evolving close to neutrality (i.e. third codon positions) shows even
more extreme variation among genomes than the average gene G+C content (Fig. 7b). Nonetheless, variations in GC3 might also
result from selection for G+C composition (selectionist hypothesis). Under the neutralist hypothesis, in genera or species with
G+C-rich genomes, mutation would have been consistently biased towards G/C, while the opposite has occurred in A+T-rich
genera or species. Conversely, if selection had played a role in driving G+C content, the probabilities of fixation of A/T->G/C and
G/C->T/A mutations would differ, because they confer a differential fitness advantage/disadvantage.

One possibility to choose between these competing explanatory hypotheses is to analyse changes that have been accumulating
within species rather than between species. The reason is that, the smaller the fitness effect of a mutation, the weaker the power
of natural selection to modulate its frequency in a population over short evolutionary timeframes, so that substitutions at shallow
evolutionary levels are more likely to reflect the mutation patterns rather than to result from natural selection [100, 101]. For this,
we selected viruses at the extremes of the G+C content range for which a sufficient number of extant sequenced genomes were
available. We thus analysed clade I cowpox virus (CPV, n=32), fowlpox virus (FPV, n=21), type I molluscum contagiosum virus
(MCYV, n=16), orf virus (ORFV, n=23), Nile crocodilepox virus (NCPV, n=17), sheeppox virus (SPV, n=18) and goatpox virus
(GPV, n=12). MPV and VARV were not included because their mutation spectrum has shown to be largely determined by the
mutator activity of human APOBEC3 enzymes [102-105]. VACV and myxoma virus were also excluded because of their peculiar
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evolutionary histories, including the iatrogenic vaccine pressure for VACV and the strong human-driven geographical bottleneck
events for myxoma virus [106, 107]. Viral genomes were aligned and we counted the number of G/C>A/T mutations and the
number of A/T>G/C mutations. Because the probability that a specific nucleotide mutates also depends on its frequency in the
genome, counts were normalized by the number of G/C or A/T nucleotides. In G+C-poor viruses (CPV, FPV, GPV and SPV)
the rate of G/C>A/T mutations (rate G/C>A/T) was higher than the rate of A/T->C/G mutations (rate A/T->G/C). The opposite
was true for G+C-rich viruses (NCPV and MCV), while ORFV, also G+C-rich, displayed comparable rates (Fig. 8a). We next
calculated the expected equilibrium G+C content (G+Ceq) based on the inferred mutational rates. The results indicated that all
viruses, with the exclusion of ORFYV, have overall G+C content values very close to their anticipated G+Ceq (Fig. 8b). Overall,
these results suggest that nucleotide content in poxviruses is primarily determined by mutational biases.

Mutation biases can arise through different mechanisms, including polymerase fidelity, proofreading activity or post-replicative
repair [108]. The poxvirus replicative holoenzyme is highly conserved and possesses both 5'-to-3" DNA polymerase activity and
3'-to-5' proofreading exonuclease activity [109]. We thus reasoned that the observed mutation biases are unlikely to arise from
lineage-specific DNA polymerase bias, and that they might instead derive, at least partially, from repair mechanisms. We thus
focused on chordopoxviruses, whose biology has been studied in greater detail compared to entomopoxviruses, and searched
the literature for genes involved in genome repair mechanisms. Five such genes were identified, which encode the viral primase
(OPG117), the UDP glycosylase (OPG116), the resolvase (OPG149), the nuclease (OPG089) and the ATP-dependent DNA ligase
(OPG180) [5, 110-112]. Whereas the former four are present in the genomes of all chordopoxviruses, this is not the case for the
DNA ligase, which is a non-essential gene [113-115]. Analysis of DNA ligase presence/absence on the chordopoxvirus phyloge-
netic tree indicated that most genomes lacking the gene are G+C-rich (Fig. 7a). To formally test for an association between DNA
ligase presence/absence and G+C content, we applied a phylogenetic ANOVA [89]. The results indicated that, after accounting
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for phylogenetic relationships, genomes encoding the DNA ligase have significantly lower G+C content than genomes with no
OPG180 gene (pairwise t-values=-7.06, F=49.86, P=0.007).

