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Abstract

The genomic sequences of human viruses are the product of long-term host-virus
coevolution. Exploring the nucleotide composition of these genomes offers the opportunity to
unravel the dynamics involved in their evolution, which can be influenced by the cellular
environment, like for instance by the APOBEC3 innate effectors.

The APOBEC3 cytidine deaminase family plays a crucial role in the human innate
immune system by restricting the life cycle of viruses through viral genome editing at
5'-TC-3' dinucleotides. The resulting selective pressure can be observed in the genomes of
human viruses. A constant but incomplete restriction by APOBEC3 leads to an
underrepresentation of the APOBEC3 5-TC-3’ target site. To identify the viral species
targeted by APOBEC3, we explored the presence of the APOBEC3 footprint (i.e. TC
depletion) among 33,500 human virus sequences. This extensive investigation revealed that
at least 22% of the tested human virus species are targeted by APOBEC3. Importantly, we
observed strong APOBEC3 footprint on a wide range of virus species, including ssDNA,
dsDNA, ssRNA+, and retro-transcribed viruses. Additionally, by exploring the footprint at the
genic level, we made a novel discovery of APOBEC3-mediated editing in the EBV
herpesvirus and mastadenovirus. This investigation highlights the significant evolutionary
constraints imposed by innate immune factors on the genomes of numerous human viruses.
It provides a comprehensive view of the broad range of APOBEC3's action and highlights its
importance in shaping viral evolution.

APOBEC3 editing is one of many mutational processes shaping virus evolution. We
next intended to identify which are the other mutational processes using an approach without
a priori. Albeit this task has not been completed yet, we laid the foundations for such
analysis. Practically, we reconstructed 487 phylogenetic trees from 55 viral species spanning
23 families and the 7 Baltimore groups. Ancestral sequences were predicted for each node
of the phylogenetic trees. By systematically comparing sequences to their ancestor, we
generated a collection of over 2.4 million substitutions. For each of the 12 substitution types,
the immediate 5’ and 3’ bases were taken into account, dividing the substitution types into
192 subclasses, the so-called the substitution landscape. For most of the viruses, we
observed a high degree of symmetry within the substitution landscapes, where each
substitution class appears to be canceled out by its opposite (e.g. the C>T substitutions are
as frequent as the T>C). Recent zoonotic viruses, like the MERS-CoV, display an
asymmetric landscape suggesting that their sequence did not reach equilibrium yet. We also
observed that a significant proportion of the substitutions are back-and-forth, i.e. a
succession of a first mutation followed by its reversion at a later time-point along the same
branch. Surprisingly, the sole feature that distinguishes back-and-forth substitutions from
non back-and-forth substitutions (called uncompensated substitutions) is their substitution
rate (higher for the back-and-forth). We propose that reversion is a frequent phenomenon in
viral history and may contribute to long-term viral sequence stability.

Taken together, these investigations contribute to a better understanding of the forces
driving virus evolution and pave the way for the identification of yet unknown mutational
processes.
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1. Introduction

1.1. What is a virus?

1.1.1.  From the discovery to the contemporary definition

Like viruses themselves, their definition has evolved over time and continues to
evolve in the present day. In Latin, the term 'virus' referred to poison or disease in a generic
sense. The term was first used by Martinus W. Beijerinck in 1898 to name a 'contagium
vivum fluidum' - a contagious living fluid [1]. At that time, the dogma that diseases are
caused by infectious agents such as bacteria had already been well demonstrated. But,
observations made on mosaic disease of tobacco and tulip highlighted the presence of
disease without observable bacteria. Dmitry I. lvanovsky's work on tobacco mosaic disease
also showed that an extract of infected plants remained contagious even after being filtered
through minute filters, which did not allow the passage of bacteria. Ivanovsky initially
proposed that this substance was a toxin produced by bacteria, but Martinus W. Beijerinck
observed that it was able to be amplified during successive steps of inoculation and filtration.
This observation proved that the infectious agent was a microorganism that he named a
virus [2].

This definition was quickly refined by Friedrich Loeffler and Paul Frosch, who
concluded that a virus is not a fluid but a particle. They studied foot-and-mouth disease in
cattle and observed that inoculums lost infectivity when passed through filters of a certain
size [3].

The crystal structure of the tobacco mosaic virus was observed by electron
microscopy in 1939, revealing a complex virion structure. At that time, the question of
whether proteins or nucleic acids served as the genetic material was central. In 1953,
research on the T2 bacteriophage established that nucleic acids, but not proteins, served as
the genetic material. This led David Baltimore to classify viruses into six (now seven) groups
based on the support of their genetic information, including double-stranded DNA viruses
(dsDNA), single-stranded DNA viruses (ssDNA), single-stranded positive RNA viruses
(ssRNA+), single-stranded negative RNA viruses (ssRNA-), double-stranded RNA viruses
(dsRNA), and retro-transcribed RNA viruses (rt-RNA), as well as retro-transcribed DNA
viruses (rt-DNA) [4]. Baltimore's classification, proposed in 1971, is still used in combination
with the International Committee on Taxonomy of Viruses classification [5], which organizes
viruses based on their virion structure, phylogenetic distances, and biological characteristics
at the family, genus, and species taxonomic levels [6].

All of these historical explorations allow us to build our contemporary definition of a
virus :



A virus is an infectious, obligate intracellular parasite with DNA or RNA genetic
information support. This genetic information hightjack the host cell's cellular systems to
produce viral components. Virions, which are infectious viral particles, are formed through
the assembly of newly created components. These progeny virions, created during the
infection process, serve as carriers for transmitting the viral genetic material to the
subsequent host cell or organism. Upon disassembly, they initiate the next infectious cycle
[7]. This current definition does not for instance englobe the viroids, which are plant
infectious nucleic acid molecules without protein coat [8]. A virus can be also defined by its
life cycle phase. The viral life cycle can be split into two phases: an intracellular phase during
which the viral genome is replicated and virion particles are produced and assembled, and a
virion phase during which the genomic material is transported to a new host cell.

1.1.2. Evolving the definition of viruses ?

Despite this large consensual definition, its interpretation is still a matter of debate.
The question of what a virus is refers to two other important questions: what is the origin of
viruses, and are viruses alive? Historically, the observation and characterization of viruses
have been focused essentially on a virion-centric view. Virions can be isolated, allowing virus
identification and easy access to virus genomes. This has led some authors to define a virus
as a coated genetic element (a virion) [9]. According to this definition, viruses are considered
as non-living structures because they lack self-metabolic activity and do not produce the
adenosine triphosphate, an essential energy source inside cells, in their virions. This
virion-centric view is still widely accepted and defended [10,11].

In opposition to the virion-centric view, an intracellular-centric view has emerged.
This point of view compares the virion stage to a seedling stage and the virion itself to a
gamete or a tree seed where the virus is inanimate. In contrast, during the intracellular
stage, viruses exhibit significant activity by producing proteins, hijacking cellular metabolism
and machinery, and ultimately ensuring their replication. Consequently, some authors
consider viruses to be alive under this definition. The intracellular-centric virus definition
varies slightly among authors, but can be defined as:

e "A Molecular Organism": Claudiu |. Bandea proposed that viruses derived from
ancient intracellular parasites like endobacteria that progressively lost their
membrane and metabolic functions, keeping only their genetic material and
propagating it by using host machinery [12,13].

e "A Replication Factory": Jean-Michel Claverie proposed a virus definition based on
the detection of replication factories inside cells, which defines a virus as a replication
factory. Besides this, a virus is an absolute parasite that replicates using the
macromolecular machinery of other biological entities and can encapsulate and
disseminate genomes in metabolically inert structures [14,15]. Based on these
characteristics, Claverie suggested that the virus definition should also encompass
viroids and plasmids.

e "A Virion-encoding Organism": Patrick Forterre proposed a unique definition of a
virus as "A Virion-encoding Organism," which comprises both the virion phase and a



phase of virocells. A virocell refers to a host cell that has been infected and
reprogrammed to produce virions. Therefore, according to Forterre's definition, a
virus is considered a living organism that inhabits both the cellular and non-cellular
world [16,17].

The definition of viruses has progressively evolved throughout history and is still a
subject of ongoing discussion and refinement. As with many scientific concepts, the aim of
these debates is to deepen our understanding and stimulate the development of new
hypotheses and ideas. For instance, in the field of oncogenic virus research, there is a
growing interest in viewing viruses as reprogrammed cells, with an analogy drawn between
virus-infected cells and cancerous cells. This approach allows researchers to explore the
transition from one cellular state to another, and to generate new hypotheses that may lead
to new insights and treatments.

1.2. Virus origins

1.2.1. The possible origins of life

The origins of viruses are inextricably linked with the origins of life itself. Therefore, in
order to fully comprehend the history and evolution of viruses, it is important to have a good
understanding of the origins of life and how the first living cells emerged. By understanding
the origin of life, we can gain insights into how viruses co-evolved with living cells. The
currently accepted theory explaining the origin of life is the Oparin-Haldane theory, which
postulates that life originated from a prebiotic soup of basic building blocks that progressively
increased in complexity. In the primordial environment of early Earth, high concentrations of
inorganic molecules such as CO, and ammonium, combined with high temperatures and
energy from the sun, led to the production of the first organic molecules, such as amino
acids and nucleotides, in this soup. These basic organic molecules were then further
complexified to produce polymer macromolecules like proteins and nucleic acids. The
polymers may have assembled into units or structures capable of sustaining and replicating
themselves. Oparin suggested that these might have been "colonies" of proteins clustered
together to carry out metabolism, while Haldane suggested that macromolecules became
enclosed in membranes to form cell-like structures [18].

There are various hypotheses regarding the formation of the first soup of amino
acids, nucleic acids, and lipid molecules that led to the origin of life on Earth. In 1953,
Stanley Miller conducted a famous experiment that demonstrated the possibility of producing
amino acids in a laboratory setting by subjecting a medium mimicking the primordial Earth's
atmosphere to an electrical energy shock [19]. This experiment provided evidence that
amino acids could have been formed in the primordial ocean. Later on, nucleic acids and
lipids were also produced in the laboratory from inorganic molecules. Another hypothesis,
not necessarily exclusive to the first, is the panspermia origin of amino acids and nucleic
acids. It suggests that these building blocks of life could have been brought to Earth by
comets, asteroids, and meteorites during large earth bombardments in primordial ages. The



Earth's water could have also been a part of this bombardment. There are several
observations supporting this theory, such as the detection of around 80 amino acids inside
an Australian meteorite in 1962 [20], which was later confirmed by successive space
missions. Glycine was also isolated from samples returned to Earth in 2006 from Comet
Wild-2 by NASA's Stardust mission [21] and were identified on comet
67P/Churyumov-Gerasimenko by ESA Rosetta mission in 2016 [22]. The most remarkable
results were obtained in 2022 by the analysis of the samples of asteroid 162173 RYUGU by
JAXA's Hayabusa 2 mission, where amino acids and other soluble organic compounds were
extracted.

From these molecular soups containing amino acids, nucleic acids, and lipid
molecules, more complex macromolecules, such as RNA, DNA, and proteins, were
gradually assembled. There is a vast debate about the nature of the first macromolecule, but
RNA is believed to be the most likely candidate. Indeed, the first macromolecule should be
able to be self-amplifying and therefore have enzymatic activity and support genetic
information. Only RNA molecules could perform such functions as far as we know. RNA can
self-replicate thanks to its base complementarity, and mRNA is well known to support
information. For example, ribozymes, like ribosomes [23] or RNase P [24], have enzymatic
activity. In 1998, other in vitro experiments confirmed the large enzymatic potential of RNA.
By observing a large number of randomly generated RNA molecules, some of them have
been reported to harbor enzymatic activity [25]. These observations support the theory of an
RNA world preceding the appearance of DNA.

The transition between the RNA world to cells could gradually occur by the
introduction of self-replicating RNAs inside a lipid membrane. This fusion could create an
intramembrane medium that helps metabolic reactions and promotes complexification.
Before the emergence of DNA-based cells, an intermediate step could have been
RNA-based cells. Then, DNA, which is more stable in terms of molecules and for genetic
information preservation, was probably selected to build DNA-based cells. These cells,
which later gave rise to the different life kingdoms of prokaryotes, eukaryotes, and archaea,
are named the Last Universal Cellular Ancestor (LUCA) [26,27].

1.2.2. Possible origins of viruses

Since the origins of life remain a mystery with many possibilities, and given that the
origin of viruses is closely linked to the origin of life, it is not surprising that various
hypotheses have been proposed in the literature to explain the origins of viruses. There are
three main hypotheses regarding virus origins[28].

“The virus-first hypothesis”™: The first hypothesis is the "virus-first" hypothesis, which
suggests that viruses descended directly from self-replicating RNA molecules from the RNA
world. They could have used the primordial soup as a host. These molecules progressively
developed the capability to create a capsid and then became able to infect primordial cells.
This hypothesis is supported by the fact that viruses encode proteins like capsid proteins
which have no equivalent in other living kingdoms [30]. Another argument is the apparent
simplicity of plant viroids that are infectious non-enveloped RNA molecules. These
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molecules do not encode protein, self-replicate by ribozyme activity, and use the host RNA
polymerase and RNase H. Some authors propose that this apparent simplicity is a relic of
the RNA world [31], but there is a matter of debate about whether simplicity is necessarily
linked to evolutionary inferiority.

“The escape hypothesis” : The second hypothesis is the "escaping" hypothesis,
which suggests that viruses could have resulted from escaped nucleic acid from cells which
also acquired the ability to self-replicate. This theory reposed first on the observation of host
bacterial DNA in the sequence of phage. Potential primordial RNA cells or RNA fragments
could have acquired the replication mechanism from RNA cell chromosomes, and the
acquisition of viral genes could have resulted from insertion of genetic material. However,
there is no homology between viral and cellular genes that could indicate such an escaped
event, except in rare cases such as the human Delta virus (HDV) that has a ribozyme RNA
structure on its genome that is closely related to the CPEB3 ribozyme present in human
introns [32]. HDV could represent a potential example of viruses produced by a cellular RNA
escape [33].

“The reduction hypothesis” : The third hypothesis is the "reduction" hypothesis, which
proposes that viruses could result from symbiotic or parasitic primordial cells that
progressively lost their own components and began to use the components of their host cell
[12]. This hypothesis is supported by the fact that positive single-strand viruses all share a
common viral hallmark, and giant mimivirus viruses with a 1.2 mbp genome could represent
an intermediate state in the virus simplification process, although there is no homology
between mimivirus genes and eukaryotic, prokaryotic, or archaeal genes [34,35].

These three main hypotheses for explaining the origin of viruses have been
combined by different authors to produce hybrid models. One such model is the chimeric
hypothesis, which combines aspects of the virus-first and escape hypotheses [36]. This
model suggests that nucleic acids may have originated from the RNA world, while envelope
proteins were acquired from primordial cells. Another hypothesis is the symbiogenic
hypothesis, which is an extension of the reduction models [37]. This hypothesis suggests
that virocells and primordial cells may have coexisted until the virocells became parasites of
the ancestral host cells.

In summary, there is ongoing debate and research on the origins of viruses, and
while these hypotheses provide potential explanations, the true origin of viruses remains
elusive. Currently, modern viruses could be polyphyletic, meaning that they have different
origins [38]. Therefore, it is possible that there is not just one single scenario that explains
the origins of viruses, but rather multiple events that have contributed to their emergence.

1.3. Virus evolution

As with other organisms, the principles governing viral genome evolution have been
increasingly elucidated over the past century. Since the research presented in this
manuscript aim to enhance the understanding of virus evolution, it is essential to initially
introduce various principles and concepts related to virus evolution, as well as the broader
evolution of organisms.
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1.3.1.  Principles of molecular evolution

The principles of molecular evolution suggest that protein and nucleic acid chains
undergo constant sequence modifications, a phenomenon referred to as molecular
evolution. These principles are based on the theory of neo-Darwinism, which emerged in the
1940s and unifies the work of Charles Darwin and Gregor Mendel. There are three main
principles in molecular evolution according to this theory [39] [40]: (1) the mutation flux is the
driving force of evolution, (2) natural selection favors mutations that promote genome
transmission, and (3) isolation can modulate the evolutionary process and lead to speciation.
In simpler terms, these principles state that mutations occur constantly and drive evolution,
some mutations are advantageous and will be kept while others will be lost, and changes in
the environment can affect this evolutionary process.

The evolution rate, also called the substitution rate, is used to measure the mutation
flux. The terms mutation and substitution are often confused or considered synonyms.
However, to understand the research presented in this manuscript, it is important that the
subtlety of their difference is clear. A substitution occurs when a mutation is fixed in a
population's genome. Typically, the substitution rate is expressed as the number of
substitutions per nucleotide and per year. This rate cannot be zero because genes have a
natural optimum level that has been optimized by selection [41]. The rate must be high
enough to allow genome plasticity and enable organisms to adapt to environmental changes,
but it cannot be too high, as it could destabilize the genome [42].

Alfred Sturtevant observed in 1937 that the substitution rate can vary among
drosophila species and strains [41]. A few years later, in the early 1960s, Emile Zuckerkand|
and Linus Pauling proposed the concept of the molecular clock which suggests that the rate
of evolutionary change in DNA sequences over time is relatively constant. They conducted
studies on the hemoglobin proteins of human, gorilla, and horse sequences and found that
the rate of substitution is relevant to the estimated species divergences based on fossil
dating [43—45]. The molecular clock concept proposed two main ideas that are fundamental
to molecular phylogeny:

Firstly, the genetic distance between two sequences from different individuals is
directly correlated with real time. Secondly, the evolution rate being approximately constant
over time and among evolutionary lineages.

This second idea has been found to be inaccurate for some genes and species
sequences where the molecular clock is violated due to environmental factors. To address
this problem, phylogenetic reconstructions nowadays use a relaxed clock model, which
allows in a phylogenetic tree reconstruction to have different rates of substitutions in different
branches of the tree [45].

To explain the constancy of substitution accumulation on protein sequences,
Zuckerkandl and Pauling proposed that most of them do not affect protein function. Their
work led to another theory called the neutral theory which was proposed in 1968 by Motoo
Kimura [46]. Based on the calculation of the nucleotide substitution rate, Kimura observed
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that the accumulation of DNA substitution is too high by comparison to the estimation of the
apparition in human population of new variant forms of a gene that determines a particular
trait or characteristic (alleles). He concluded that this difference can only be explained by the
fact that most of the mutations are neutral for natural selection [46]. Based on the
development of this theory, Kimura and his colleagues proposed five predictions [47] :

e for each protein, the rate of evolution in terms of amino acid substitutions is
approximately constant/site per year for various lines, as long as the function and
tertiary structure of the molecule remain essentially unaltered.

e Functionally less important molecules or parts of a molecule evolve (in terms of
mutant substitutions) faster than more important ones.

e Those mutant substitutions that disrupt less the existing structure and function of a
molecule (conservative substitutions) occur more frequently in evolution than more
disruptive ones.

e Gene duplication must always precede the emergence of a gene having a new
function.

e Selective elimination of definitely deleterious mutants and random fixation of
selectively neutral or very slightly deleterious mutants occur far more frequently in
evolution than positive Darwinian selection of definitely advantageous mutants.” [47].

