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1. OVERVIEW

DNA viruses comprise important pathogens such as herpesviruses, smallpox viruses, adenoviruses, and papillomaviruses,
among many others. DNA viruses are divided into three major categories: double-stranded DNA viruses (eg, poxviruses),
single-stranded DNA viruses (eg, parvoviruses), and pararetroviruses (eg, hepadnaviruses) which replicate their genome
through an RNA intermediate. Large DNA viruses (>10kb) have double-stranded DNA, whereas small DNA viruses have
circular single- or double-stranded DNA. These broad viral groups differ in their rates of spontaneous mutation, defined
as the probability that an unrepaired genetic change is passed on to the viral progeny in each cell infection cycle [1,2]. For
instance, single-stranded DNA microviruses such as bacteriophage $X 174 and innoviruses produce about 10~ spontaneous
mutations per nucleotide per cell infection cycle (m/n/c), a mutation rate which is close to those of some RNA viruses. In
contrast, the double-stranded DNA herpes simplex virus (HSV) and bacteriophage T4, both of which have genome sizes
exceeding 150kb, show clearly lower mutation rates (10-3-107m/n/c). As a result, there is an inverse correlation between
genome size and per-base mutation rate in DNA viruses, while the per-genome mutation rate stays approximately constant.
This correlation extends to unicellular organisms and is known as Drake’s rule [3,4] (Fig. 3.1). RNA viruses also exhibit
an inverse relationship between genome size and mutation rate, albeit with a different slope [5]. The main feature that
distinguishes RNA viruses from DNA viruses in terms of genome stability is probably the absence of 3’-exonuclease proof-
reading activity from most RNA virus-encoded polymerases, which makes them particularly error prone [6]. The 3’-exo-
nuclease activity leads to roughly 10-fold to 100-fold increase in replication fidelity [7,8]. In turn, differences in mutation
rate among DNA viruses should be determined by their ability to access postreplicative repair. For instance, bacteriophage
0X174 lacks sequence motifs required for methyl-directed mismatch repair (MMR) in Escherichia coli, therefore exclud-
ing the phage DNA from this major repair system [9]. In contrast, the interplay between viral replication and host postrep-
licative repair pathways is far more complex and less well understood in eukaryotic DNA viruses. Molecular evolution
studies indicate that the classical dichotomy between fast-evolving RNA and slow-evolving DNA viruses becomes blurred
when full-genome datasets are considered [10], suggesting that DNA viruses probably have other mechanisms for promot-
ing genetic diversity. Some of these mechanisms have already been characterized and include gene amplification [11] and
diversity-generating retro-elements (DGRs) [12], both of which act on specific genome regions. Additionally, retroviruses
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FIGURE 3.1 The relationship between genome size and the rate of spontaneous mutation in DNA viruses. Dots correspond to bacteriophages ¢X174,
ml3, A, and T4, duck hepatitis B virus (DHBV), and herpes simplex virus (HSV). DHBYV is a pararetrovirus, $X174 and m13 are single-stranded DNA
viruses, and A T4 and HSV are double-stranded DNA viruses. The approximate location of RNA viruses and bacteria is shown. See text for references
from which these estimates are taken.

and several DNA viruses are subject to host-encoded DNA editing by enzymes of the APOBEC3 family, which can produce
hypermutated viral genomes. Like all other biological systems, DNA viruses have to keep a balance between the avoidance
of deleterious mutations and the production of diversity, and genome instability mechanisms probably play a central role
in the maintenance of this balance.