Finally, in cellular organisms genomic G+C content has been related to recombination rates [96, 116-119]. We thus addressed
whether this is the case in poxviruses. For this we used ClonalFrameML to calculate recombination/mutation rates for the seven
viruses analysed above. No evident relationship between recombination rates and G+C content was detected (Fig. 8¢).

DISCUSSION

Animal genomes differ widely in G+C content, dinucleotide composition and CUB, both when comparing genomes from different
species and when comparing genes within the same genome [102, 120]. Examples at the genomic level are the enrichment in G/C--
ending codons in mammal genomes, the global trend in vertebrate genomes to display a lower than expected CpG dinucleotide
frequency or the under-representation of the TpA dinucleotide in all animal genomes [120, 121]. The global framework for
understanding compositional biases is the mutation-selection-gene conversion-drift hypothesis, albeit it is not always evident to
pinpoint the actual differences between neutralist and selectionist approaches, beyond over-simplifications [122]. For our focus
here on dinucleotide frequencies, a mutational explanation for the CpG under-representation posits that cytosine methylation,
common in vertebrate genomes, increases C>U->T mutation rate, although this process does not explain the CpG depletion
observed also in vertebrate mitochondrial genomes [47, 49, 55, 120]. On the other hand, the selectionist explanation for the
CpG under-representation posits that it may be the result of the impact of this dinucleotide on transcription and translation
[56,57,123]. In the case of TpA dinucleotides (UpA in RNA), the depletion observed across the entire domain of animal genomes
may result from the preferential cleavage of UpA dinucleotides by cytosolic RNAses [54].

Just like their cellular hosts, viral genomes also display nucleotide, dinucleotide and CUB biases, which do not necessarily match
those of the corresponding host(s) genomes, and are the result of the same mutation-selection-drift processes [26]. Irrespective
of their ultimate origin, differences in compositional biases between viruses and their hosts can be exploited by cellular innate
immune sensing systems evolved to detect non-self nucleic acids. Antiviral responses can be mediated by overall differences
between virus and host genomes, as is the case of the role of SCHLAFENI1 in preventing translation of viral mRNAs, often
A+T-richer than mammalian host transcripts [124, 125]. The same signature of differential composition allows RNAse L to
preferentially degrade A+T-rich viral mRNAs [or viral genomes, in the case of RNA(+) viruses] [62, 68]. The CpG and TpA
dinucleotides constitute a particular target of the viral-host immune interaction interface. In vertebrates, the protein ZAP mediates
the recognition of CpG- and UpA-rich RNAs, whereas the intracellular receptor TLR9 can selectively trigger an innate immune
response in the presence of cytoplasmic DNA containing unmethylated CpGs, often associated with the presence of DNA viruses
replicating in the cytoplasm, such as poxviruses [58, 67]. We have thus tried to understand differences in viral dinucleotide biases
in general and in poxviruses in particular, as a possible result of these viral-restricting mechanisms. It is important to note first
that neither ZAP, nor TLR9 nor any other system specifically recognizing CpG-rich nucleic acids are known in invertebrates, and
indeed, invertebrate genomes do not display signatures of CpG depletion [120]. Dinucleotide composition has been intensely
investigated for vertebrate RNA viruses, many of which display CpG-depleted genomes [51, 72, 77, 126-128]. In the genomes
of small animal dsDNA viruses, such as polyomaviruses and papillomaviruses, CpG dinucleotides are under-represented [129].
However, these viruses are not known to be restricted by ZAP, and their dinucleotide composition can instead be partly accounted
for by methylation avoidance and/or by avoidance of TLR9 recognition [63, 130, 131]. In herpesviruses, large dsDNA viruses with
genomes comparable in size to those of poxviruses, genetic diversity is very large and so is the diversity of genomic composition
biases: alphaherpesviruses do not show CpG depletion, whereas many gammaherpesviruses do, and in betaherpesviruses, specific
depletion of CpG is observed in immediate early (IE) genes only [69, 132].

Poxviruses, with their host spectrum ranging from insects to mammals, offer an interesting model to study dinucleotide biases
and genome composition in general. Our analysis of dinucleotide composition showed no global tendency towards CpG or
TpA depletion. Interestingly, after correcting for G+C content, we found that two of the seven poxvirus genomes showing the
lowest CpG content belonged to entomopoxviruses. Moreover, a third CpG-depleted genome was that of salmon gill poxvirus.
Because ZAP evolved in tetrapods, it cannot be responsible for shaping the genome composition of entomopoxviruses nor of
this virus infecting fishes. All this evidence clearly indicates that selection for avoiding ZAP-mediated restriction is not the main
determinant of CpG content in poxviruses.