Those theories agree on the stochasticity of evolution meaning that evolution implies
a large degree of randomness, but which still follows certain rules or patterns over time.
Then, the stochasticity of evolution can be modeled or analyzed statistically. Stochasticity
can affect evolution on three different scales: the stochasticity of mutations at the sequence
level, the stochasticity of life history that impacts the individual, and the stochasticity of the
environment that impacts the population [48].

The description of these principles of molecular evolution has paved the way for
deciphering the evolution of genome sequences and understanding the complex
evolutionary history of organisms.

1.3.2. Measuring the virus evolution

Quantifying intangible phenomena such as evolution remains a key question to
understanding the importance and role of the involved mechanisms. Part of evolution is
driven by single nucleotide variation (SNV) also called substitution. Other types of mutation,
the insertion and deletion can also alter the genome sequence. The rate of genome variation
at a single position can be observed using two different measures: the substitution rate and
the mutation rate. These measures refer to the sum of captured SNVs in vivo over a defined
period of time or in vitro after several rounds of replication or infection cycles, respectively.

1.3.3.  The mutation rate
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Because the measure of the mutation rate corresponds to the number of nucleotide
sequence mutations per nucleotide and per genome replication (m/n/r), it requires a
complete description of the virus replication cycle, which is not the case for all viruses.
Alternatively, the mutation rate can be measured by reporting the number of mutations per
nucleotide and per cycle of infection (or cell burst for Iytic viruses) (m/n/c). Some authors
also report the mutation rate by unit of time, but this sometimes corresponds to a
non-differentiation between the mutation rate and the substitution rate, which is also reported
as the number of substitutions per nucleotide and per year (s/nly). In most studies, the
mutation rate is measured in laboratory assays on individual clones or on an entire
population after a defined number of passages.

Historically the virus mutation rate has been first assessed by site specific tests like
the Luria—Delbriick fluctuation tests. This test follows the mutation at specific sites that give
phenotypic modification and then allow the report of the mutation per genome replication or
per infection cycle. This type of test has been used for the first time in viruses in 1976 to
determine the bacteriophage QB spontaneous mutation rate by the fluctuation follow-up of a
unique site [49,50]. This value of 1x10° m/n/c was later corrected to 1.4x10™* m/n/r by
Luria—Delbriick fluctuation test based on three genomic positions, and to 1.3x10™* m/n/c by
full genome sequencing [51]. This second measure illustrates another approach, which is
based on mutation rate calculation through the measurement of base exchange frequency
among a sequence of virus genomes. A third category of test corresponds to cell-free in vitro
replication error measurement by replicase polymerization assay.

All three methods have advantages and limitations. In the case of the first method,
the fluctuation test, the use of a limited number of sites can bias the measurement and limit
the interpretation for the type and context of substitution. It is interesting to note that recently,
Pauly et al. developed an extended Luria-Delbrtck fluctuation test approach by using twelve
constructs of a green fluorescent protein reporter gene [52]. In these different gene
constructs, the mutation of the reporter site leads to the restoration of GFP fluorescence.
Each of the twelve GFP constructs allows for the tracking of a specific type of substitution
among the twelve possible types (A>C, A>T, A>G, C>A, C>T, C>G, T>A, T>C, T>G, G>A,
G>C, G>T). Since the reporting sites are neutral, this test does not have a bias towards
underestimating lethal or disadvantageous mutations, resulting in a higher number of
mutations being captured. For example, Pauly et al. measured a mutation rate of 1.8x10~*
s/n/r for HIN1 and 2.5x10™* s/n/r for Hong Kong 2014 H3N2 influenza using this test, which
is higher than the previously estimated rate of 2.7x107°-3.0x10° substitutions per nucleotide
per strand copied (s/n/r) obtained through the mutation frequency approach[52].

For the second method, the full genome mutation frequency approach is calculated
on a population of virus sequences. It is therefore subject to sequencing error bias. It is also
limited to the capture of non lethal and low deleterious mutations. Even if the randomization
of the culture plate passage can reduce this selection bias, an underestimation of the
mutations will remain. Finally, the in vitro polymerase error essay is unbiased but limited to
be only able to report the error due to the polymerase.

Thanks to the progressive accumulation of mutation rates measurement, Drak’s

studies in the nineties started to make comparisons between organisms and viruses [53].
These observations revealed the incredible speed of the virus mutation rates by comparison
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to other entities and especially by comparison to their host. For instance, there are 9 orders
of magnitude between mutation rates of humans and HIV1 [54]. Drake also observed that
RNA viruses have higher mutation rates than DNA viruses. These observations were next
confirmed and completed thanks to the development of deep sequencing approaches, the
constant accumulation of virus sequences and the development of statistical inference
approaches to reconstruct virus history [55-57].

1.3.4. The substitution rate

The substitution rate captures the overall pattern of modifications occurring naturally
within a population or organism. It is expressed as the number of substitutions by nucleotide
and by year (s/n/y). Substitution rate variation is essentially modulated by four parameters:
(1) The amount of sequence punctual modification, (2) The fitness effect of a mutation
determines whether it is neutral or advantageous, which increases the probability of it being
retained, or deleterious or lethal, which leads to the purging of the mutation.(3) The
generation time and (4) the effective population size of the virus [55].

1.3.5. Influence of the generation time and the effective
population size on the substitution rate variation.

The generation time of a virus is the time from virion production to the production of
new virions. It encompasses the host-to-host transmission time, cellular adsorption time, and
replication time, representing one complete cycle of the viral life cycle [55]. In epidemiology,
the measure of the generation time is based on the observation of transmission pairs like it
has been largely applied during the SARS2 coronavirus pandemic for example [58]. Thanks
to the observation of virus and bacteria dynamics, the generation time has been correlated
with the substitution rate, indicating that the two are linked.

The link between the effective population size (Ne) to the substitution rate is more
versatile. Ne is the minimum representation of the real population size that evolved with the
same dynamics [55]. Changes in Ne reflect the environmental history of the virus. A
decrease in Ne increases the probability of a disadvantageous substitution being fixed in the
population, while an advantageous mutation is less likely to be fixed due to increased
genetic drift [59]. The impact of this effect is minimal on a large population but is amplified
during a bottleneck period, such as during between-host transmission as in the case of HIV1
viruses [60].

1.3.6. The phylogenetic tree inference

The Bayesian approach is one of the most commonly used statistical methods for
inferring virus phylogenetic trees due to its ability to handle uncertainty and missing data, as
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well as its capacity to address the complex and multifactorial processes involved in virus
evolution. This approach notably allows the reconstruction of dated phylogenetic trees by
the use of sample collection dates as prior.

Briefly, a bayesian phylogenetic tree reconstruction can be summarized in four steps.

1. Model Specification: The first step is to specify a model of nucleotide or amino acid
substitution that best describes the evolutionary processes that produced the
observed sequences. This model includes assumptions about mutation rates, base
composition, and other factors that influence the evolution of the sequences.

2. Prior Specification: Next, prior probability distributions are specified for the tree
topology and branch lengths. These priors represent the researcher's beliefs about
the likely values of the parameters before taking into account the observed data.

3. Markov Chain Monte Carlo (MCMC) Sampling: A Bayesian MCMC algorithm is used
to generate a large number of samples from the posterior probability distribution of
the tree topology and branch lengths given the observed data and the prior
distributions. The MCMC algorithm starts at an initial tree topology and branch length
and proposes changes to the tree topology and/or branch lengths, accepting or
rejecting each change based on the posterior probability of the new state compared
to the current state.

4. Posterior Probability Calculation: The samples generated by the MCMC algorithm are
used to estimate the posterior probability distribution of the tree topology and branch
lengths. This distribution provides information about the uncertainty in the estimates
of the tree topology and branch lengths.

The strength of the Bayesian approach is its capacity to work on a large distribution of
possible phylogenetic trees.

1.3.7. The influence of the measurement timescale on the
substitution rate : The TDRP

Thanks to the constant accumulation of virus sequences and notably to the collection
of ancient sequences, a Time Dependent Rate Phenomenon (TDRP) has been reported.
This phenomenon corresponds to an invert correlation between the time scales of the
measurements and the substitution rate (Figure 1). In other words, the longer is the time
between the different virus collection times used for an inference, the lower is the
substitution rate estimated from this phylogenetic tree. The observation of this phenomenon
is independent of the method used for the tree inference and of the group or family of the
considered viruses [61,62]. Interestingly, the log-transformed rates linearly decrease with the
log-transformed measurement timescales with a slope around -0.65 for all virus groups.
Such a phenomenon is not specific for viruses. It has also been observed for the bacteria
and other eukaryotes [63].
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Figure1: Schematic representation of the time-dependent rate phenomenon. A. On a
phylogenetic tree, the measuring time scale corresponds to the period between sample date of
collection. B. The time-dependent rate phenomenon is observed by a negative correlation between
substitution rate and the measuring time scale.

Different mechanisms have been proposed to explain this phenomenon such as
sequence purification. It corresponds to the progressive removing of deleterious mutations
along successive viral generations. Because deleterious mutations are essentially non
synonymous, sequence purification can be evidenced by comparing the relative proportions
of non-synonymous substitutions and synonymous substitutions along time. The TDRP
effect has been reported to shape the first month substitution rate evolution in the case of
H1N1 2009 and the SARS2 2020 pandemic. In these two datasets, sequence purification
has been observed by the quantification of the proportion of non-neutral sites (i.e. non
synonymous) [64]. It is a direct observation of the sequence purification taking place on short
evolutionary time frame.

Site saturation is another factor that can contribute to generating the TDRP, which
refers to the accumulation of successive substitutions at a single site. Due to this
phenomenon, only a few of the changes will be captured by sequence comparison, leading
to an underestimation of the actual number of substitutions. This underestimation will
become more pronounced with longer measurement timescales, resulting in the
underestimation of genetic distance and substitution rates. In their report of the TDRP,
Duchéne et al observed a correlation between HIV1 POL and ENV genes sequence
saturation and the measurement timescale [61]. Saturation was estimated by the ratio
between the observed and the expected entropy of the sequence. Another method to
quantify sequence saturation is based on the comparison between transition and
transversion mutations. A transition mutation is a nucleotide substitution between two
nucleotides of the same class (i.e., purine to purine or pyrimidine to pyrimidine), while a
transversion is a substitution between two nucleotides of different classes (i.e., purine to
pyrimidine or vice versa). Empirical observation showed that, in most data sets, transitions
happen more frequently than transversions. The proportion of transitions in a dataset can
vary when it is affected by sequence saturation, as the under-detection of substitutions
causes the proportion of transitions to progressively decrease. Eventually, transversions will
outnumber transitions indicating saturation occurred [65,66].
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The virus substitution rate is determined by the sum of many processes that each
represent a fragment of the virus's history. One source of variation in the substitution rate
observed for RNA viruses is the cellular tropism of the viral species [68]. Differences in
cellular environments suggest that the substitution rate and mutation rate could be
dependent on various mutational processes that vary across different types of cells.

1.4. The Sources of viral mutations

Genome alterations are the motor of virus evolution. They encompass several
processes that can be resumed by four categories: replication error, genome editing, t
environment alterations, and large-scale genome remodeling. The following sections focus
on the description of single-position mutations.

1.4.1. Polymerase error

The efficiency of the replication is directed by the nucleotide selectivity, the
proofreading activity, and the mismatch repair [67]. The nucleotide selectivity is the ability of
a replicase to discriminate between correct and incorrect nucleotides. Tested by in vitro
measurement, this selectivity appears to be similar between DNA virus polymerase, Reverse
transcriptase and RNA virus polymerase, with a range of one mutation each 10* to 10°
replicated nucleotides [68,69].

Despite this similar selectivity, RNA virus polymerases have a much lower fidelity due
to the lack of a 3' exonuclease proofreading activity. One reported exception is the
coronavirus replication complex that possesses a proofreading activity via the NSP14 protein
[70].Thanks to this component, the mutation rate of coronavirus is around 10”s/n/c whereas
the other RNA viruses mutate at a rate between 10~ and 107° s/n/c [71].

The rate of genome mutation induced by replication can be modulated by the
presence and access to the DNA damage repair machinery of the host cell. This effect is
specific to DNA viruses that are able to interact with damage sensing and repair machinery
and modulate its activity [74]. For instance, papillomaviruses are able to upregulate DNA
damage response factors and activate ATM- and ATR-dependent signaling pathways, two
distinct pathways involved in the sensing of DNA damage, during their vegetative viral
replication [72]. On the contrary, adenoviruses are able to inhibit ATR activation during
infection by the action of their E4orf6 viral gene [73].

1.4.2. Mutational processes triggered by the host

Historically mutational processes have been discovered through in vivo or in vitro
exposition to mutagenic factors. Thanks to the development of deep sequencing and to the
large amount of available sequences, a new non a priori approach from the field of
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cancerology has been developed to decipher mutational spectra [74]. By comparing the
mutational landscapes of thousands of tumor genomes with their matched normal genomes,
researchers have identified tens of different mutational processes acting on the tumor
genome. Importantly, each mutational process can be characterized by a specific mutational
signature, which is a distinctive combination of mutation types within specific contexts. To
date, a catalog of 67 mutational signatures for single-base substitutions has been extracted,
of which 49 were considered likely to be of biological origin [75].The mutational process
associated with the 18 remaining signatures has not yet been identified.

Since, this approach has also been applied for deciphering the mutational signatures
present in virus genomes [79-84]. For instance, three mutational signatures related to virus
editing or virus genome oxidation have been identified from the SARS-CoV-2 substitutional
landscape. Figure 2 presents these three different mutational signatures. There are 192
substitution subclasses corresponding to the twelve types of substitutions (A>T, A>C, T>A,
T>G, C>A, C>G, G>T, G>C) with four possible nucleotides in 5° and with four possible
nucleotides in 3.

A ADAR

% mutations

AOUHCOOHADUHGUOE
B R R B E
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% mutations

MOV N EISIGEY
LI CICICICICICICICICITITHC)
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A>C A>G A>T C>A C>G C>T G>A G>C G>T T>A T>C T>G
T " ¥ T "

% mutations

all possible trinucleotides contexts

Figure 2: Schematic representation of three virus mutational signatures. These representations
show the proportion of the 192 substitution subclasses for the ADAR (A), ROS (B) and APOBEC3 (C)
mutational processes. The colors correspond to the type of substitution: yellow for A>G, green for
T>C, blue for G>T and red for C>T.

1.4.2.1. ADAR signature

ADARs, or double-stranded RNA-dependent adenosine deaminases, are another
component of the innate immune system that can edit and cause hyper-mutation in RNA
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virus genomes[85,86]. These enzymes work by deaminating adenosines in double-stranded
RNA template, which transforms them into inosines. After viral replication, inosines will be
replaced by guanosine. This process leads to A > G base substitutions. Due to ADAR editing
on dsRNA template, the resulting ADAR mutational signature, as illustrate figure 2A, is a
combination of A>G and complementary T>C substitutions.

1.4.2.2. ROS-associated mutational signature

Alternatively, the virus genomes can be altered by chemical metabolites from the
cellular environment. Among these mechanisms, the reactive oxygen species (ROS) has
been reported to cause mutations in viruses and have been associated with a mutational
signature for example in the genome of SARS2 viruses [79,87,88]. One of the most common
forms of oxidative damage is the oxidation of guanine to 8-oxoguanine (8-o0xoG). This
damaged base can pair with adenine instead of cytosine during viral replication, leading to a
G > T transversion mutation [88,89]. According to the literature, the ROS associated
mutational signature is composed of G>T substitutions in A[G>T]X and T[G>T]X
substitutions subclasses (Figure 2B).

1.4.2.3. APOBECS3 signature and APOBEC3-editing mechanism

The APOBEC3 mutational signature has been observed in tumor genomes and viral
genomes [76-78]. The figure 2C gives a schematic illustration of this signature. The
APOBEC3 mutational signature is characterized by of C>T substitutions with a T or a C
upstream the mutated C (T[C>T]X and C[C>T]X subclasses).

The Apolipoprotein B mRNA editing catalytic polypeptide-like enzyme (APOBEC)
genes are a subgroup of the human cytidine deaminase family, which also includes
APOBEC1, APOBEC2, APOBEC3, APOBEC4, and activation-induced deaminase
(AID)[90-92]. These different proteins have diverse functions, with APOBEC1 and
APOBEC2 having implications on lipid metabolism [79] and AID being involved in antibody
diversification. APOBEC3 proteins are effectors of cellular innate immunity through the
restricion  of retrotransposons and virus genomes by deaminase and
deaminase-independent activity [80,81]. The function of APOBEC4 remains elusive, despite
its possible implication in spermatogenesis [82]. All these members of the APOBEC family
have one or two zinc-coordinating (Z) catalytic domains [83].

Among this family, the APOBEC3 proteins are a subfamily of seven cytidine
deaminases (APOBEC3 A, B, C, DE, F, G, and H) [80,83,84]. These enzymes are able to
induce the deamination of cytidine to uracil in ssDNA or ssRNA sequences. All APOBEC3
members, except APOBEC3G, have a favored target site composed of the dinucleotide
5-TC-3’ (where the underlined letter is the edited cytosine), while APOBEC3G favors the
5°-CC-3’ dinucleotide. The editing induced C > U mutations, which in the case of a DNA virus
will result in C > T mutations after genome replication [85]. In case of the editing of the minus
strand of the viral genome, like it is the case for HIV1, the mutations detected on the positive
strand genome will be G > A.
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The APOBEC3s can interrupt virus life cycle by genome hyper-edition [86]. This
restriction mechanism has been widely reported during HIV1 infection, where approximately
25% of the detected HIV1 virions in the plasma of infected patients are hyper-edited [87]. To
illustrate the magnitude of this effect, it has been reported that APOBECSs are responsible for
98% of new HIV1 mutations, versus only 2% by reverse transcriptase, which does not have
proofreading capabilities [88].

Alternatively, APOBEC3 editing can remain moderate. The low level of mutations
allows the viral replication and then the fixation of the substitutions which are not too
deleterious. The explanation for this sub-lethal activity of APOBECS3 is due to the virus's
ability to counteract the editing through APOBEC3 degradation or sequestration.

The capacity of APOBECS3 to restrict viral infection have been described in many
virus species such as hepatitis B virus (HBV)[89-92], polyomaviruses (JC PyV and BK PyV)
[93,94], human T-cell leukemia virus-1 (HTLV-1) [95,96], human papillomavirus (HPV)
[97—99] and herpesviruses [100,101] including the Epstein—Barr virus (EBV) [102,103],
herpes simplex virus-1 (HSV-1)[104], and Kaposi’'s sarcoma-associated herpesvirus (KSHV)
[1085].

1.5. The APOBECS3, a source of virus evolution

As obligate parasites, viruses' evolution is constrained by the host. Host cells have
innate immunity factors and notably APOBECS3, to restrain virus replication. Meanwhile,
viruses acquired countermeasures to evade host immunity. This constant adaptation
between viruses and host cells has been described as an ongoing arms race.