In our analyses, most chordopoxviruses that infect tetrapods showed very little signal of CpG depletion, if any. It has been
proposed that the protein product of the OPG005 viral gene, the C16 protein, can antagonize ZAP by sequestering it to cytoplasmic
punctate structures [71]. We thus checked whether loss of the OPG005 gene might explain the low CpG content observed in a
few chordopoxvirus genomes (eptesipox virus, cotia virus, sea otterpox virus, murmansk microtuspox virus and yokapox virus).
Functional orthologues of C16 were detected in all these poxviruses except sea otterpox virus, suggesting that loss of the ZAP
antagonist does not explain CpG depletion in most of these genomes. Further along this line, the modified vaccinia virus Ankara
contains a disrupted OPGO005 gene, and this virus has been shown to be restricted by ZAP [71]. However, in this derived VACV
strain, the mechanism underlying ZAP-mediated restriction is unlikely to be mediated by RNA binding, as ZAP has no effect
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on viral DNA, mRNA or protein abundance. Instead, in this viral system, ZAP has been reported to interfere with the viral life
cycle at the late steps of virion maturation [71].

Despite the limited evidence of overall CpG depletion in poxvirus genomes, individual poxvirus genes display a wide variability of
CpG content. As a comparison, the variation of TpA is much narrower. This is reminiscent of observations in betaherpesviruses,
whereby only IE genes are CpG-depleted [69, 132]. Taking advantage of the large body of functional knowledge available for
VACYV as a model, we show that genes that are expressed at the earliest times in infection present lower O/E CpG ratios than
genes expressed at later infection stages. This observation is in line with data reporting that ZAP specifically destabilizes the
transcripts of genes expressed at the early time points of HCMV (a betaherpesvirus) infection [70]. A possible explanation for
these observations is that, as is the case for HCMYV, the ZAP-mediated innate immune response against poxviruses is strongest in
the early phases of infection [70], when the viral antagonist (the C16 protein) may be unable to fully block its action. Regardless,
it is also worth noting that only a fraction of E1.1 genes in VACV are actually more CpG-depleted than expected, given their
composition. As in the case of HCMYV, this might be due to the specific targeting by ZAP of a minority of viral transcripts [70].
An alternative, non-mutually exclusive possibility is that CpG dinucleotides are not the only targets of ZAP recognition. Indeed,
during HCMYV infection, ZAP binds both viral and cellular RNAs in regions showing an elevated frequency of cytosines [70].

In many RNA viruses, CpG depletion also has an effect on CUB. Given the limited tendency to deplete CpG dinucleotides, this
is not the case with poxviruses. Also, in these viruses, translational selection (the non-random usage of synonymous codons to
optimize translation efficiency) seems to be weak, as no clustering between virus CUB and host taxonomy was observed in the
PCA. Indeed, our results are consistent with poxvirus CUB being mainly determined by genomic G+C content.

The range for genomic G+C content is very large in poxviruses. Whereas entomopoxviruses tend to be G+C-poor, chordopoxvi-
ruses are highly variable. For instance, two human-specific viruses, VARV and MCV, display large variation in G+C content values,
0.327 and 0.633, respectively. Moreover, we found that G+C content at synonymous and at non-synonymous sites shows highly
correlated patterns of variation. Overall, these lines of evidence indicate that CUB in poxviruses is largely determined by overall
G+C content, and that the forces shaping G+C content operate at the genome-wide level and over relatively long time periods.

When introducing a phylogenetic perspective into the distribution of G+C content in poxviruses, we found a very strong phylo-
genetic inertia, and we identified at least five shifts in G+C content that occurred during the evolutionary history of poxviruses.
In principle, such changes in G+C content can be due to different forces, including mutation biases and natural selection. To
disentangle the effect of these two forces, we analysed within-species diversity so as to capture changes that have occurred during
short-term evolutionary periods and are thus less impacted by natural selection. The results clearly indicate that variation in G+C
content was largely the result of mutation biases and that most poxviruses are close to the expected G+C content at equilibrium.
The only exception to this trend was ORFV (genus Parapoxvirus), which infects different Bovidae species and can be zoonotically
transmitted to humans. The reason(s) why ORFV showed similar A/T->G/C and G/C->A/T mutation rates remain to be clarified
and, unfortunately, other viruses in the same genus were insufficiently sampled to be studied and to provide a comparative,
paired analysis.