1.5.1. Evolutionary history of the APOBEC gene family

The ongoing arms race between viruses and cells is exemplified by the long
evolutionary history of the APOBEC family. The origins of this family of genes have been
linked to bacterial, yeast, or plant deaminases, thanks to the presence of similar amino acid
motifs found in the catalytic site of APOBEC cytidine deaminase.[106,107]. Based on
sequence analysis, it has been suggested that the APOBEC4 gene is the founder of the
APOBEC gene family [108]. AID gene was formed through duplication of APOBEC4 and
was then duplicated to form APOBEC1 genes. Another subsequent duplication, from AID to
APOBEC3, appears to have occurred in the placental mammal infraclass. [106]. The
ancestors of these placental mammals likely possessed three types of cytidine deaminase
domains named Z1, Z2, and Z3 (for zinc-coordinating catalytic domains 1, 2, and 3), which
are also present in the contemporary human APOBEC3 proteins [109]. The presence of
homologs of the Z1, Z2, and Z3 domains in vertebrate genomes enables tracing the complex
evolution of APOBEC3 throughout mammalian diversification.
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The history of the APOBECS3 is paved by larged steps of gene duplication or locus
contraction which seems to have been driven by conflicts with ancient viruses. This led to
the representation of 18 copies of the Z halodomain in Chiroptera genomes. In contrast,
mice have only one reported APOBEC3 gene and marsupials have no APOBEC3 orthologs
[110]. In primates, the APOBECS3 family counts 7 members. By comparing APOBEC genes
in primates, it was found that APOBEC2 was under purifying selection and APOBEC3C was
under positive selection. When comparing humans and chimpanzees, AID and APOBEC3A
were found to be under purifying selection, while APOBEC3B, APOBEC3D, and
APOBEC3G and some portions of APOBEC3F were under positive selection [111]. The
presence of positive selection on the sequence of host genes, such as APOBECS3, indicates
an ongoing coevolution between viruses and their hosts. Notably, the emergence of
APOBEC3G, specific to primates, may be a result of the selective pressure exerted by
lentiviruses [112].

The complex history of APOBEC genes duplication illustrates the constant adaptation
of the host to its pathogens.

1.5.2. Viral countermeasures

In response to the acquisition of a repertoire of APOBEC innate factors, viruses have
also acquired the ability to counteract the restrictions imposed by APOBEC3s.

For example, HIV developed a specific countermeasure to APOBEC3s with its
protein Viral Infectivity Factor (VIF). The viral restriction activity of APOBEC3s has
historically been described for HIV1 viruses depleted for the VIF protein [80]. Indeed, when
the HIV-1 virus is depleted for VIF (HIV-1 AVIF), the APOBEC3s are able to drastically
restrict the virus life cycle compared to the wild-type virus. Many reports on APOBEC3
restriction of HIV1 allow to depict the following model [113]:

e HIV1 is a reverse transcribed virus. Inside the virion, the viral genome is in the form
of two RNA+ molecules. During cell infection and release of the HIV1 genome into
the cytoplasm, the RNA+ genome is reverse transcribed into a double-stranded DNA
genome molecule, with an intermediate phase as a single-stranded negative DNA.
The double-stranded DNA is then integrated into the cellular genome and will
produce genomic RNA+ copy for the next generation of virions.

e In absence of functional VIF protein, APOBEC3s members (A3G, A3H, A3D and
A3F) are able to edit the ssDNA- intermediate that produces C > U mutations (figure
3). These mutations correspond to G>A mutations in the positive DNA strand.

e In the wild-type (WT) virus, VIF binds to APOBEC3 enzymes and mediates their
ubiquitination by the cellular Cullin5 E3-ubiquitin ligase, followed by their proteasomal
degradation. VIF efficiently degrades APOBEC3G and H haplotype Il, and with less
efficiency, APOBEC3D and F, via the CUL2 proteasome pathway.

In addition to the examples of HIV with the VIF protein, many other viruses have
acquired mechanisms to counteract APOBEC3 activity. For example, the EBV virus encodes
inhibitors for APOBEC3B [103]. Similarly, HPV16 and BK PyV have fewer occurrences of the
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5TC-3 APOBEC3 target site in their genomes, which could allow them to resist
hyper-editing by APOBEC3 enzymes [94,99].
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Figure 3: The APOBEC3 ssDNA- genome edition during HIV1 AVIF replication cycle. HIV-1 virions,
containing RNA+ genomes, initiate a new cell infection through attachment, fusion and uncoating processes.
During these steps, the RNA+ genome is reverse transcribed into ssDNA-. In AVIF HIV-1 strain, the produced
ssDNA- genome undergoes editing by APOBECS3, resulting in the accumulation of C to T substitutions.
Subsequent polymerization leads to the formation of a dsDNA genome. Due to base-pair complementation, the
APOBEC3-induced substitutions results in G to A mutations on the positive strand of the genome. If the level of
deamination is not lethal, the virus proceeds with the viral cycle by integrating the dsDNA genome, transcribing a
new RNA+ genome, and packaging it into a new virion, which initiates the next cycle of infection.
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2. Objectives

In addition to their role in restricting human viruses, APOBEC3 enzymes are a
significant source of genome mutations in cancerous cells. This deregulation of the proteins
can occur during HPV and HPyV infections. Understanding the relationship between viruses
and host factors that shape their genomes may provide evidence of potential viral origins of
cancer.

In this context, we initially investigated the influence of APOBEC3 on the genomes of
human viruses to identify viruses targeted by these enzymes, which could be potential
oncogenic viruses. As a result, we identified parvovirus B19 and adenoviruses as viruses
that most probably trigger APOBEC3-mediated innate response. Going beyond this initial
goal, we gained a comprehensive understanding of the broad spectrum of APOBEC3's viral
targets and also elucidated editing dynamics.

The development of novel bioinformatic approaches in the field of cancer research,
enabling the deciphering of different mutational processes on large datasets, led me to adapt
such a pipeline for human viruses. These approaches provide a unique opportunity to
explore the diverse mutational mechanisms involved in virus evolution. Furthermore, they
also enable the observation of mutational processes, analogous to the APOBEC3 example
that may be dysregulated by the virus and shared with cancer cells. Unlike mutation calling
in human cancers, extracting virus substitutions required reconstructing ancestor sequences
to serve as reference sequences. Additionally, the search for mutational signatures
necessitated a large quantity of sequences from genomes exposed to diverse sources of
mutations. These constraints motivated the development of a systematic automated pipeline
capable of collecting virus substitutions across a wide range of viral species. This extensive
collection of substitutions allows us to explore the dynamics of virus substitution landscapes.
The discovery of a mirror effect within the substitution landscapes further led to the
exploration of the back-and-forth substitutions.

The substantial substitution collection generated during this investigation will serve
as a valuable resource for future explorations of the mutational processes involved in virus
evolution, potentially connecting them to the mutational processes active in cancer cells.
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3. Results

Footprint of the host restriction factors APOBECS3 on the
genome of human viruses

The APOBECS3 proteins play a crucial role in the human innate immune system by
specifically targeting viral genomes at 5-TC-3’ sites to restrict the virus life cycle. One
notable indication of recent or persistent exposure to APOBECS3 activity is the depletion of
the 5’-TC-3’ dinucleotide target in neutral positions within the viral genome. This APOBEC3
footprint has been observed in certain examples such as HPV and PyV viruses, human
retroelements, and somewhat ambiguously in the case of HIV-1. However, while a few
examples of viruses targeted by APOBEC3 have already been reported, the status of the
majority of human virus species remains unexplored. Until now, a comprehensive overview
of the APOBECS3 footprint across all virus species has been lacking whereas such a global
overview could provide a deeper and interesting understanding of this mechanism when
observed on a broader scale. Therefore, our study aimed to investigate the presence of the
APOBECS3 footprint in a large dataset of human virus sequences.

Through our investigation, we aimed to encompass the range of APOBEC3's activity
across the majority of currently annotated viral species. This approach, based directly on the
information present in virus genome sequences, has the potential to identify new targets for
APOBECS3. In addition to uncovering new APOBEC3 targets, our investigation also delved
into viruses where the impact of APOBEC3 editing remained uncertain. This was for
example particularly the case for RNA viruses. In addition, we also conducted an in-depth
analysis of the APOBECS3 footprint presence in the genome of HIV-1, which has been a topic
of debate in the scientific literature. Indeed, various authors reported contradictory
observations. Our analysis was able to provide new insights into these different points and
helped to clarify the situation. A second interesting analysis we conducted was a comparison
between different animal viruses. This analysis offered the possibility to better understand
the dynamic of the APOBECS3 footprint, with notably the comparison between endemic and
emergent coronaviruses. Thanks to the report of APOBECS3 footprint at the scale of virus
genes, we were also interested in the exploration of local editing of virus genomes.

Considering these different aspects, we were able to give a comprehensive overview

of the APOBEC3 footprint across a wide range of virus species and enhance our
understanding of the cross-interactions between viruses and host cells.
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Abstract

APOBECS3 enzymes are innate immune effectors that introduce mutations into viral
genomes. These enzymes are cytidine deaminases which transform cytosine into uracil.
They preferentially mutate cytidine preceded by thymidine making the 5TC motif their
favored target. Viruses have evolved different strategies to evade APOBECS3 restriction.
Certain viruses actively encode viral proteins antagonizing the APOBEC3s, others passively
face the APOBECS selection pressure thanks to a depleted genome for APOBEC3-targeted
motifs. Hence, the APOBECSs left on the genome of certain viruses an evolutionary
footprint.

The aim of our study is the identification of these viruses having a genome shaped by the
APOBEC3s. We analyzed the genome of 33,400 human viruses for the depletion of APO-
BEC3-favored motifs. We demonstrate that the APOBEC3 selection pressure impacts at
least 22% of all currently annotated human viral species. The papillomaviridae and polyoma-
viridae are the most intensively footprinted families; evidencing a selection pressure acting
genome-wide and on both strands. Members of the parvoviridae family are differentially tar-
geted in term of both magnitude and localization of the footprint. Interestingly, a massive
APOBECS3 footprint is present on both strands of the B19 erythroparvovirus; making this
viral genome one of the most cleaned sequences for APOBEC3-favored motifs. We also
identified the endemic coronaviridae as significantly footprinted. Interestingly, no such foot-
print has been detected on the zoonotic MERS-CoV, SARS-CoV-1 and SARS-CoV-2 coro-
naviruses. In addition to viruses that are footprinted genome-wide, certain viruses are
footprinted only on very short sections of their genome. That is the case for the gamma-her-
pesviridae and adenoviridae where the footprint is localized on the lytic origins of replication.
A mild footprint can also be detected on the negative strand of the reverse transcribing HIV-
1, HIV-2, HTLV-1 and HBV viruses.

Together, our data illustrate the extent of the APOBECS selection pressure on the
human viruses and identify new putatively APOBECS3-targeted viruses.

Author summary

APOBECS3 cytidine deaminases are enzymes that restrict many viruses by mutating their
genomes. In doing so, they exert a selection pressure and leave onto these viruses an
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evolutionary footprint. In addition to their antiviral role, APOBEC3s have also been iden-
tified as a major source of mutations in cancer, wrongly targeting the cell genome. For
example, high-risk papillomaviruses, whose viral genomes carry an APOBECS3 footprint,
indirectly promote cell transformation due to the sustained APOBEC3 mutagenic activity.
In this study, we perform for the first time a general screening for the APOBECS3 footprint
in all currently annotated human viruses. We show that approximately 22% of human
viral species are shaped by the APOBECS3 selection pressure and extend the list of APO-
BEC3-footprinted viruses with adenoviruses and autonomous parvoviruses. Knowing
which virus is restricted by the APOBEC3 mutagenic activity could lead to the identifica-
tion of new viruses associated with cancer.

Introduction

The APOBEC3s (apolipoprotein B mRNA-editing enzyme, catalytic subunit 3 or A3s) are
innate immune effectors restricting many exogenous viruses and endogenous retroelements
[1-3]. The human genome encodes for seven A3 genes (namely A3A, B, C, D, F, G and H),
with several spliced transcripts and allelic variants for each. These seven genes originate from
gene duplications and rearrangements that have occurred during mammalian evolution and
represent a classic example of the virus-host arms race [4]. The A3s are cytidine deaminases
that convert cytosine to uracil present in single stranded DNA or RNA. Such editing on viral
genomes generally results in C to T (or U) transition after replication of the genome. The A3s
preferably mutate cytosine in a 5’TC dinucleotide context with the notable exception of A3G
that favors a C before the mutated C [5].

The antiviral activity of the A3s has been first reported for the reverse transcribing viruses
HIV-1 (human immunodeficiency virus-1), HTLV-1 (human T-lymphotropic virus-1) and
HBV (Hepatitis B virus) [6-8]. Editing occurs during reverse transcription on the negative
strand leading to G to A mutations on the positive strand [9-14]. Subsequently, A3-introduced
mutations have been reported on various double-stranded DNA (EBV for Epstein-Barr virus,
HSV-1 for herpes simplex virus-1, a-HPVs for alpha human papillomaviruses, BK PyV for BK
polyomavirus), single-stranded DNA (TT virus) and single-stranded RNA (HCoV-NL63 for
human coronavirus NL63) viruses [15-19]. It is important to note that the antiviral action of
the A3 proteins is not based solely on their deaminase activity. Deaminase-independent
restriction has been demonstrated against endogenous retroelements, reverse transcribing
viruses, adeno-associated viruses and many RNA viruses (HCV for hepatitis C virus, RSV for
respiratory syncytial virus, HCoV-NL63, mumps virus and measles virus) [20-25].

The co-evolution between virus and host leads to the selection of viral proteins capable of
countering the restriction effect of A3s. HIV-1 encodes for the Vif protein which promotes
A3G degradation [26]. HTLV-1 evades A3G restriction by excluding A3G from virions [27].
BORE?2 protein from EBV inhibits A3B deaminase activity and re-locates it far from viral repli-
cation centers [28]. Besides these active viral mechanisms targeting A3 proteins, some viruses
have evolved passive strategies to limit A3 restriction. One such strategy is the depletion of
A3-favored motifs from the viral genome. By repetitive exposure to A3 activity, non-lethal
mutations can accumulate in the genomic sequence leading to the under-representation of the
motifs favored by A3s. This under-representation of A3-favored motifs is called A3 evolution-
ary footprint. Thus, the 5’TC dinucleotide motif is under-represented in the genome of o.-
HPVs and BK polyomavirus [17,29]. Similarly, 5TC and 5°CC (favored by A3G) motifs are
under-represented in the negative strand of LTR (long terminal repeat) and non-LTR
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endogenous retroelements [30]. Conflicting data have been reported regarding evidence of an
A3 footprint on the HIV-1 genome [31,32]. Recently, an under-representation of certain A3
motifs has been shown in the genome of the y-herpesviruses EBV and KSHV (Kaposi sarcoma
herpes virus) [33]. Finally, codon usage in coronaviruses suggests that cytosine deamination is
an important biochemical force which shapes the evolution of these viruses [34].

Different bioinformatics approaches have been used to search for evidence of an A3 evolu-
tionary footprint in viral genomes [17,29-33,35,36]. In this study, we adapted and extended
the Warren et al. approach [29] to carry out a general screening for the A3 footprint of the
genomes of all currently annotated human viruses. We first demonstrate the sensitivity and
specificity of our approach: i. an A3 footprint is detected in viruses which have already been
shown to be depleted for A3-targeted motifs; ii. no A3 footprint has been reported in viruses
from animals lacking A3 genes. We showed that as much as 22% of currently annotated
human viral species are shaped by the A3 selection pressure. We confirmed previous reports
showing that papillomaviruses and polyomaviruses are generally strongly footprinted by the
A3s. Among the most A3-footprinted viruses, we identified autonomous parvoviruses and in
particular the B19 erythroparvovirus as deeply cleansed for A3-favored motifs. Importantly,
we showed that the A3 footprint observed in coronaviruses is limited to the endemic viruses
and absent from the zoonotic MERS-CoV (middle east respiratory syndrome coronavirus),
SARS-CoV-1 (severe acute respiratory syndrome coronavirus) and SARS-CoV-2 viruses. We
also carried out a gene-specific A3 footprint search and identified local footprint on EBV and
adenoviruses consistent with genome targeting during the initiation of replication.

Results
Definition of the A3 footprint

The A3 footprint is defined as the under-representation of A3-targeted motifs. Different
approaches have been devised to estimate the over/under-representation of a given motif
[17,29-33,35,36].

Firstly, and because most of the A3 proteins (A3A, A3B, A3C, A3F and A3H) favors deami-
nation of cytosine to uracil in a 5°’TC dinucleotide context, we have chosen to look for the
under-representation of the 5’TC motif. Moreover, as originally developed by Warren et al.,
we refined our analysis by distinguishing the position of the 5"TC motif relative to the coding
sequence. Namely, we differentiate three K-mers containing the TC motif; one K-mer having
the C in the first position of the codon (NNTCNN), one K-mer having the C in the second
position of the codon (TCN) and one K-mer having the C in the third position of the codon
(NTC). A3-introduced deamination of cytosine in viral genome produces an uracil that can be
fixed in the form of thymidine after genome replication. This transition will have different
impacts depending on the position of the mutated C. The C to T mutation will be non-synony-
mous if the C is at the first or second position of the codon (Fig 1A, NNTCNN and TCN K-
mers). However, if the mutated C occupies the third position of the codon, the C to T mutation
will always be synonymous (Fig 1A, NTC K-mer). Therefore, A3-driven natural selection
should deplete more intensively NTC codons than TCN or NNTCNN motifs (as in those cases
the C to U mutation will impact the encoded amino acid). Obviously, A3 editing can also tar-
get the template strand where a C to T mutation will translate into G to A transition in the cod-
ing strand. Again, this transition will have different impacts depending on the position of the
mutated G. The G to A mutation will be non-synonymous if the G is at the first or second posi-
tion of the codon (Fig 1A, GAN and NGA K-mers). However, if the mutated G occupies the
third position of the codon the mutation will be most of the time synonymous (Fig 1A,
NNGANN K-mer). Because synonymous mutations are presumably more likely to be retained
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Fig 1. Definition and estimation method of the A3 footprint. A. A3-induced cytidine deamination followed by viral
replication leads to C to T mutations (in red). Most of the A3 enzymes favor deamination in a 5TC context. The TC
dinucleotide motif is depicted in three possible codon contexts on both coding and template strand. Depending on the position
of the mutated C, the C to T transition can be synonymous (S) or non-synonymous (NS). Proportion of S and NS mutations is
reported when the two types of mutation can be produced. Because synonymous mutations are more likely to be retained, the
A3 footprint can be defined as the depletion of the NTC and/or NNGANN codons. B. Depletion or enrichment of a given K-
mer (e.g. NTC) is calculated as the log2 ratio of the observed occurrence of that K-mer (n obs) divided by its expected
occurrence (n exp). For each human virus, its coding sequences (colored arrows) are concatenated to generate a synthetic
coding genome from which we obtain the n obs of a given K-mer. The synthetic coding genome is then shuffled a thousand
times and the n exp is calculated as the average count for that K-mer.

https://doi.org/10.1371/journal.ppat.1008718.g001

than non-synonymous, we define the A3 footprint (with the exception of A3G-induced foot-
print) as the depletion of NTC or NNGANN K-mers. Calculation of observed vs expected K-
mer ratio has been adapted from Warren et al. and detailed in the material and methods sec-
tion. Briefly, a synthetic coding genome was generated by concatenating the different coding
sequences allowing the counting of the occurrence of a given K-mer (Fig 1B, n obs (K-mer)).
Each synthetic coding genome has been randomly shuffled a thousand times. The expected
count is calculated as the average of the occurrences of this K-mer over the thousand iterations
(Fig 1B, n exp (K-mer)). A negative K-mer ratio indicates depletion of that K-mer. The
observed vs expected ratio of the NTC K-mer will be compared to those of the NNTCNN and
TCN K-mers. Similarly, the observed vs expected ratio of the NNGANN K-mer will be com-
pared to those of the GAN and NGA K-mers. Of note, for the sake of clarity and simplicity, we
have chosen to stick with a DNA genetic code throughout the manuscript. The reader will
read a T as a U in the context of RNA viruses.

Secondly, and because A3G favors deamination of cytidine when preceded by another cyti-
dine, we have chosen to look for the under-representation of the 5°CC motif. Following the
same rationale, A3G-footprinted viruses should display to a stronger depletion of NCC codons
compared to CCN or NNCCNN motifs (or a depletion of NNGGNN motifs versus the GNN
and NGG motifs) (S1A Fig). The NCC ratio will be compared to those of the NNCCNN and
CCN K-mers. Similarly, the NNGGNN ratio will be compared to those of the GGN and NGG
K-mers.

An A3 footprint is detected in viruses known to induce A3 expression

Given that the BK polyomavirus has recently been demonstrated to induce A3B expression
and that it was depleted in 5"TC motifs [17], we considered this virus as a positive control to
validate our approach. Fig 2A shows a strong depletion of the NTC motif. On the contrary, the
dinucleotide 5'TC in the context of the NNTCNN and TCN K-mers are neither over- nor
under-represented. The significant differences between the NTC ratio and the TCN (or
NNTCNN) ratios reveal that the frequency of the TC motif is dependent on its position within
a codon. It suggests that NTC depletion can be tolerated because of the degeneration of the
genetic code. Importantly, the absence of NNTCNN and TCN depletion infers that this virus
is still vulnerable to A3 restriction because deamination of those cytidines would lead to
changes in the amino acid sequence. Fig 2B highlights the fact that NTC depletion is genome-
wide and can be observed in each gene. Similarly, the 5’GA motif is significantly less abundant
in the NNGANN context than in the GAN or NGA codons. The 5’GA depletion is also
genome-wide (Fig 2B). We read these observations as the consequence of an A3 activity acting
on both coding and template strands.

Extending our analysis to other polyomaviruses shows that both JC polyomavirus and Mer-
kel cell polyomavirus bear an A3 footprint; footprint that is also genome-wide and present on
both strands (Fig 2C-2F). The magnitude of the A3 footprint appears lighter on the Merkel
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Fig 2. Evidence of an A3 footprint in human polyomaviruses. The observed/expected ratios of TC dinucleotide at various codon positions and on both strand (i.e.
NNTCNN, TCN, NTC, GAN, NGA and NNGANN) were calculated for BK polyomavirus (panels A-B), JC polyomavirus (panels C-D) and Merkel cell polyomavirus
(panel E-F). For the dot plots, each point stands for a unique full-length viral genome. Median and quartile are depicted by a boxplot. P-values were calculated by Student’s
unpaired, two-tailed t-test (NS for not significant, * p< 0.05, ** p< 0.01, *** p< 0.001). Panels B, D and F illustrate NTC and NNGANN ratios for the different viral coding
sequences. A colored scale with increasing shades of blue indicating depletion and increasing shades of red indicating enrichment. Replication origin is illustrated by a
black dot and gene transcriptional orientation is symbolized by black arrows.

https://doi.org/10.1371/journal.ppat.1008718.9002

cell polyomavirus. Analysis of a larger number of polyomavirus species shows a stronger NTC
depletion in beta-polyomaviridae by comparison to alpha-polyomaviridae (S2 Fig). The delta-
polyomaviridae are affected by an A3 footprint of variable intensity depending on the species
considered (S2 Fig).

The A3 footprint is limited to viruses infecting hosts endowed with A3
genes

We showed that our approach sensitively detects an NTC depletion in viruses known to pro-
mote A3 expression. We then wondered to what extent this depletion is widespread among
viruses. We therefore downloaded genomic sequences of 33,400 human, 1,397 non-human
primate, 9,160 avian, and 570 fish viruses and calculated NNTCNN, TCN and NTC ratios (Fig
3B). With NNTCNN, TCN and NTC median ratios close to zero, most of the sequences are
not A3-footprinted (Fig 3B, box plots). However, the distribution of the NTC ratios is bimodal
in human and non-human primate viruses with a subpopulation of sequences strongly
depleted for the NTC codon (Fig 3B, arrows and 4A red part of the distribution plot).
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Fig 3. A sub-population of Human and non-human primate viruses is depleted in NTC codon. Four datasets including Human viruses (n = 33,400), non-human

primate viruses (n = 1,397), avian viruses (n = 9,160) and fish viruses (n = 570) have been analyzed for their observed/expected K-mer ratios. A. The composition of each
data set regarding the breakdown into viral groups is illustrated by pie charts. B. The observed/expected ratios of TC dinucleotide at various codon positions for Human,
non-human primate, bird and fish viruses are illustrated by dot plots (one point represents one unique viral sequence). C. K-mers are grouped and colored according to

their capacity to encode a common amino-acid (in red for NTT/C, in yellow for NCC/G/T/A, in orange for NGT/C, in blue for NAC/T and in green for NAA/G).

https://doi.org/10.1371/journal.ppat.1008718.9003

Crucially, such footprinted subpopulation is not detected in avian or fish viruses (Fig 3B).

Hence, the absence of a detectable A3 footprint in avian and fish viral sequences is consistent
with the restriction of the A3 genes family to the mammalian class [37]. It is worth mentioning
that each Baltimore’s group is represented in the human, non-human primate, avian and fish

viral sequence data sets, albeit in different proportions (Fig 3A).

Due to the redundancy of the genetic code, different codons can encode for the same
amino acid. The third position of the codons is highly reiterated (redundant) and allows syn-
onymous substitutions. This is notably the case for the NTC and NTT codons where the C or
T at the third position are perfectly interchangeable (Fig 3C, colored in red). While we observe
a subpopulation of sequences depleted for NTC, such depletion is not observed for NTT.

Hence, the NTC depletion cannot simply be explained by the under-representation of an

amino acid. The pair NTC/NTT is not the only interchangeable pair. The NAA/NAG, NAC/
NAT, NGT/NGC duos and the NCC/NCT/NCG/NCA quartet are also interchangeable. The
distribution of NTC ratios remains the sole being bimodal with a subpopulation of strongly
depleted sequences. The general NCG depletion (monomodal distribution with a median sig-
nificantly less than zero) is the result of the well characterized CG dinucleotide under-repre-
sentation in viral genomes [38]. This depletion is shared in all viral datasets while the NTC
depletion is specific to a subpopulation of human and non-human primate viral sequences.
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By breaking down the human viruses into their respective Baltimore’s group (53 Fig), we
observed that NTC depletion is not present in reverse transcribing nor in negative sense single
strand RNA viruses. A mild general depletion is present in double strand RNA viruses. Impor-
tantly, a strong general depletion can be observed in double strand DNA viruses. Finally, in
single strand DNA and positive sense single strand RNA viruses, certain specific viral
sequences appear also significantly depleted. We also observed a mild general NCC depletion
in single strand DNA and double strand RNA viruses, justifying further investigation for a
possible A3G-induced footprint (S1 Fig). No NCC depletion is observed in double strand
DNA, single strand RNA nor in reverse transcribing viruses.

Screening for human viruses’ genomes marked by an A3 footprint

In order to identify A3-footprinted viruses, we detailed the NTC and NNGANN ratios for 870
human viral species (Fig 4A). We observed that the NTC and NNGANN distributions are
bimodal with a subpopulation of depleted sequences in each case. We consider a viral species as
footprinted by A3s when its NTC or NNGANN median ratio is inferior to the population
median by at least two times the standard deviation. Hence, about 17% of the viral species are
depleted for NTC (143 species over 870) and about 16% are depleted for NNGANN motifs (136
species over 870). In total, 175 species (22%) present an A3 footprint on either one or both
strands. This subgroup is essentially composed by double-stranded DNA viruses with numer-
ous alpha-, beta- and gamma- papillomaviridae (aPV, BPV and yPV) but also beta-polyomaviri-
dae (BKPyV, JCPyV, KIPyV, WUPyV and HPyV9) and the delta-polyomavirus MWPyV (Fig
4B). These viruses show a strong depletion for both the NTC and NNGANN motifs by compari-
son to NNTCNN/TCN and GAN/NGA (Fig 4B). Of note, NTC depletion generally goes with a
mild to a significative NTT enrichment (54 Fig). In the strongly NTC-depleted viruses HPV16,
HPV18 and HPV31, a TC depletion is also observed in the non-coding region of the genome
regardless of the analyzed motif (S5 Fig). To recapitulate, the A3 footprint on the papillomaviri-
dae and polyomaviridae is genome-wide and on both strands (Fig 2, Fig 4B and S6 Fig). Impor-
tantly, we also identified the single-stranded DNA virus erythroparvovirus B19 and the single-
stranded RNA virus HKU1 beta-coronavirus as strongly footprinted by A3s (Fig 4B,
highlighted). We will further detail the A3 footprint of these viruses in the following sections.

In order to specifically look for A3G-footprinted viruses, we calculated the NCC and
NNGGNN ratios for 870 human viral species (S1B Fig). We observed that the NCC and
NNGGNN ratios are mostly narrowly distributed around the zero value. Viruses depleted for
NCC are generally single stranded DNA viruses (S1B Fig). However, in many of them we
observed a concomitant depletion of the NNCCNN motif casting doubts on the causal link
between the observed NCC depletion and A3G editing (S1C Fig).

B19 erythroparvovirus genome bears a strong A3 footprint

One of the most A3-footprinted virus is the B19 erythroparvovirus. Among the parvoviridae
family, the TC ratio analysis showed a strong NTC depletion for erythroparvovirus B19 and to
a lesser extent for parvovirus 4 and bocavirus 4 (Fig 5A). We also observed a significant deple-
tion of the NNGANN K-mer for each autonomous parvovirus (erythroparvovirus, parvovirus
4 and bocaparvovirus 1, 2, 3 and 4) (Fig 5A). Thus, autonomous parvoviruses appear to be
footprinted either on both strands as for the erythroparvovirus, the parvovirus 4 and bocapar-
vovirus 4 or only on the template strand for the bocaparvovirus 1, 2 and 3. It is interesting to
note that the AAV-1 (adeno-associated dependoparvovirus 1) shows a totally different pattern
with even a slight enrichment in NTC codons. This dependoparvovirus is not footprinted by
the A3s.
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Fig 4. Search for the A3-footprinted human viruses. A. The NTC and NNGANN observed/expected ratios for 33,400 human viruses’
genomes (from 870 unique species) were calculated, grouped by species and colored according to the Baltimore classification. Each point
represents a unique viral genome. Abundance distribution is depicted by a histogram on the right-hand side of the panel. Viral species
with an NTC or NNGANN ratio below two times the standard deviation (dotted grey line) from the population median (red line) are the
putative A3-footprinted viruses. B. The observed/expected ratios of TC dinucleotide at various codon positions and on both strands (i.e.
NNTCNN, TCN, NTC, GAN, NGA and NNGANN) were calculated for the putative A3-footprinted viral species and depicted by a
heatmap. A colored scale with increasing shades of blue indicating depletion and increasing shades of red indicating enrichment. P-values
were calculated by Student’s unpaired, two-tailed t-test (NS for not significant, * p< 0.05, ** p< 0.01, *** p< 0.001). (PV stands for
papillomavirus, PyV for polyomavirus).

https://doi.org/10.1371/journal.ppat.1008718.9004
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Fig 5. Intensive A3 footprint on both strands of the B19 Erythroparvovirus genome. A. The observed/expected ratios of TC dinucleotide at various codon positions for
the B19 Erythroparvovirus were compared to those of the other human members of the parvoviridae family and depicted by a heatmap. A colored scale with increasing
shades of blue indicating depletion and increasing shades of red indicating enrichment. P-values were calculated by Student’s unpaired, two-tailed t-test (NS for not
significant, * p< 0.05, “* p< 0.01, *** p< 0.001). B. Coding sequences (NS1, 7.5k, VP1, X, VP2 and 11k) from 18 full-length B19 erythroparvirus were depicted by grey
lines overlaid by red marks to symbolize NTC and green marks to position NTT codons. Zoom-in detailed a 60 bp-long sequence from the NS1 and 7.5k genes (from
nucleotide 1723 to 1783). A second zoom-in detailed a 15 bp-long sequence from the VP1-VP2 genes (from nucleotide 3973 to 3987).

https:/doi.org/10.1371/journal.ppat.1008718.9005
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gene. The mutation of those TCs would introduce non-synonymous mutation in the 7.5k pro-
tein. This probably explains the conservation of those TC motifs.

Moreover, among the 18 sequences illustrated in Fig 5B, some locations harbor a mix of NTC
and NTT codons, suggesting that C to T transition is still an active process (zoom for VP1-VP2
sequence). An A3 footprint can also be observed in the template strand as shown by the
NNGANN depletion (Fig 5A and S7 Fig). These observations show that the B19 erythroparvovirus
is submitted to an ongoing and strong A3 selection pressure acting on both strands of the virus.

Human endemic coronaviruses but not zoonotic coronaviruses carry an A3
footprint

By comparing the NTC ratio to the NNTCNN and TCN ratios, we observed a common NTC
depletion in the NL63, 229E, HKU1 and OC43 coronaviruses; the HKU1-CoV being the most
strongly deleted in NTC codons (Fig 6). In coronaviruses, all viral genes are encoded by the posi-
tive strand. In other words, the coding strand of each gene is on the positive strand. Therefore, the
depletion of NTC codons is indicative of an A3 activity on the positive strand. These observations
corroborate the in vitro detection of a soft rate of A3C, A3F and A3H editing on the NL63 genome
and the NNU/NNC codon bias previously reported for the HKU1 coronavirus [19,34].

Next, we investigated the presence of an A3 footprint on the template strand (correspond-
ing to the negative strand in coronaviruses) by comparing the 5’GA ratios in different codon
contexts. However, we did not observe a progressive depletion of the GA motif (i.e. NNGANN
ratio < NGA ratio < GAN ratio) which would be expected in the presence of a GA to AA
mutational pressure. For that reason, we cannot rule on the presence of an A3 footprint on the
negative strand (Fig 6).

Finally, unlike endemic viruses, the zoonotic viruses MERS-CoV, SARS-CoV-1 and SARS-
CoV-2 and their animal ancestors camel-MERS, bat-MERS and bat-SARS are not depleted for
NTC codons (Fig 6).

Looking for an A3 footprint at the gene level

Since a non-random distribution for A3 mutations has been reported for some viruses, we
then looked for spatially circumscribed A3 footprint; i.e. A3 footprint limited to certain viral
genes To limit our screening on genes which are depleted compared to the whole genome, we
subtracted to the genic K-mer ratio, the corresponding genomic K-mer ratio to define the dif-
ferential ratio for NTC and NNGANN K-mers (Fig 7A). In other words, we looked for viruses
harboring local A3 footprint amongst an otherwise non-footprinted genome. Thus, differences
between genic and genomic K-mer ratios were calculated for 252,766 viral genes. Fig 7B shows
the viral genes having an NTC (or NNGANN) differential ratio inferior to the median by at
least two times the standard deviation. Thus, we identified many genes being footprinted by
A3 among otherwise unaffected viral genomes. Most of these genes belongs to two families of
double-stranded DNA viruses; i.e. herpesviridae (HHV-1, 2, 3, 4, 5 and 8) and adenoviridae
(AdV A, B, C, D, E and F). We also observed A3-footprinted genes in the reverse transcribing
HBV, HIV-1 and HTLV-1. In order to better shed light on the possible mechanisms responsi-
ble for such editing, we position the identified genes along the corresponding viral genomes
and detailed these analyses in the following sections.

An equivalent analysis was performed to report a local A3G footprint amongst an otherwise
non-footprinted genome. NCC and NNGGNN-depleted genes are listed in S1D Fig. Similarly
to what has been observed at the genome level, many of the NCC-depleted genes are also
depleted for the NNCCNN motif making difficult to ascribe the observed NCC depletion to
the sole A3G editing activity.
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Fig 6. A3 footprint on endemic but not on zoonotic coronaviruses. The observed/expected ratios of TC dinucleotide
at various codon positions were calculated for endemic human coronaviruses (229E, NL63, OC43 and HKU1) and
compared to those of zoonotic coronaviruses (MERS-CoV, SARS-CoV-1 and SARS-CoV-2) and their ancestors
(camel-MERS and bat-SARS). A colored scale with increasing shades of blue indicating depletion and increasing
shades of red indicating enrichment. P-values were calculated by Student’s unpaired, two-tailed t-test (NS for not
significant, * p< 0.05, ** p< 0.01, *** p< 0.001).

https://doi.org/10.1371/journal.ppat.1008718.9g006

Identification of an A3 footprint at the replication origins of adenoviruses
and EBV

Adenoviruses A and B present a strong NTC depletion for the E1A and E4 genes (Fig 8A);
genes localized at both ends of the linear genome (S8 Fig). The same trend can be observed in
Adenovirus C, D and E, although to a lesser extent (S9 Fig). Importantly, these E1A and E4
genes are being strongly depleted for NTC but not for the NNGANN motif (Fig 8B). In other

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008718  August 14, 2020 12/30


https://doi.org/10.1371/journal.ppat.1008718.g006
https://doi.org/10.1371/journal.ppat.1008718