Because poxviruses replicate in the cytoplasm of the infected cells, they encode all or most of the enzymes necessary to duplicate
their large genomes [5]. Repair of DNA damage is also largely dependent on viral proteins, most of which are highly conserved
at least in chordopoxviruses. Conversely, the ATP-dependent DNA ligase (OPG180) is encoded by a non-essential gene [5].
Despite its dispensability, chordopoxvirus mutants lacking the DNA ligase display enhanced sensitivity to DNA damage caused
by UV irradiation or chemical inducers of double strand breaks [110, 115, 133]. It is thus conceivable that loss of the viral
ligase impairs the repair of specific lesions, eventually leading to biased mutation patterns, as our data suggest. On the one
hand, this hypothesis is further supported by data from bacteria, which also exhibit wide variations in genomic G+C content
that are largely dependent on the presence of specific DNA repair systems [134-136]. On the other hand, despite the fact that
poxvirus replication occurs in the cytoplasm, cellular DNA ligases have been shown to be recruited to viral replication sites,
where they may compensate or replace the activity of the viral enzymes [137, 138]. It has nevertheless been noted that quiescent
cells express low ligase levels, possibly suggesting that viral tropism interacts with the presence/absence of a viral ligase gene to
modulate mutation biases. Also, viral tissue tropism, transmission mode and host preferences are likely to determine exposure
to different environmental mutagens. Thus, further insight into the role of DNA damage and repair in mutation biases will
require experimental analysis on poxviruses lacking or expressing a viral DNA ligase and grown in different cell types and/or
under different conditions.

In summary, our results indicate that in poxviruses global genomic nucleotide composition is the largest determinant of dinucleo-
tide content (specifically for CpG and TpA dinucleotides) as well as of CUB, and that mutational bias is the leading force shaping
genome nucleotide content. This conclusion does not exclude that host immune responses may contribute to the shaping of
genome composition in poxviruses. For instance, recent evidence indicates that the evolutionary history of MPV during the global
mpox outbreak, as well as the evolution of other human-infecting poxviruses, has been accompanied by APOBEC3-mediated
editing (which introduces TC>TT changes and contributes thus directionally to the viral mutational spectrum) [102, 105, 139].
Also, even if interaction with the host immune system has not patterned the genomic composition in poxviruses, it has probably
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exerted a selective pressure driving positive selection at individual sites [140, 141]. In this case, however, the signatures of selection
are localized in specific positions and will not affect the overall nucleotide or dinucleotide genome composition.

Our study has a number of limitations. First, we restricted analysis to representative poxviruses with complete genome sequences.
However, the genetic diversity of these viruses is likely to be wider, as exemplified by several of them having only partially
sequenced genomes. Second, host associations and host ranges are unknown or unclear for many poxviruses. For instance, the
natural host(s) of VACV, yokapox virus or orthopoxvirus Abatino are unknown [142-144]. Even in the case of MPYV, its host
range in natural settings remains poorly characterized [145]. Thus, the host associations we used for the PCA should be regarded
with caution. Third, the function and expression timing of poxvirus genes has been studied in some detail only for VACV, the
prototype virus in the genus Orthopoxvirus. As a consequence, we based our analysis of expression timing and dinucleotide
composition on data obtained for this virus, which may, or may not, be representative of all poxviruses. Our conclusion will thus
require validation using other host systems and possibly poxviruses in different genera. Finally, intraspecific genetic diversity data
are relatively scant. As a consequence, mutation biases, G+Ceq and recombination rates could only be estimated for a minority
of poxviruses, weakening the generalization of our conclusions. Despite these limitations, our results and interpretation widen
our understanding of the natural history of poxviruses and may inform strategies of genetic manipulation and synthetic biology
to produce recombinant vaccines and oncolytic viruses, as well as biotechnological tools.
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