PLOS PATHOGENS APOBECS3 footprint on human viruses

A Viral genome . . Genic , . Genomic
L] Family Specie GenicTCN  GenicNTC
NNTCNN
Adenovirus A E4 0,33 -1,20 -0,99
Adsnovirusi E1A 0,16 -0,61 0,07
E4 0,11 -0,38 0,06
Adenovirus C 1X -0,88 0,47 0,22
Adenovirus D E1A 0,24 -0,10 0,59
Adenoviridae Mastadenovirus 3 E1A -0,64 -1,09 0,26
= B Adenovirus E
Concatemer of the viral coding sequences 1X -0,29 0,57 0,24
E1A 0,40 0,24 -041
Adenovirus F . D27 ) 0,41
E4 0,36 0,74 0,34
1X 0,08 0,32 -0,41
Genomic o Alphaherpesvirus 1 uL1 -0,39 -0,99 0,49
p u .
* . Alphaherpesvirus 2 uL14 0,65 -0,46 0,67
Kmer ratio Varicellovirus Alphaherpesvirus 3 ORF12 0,22 0,06 -0,87
uLso 0,36 0,48 -1,30 0,40
Gene sequence RL12 0,00 043 0,91 0,40
RL13 0,05 0,09 -0,98 0,40
TRS1 0,14 0,63 -0,94 0,40
N =l
Genic Cytomegalovirus Betaherpesvirus 5 EE) _6’74 0:42 :1:3 0:40
> Kmer ratio UL146 0,85 -1,10 1,54 0,40
UL22A 0,37 0,19 bkl 0,40
Differential mmm Genic Genomic B U6 £ =078 EL0S 0:40)
N | — e Herpesviridae uL73 -0,90 0,40 -1,23 0,40
ratio ™ Kmer ratio Kmer ratio Us32 0,29 0,16 097 0,40
A73 -0,30 0,55 -1,63 0,37
BHLF1 -1,74 =1,15 -1,74 0,34
BHRFL 022 032 [ o3
BKRF4 0,18 112 -1,04 0,34
" . - BLLF2 0,77 -0,62 -1,35 0,34
Lymphocryptovirus us 4
BLRF2 0,15 0,63 -1,18 0,34
. BSLF2 0,51 alpst -1,16 0,43
K-mer ratio BZLF1 -0,02 -0,11 -0,95 0,38
LF3 0,61 0,34
ID ) e e =
Rhadinovirus _ ORF4 -0,06 0,21 -1,35 0,15
oV .25 0 2.5 " ORF73 0,30 0,65 -1,14 0,15
cE s Deltaretrovirus HTLV1 HBZ -0,03 -0,37 0,18
RT Retroviridae =
Lentivirus HIV-1 VIF 0,24 -0,32 -1,40 -0,06
ssDNA Parvoviridae Dependoparvovirus Adeno-associated virus AAP -0,14 0,77 -0,91 0,37
SSRNA- Filoviridae Ebolavirus Bundibugyo ebolavirus VP30 0,39 0,39 -1,17 0,13
Pneumoviridae Orthopneumovirus RSV NS1 -0,02 0,19 -1,63 -0,10
G G Famil Speci G Gemie  GonicNGA GenicGAN  Ceromic
roup enus amily pecie ene NNGANN  enic enic NNGANN
Adenovirus C L5 -1,73 -0,70 0,41 -0,27
- Adenovirus D LS -1,19 -0,12 0,55 0,04
Adenoviridae
Adenovirus E LS -1,72 -0,49 0,47 -0,04
Adenovirus F L5 -1,81 -0,15 0,36 -0,51
Alphaherpesvirus 1 Uss -0,82 -0,25 0,04
dsDNA " " UL11 =1,23 1,63 0,16
Simplexvirus 2
Alphaherpesvirus 2 Us11 -1,10 0,65 0,87 0,16
Herpesviridae Us9 -0,99 0,99 0,16
. - BBLF1 E1573) -0,74 1,35 -0,05
Lymphocryptovirus pesvirus 4
BNLF2A -1,35 0,18 1,22 0,05
Rhadinovirus Gammaherpesvirus 8 ORF73 -!1,35 -1,50 1,59 -0,09
C -1,74 0,75 0,81 -0,20
BT N— P — HBV. E 1,79 0,68 0,73 -0,23
HBeAg -1,82 0,68 0,72 -0,30
preC -181 0,67 0,70 -0,5

Fig 7. Search for an A3 footprint at the gene level. A. Alongside the observed/expected K-mer ratios calculated from the synthetic coding genomes (named genomic K-
mer ratios), K-mer ratios were also computed for each viral coding sequence individually (named genic K-mer ratios). Differential ratio is defined as the subtraction of
genic K-mer ratio to the corresponding genomic K-mer ratio. B. List of the putative A3-footprinted viral genes and belonging to an otherwise non-depleted viral genome
(having at least five reported sequences).

https://doi.org/10.1371/journal.ppat.1008718.9007

words, these two genes are A3-footprinted on their coding strand only. Due to the relative
position of those genes and the strand-displacement strategy used for genome replication, we
propose a model where A3 editing would occur specifically during the initiation of genome
replication on the displaced strands (Fig 8C). Indeed, at the beginning of DNA replication, the
displaced strand corresponds to the coding strand of E1A at one end of the linear genome and
to the coding strand of E4 at the other extremity. One might also notice an NNGANN deple-
tion for most of the L5 genes (Fig 8B and S9 Fig). Considering the position and orientation of
that gene, such footprint might also reflect an A3 activity on the displaced strand (Fig 8C).
Among the 172 EBV genes, only 12 are significantly depleted for NTC (Fig 7B). Interest-
ingly, the five most depleted are localized around the lytic origins of replication. BHLF1 and
BHRF1 are localized on both sides of the first lytic origin of replication and LF3, RPMS1 and
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A73 are on both sides of the second lytic origin of replication (Fig 9B). Similar to the adenovi-
ruses, this local A3 footprint is very much strand-specific and present on the lagging strands of
the replication forks surrounding the lytic origins (Fig 9B). Thus, the EBV specific footprint is
pointing toward A3 editing during the beginning of replication at the lytic origins. We sum-
marize these observations by a scheme in Fig 9C.
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The footprint on the HTLV-1, HBV, HIV-1 and HIV-2 genomes fits with
editing during reverse transcription

We observed that the HBZ gene of the HTLV-1 virus is depleted for NTC codons (Fig 7B).
Because HBZ is an antisense transcript, its coding strand corresponds to the genomic negative
strand. Hence, the NTC depletion of the HBZ gene is indicative of an A3 editing activity on
the negative strand (Fig 10A and 10B). We then wondered whether such A3 footprint was
restricted to the HBZ coding region or rather extend further. We observed that the coding
sequences of the sense transcripts Gag, Pro, Pol and Tax are depleted for the NNGANN motif
(Fig 10A and 10B). These observations suggest that A3s left an evolutionary footprint on the
HTLV-1 virus through editing during reverse transcription.

Depletion for the NNGANN motif has been observed for the C, preC/HBeAg coding
sequences of HBV (Fig 7B). These observations support the involvement of an A3 editing
activity on the DNA negative strand during the reverse transcription process. However, it is
interesting to report that nor the Pol neither the S and X coding sequences are being foot-
printed (Fig 10C and 10D)
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Conflicting data were reported concerning the presence of an A3 evolutionary footprint on
the HIV-1 genome [31,32]. Fig 11 reports ratios of the TC and GA-containing K-mers for the
HIV-1, HIV-2 and SIV genomes. The HIV-1 genomes were spread out into their respecting
groups (M, N, O) and subtypes (group M subtypes A, B, C, D and E). No NTC depletion was
observed on the HIV-1, HIV-2 and SIV genomes (Fig 11). We concluded that A3s did not
leave a footprint on the plus strand. Importantly, a mild but consistent NNGANN depletion
was observed in HIV-1, HIV-2 and SIV genomes, depletion compatible with A3-editing dur-
ing reverse transcription.
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Fig 10. A3 footprint on the negative strand of HTLV-1 and HBV. A. NTC and NNGANN observed/expected ratios were calculated for the different genes of HTLV-1.
B. Each gene specific NTC and NNGANN ratio median values were reported on HTLV-1 genome map by a colored scale. C. NTC and NNGANN observed/expected
ratios were calculated for the different genes of HBV. D. Each gene specific NTC and NNGANN ratio median values were reported on HBV genome map by a colored

scale.

https://doi.org/10.1371/journal.ppat.1008718.9010
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Fig 11. A3 footprint on the negative strand of HIV-1, HIV-2 and SIV. The observed/expected ratios of TC dinucleotide at various codon positions and on both strand
(i.e. NNTCNN, TCN, NTC, GAN, NGA and NNGANN) were calculated for the genomes of HIV-1 (distributed into their respective groups and subtypes, panels A to G),
HIV-2 (panel H) and SIV (panel I). Each point stands for a unique full-length viral genome. Median and quartile are depicted by a boxplot. P-values were calculated by
Student’s unpaired, two-tailed t-test (NS for not significant, * p< 0.05, ** p< 0.01, *** p< 0.001).

https://doi.org/10.1371/journal.ppat.1008718.g011

Search for AID or APOBECI1-footprinted viruses

The APOBEC family of genes also counts the AID (or AICDA), APOBEC1, APOBEC2 and
APOBECH4 genes. AID is critical for somatic hypermutation and class switch recombination by
editing the immunoglobulin loci in B cells [39]. APOBECI1 plays an important role in lipid
metabolism by editing the apolipoprotein B pre-mRNA [40,41]. Importantly, APOBECI and
AID appear also to participate to the restriction of viruses and retroelements [1,42]. Evidence
for AID and APOBECI evolutionary footprints were investigated by looking for the depletion
of their favored motifs, respectively WRC for AID [43] and WCW for APOBEC1 [44].

The distributions of the WRC and NNGYWN ratios do not point towards viruses signifi-
cantly footprinted by AID at the whole genome level (S10B Fig). Nevertheless, putatively AID-
footprinted genes were identified in several double strand DNA viruses, notably the B-cell-
infecting virus EBV (S10C Fig).

The distributions of the NWCWNN and NWGWNN ratios show evidence of genome-wide
footprinted viruses (S11B Fig). However, it is not possible to disentangle the APOBECI foot-
print from the APOBECS3 footprint as the 6-mers NWCWNN contains the 3-mers NTC. The
putatively APOBECI-footprinted viruses are those that also bear the putative APOBECS3 foot-
print (Fig 4B and S11C Fig).

Of note, APOBEC2 and APOBEC4-favored motifs have not been described so far.

Discussion

In this study, we investigated the distribution of the A3 footprint along a large set of 33,400
human virus complete genomes. We first observed that no less than 22% of all referenced
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human viral species have a genome-wide A3 footprint. Among these, we mainly identified
viruses from the papillomaviridae, polyomaviridae, coronaviridae and autonomous parvoviri-
dae families. In addition to this category of viruses targeted over their entire sequence, we have
identified viruses which have an A3 footprint spatially limited to a short section of their
genome. This is notably the case for certain herpesviridae and adenoviridae where the A3 foot-
print is localized on genomic sequences used to initiate replication of viral DNA.

Our study is in line with previous publications reporting the presence of an A3 footprint on
papillomaviridae [29] and on the BK polyomavirus [17]. Above all and because we analyzed all
currently annotated human viruses with the same approach, we can compare the magnitude of
the A3 selection pressure between different viral families. Thus, we show that the papillomavir-
idae and the polyomaviridae families are those whose footprint is most intensive (Fig 4A).
Those viruses have evolved to thrive under an ongoing and strong A3 selection pressure. The
strong NTC depletion reduces exposure of the viral genome to the introduction of uracil and
consequently to the base excision repair-mediated DNA degradation. Importantly, not only do
these viruses tolerate such pressure, but they even actively promote the expression of certain
A3 proteins. Indeed, high risk a-HPVs have been shown to trigger and stabilize A3A and A3B
via their oncoproteins E6 and E7 [16,45-47]. Likewise, it has recently been shown that BK and
JC B-PyV upregulate A3B through their large T antigen [17,48]. In both the o-HPVs and B-
PyVs, the induced A3 proteins are enzymatically active and therefore capable of deamination
[17,49]. The selective advantage which would provide a sustained expression of A3A and/or
A3B proteins is still debated. On the one hand, A3A has been shown to restrict HPV in vitro
[45]. Those viruses are still susceptible to A3 restriction. Indeed, deamination of the remaining
TC motifs are most of the time non-synonymous. On the other hand, the deaminase activity
could positively impact viral fitness by participating to the genetic diversification of the virus
or even by protecting the host cell against the reactivation of retroelements [50,51]. We specu-
late that the error rate of the host DNA polymerase could be too low for viruses with such
small DNA genome, hence requiring the A3 editing activity to drive their evolution. Within
the polyomaviridae family, the magnitude of the A3 footprint differs significantly between spe-
cies; species of the betapolyomavirus genus appearing to be the most strongly footprinted (52
Fig). Such differences could find their origin in the capacity of the large T Ag at inducing the
A3 proteins. To draw a parallel with the alpha-papillomaviridae, E6 from high-risk o-HPV's
were found to be more potent at inducing A3B than those of low-risk strains [49]. Besides, the
cell type hosting the virus can also influence the level of A3 expression. The difference in tissue
tropism between the alpha- and beta-papillomaviridae has been proposed to explain the stron-
ger footprint on the former [29]. The full spectrum of tissue and cell tropism has not been
clearly established for the polyomaviridae, making this type of correlative analysis tricky. Our
analysis also shows that the A3 footprint is present on both strands of the papillomaviridae and
polyomaviriridae genomes. This is compatible with an editing activity during viral DNA
replication.

Among the parvoviridae family, the erythroparvovirus B19 exhibits an intensive footprint
on both strands of its genome, the bocaparvoviruses being mainly footprinted on the negative
strand and the dependoparvovirus adeno-associated virus-1 showing no evidence of A3 selec-
tion pressure. These dissimilarities might be explained by differences at the replicative and
packaging levels. Thus, the parvoviridae family consists of viruses that package a single copy of
their short linear single-stranded DNA genome into preformed capsids. The packaging takes
place in the nucleus of the infected cell. While most can encapsidate DNA strands of either
polarity with equal efficiency, some family members, predominantly package negative strand
genome. In the case of the erythroparvovirus, there is an equivalent amount of positive and
negative genome that is produced during replication and subsequently encapsidated (reviewed
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in [52]). For bocaparvoviridae, the replication produces 90% of negative ssDNA [53]. Such dif-
ference could explain the location of the A3 footprint in the negative strand of the bocaparvo-
viridae. Thus, we propose that A3 editing activity takes place inside the nascent virions of the
autonomous parvoviridae.

Our screening also reported the coronaviridae as A3-footprinted. The canonical substrate
for the A3 proteins is single stranded DNA and until recently, the viruses identified as being
restricted by the A3 deaminase activity were either DNA viruses or viruses having a DNA
intermediate (i.e. reverse transcribing viruses). However, recent reports demonstrated that
A3A and A3G can deaminate ribocytidine within a single stranded RNA molecule [54-56]. In
vivo, A3 mutational signature has been reported in the positive single strand RNA Rubella
virus [57]. Importantly, Milewska and colleagues demonstrated that cytoplasmic A3s can
restrict the NL63 coronavirus in vitro [19]. The A3-mediated restriction of the HCoV-NL63
appears to be both deaminase-dependent and independent. A3 restriction did not cause hyper-
mutation on the viral genome, but C to T and G to A point mutations were observed in
HCoV-NL63 viruses passaged in A3-expressing cells but not in wild-type cells. It is a matter of
debate whether the hypermutated genomes could not be retrieved because of the high fitness
cost of such mutations or because the A3 are less processive on coronaviral RNA. Additionally,
A3 proteins have been shown to interact with the nucleoproteins of the HCoV-229E,
HCoV-NL63 and SARS-CoV-1 viruses [19,58]. Finally, a recent report demonstrates the pres-
ence of APOBEC and ADAR editing on the SARS-CoV-2 transcriptome [59]. Thus, knowing
that A3s can bind the nucleoprotein and that A3 footprint is present on the positive strand of
the viral genome, we suggest that A3 editing occurs on the packaged genome. Two beta-coro-
naviridae are endemic to humans (HCoV-OC43 and HCoV-HKU1), they are widespread,
have been circulating in human for at least several decades and may cause 10 to 15% of com-
mon colds (review in [60]). Both have an A3 footprint on the positive strand. In comparison,
no evidence of footprint was observed on the zoonotic beta-coronaviridae SARS-CoV-1,
MERS-CoV or SARS-CoV-2. The absence of an evolutionary footprint on SARS-CoV-1 and
MERS-CoV could find its explanation in the relative low number of infected individuals and
the short duration of viral circulation. According to the World Health Organization, SARS-
CoV-1 infected about 8.000 people over a period of few months and have been declared eradi-
cated in May 2004. The MERS-CoV infected so far less than 3.000 people by causing episodic
outbreaks in the Middle East. The figures for the SARS-CoV-2 are radically different with
more than 5 million confirmed cases as of May 2020. In that respect, it will be interesting to
track the evolution of the pandemic SARS-CoV-2 regarding a possible introduction of an A3
footprint through its interhuman transmissions. It is worth reiterating that no footprint was
detected on the SARS bat isolates, although the bat A3 locus is the largest and most diverse
known repertoire of A3 genes in mammals [61]. Perhaps SARS-like viruses possess a yet
unknown and unique A3 inhibiting mechanism. Interestingly, the SARS-CoV-2 genome con-
tains a novel ORF, called ORF10. ORF10 encodes a protein that has been demonstrated to
interact with the CUL2 complex [62]. This interaction is reminiscent of the interaction
between the Vif of BIV (bovine immunodeficiency virus) and CUL2 [63]. One could speculate
that ORF10 could play a Vif-like role in bat and also in Human. Also, a shorter version of
SARS-CoV-2 ORF10 is present in all SARS-like viruses [64]. This could explain why the
SARS-like viruses are not A3-footprinted.

In addition to this category of viruses that are footprinted on their entire sequence, we iden-
tified viruses that show an A3 footprint only on a very limited section of their genome. This is
notably the case for the gamma-herpesviridae EBV and adenoviridae. The A3 footprint on EBV
is spatially limited to the lagging strands around the lytic replication origins. Interestingly,
both EBV and KSHV were recently demonstrated to encode viral proteins capable of
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inhibiting A3B activity [28,65]. Those viral proteins (EBV BORF2 and KSHV ORF61) are both
the large subunit of the ribonucleotide reductase, expressed during lytic replication and pro-
viding the precursors necessary for viral DNA synthesis. We speculate that their expression
could avoid the extension of the A3-editing further along the viral genome. Of course, these
viral proteins inhibiting A3B may not be the sole actors protecting the viral genome. The coat-
ing of the viral DNA by the major DNA binding protein (DBP), the compartmentalization of
the viral DNA replication [66] and the switch from theta to the rolling circle replication might
also limit access to the viral single-stranded DNA. The fact that no footprint was detected
around the latency origin of replication, ori-P, points toward an A3-editing acting during lytic
replication. The strategy deployed by EBV and KSHYV to cope with A3 restriction is somehow
opposite to the one used by the papilloma and polyomaviruses. Indeed, EBV and KSHV
actively protect their genome from the A3s as opposed to the papilloma and polyomaviruses
which simply cope with a high mutational rate. We speculate here that the large size of the her-
pesvirus genome would not tolerate an unrestrained A3 activity. Finally, we identified several
AID-footprinted genes in the EBV genome which supports recent observations made by Mar-
tinez et al. [33]. Those genes are not spatially clustered and further investigation would be nec-
essary to link the detected footprint to AID activity.

Similarly, we identified an A3 footprint on adenoviridae localized at the ends of their linear
genome where the origins of replication are located. The presence of an A3 footprint on the
lagging strand of the origins of replication and its absence on the leading strand is striking. It
parallels the footprint on the lytic origins of replication in EBV and it is also reminiscent of the
A3 activity in cancer genomes. Thus, A3-related mutations in cancer genomes are strongly
enriched on the lagging strand and early-replicating euchromatic regions [67-70]. The leading
strand, being protected by the nascent complementary DNA, is less or even not accessible for
deamination. Another circumstance where the viral DNA is transiently single-stranded is dur-
ing transcription. Indeed, the coding strand within the transcriptional bubble is temporally
single stranded. In cancer genomes, the observed distribution of APOBEC3-signature muta-
tions is transcription independent [70]. Again, it is very similar to our observations on viral
genomes where no evidence points toward A3-editing during viral transcription. Overall, the
similarities between adenoviridae and herpesviridae regarding their relationship to A3s appear
substantial. Both are large double-stranded DNA viruses replicating their genome in the
nucleus and capable of lytic and latent/persistent phases. It would not be surprising to find
that adenoviridae are also able to inhibit A3 activity. Along with these speculations, we found
important to underline that the dependoparvovirus AAV-1 is the only member of the parvo-
viridae family which does not have an A3 footprint. It would be interesting to test whether it is
an intrinsic characteristic of the satellite virus or whether it is mediated by the helper virus
(usually an adenovirus or a herpes virus).

The detection of an A3 footprint on the negative strand of the C (Core) and preC/HBeAg
coding sequences of HBV is compatible with A3-editing on the DNA negative strand during
reverse transcription. A3-related mutations have been detected on the negative strand of the C
and preC region and it has been proposed that these mutations could be beneficial for the
virus [71]. Indeed, during the natural course of HBV infection, the HBeAg expression is being
lost after production of antibodies against it. HBeAg is an accessory non-particulate protein
encoded by the preC mRNA and displaying immunomodulatory properties. HBeAg is
described as a tolerogen that allows the virus to establish infection. Seroconversion against the
HBeAg leads to the selection of HBeAg-negative mutants. The ability to develop mutations,
altering HBeAg expression, can influence the length of the HBeAg-positive phase, which is
important for determining the clinical course (reviewed in [72]). Our observation of an A3
footprint in the preC and C region further supports the idea that A3 can positively participate
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to the immune escape. That would not be the first example of the hijacking an antiviral weapon
for the benefit to the pathogen. Hepatitis D virus is a circular complementary single-stranded
RNA virus that requires editing of its genome by a cellular adenosine deaminase (ADAR-1) to
complete its life cycle (reviewed in [73]). Likewise, it is striking to note that only the C and
preC/HBeAg coding regions are being footprinted and not the others coding sequences down-
stream. In fact, the mutational load introduced by the A3s is much stronger on the 5" end of
the negative strand (corresponding to the Pol, S and X regions) because the newly synthesized
double strand DNA eventually displaces the single strand DNA from the capsid walls, making
it accessible to deaminase activity [74]. Thus, the 5 end of the negative strand is found to be
frequently hypermutated; the term hypermutation referring to as mutations clustered on a
short sequence. It is essential to underline that our observations reflect the A3-induced muta-
tions which were conserved and not those which put an end to the viral cycle. Consequently,
the phenomenon of hypermutation will not leave an evolutionary footprint. In this respect, the
HBV mutation spectrum from in vivo cirrhotic samples shows that even though the majority
of HBV genomes are strongly mutated by A3s and these virions are probably defective, a small
fraction is slightly modified and may therefore still be infectious [71]. Finally, the Pol, S and X
genes overlap on different reading frames, which implies that these coding regions are less per-
missive to mutations (a silent mutation in one frame may not be in the other frame).

We paid particular attention to HIV in our analysis as the APOBEC3 antiviral activity has
been historically discovered in that field of research [6]. We observed a weak A3 evolutionary
footprint on the minus strand of the HIV genomes in support of the observations made by
Jern et al. [31]. The weakness of the footprint can be explained at least in part by the efficiency
of the A3-inhibiting protein Vif. Also, the error-prone RT could be responsible for the rever-
sion of some A3-induced mutations providing that the virus can still complete its life cycle.
Finally, A3s are well known to also restrict HIV through a deaminase independent activity,
therefore without leaving any footprint.

The intensity of the A3 footprint is very strong in many papillomaviridae and polyomaviri-
dae. Several viruses of these families are well-known tumor viruses (HPV-16, HPV-18, Merkel
cell polyomavirus, etc.) and a mechanistic link between A3 expression and the development of
cancer has been established in HPV positive cervical and oesopharyngeal cancers [75,76]. S12
Fig shows oncogenic viruses (confirmed or suspected) and their respective A3 footprint. It
illustrates that an A3 footprint is not present in every tumor virus. HCV shows no A3-foot-
print, is still definitely a tumor virus. Nevertheless, we wonder whether the presence of a strong
footprint may suggest involvement in cancer. The BK and JC polyomaviruses have a footprint
as intensive as HR-HPVs (S12 Fig). BK PyV infects the kidneys and the urinary tract and is
suspected of playing a role in certain bladder cancer where viral expression and integration
have been reported [77,78]. BK PyV triggers A3 expression in vitro and the A3-related muta-
tions found in bladder tumors account for two-thirds of the total mutational load [17,79]. Sim-
ilarly, along with the alpha, the beta-papillomaviridae show a similar A3 footprint (Fig 4B).
Some members of the beta-papillomavirus genus are suspected to play a role in non-melanoma
skin cancer (cutaneous squamous-cell carcinoma) [80,81]. Even so they do not seem to insert
into the cell genome, they might promote carcinogenesis initiation. Some p-HPVs were dem-
onstrated to potentiate the deleterious effect of UV radiations and to drive skin carcinogenesis
in mice with a hit-and-run mechanism [82]. Finally, the erythroparvovirus B19 is one of the
most footprinted virus. While its replication occurs primarily in erythroid tissues, the erythro-
parvovirus B19 commonly persists in a wide range of tissues [83]. A link between the erythro-
parvovirus B19 and thyroid cancer has been proposed but evidence is scarce to date (72-74).
Of note, the A3-related mutations in thyroid tumors make about 40% of the total mutational
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load [79]. We think that further research should be carried out to rule in or out the involve-
ment of these later viruses in cancer.

In conclusion, the present study represents the first global screening for the A3 selection
pressure on all currently annotated human viruses. We demonstrate that many papillomaviri-
dae, polyomaviridae, autonomous parvoviridae and coronaviridae can thrive despite being
under the selective pressure of the A3 proteins. Those viruses cope with A3 editing activity
thanks to a deep cleansing of A3-favored motifs in their genome. Herpesviridae and adenoviri-
dae display a subtler A3 footprint limited to the lytic origins of replication, probably thanks to
active mechanisms of A3 inhibition. A3 deamination appears to occur during replication of
viral DNA (sometimes limited to the lagging strand) for the double-stranded DNA viruses
and/or inside the capsid for the single-stranded DNA and RNA viruses. The causal link estab-
lished between HPV infection and the A3 mutational signature in human cancer also lead us
to propose to consider the beta-papillomaviridae and the erythroparvovirus B19 as potentially
promoting A3 expression and therefore exposing the cell genome to a mutagenic activity.

Material and methods
Fasta sequences

We downloaded complete viral genomes from the “NCBI Virus” database (https://www.ncbi.
nlm.nih.gov/labs/virus/vssi/#/) as released in April 2020. We retrieved only full-length
genomes by selecting “Complete” for the criterion “Nucleotide Completeness”. We retrieved
Human viruses by selecting “Humans” for the criterion “Host”. We retrieved non-human pri-
mate viruses by selecting “Primate” for the criterion “Host” and by deducting the human
viruses from this data set. We retrieved avian viruses by selecting “Aves (birds)” for the crite-
rion “Host”. We retrieved fish viruses by selecting “Actinopterygii (ray-finned fish)” for the
criterion “Host”. We also retrieved Camel MERS viruses by selecting “Camelus dromedaries
(Arabian Camel)” for the criterion “Host” and “MERS-CoV” for criterion “Virus”. We
retrieved Bat-MERS viruses by selecting “Chiroptera (bats)” for the criterion “Host” and
“MERS-CoV” for the criterion “Virus”. We retrieved Bat-SARS viruses by selecting “Chirop-
tera (bats)” for the criterion “Host” and “Severe acute respiratory syndrome-related coronavi-
rus” for criterion “Virus”. The dataset of Human viruses was supplemented by manually
curated human virus complete genome sequences from the “NCBI nucleotide” database.
Using these criteria, 33,400 Human, 1,397 non-human primate, 9,160 avian, 570 fish, 259
Camel MERS, 5 Bat MERS and 33 Bat SARS full-length viral genomes were collected. GenBank
accession ID’s are treated as unique and listed in the S1, S2 and S3 Tables.

Calculation of the K-mer representation ratio

A K-mer encompasses a collection of sequences with a common motif. For instance, the NTC
K-mer includes the ATC, CTC, GTC and TTC sequences. In addition, as we limit our analysis
to coding sequences, we force our K-mers to be in the reading frame and therefore to corre-
spond to codons. For example, the NTC K-mer actually includes the ATC, CTC, GTC and
TTC codons. Following the same logic, the NNTCNN K-mer comprises the 256 pair of codons
having a T at the end of the first codon and a C to start the second codon. We calculated the
observed vs. expected K-mer representation ratio as described by Warren et al. [29]. Briefly,
each coding sequence has been randomly shuffled a thousand times, retaining only the nucleo-
tide composition. The expected count of a given K-mer is calculated as the average of the
occurrences of this K-mer over the thousand iterations. The K-mer ratio is given as the log2
ratio of the observed occurrence of this K-mer to the expected occurrence. To calculate the
ratio of a given K-mer for an entire viral genome, a “synthetic coding genome” was generated
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by concatenating the different coding sequences (Fig 1B). The synthetic coding sequence is
then randomly shuffled a thousand times and K-mer ratio calculated as above. A K-mer ratio
<< 0indicates K-mer under representation and a K-mer ratio equal to zero means that no
representation bias is observed.

Statistical analysis

Unpaired Student’s t test has been used where appropriate. The results were considered statis-
tically significant at a P-value of <0.05. All boxplot, heatmap and map representations have
been generated using ggplot R package.

Supporting information

S1 Fig. Search for A3G-footprinted human viruses. A. A3G favors deamination of cytidine
when preceded by another cytidine. The 5°CC dinucleotide motif is depicted in three possible
codon contexts on both coding and template strand. Depending on the position of the mutated
C, the C to T transition can be synonymous (S) or non-synonymous (NS). Proportion of S and
NS mutations is reported when the two types of mutation can be produced. Because synony-
mous mutations are more likely to be retained, A3G-footprinted viruses should display to a
stronger depletion of NCC codons compared to CCN or NNCCNN motifs (and/or a depletion
of NNGGNN motifs versus the GNN and NGG motifs). B. The NCC and NNGGNN
observed/expected ratios for 33,400 human viruses’ genomes (from 870 unique species) were
calculated, grouped by species and colored according to the Baltimore classification. Each
point represents a unique viral genome. Viral species with an NCC or NNGGNN ratio below
two times the standard deviation (dotted grey line) from the population median (red line) are
retained for further analysis in panel C. C. The observed/expected ratios of 5°CC dinucleotide
at various codon positions and on both strands (i.e. NNCCNN, CCN, NCC, GGN, NGG and
NNGGNN) were calculated for the NCC and/or NNGGNN depleted viral species and depicted
by a heatmap. A colored scale with increasing shades of blue indicating depletion and increas-
ing shades of red indicating enrichment. P-values were calculated by Student’s unpaired, two-
tailed t-test (NS for not significant, * p< 0.05, ** p< 0.01, *** p< 0.001). D. List of the viral
genes displaying NCC or NNGGNN depletion and belonging to an otherwise non-depleted
viral genome.

(PDF)

S2 Fig. NTC depletion among several polyomaviridae family members. The observed/
expected ratios of TC dinucleotide at various codon positions (i.e. NNTCNN, TCN, NTC)
were calculated for several polyomaviruses and the corresponding genus (alpha, beta and
delta) is reported for each virus.

(PDF)

S3 Fig. K-mer ratios of the human viruses split according to Baltimore’s groups. Human
viruses were broken down into their respective Baltimore’s group and analyzed for their
observed/expected K-mer ratios.

(PDF)

S4 Fig. NTT, NTA and NTG K-mers ratios of the A3-footprinted viruses. The observed/
expected ratios of NTC, NTT, NTA and NTG K-mers were calculated for the putative A3-foot-
printed viral species and depicted by a heatmap. A colored scale with increasing shades of blue
indicating depletion and increasing shades of red indicating enrichment. P-values were calcu-
lated by Student’s unpaired, two-tailed t-test (NS for not significant, * p< 0.05, ** p< 0.01, ***
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p< 0.001).
(PDF)

S5 Fig. TC depletion in HPV non-coding sequences. The observed/expected ratios of TC
dinucleotide at various “codon” positions (i.e. NNTCNN, TCN, and NTC) were calculated for
the non-coding sequences of human papillomavirus 16, 18 and 31.

(PDF)

S6 Fig. A3 footprint on HPV16, HPV18 and HPV31. NTC and NNGANN observed/
expected ratios were calculated for the different genes of the HPV16, HPV18 and HPV31 and
were reported on their genomic maps using a colored scale with increasing shades of blue indi-
cating NTC depletion and increasing shades of red indicating NTC enrichment. Replication
origin is illustrated by a black dot and gene transcriptional orientation is symbolized by black
arrow.

(PDF)

S7 Fig. B19 erythroparvovirus genome is depleted for NNGANN K-mer. Coding sequences
(NS1, 7.5k, VP1, X, VP2 and 11k genes) from 18 full-length B19 erythroparvoviruses were
depicted by grey lines overlaid by red marks to symbolize NNGANN and green marks to posi-
tion NNAANN codons.

(PDF)

S8 Fig. NTC depletion of the E1A and E4 genes of the Adenovirus A and B. NTC observed/
expected ratios were calculated for the different genes of the Adenovirus A and B and were
reported on their genomic maps using a colored scale with increasing shades of blue indicating
NTC depletion and increasing shades of red indicating NTC enrichment.

(PDF)

S9 Fig. A3 footprint on Adenovirus C, D, E, F and G. NTC and NNGANN observed/
expected ratios were calculated for the different genes of the Adenoviruses C, D, F and G (each

point represents a unique coding sequence).
(PDF)

S10 Fig. Search for AID-footprinted viruses. A. AID favors cytidine deamination ina 5’
WRC context. The WRC trinucleotide motif is depicted in three possible codon contexts on
both coding and template strand. Depending on the position of the mutated C, the C to T tran-
sition can be synonymous (S) or non-synonymous (NS). Proportion of S and NS mutations is
reported when the two types of mutation can be produced. B. The WRC and NNGYWN
observed/expected ratios for 33,400 human viruses’ genomes (from 870 unique species) were
calculated, grouped by species and colored according to the Baltimore classification. Each
point represents a unique viral genome. C. List of the putative AID-footprinted viral genes
(displaying WRC or NNGYWN depletion) and belonging to an otherwise non-depleted viral
genome.

(PDF)

S11 Fig. Search for APOBECI-footprinted viruses. A. APOBECI favors cytidine deamina-
tion in a 5 WCW context. The WCW trinucleotide motif is depicted in three possible codon
contexts on both coding and template strand. Depending on the position of the mutated C, the
C to T transition can be synonymous (S) or non-synonymous (NS). Proportion of S and NS
mutations is reported when the two types of mutation can be produced. B. The NWCWNN
and NWGWNN observed/expected ratios for 33,400 human viruses’ genomes (from 870
unique species) were calculated, grouped by species and colored according to the Baltimore
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classification. Each point represents a unique viral genome. C. The observed/expected ratios of
WCW trinucleotide at various codon positions and on both strands (i.e. NWCWNN, WCW,
NNWCWN, NWGWNN, WGW and NNWGWN) were calculated for the NWCWNN and/or
NWGWNN depleted viral species and depicted by a heatmap. A colored scale with increasing
shades of blue indicating depletion and increasing shades of red indicating enrichment. P-val-
ues were calculated by Student’s unpaired, two-tailed t-test (NS for not significant, * p< 0.05,
** p< 0.01, *** p< 0.001). D. List of the putative APOBECI-footprinted viral genes (displaying
NWCWNN or NWGWNN depletion) and belonging to an otherwise non-depleted viral
genome.

(PDF)

$12 Fig. A3 footprint in human oncogenic viruses. NTC and NNGANN observed/expected
ratios were calculated for each available coding sequence of eleven well-known cancer-related
viruses. Each point represents a unique viral coding sequence. The coding sequences are
grouped and colored according to gene name.

(PDF)

S1 Table. Genomic K-mer ratios for human viruses. Observed/expected K-mer ratios for
each genomic human viral sequence (available for download at https://doi.org/10.5061/dryad.
n8pk0p2sd).

(TXT)

$2 Table. Genic K-mer ratios for human viruses. Observed/expected K-mer ratios for each
genic human viral sequence (available for download at https://doi.org/10.5061/dryad.
n8pk0Op2sd).

(Z1P)

$3 Table. Genomic K-mer ratios for non-human viruses. Observed/expected K-mer ratios
for each genomic and genic non-human viral sequence (available for download at https://doi.
org/10.5061/dryad.n8pk0p2sd).

(TXT)
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The prevalence of back-and-forth substitutions in the
evolutionary landscape of human viruses

The APOBECS3 proteins play a crucial role in the human innate immune system by
targeting viral genomes at 5’-TC-3’ sites to restrict the virus life cycle. One notable indication
of recent or persistent exposure to APOBEC3 activity is the depletion of the 5-TC-3’
dinucleotides within the viral genome. This APOBECS3 footprint has been observed in certain
viruses such as HPV and PyV viruses, human retroelements, and somewhat ambiguously in
the case of HIV-1. However, while a few examples of viruses targeted by APOBEC3 have
already been reported, the status of the majority of human virus species remains
unexplored. Until now, a comprehensive overview of the APOBEC3 footprint across all virus
species has been lacking. Therefore, our study aimed to investigate the presence of the
APOBECS3 footprint in the largest possible set of human viruses.

We analyzed the genome of 33,400 human viruses for the depletion of
APOBEC3-favored motifs. We demonstrate that the APOBECS3 selection pressure impacts
at least 22% of all currently annotated human viral species. The papillomaviridae and
polyomaviridae are the most intensively footprinted families, evidencing a selection pressure
acting genome-wide and on both strands. Members of the parvoviridae family are
differentially targeted in terms of both magnitude and localization of the footprint.
Interestingly, a massive APOBEC3 footprint is present on both strands of the B19
erythroparvovirus; making this viral genome one of the most cleaned sequences for
APOBEC3-favored motifs. We also identified the endemic coronaviridae as significantly
footprinted. Interestingly, no such footprint has been detected on the zoonotic MERS-CoV,
SARS-CoV-1 and SARS-CoV-2 coronaviruses. In addition to viruses that are footprinted
genome-wide, certain viruses are footprinted only on very short sections of their genome.
That is the case for the gamma-herpesviridae and adenoviridae where the footprint is
localized on the lytic origins of replication. A mild footprint can also be detected on the
negative strand of the reverse transcribing HIV-1, HIV-2, HTLV-1 and HBV viruses.

Together, our data illustrate the extent of the APOBEC3 selection pressure on the
human viruses and identify new putatively APOBEC3-targeted viruses.
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Abstract

Due to their large population size and high mutation rate, viruses have a strong
capacity to evolve. They are constantly adapting to their environment, and in some cases,
this adaptation leads to the reversion of substitutions to restore a higher fitness level. To
capture the dynamics of virus substitution, a large quantity of observations was required. To
construct a comprehensive collection of substitutions, we developed a bioinformatic pipeline
that enables systematic clustering of virus sequences into operational taxonomic units,
reconstruction of their evolutionary history through phylogenetic tree inference, and
extraction of substitution context and dynamics. Through the clustering of 487 OTUs, we
collected approximately 2.5 million substitutions from 55 viral species belonging to different
groups of the Baltimore classification. The exploration of different classes of substitutions
through substitution landscapes highlights the presence of a mirror effect, where
compensatory substitutions exist for each other. This mirror effect appears to be a result of
frequent and persistent events of substitution reversion. The investigation of nucleotide
reversion events revealed that approximately 20% of the detected substitutions undergo
back-and-forth exchanges. The presence of such reversion events at specific sites appears
to be primarily associated with a high position-specific substitution rate. As no differences
were found between back-and-forth and non-compensated reversions, we propose that
reversion affects a wide range of substitution rates. We also report the presence of
fast-evolving positions on the genomes of all groups of human viruses, including the dsDNA
viruses. This observation suggests a potentially higher capacity for evolution than previously
reported. Together, these findings shed new light on the evolutionary dynamics of human
viruses.
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Introduction

Viruses are the fastest evolving entities thanks to a high mutation rate combined with
a short life cycle, with each cycle generating a large progeny. The rate of virus evolution is
typically expressed as the number of substitutions per nucleotide per year. This rate has
been reported to be significantly different between viral families with values greater than 10
substitution per nucleotide per year (s/n/y) for the most rapidly evolving viruses and less than
108 s/nly for the most stable. The substitution rate is notably influenced by the type of
nucleic acids composing the viral genome (DNA or RNA, single-stranded or
double-stranded), by the length of the viral genome, and by the polymerase(s) responsible
for viral replication (with or without proofreading capabilities)[1].

The rate of substitution of a given virus has also been shown to depend on the time
scale between sample collections. The longer the time period over which different
sequences are collected, the Ilower the measured substitution rate [2,3]. The
time-dependence of the rates (or TDRP for time-dependence rate phenomenon) has been
explained by processes such as sequence site saturation, purifying selection, and
methodological artifacts causing overestimation of short-term rates and underestimation of
long-term rates [2,4].

Among the processes that affect the dynamics of virus evolution, reversion remains
poorly characterized. A reversion describes a population that returns to an ancestral state
[5]. At the level of a single substitution, it refers to a return to the initial nucleotide or amino
acid. Escape mutations at antigenic epitopes followed by their reversions have been
reported for several viruses; for example, during HIV1 [6,7] or HCV evolution [8]. Reversions
to the consensus sequence appear to be positively selected in HIV1 and may explain part of
the time-dependence of the substitution rate [9].

In this study, we reconstructed 487 phylogenetic trees from 55 viral species spanning
23 families and the 7 Baltimore groups. Ancestral sequences were predicted for each node
of the phylogenetic trees. Thus, by systematically comparing sequences to their ancestor,
we generated a collection of over 2.4 million substitutions. For each substitution type, the
immediate 5 and 3’ bases were taken into account, dividing the substitution types into 192
subclasses, the so-called the substitution landscape. We observed a high degree of
symmetry within the substitution landscapes, where each substitution class appears to be
canceled out by its opposite. Along those lines, we observed that a significant proportion of
the substitutions are back-and-forth, i.e. a succession of a first mutation followed by its
reversion at a later time-point along the same branch.
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Materials and methods
Sequence collection

Viral sequences were downloaded from NCBI or GISAID databases. Only full-length
genomes from human-hosted viruses with a collection date were retained (Fig 1A). In the
case of segmented viruses, each segment was treated as an independent viral species. All
sequence IDs are reported in Table S1.

Sequence clustering into operational taxonomic units (OTU)

Viral genome sequences have been assigned into different pre-OTUs based on their
taxonomic information. We used the taxonomic levels of species and subspecies
(subspecies, group, type, subtype, serotype, genotype, or taxon) to group the sequences
into preOTUs (Fig 1A). For some viruses, different taxonomic levels have been used to
generate the preOTUs. For example, in the case of HIV1, some preOTUs gather sequences
grouped according to the group (M, N, O or P) while other preOTUs gather sequences
grouped according to the subtype (n.b. group M has 12 different subtypes).

PreOTUs counting fifty sequences or less, were directly tested for temporal signal.
Detection of temporal signal qualifies the preOTU as an OTU. Failure to detect a temporal
signal led to the discard of that preOTU. For the preOTUs containing more than fifty
sequences, fifty sequences were randomly selected and tested for temporal signal.
Detection of temporal signal qualifies the preOTU as an OTU. Failure to detect a temporal
signal led to the random redraw of fifty sequences. A maximum of one hundred and twenty
iterations were performed to obtain a maximum of 3 OTUs with a valid temporal signal.
Temporal signal was tested by a root-to-tip regression approach [10]. Briefly, sequences of a
given preOTU were aligned by Kalign multiple sequence aligner, a phylogenetic tree was
then inferred by FastTree and rooted by the Reroot package. The resulting tree was finally
tested for temporal signal by the Temporal_signal_functions R package and retained when
the test p-value was below 0.01 (Fig 1A).

Bayesian phylogenetic inference of the sequences of the OTUs

Time-scale phylogenetic trees were generated for each OTU by Bayesian
phylogenetic inference using the BEAST1.10 software package (Fig 1A). We used a general
time-reversible substitution model permitting variation in substitution rate among sites and
the presence of invariable sites (GTR+I+| model) [11-13]. We assumed constant population
size. We chose an uncorrelated relaxed molecular clock model to allow the substitution rate
to vary from branch to branch [14].

Substitution extraction from OTU phylogenetic trees

For each OTU, the Bayesian phylogenetic inference generated a posterior
distribution of trees. To remain in a Bayesian framework and to take into account the
uncertainty associated with the phylogenetic inference, subsequent analyses were
systematically performed on 100 trees sampled from each posterior distribution. To extract
the substitutions, each sequence has been compared to its direct ancestor. Counting of
substitutions was done on 100 trees per OTU and median values were reported (Fig 1C).

59



Substitution landscapes similarity

The percentage of similarity (Psim) between two substitution landscapes X and Y
was calculated as follow:
i=j

Psim = 100 — Z|xi—yl,
i=1

Where x; is the percentage of substitution of the i" subclass of landscape X
Where y; is the percentage of substitution of the i"" subclass of landscape Y

Where j is the total number of subclasses; /=96 when comparing landscape symmetry and
/=192 when comparing back-and-forth versus uncompensated substitution landscapes.

Figure formatting and statistical analysis:

All figure formatting and statistics have been performed by R and ggplot collection
packages.
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Results
Comprehensive catalog of substitutions occurring during virus evolution

To build a catalog of viral genomes substitutions, we developed a bioinformatics
pipeline that systematically retrieves sequences from human viruses, classifies them,
reconstructs phylogenetic trees and calls for the substitutions occurring along those trees.
The pipeline consists of four distinct steps: sequence download, preOTU (pre-operational
taxonomic units) assembly, OTU curation with temporal signal and Baysian phylogenetic tree
reconstruction for each OTU (Fig 1A).

Viral sequences were downloaded from the NCBI database [15]. In addition,
influenza sequences were downloaded from the GISAID database [16]. Only the full-length
genome sequences of human-hosted viruses with a collection date were retained.
Sequences were then clustered in preOTU using the lowest taxonomic level available (e.g.
class, group, serotype, subtype, type, or subspecies). For instance, HIV1 sequences were
clustered by subtype, whereas papillomavirus sequences were clustered by type. The
taxonomic data for each sequence was obtained through automated reading of the GenBank
files. At this point, 13,000 preOTUs were aggregated.

The second step consisted of testing the preOTUs for the presence of a temporal
signal among the sequences by a root-to-tip regression approach [10]. At this stage, 487
OTUs were retained and processed further for phylogenetic tree reconstruction (Table S1).

Time-scaled phylogenetic trees for the retained OTUs were generated by Bayesian
phylogenetic inference. We used a relaxed molecular clock model to allow substitution rate
to vary among branches [14], and a general time-reversible substitution model permitting
variation in substitution rate among sites and the presence of invariable sites (GTR++I
model) [11-13].

Substitutions were extracted from OTU phylogenetic trees. For each OTU, the
Bayesian phylogenetic inference generated a posterior distribution of trees. To remain in a
Bayesian framework and to take into account the uncertainty associated with the
phylogenetic inference, substitutions calling were performed on 100 trees sampled from
each posterior distribution. To extract the substitutions, each sequence was compared to its
direct ancestor (Fig 1A).

We finally generated phylogenetic trees for 487 OTUs covering 55 viral species and
spanning 23 families and 7 groups of the Baltimore classification (Fig 1B). Substitution
calling identified around 2.4 million substitutions with a bias for transitions over transversions
(Fig 1C). The 5 and 3 immediate base contexts were taken into account to draw the
substitution landscapes counting 192 subclasses made by the 12 substitution classes x 4
types of the 5’ immediate upstream base x 4 types of the 3' immediate downstream base
(Fig 1C). Figure 1D displays the substitution rates computed for each of the 487 OTUs and
allocated them into 55 different viral species. The substitution rates are normalized relative
to the genome size; expressed as number of substitutions per nucleotide and per year
(s/nly). The substitution rates estimated from our dataset corroborate the rates reported in
the literature (Fig S1).
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Figure 1: Implementation of a systematic pipeline of viral substitutions calling to construct a large
substitution collection. A. The developed pipeline includes five steps. Genomic sequences of human viruses
were first downloaded from the NCBI or GISAID databases. The sequences were then grouped according to their
taxonomic information, forming preOTUs (pre-operational taxonomic units). Fifty sequences were chosen at
random in each preOTU and retained to constitute a definitive OTU on the condition of detecting a temporal
signal. Bayesian phylogenetic tree reconstructions were done on 487 different OTUs and nucleotide substitutions
were called on a selection of 100 trees per OTU. B. This approach produced a dataset of 487 OTUs belonging to
55 viral species of the four viral groups. C. The full substitution collection can be represented by a bar plot also
called substitution landscape. The substitutions were divided into 12 classes (colored), further subdivided
according to the type of the upstream and downstream base. D. The substitution collection can also be reported
by their substitutions rates. The 487 values for OTUs are grouped in 55 virus species and colored according to
the viral group. The rates were calculated based on a selection of 100 trees per OTU. Each dot represents the
median substitution rate of a given OTU with an error bar indicating standard deviation.
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Viral substitution landscapes display a high degree of symmetry

As shown in Figure 1, the pipeline allows the splitting of the 12 types of substitutions
into a total of 192 subclasses by considering the bases at the 5 and 3’ positions of the
mutation. Thus, for each OTU, we generated a substitution landscape by reporting the
proportion of each of the 192 substitution subclasses. In Figure 2A, each type of substitution
is placed tail-to-tail with its opposite substitution. For example, the subclass C[C>T]G is
placed tail-to-tail to C[T>C]G. Using this representation, we observed symmetry within the
substitution landscapes. Such a mirror effect is obvious for numerous viruses, like HIV1 or
HTLV1. The percentage of “mirror effect” was calculated for each OTU by comparing the
upper and lower parts of the substitution landscape as described in the material and
methods (percentage of similarity). High percentages of mirror effect were detected in every
viral group. The mirror effect is positively correlated with the number of substitutions (Fig.
2B). The higher the number of substitutions per tree, the higher the percentage of symmetry
(Fig. 2B).

The GTR substitution model used for the phylogenetic tree inference used equal
proportions for opposite types of substitution (C>T = T>C). Because the mirror effect could
be generated by the substitution model, the presence of substitution landscape symmetry
was assessed before and after inference on artificially generated OTU (Fig S2). These OTUs
sequenced were initially produced by the introduction of a control substitution landscape
according to a real phylogenetic tree topology. The analysis of fourteen test OTUs from
diverse viral groups and species revealed that the phylogenetic tree inference did not
introduce any mirror effect. Furthermore, an OTU with a high proportion of mirror effect on
the input landscape maintained the same mirror effect after pipeline inference and
substitution calling (Fig S2).

Considering that the observed symmetry between opposite subclasses of substitution
could potentially be explained by reversion events, we further investigated the presence of
such reversions in the substitution collection.
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Figure 2: Viral substitution landscapes display a high degree of symmetry also called mirror effect. A.
The reorganized substitution landscapes, with opposite subclasses of substitution place tail-to-tail revealed
symmetry between the upper part and the lower part of the landscape. The five different viruses (HPV16, HIV1,
HTLV-1 and MERS) are depicted by bar plots reporting the substitution frequencies for 192 subclasses (12
substitution classes x 4 types of the 5" immediate upstream base x 4 types of the 3' immediate downstream
base). Error bar indicates standard error of the mean (HPV16 substitution landscape was averaged from the
substitution landscapes of 4 different OTUs, HIV1 landscape was averaged from 35 OTUs, HTLV-1 from 2 OTUs
and MERS from 3 OTUs). B. Percentage of symmetry is calculated by the comparison of the upper and lower
part of each OTU substitution landscapes. The percentage of symmetry asymptotically approaches 100% with
the increase of the total number of substitutions detected along the different phylogenetic trees. C. The detail of
this percentage of symmetry for each given OTU is reported by a dot plot. One dot corresponds to one OTU,
grouped by species and colored by viral group. Histogram on the right-hand side reports the distribution of the
percentage of symmetry.

Back-and-forth substitutions are frequent during virus evolution

We define as back-and-forth substitution, the succession of a first mutation followed
by its reversion at a later time-point along the same branch (Fig 3A). The second substitution
will be reversion to the initial state. On average, 20% of the observed substitutions are
back-and-forth mutations (Fig 3B). Up to 50% of the substitutions are back-and-forth in HCV
phylogenetic trees (Fig 3B). Back-and-forth substitutions were detected in 487 among the
473 OTUs.

64



A. B.

Back and forth F;amily T
substitutions ﬂ
2
T>C

C>'IiJ_.

ssDNA dsDNA-RT » ssRNA(-) » dsRNA
dsDNA SSRNA(+) SSRNA(+/-) ssRNA-RT

|

Group |

Frnom

Preunomidse

o
o

B
o

™
o
-

o

a3~ 0.00 002 004 006 008

% of back and forth substitution

Species Proportion of OTUs

Figure 3: Back-and-forth substitutions are frequent during virus evolution. A. We define as back-and-forth
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reports the aggregated distribution of back-and-forth substitutions. The red mine reports the median value of 20.6
% of back and forth substitution on the full dataset substitutions.

As opposed to the back-and-forth substitutions (BF), the uncompensated
substitutions (UC) include substitutions that did not revert later in descending sequences
(Fig 4A). For each OTU, we divide the substitution landscape into a landscape for
back-and-forth substitutions and a landscape for uncompensated substitutions. One
example is illustrated in Figure 4B for HCV. To test landscape similarity for the entire dataset,
we calculated, for each OTU, a percentage of similarity between the landscapes of
back-and-forth and uncompensated substitutions. Figure 4C shows that the percentage of
similarity increases with the total number of substitutions and approaches perfect similarity
when several thousand of substitutions can be detected along the tree.

We then tested whether BF and UC substitutions differ regarding their synonymous
over non-synonymous ratios. Figures 4D and Table S2 display the proportion of synonymous
and non-synonymous mutations for the BF and UC categories for 166 OTUs. Among the 166
tested OTUs, only 15 showed a statistical enrichment for synonymous in the back-and-forth
subgroup (Table S2).

While the BF and UC substitutions did not appear to differ in their landscape nor their
synonymous-to-non-synonymous ratios, they seem to differ in their rate of evolution. Thus,
the sites (genome coordinate) with back-and-forth events (black dots) have a systematically
higher substitution rate than the sites where no back-and-forth have been detected (gray
dots) (Fig 4E).

Fast-evolving positions are present in all virus groups

Thanks to the reconstitution of ancestral sequences, we were able to calculate the
substitution rates for each position (i.e. each nucleotide) of the viral genome. Figure 5A
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displays what we called the single position substitution rates; expressed as number of
substitutions per year (sly).

By utilizing this metric, dsDNA viruses no longer exhibit distinct characteristics
compared to viruses of other groups. To compare the distribution of single position
substitution rates without bias arising from the larger number of substitution rates in bigger
sequences, we calculated the median value of non-zero single position substitution rates for
each OTU. These median values were found to be negatively correlated with the
measurement timescale (Fig 5B). Importantly, there was no apparent correlation between
single position substitution rates and genome size (Fig 5C). Both small and large viruses
display positions that change at seemingly elevated rates.
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comparison between the uncompensated (upper plots) and the back-and-forth (lower plots) substitution
landscapes for the OTU HCV NCBI taxon id 11103 do not reveal differences. Bar plot is colored according to the
substitution type. C. The calculation for proportion of similarity between the back-and-forth and uncompensated
substitution landscapes allows analysis of all the OTU dataset. These values asymptotically approach 100% with
the increase of the total number of substitutions detected along the different phylogenetic trees. D. Differences for
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size. This is demonstrated by a black line representing the best-fit linear regression.
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Discussion

Could the mirror effect and the back-and-forth of substitutions explain the apparent
evolutionary stasis observed over long periods of time?

The description of the substitution landscapes has revealed an interesting mirror
effect between pairs of substitution subclasses that can potentially compensate for each
other. The mirror effect seems to shape all families of viruses. Importantly, the mirror effect
is positively correlated with the number of substitutions identified along the inferred tree.
Thus, providing that we analyze a tree large enough to yield several thousand of
substitutions, we might observe a perfect mirror effect for each viral species (with, perhaps,
the exception of recent zoonotic viruses as discussed later).

Back-and-forth substitutions would be the driving force responsible for the mirror
effect. In our dataset, we observed that, on average, 20% of the substitutions are
back-and-forth. But, maybe most importantly, the substitutions that are not back-and-forth
(the uncompensated substitutions) appear barely different from the back-and-forth. While
we expected the back-and-forth substitutions to show lower non-synonymous/synonymous
ratios than the uncompensated substitutions, we found no significant difference between
them. Nor did we find significant differences between their landscapes. This led us to
propose that we only captured a fraction of the back-and-forth substitutions and that most
of the uncompensated substitutions could be mislabeled.

Our observations could support the idea that genomic sequences of all viruses (not
only the dsDNA but also the RNA viruses) are more stable over time than is generally
thought. Indeed, the observation of the TDRP and the estimation of evolution rates as low as
10° s/n/y when measured over long period of time (millions of years) lead to the proposal
that, over long timescales, the evolution rates of viruses would approach those of their host
[17]. Thus, indicating the rate of evolution of a given virus only by a number of substitutions
per nucleotide per year only makes sense if we associate this value with the period from
which the rate is estimated. Like the consensus sequence used to describe the average
sequence of a quasi-species cloud, it might be of interest to define the “time-traveling
consensus sequence” as an average of the viral sequences over a given timeframe.

Are the back-and-forth substitutions “loose screws” of the viral genomes or key sites
for immune escape?

We observed that the back-and-forth substitutions are not enriched for synonymous
changes compared to the uncompensated mutations. In fact, for some viruses, the back-and
-forth substitutions are more frequently non-synonymous than synonymous (Fig 4D and
Table S2). It will be necessary to study further the impact of the BF substitutions on the viral
proteins, but they might very well contribute to the immune escape. Escape mutations at
antigenic epitopes followed by their reversions (i.e. back-and-forth substitutions) have been
reported for several viruses [6-8]. Thus, we could describe the virus as a dice that will
expose, at a given time point, one of its faces to the immune response. Once the host's
immune response has adapted to a given face (herd immunity achieved), the die will be
re-rolled to escape the response and a new face will be exposed (selection of a new variant).
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The shape of the virus (i.e. the conformation of its structural proteins and its repertoire of
antigenic peptides) will oscillate around a long-term consensus sequence. The short-term
substitution rates will constitute the metric of these oscillations (frequency of dice rolls).

Asymmetry within the substitution landscapes of recent zoonotic viruses

We observed a remarkable asymmetry of the substitution landscape for the MERS
coronavirus (Fig 2A and Fig S3) despite the collection of a high number of substitutions.
This substitution landscape is very similar to the landscape reported for the SARS-CoV-2
coronavirus with the C to T and G to T substitutions that are not totally compensated by the
T to C and T to G changes. On the contrary, the substitution landscapes of the endemic
coronavirus OC43 and NL63 show a high level of symmetry (Fig. 2C) with a percentage of
mirror effect above 75%. Although based on circumstantial evidence, it is tempting to
propose that the lack of mirror effect observed for MERS and for SARS-2 is the result of still
incomplete adaptation to its host (Fig S3). The shape of the virus continues to change to
adapt to its new ecological niche.

Short term evolution of dsDNA viruses may not be so slow after all

The evolution rates of dsDNA viruses were consistently reported as lower compared
to the other viral groups. This has been explained by the fact that those viruses rely on host
or viral DNA polymerases which are highly faithful and capable of proofreading activity. The
first group of Baltimore, those of the dsDNA viruses, comprises viruses with very different
genome lengths. The papilloma- and-polyomaviruses have short genomes of between 5 to
8kb, adenoviruses are more medium-length with genomes about 35kb-long and finally the
herpes- and poxviruses have large genomes of 120 to 240kb. Small genome viruses tend to
display higher rates than large genome viruses [19]. To exclude the parameter of genome
size, we computed single position substitution rates (those rates can only be computed for
the sites where we detected one or several substitutions along the inferred trees). We
observed that fast evolving sites (rates of 102 substitution per year for a time frame of 1
year) were detected in every viral species, and also in dsDNA viruses. With this observation
we would like to reconsider the common assumption that dsDNA viruses adapt less rapidly
than viruses from the other groups. Indeed, modification of a few sites are sufficient to allow
immune evasion.

In this study, we reconstructed 487 phylogenetic trees from 55 viral species spanning
23 families and the 7 Baltimore groups. The estimated substitution rates were in accordance
with the numerous studies conducted previously. Importantly, by looking at the substitution
rate at the level of a unique site, we observed that fast-evolving positions are present in
every viral group, even in dsDNA viruses. We also observed that, for most viruses, the
substitution landscape displays a high degree of symmetry where substitutions appear to
cancel each other. Along those lines, we observed that back-and-forth substitutions are very
common during virus evolution. This leads us to propose that viral genome sequences are
actually rather conserved over long periods of time despite fluctuating rapidly over short time
frames.
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Figure S2: Control for potential artifactual mirror effect induced by phylogenetic tree inference. A. Test
OTUs were generated by inserting a controlled substitution landscape (pink area) into virus genome sequences,
based on the topology of real phylogenetic trees. The resulting OTUs fasta file was then processed using the
virus substitution calling pipeline, which includes the inference of new phylogenetic trees. The output substitution
landscape (yellow area) was extracted from these trees. This representation showcases the input and output
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qualitative comparison. B. Comparison between the input (black dots) and output (gray dots) landscapes assess
the proportion of the mirror effect for each of the fourteen test OTUs. This comparison confirms the absence of
artifactual mirror effect resulting from OTU phylogenetic tree inference.
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4. Discussion and Perspectives

The original objective of my thesis was the identification of the human viruses that
evolve under the selection pressure of the APOBEC3 innate effectors. As it was well known
that the APOBEC3 enzymes preferentially target the TC motifs and turn them into TT, the
search for the APOBEC3 footprint was reduced to the search for TC depletion in viral
genomes (or more precisely NTC codon depletion as explained previously).

The first part of the discussion will elaborate on the interesting case of the
coronaviruses and on the difference of APOBEC3 footprint between endemic and zoonotic
species. We will also propose several ideas to improve the identification of the APOBEC3
footprint (or indeed other mutational footprint) on viral genomes.
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The search for the APOBECS3 fingerprint was possible because we had an a priori on
the effect of these enzymes on the viral genomes (i.e. a depletion of TC motifs). The second
part of this thesis was to identify mutational processes acting on viruses, shaping viral
evolution, without any a priori. The idea was to take advantage of the tools developed by
researchers in the field of cancer research to analyze tumor genomes. The first step of this
project was to gather substitution landscapes for tens or hundreds of human viruses. This
led to the second paper drafted in this manuscript. This task is still ongoing, and we will
discuss the different steps that will be performed in the next coming months.

4.1. Footprint of the APOBEC3 enzymes on viruses

4.1.1. APOBECS3 footprint on endemic and zoonotic viruses:
the interesting case of coronaviruses.

During our exploration of the APOBEC3 footprint on viruses, we observed a clear
footprint on the four endemic coronaviruses NL63, HKU1, OC43 and 229E whereas no
footprint on the recent zoonotic SARS-1, SARS-2 and MERS-CoV. We also failed to detect
an APOBEC3 footprint (i.e. depletion of NTC codons) on the SARS and MERS viruses
isolated from bats (the bats being the natural host) nor on the MERS viruses isolated from
camels.

The lack of a footprint in bat coronaviruses is particularly surprising, considering the
presence of 18 homologous APOBEC3 subdomains Z, with at least four of them possessing
cytidine deaminase activity favoring the 5’-TC-3’ dinucleotide, the same favored site as the
human APOBEC3s [114]. Moreover, some of these domains can restrict HIV1-AVIF [114]. It
is possible that, like the Vif protein for HIV, the bat coronaviruses possess antagonization
mechanisms against the bat APOBEC3 proteins.

Although we did not observe an APOBECS3 footprint on SARS-2, several papers
reported APOBEC3-related mutations on the SARS-2 genome based on inter and intra host
sequencing data [76-78,115]. Although these two observations may seem contradictory,
they remain compatible. The APOBEC3 editing may be too recent to significantly shape the
viral genome with an APOBEC3 footprint (depletion of NTC codons). After many years of
residing in the human host and becoming endemic, the virus will experience constant
APOBECS3 restriction that may lead to a depletion of NTC k-mer and a detectable APOBEC3
footprint. The detection of mutations attributed to an APOBECS3 activity on the SARS-2
genome may be explained by an imperfect antagonization of the human APOBEC3 proteins.

Since the dates of origin of the zoonotic transmissions of the NL63, HKU1 and 229E
coronaviruses are unknown, it is difficult to assess the dynamics of footprint appearance.
However, insights can be gained by observing the OC43 coronavirus. This virus is believed
to have originated from a rodent coronavirus ancestor that was transmitted to cattle, pigs, or
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other animals before infecting humans [116]. This human transmission appears to have
occurred during the 1889-1890 pandemic of respiratory disease [117]] This suggests that an
APOBECS3 footprint can shape the genome of an endemic virus with high circulation within a
period of one hundred years. However, since we lack information about the presence or
absence of APOBECS3 footprints in rodent and bovine coronaviruses, we cannot definitively
interpret the presence of this footprint as resulting from adaptation to the human species.

We also observed a remarkable difference between the substitution landscapes of
the endemic and zoonotic coronaviruses. The four endemic coronaviruses display a highly
symmetric substitution landscape suggesting that those viruses reached an equilibrium with
the host. On the contrary, the MERS and SARS-2 substitution landscapes are asymmetric
with notably more C>T than T>C. This asymmetry may reflect the ongoing process of
adaptation to its new ecological niche, i.e. the human host.

A recent model proposed by Simmonds et al., named the 'Prisoner of War' model,
suggests that the mutational space available to the virus is strongly constrained by the host
[118]. The virus is shaped by constraints imposed by the intra-host environment, particularly
the need for the virus to utilize and manipulate the cellular machinery for its replication, as
well as the requirement to evade or counteract the host immune response. Thus, over the
long term (i.e. thousands to millions of years), the rate of evolution of the virus approximates
the rate of evolution of its host.

When a virus jumps into a new species, it will face new constraints and will evolve by
exploring its new mutational space. After a prolonged period of residence in its new host, the
virus becomes adapted and its sequence becomes more stable with time. This model
explains the lower substitution rates observed over long measurement timescales.

The observation of an asymmetric substitution landscape for the recent zoonotic
viruses might suggest that they did not reach equilibrium with the host. They are still
exploring their new ecological niche. If confirmed our results could be an illustration of the
Prisoner Of War model.

4.1.2. Improved approaches to evidence of mutational
footprints.

During virus evolution, a mutational process can induce selective pressure that
shapes the genome with fixation of neutral substitutions, and loss of lethal or deleterious
substitutions. If the exposure is constant, this process can progressively change the codon
composition at synonymous sites, leaving a footprint on the genome. Our study focused on
the detection of the APOBEC3 footprint among human virus species highlighted the
possibility of using the codon composition from a large number of sequences to search for
specific mutational pressure.

To investigate codon bias, we grouped codons into k-mers, such as the NTC k-mer, which
contains the ATC, GTC, CTC, and TTC codons. This k-mer contains the specific APOBEC3
target site 5’-TC-3’, with the C at the third codon position. In future investigations, in contrast
to the specific investigation we are currently conducting, we could develop an optimized,
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non-a priori approach for k-mer depletion. Some observations lead us to think that other
mutational footprint can be detectable with such a modified approach. For instance, based
on another model for randomization, Martinez et al. detected an AID footprint on the genome
of EBV virus [105], although we were not able to report the same observation. Moreover, it
is interesting to note that a bias in codon usage has been reported in many viral genomes. In
some cases, viruses preferentially use codons with underrepresented tRNAs, which seems
to be a suboptimal usage. However, this observation could possibly be explained by
evolutionary constraints induced by mutational processes [119].

The optimization of a new k-mer depletion research approach should include the
following implementations.

1.

Firstly, capturing a potential k-mer depletion bias with a lower magnitude than
the one observed for the APOBEC3 footprint may require a more sensitive
approach with an improved randomization method. In our study, the
calculation of the k-mer ratio corresponds to the ratio between the observed
proportion of a specific k-mer (for example, NTC) and the expected proportion
of that k-mer. The expected number of k-mers was determined using a simple
nucleotide sequence randomization approach, which neutralized possible
bias in nucleotide proportion but did not consider bias arising from codon
usage, GC content, or dinucleotide composition. In the literature, three
different elegant sequence randomization approaches have been proposed
and tested by Shapiro et al. [120]. These approaches strictly conserve the
sequence's amino acid composition and are based on the replacement of the
third position nucleotide, according to the proportion of the purine or
pyrimidine nucleotide in the codon's third position (gc3 model), the nucleotide
type in the codon's third position (n3 model), or the dinucleotide content in
positions 2 and 3 of the codons (dn23 model). Shapiro et al used these
models to estimate k-mer bias and described an APOBEC3 target site
under-representation in AAV2 and HPV16 genes [120] as well as in EBV
genomes [105]. In our investigation, we also detected APOBECS3 footprints in
HPV16, AAV1 (we did not test sequences for AAV2 in our analysis), and EBV.
This observation suggests that our results are consistent with theirs.
Secondly, although the full genome approach was useful for investigating the
APOBEC3 footprint, we found that our investigations at the gene scale
revealed an even higher number of sequences shaped by mutational effects,
as seen in the Adenovirus species and the Epstein-barr gamma-herpesvirus.
To perform our research with greater precision at a more “sub-gene level’, we
can use sliding windows to progressively capture the footprint on different
fragments of the genome. However, we must pay particular attention to the
size of the windows and perform multiple tests to determine the optimal size.
To reduce the uncertainty of our measurements, we should use small
sequence fragments coupled with a high number of iterations to determine
the expected k-mer number. With this approach, we expect to observe local
APOBECS3 footprints, similar to what we found on the EBV and Adenovirus
genomes close to the origin of replication.

Lastly, to conduct a non-a priori study, all possible combinations of codon
k-mers should be considered for analysis. This could include not only the 16

7



possible NXX k-mers (where X can be A, T, C, or G) that we have already
explored, but also more extended positions such as the, 4 NNX, the 16
NNX-XNN and the 16 NNX-NNX k-mers.

By applying those three proposed approaches and utilizing a larger dataset available
now compared to the one used in our research (2020 dataset), we could perform a new
investigation to identify new mutational processes. This kind of analysis could help us to
discover new footprints, in addition to the APOBEC3 footprint, that may have left their
evolutionary mark in viral genomes and establish new links between specific footprints and
mutational processes. In a broader perspective, the aim of obtaining such results is to
improve our overall understanding of the host-directed human viruses evolution.

4.2. Deciphering the mutational signatures shaping
viruses’ evolution

4.2.1. Catalog of mutational signatures acting on viruses’
genomes

As already described in the introduction, computational packages originally
developed for cancer mutation analysis allow the deconstruction of the substitution
landscape into different mutational signatures [74]. Such analysis led to the discovery of a
catalog of 68 cancer mutational signatures [75].

It is possible to adapt and apply the packages developed for cancer genome analysis
to decipher the mutational signatures involved in virus evolution. Thus, deconstruction of the
substitution landscapes of the HIV1, MERS and SARS-2 into different mutational signatures
has been done recently [76,77,115,121,122].
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Figure 4: Deciphering the mutational signatures of human virus processes from the matrix of
viral substitutions. A. The results of the substitution counts will be aggregated into a unique matrix.
A simulated example of the total number of nucleotide substitutions for the Operative Taxonomic Unit
(OTU) A is represented by a colored barplot. The viral substitution matrix includes all counts for the
context of the twelve substitutions for m OTUs. B. A Non-negative Matrix Factorization (NMF) will be
applied to the viral substitution matrix by the SigProfiler software and in parallel by the
SignatureAnalyser software. A viral mutational catalog of n signatures will be extracted. Simulated
mutational signatures are represented by a colored bar plot. The distribution of signatures for each
OTU will be also extracted by the programs. Simulated signature distribution is represented by
colored pie charts.
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Thanks to the large collection of more than 2.5 million substitutions that we gathered
in our second study, a comprehensive search for viral mutational signatures can be
conducted. In practice, the different substitution landscapes generated for each viral species
(each OTU) will be combined into a single matrix (Figure 4A). This matrix will be
decomposed using a Non-negative Matrix Factorization (NMF) method. To optimize the
search for mutational signatures, similar to the approach used in cancer signature
investigations, two algorithms will be utilized: SigProfiler [123] and SignatureAnalyzer [75],
which use NMF with a likelihood or a Bayesian approach, respectively. The results from
these two approaches will be compared and will lead to the production of a catalog of viral
mutational signatures (Figure 4B).

By deconstructing the virus genomes' substitution landscape, several mutational
signatures will be extracted. Some signatures might be attributable to already known and
defined mutational processes, while others may not. This approach should identify the
implication of the already described APOBEC3, ADAR and ROS mutational signatures in the
evolution of human viruses and allow the discovery of new mutational signatures. Above all,
it will allow us to test whether certain mutational signatures are similar to those identified in
human tumors.

4.2.2. Mutational signatures common between viruses and
human tumors

Viral infections can trigger mutational processes, which can induce changes in the
host cell genome. One example is the HPV16 virus, which interferes with the host's
APOBEC3 cytidine deaminases, which can unfortunately induce mutations in the host
genome. This effect can be detected through the presence of APOBEC3-related mutations
in both the host cell and the associated viral genome. Besides APOBEC3 editing, other
mechanisms may also have the ability to target both the virus and its host. Further
investigation could uncover shared mutational processes that impact both viruses and
cellular genomes. Identifying such shared mutational processes may help reveal the
unknown roles of certain viruses in the development of tumors.

To test this hypothesis, substitution landscapes extracted from human tumors could
be deconstructed alongside the substitution landscapes of viruses. A library of cancer
mutations is available in the Pan-Cancer Analysis of Whole Genome (PCAWG) consortium
database[124]. Therefore, it is possible to explore this question using different strategies:

1. The matrix of viral substitutions landscapes can be first deconstructed using the
catalog of human cancer mutational signatures. We expect to retrieve certain cancer
mutational signatures in some specific viruses. For instance, the APOBEC3
mutational signature (consisting of C to T mutations in a 5TC context) should
significantly contribute to the substitution landscapes of the HPV16 or HBV viruses
as these viruses are well known to be targeted by the APOBEC3 enzymes.
Importantly, in the catalog of cancer mutational signatures, 18 of them are still
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unexplained, meaning that they are still not associated with a known mutational
process. Identifying such mutational signatures in virus genomes might help their
understanding.

2. The matrix of substitutions in human cancer and viruses can be combined, and de
novo signature extraction can be performed. It would be possible to test whether
some de novo mutational signatures are common between tumor and virus
genomes. For example, it would be worth paying particular attention to human
tumors positive for certain viruses, such as liver tumors positive for HBV [125] and to
test if mutational signatures in those HBV-positive tumor genomes would also be
identified in the HBV genome.

An interesting theory named “the hit and run” theory proposes that viruses could facilitate
accumulation of mutations and therefore tumorigenesis but be dispensable for cancer
maintenance [126]. The detection of viral mutational signature(s) in virus-negative tumors
could suggest the involvement of a virus by a “hit and run” mechanism. Further studies
would then be needed to identify the causative virus. As with the HPV16/18 vaccine, the
discovery of virus involvement in cancer could allow the development of prophylactic
treatments or specific therapies developed for virally-induced cancer [127].
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5. Conclusion

The genome sequences of human viruses serve as witnesses to the restriction
induced by the host factors, and their dynamic substitutions indicate a constant adaptation to
the environment. In two separate investigations, | explored the landscape of genomes to
describe this complex history.

In a first study, we investigated the evolutionary pressure induced by a family of
cellular host effectors of the innate immune system known as APOBEC3. Due to this
constant strong evolutive pressure, there is a bias in the codon composition of the genome
that shows an under-representation of APOBEC3 target sites, which is indicative of a long
history of deamination of the genome sequence. Thanks to research on the APOBEC3
footprint in the genomes of a large number of human viruses, we were able to describe a
portion of the virus restriction spectrum of APOBEC3. We observed genome shaping in 22%
of the tested species. We also reported the details of the APOBEC3 footprint in the different
virus species, which allowed us to describe a part of the history of APOBEC3's genome
targeting. We notably detected a strong under-representation of the APOBEC3 editing site in
Parvovirus B19, endemic Coronaviruses, and Polyomaviruses species and we also
confirmed this one in the genome HIV1 and Papillomaviruses. By examining gene-specific
footprints, we were able to observe a potential link between genome editing of Adenovirus
and gammaherpesvirus during the initial stages of their replication. We also report local
footprint for HTLV1 and HBV viruses. All of these observations provide a broad perspective
on the influence of APOBEC3 in human viruses, further advancing the field of APOBEC3
research.

In a second study, we investigated the substitution landscape of human viruses.
Thanks to the creation of a large collection of 2.5 million substitutions for 55 viral species
from all groups of the Baltimore classification, we were able to reconstruct virus genome
dynamics by inferring 587 phylogenetic trees. Such a large dataset allows us to capture
back-and-forth substitution events. Surprisingly, upon comparison of the subclasses of
back-and-forth and non-compensated substitutions, we did not observe any different
patterns. We also observed the same proportion of synonymous and non-synonymous
substitutions. The presence of reversion at genome-specific sites appears to be mainly
dependent on the substitution rate of these sites. We also described a mirror effect on the
virus substitution landscape, which could illustrate a significant phenomenon of substitution
compensation in the history of the virus.Taken together, all of these observations lead us to
propose that the back-and-forth captures that account for 20% of total substitutions are just a
fraction of the true reverted events. This implies that genome virus reversion, which has thus
far been reported in the literature for only a few site-specific events, may actually occur
much more frequently during genome evolution.

Through these different investigations, we have collected a large amount of data that
paves the way for future exploration of virus substitution dynamics. The collection of
substitutions in human viruses could be notably used to explore the mutational signatures of
the mutational processes involved in genome evolution.
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