2. RATES OF SPONTANEOUS MUTATION AND GENETIC DIVERSITY OF DNA VIRUSES

Although DNA viruses were traditionally believed to evolve slowly, analysis of sequences from field isolates with
known sampling dates spanning years to decades suggested fast molecular evolution rates for several single-stranded
DNA viruses, including emerging canine parvovirus strains [13], human parvovirus B19 [14], tomato yellow leaf curl
geminivirus [15], and beak-and-feather disease circovirus [16]. During 2010s, it was further suggested that large double-
stranded DNA viruses can also evolve fast. For instance, analysis of samples of the African swine fever virus (ASFV)
spanning 70 years yielded estimated evolution rates in the order of 10~* substitutions per nucleotide per year (s/n/y) [17],
a value that falls within the typical range exhibited by many RNA viruses. In HSV, frameshift mutations, insertion/dele-
tions, and large complex rearrangements are major sources of genetic diversity as well [18]. Next-generation sequencing
(NGS) of HSV laboratory samples has detected the appearance of new mutations after few transfers, further questioning
the long-believed genetic stability of DNA viruses [19]. It has also been found that serial plaque-to-plaque transfers can
rapidly reduce the fitness of this virus by promoting the accumulation of deleterious mutations, thus echoing the results
obtained with RNA viruses in 1990s [20,21]. Plaque-to-plaque transfers reduce viral effective population sizes dramati-
cally, thus favoring the action of random genetic drift, but to set these processes into motion, spontaneous mutations
need to occur at a relatively high rate. However, our current knowledge of DNA virus mutation rates is far more limited
than for RNA viruses. These rates have been measured directly for a handful of DNA viruses, including HSV and bac-
teriophages ¢X174, m13, A, and T4 [2,3,22-25]. A better understanding of DNA virus mutation rates is thus needed to
evaluate baseline levels of genome instability. Probably, the main reason for this scarcity of data is of a technical nature.
While, in many RNA viruses, mutation rates have been estimated based on sequence analysis, this has not been possible
so far for DNA viruses in which mutations are less frequent. Classical Sanger sequencing does not provide deep-enough
information to sample low-frequency, new spontaneous mutations. In turn, NGS platforms have the capacity to yield
hundreds of billions of nucleotides of DNA sequences in a single experiment, but they are limited by their high per-read
error rates which can be orders of magnitude higher than the mutation rate to be measured [26]. However, high-fidelity
NGS techniques, developed during early 2010s, such as duplex sequencing [27,28] or circular sequencing [29,30] offer
a promising solution for these limitations and should enable a much deeper understanding of spontaneous mutation rates
and genome instability in DNA viruses (Fig. 3.2).

3. MUTATOR PHENOTYPES PRODUCED BY LOW-FIDELITY DNA VIRUS POLYMERASES

The most extreme form of genomic instability is achieved by mutators in which genome-wide rates of spontaneous mutation
are elevated by orders of magnitude. Mutator strains and their evolutionary and clinical implications have been extensively
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FIGURE 3.2 Benefits of high-fidelity NGS. Sequencing has been used for estimating the genetic diversity of viral populations and for characterizing
hypermutation and other genome instability processes. Classical Sanger sequencing of PCR molecular clones is a reliable approach, but its coverage is
typically limited to 10-100 reads per site, thus preventing sampling of low-frequency mutations. Using NGS platforms, sequencing coverage can be easily
increased to >1000 reads per site, but the per-read per-base technical error rate is relatively high (0.1-1.0%). In contrast, the recently developed high-
fidelity (HF) NGS technologies, such as duplex sequencing or circular sequencing, can achieve high coverage with an extremely low error rate (<0.001%).
See text for references.

studied in bacteria [31-34] and constitute a highly active topic in cancer research [35,36]. DNA viruses can also adopt a muta-
tor phenotype, as shown decades ago using the model bacteriophage T4. Although T4 has a low per-base spontaneous mutation
rate compared to other DNA viruses, this rate is still about 30-fold higher than that of its host and is mainly determined by
the fidelity of the viral polymerase [37,38]. Most T4 mutators are produced by replacements in the N-terminal domain of the
polymerase where the 3’-exonuclease activity resides and can reduce replication fidelity by up to 400-fold [39]. This contrasts
with RNA viruses including HIV-1, hepatitis C virus, and influenza virus in which natural mutators have not been described,
probably because the wild-type mutation rate is already in the order of 0.1-1.0 new mutations per genome copying, a value
that is presumably very close to the theoretical maximum level compatible with virus survival, also termed error threshold
[40—42]. Changes in other genes involved in replication, including single-stranded DNA-binding proteins and helicase and
clamp proteins, can also produce a mutator phenotype in T4, albeit typically more modestly than low-fidelity polymerases
[43]. T4 antimutators showing 100-fold increase in replication fidelity have also been described and often map to the central
exonuclease and palm subdomains and the carboxyl-terminal thumb subdomain of the viral polymerase [39]. It has also been
noted that T4 antimutator polymerases tend to replicate DNA more slowly than wild-type polymerases, therefore negatively
impacting viral fitness. This cost suggests that there is an upper limit for replication fidelity which is determined by the need
to replicate fast. On the other hand, mutator phenotypes are also costly because mutations falling at essential genes inflate the
genetic load of the population [44]. However, in theory, mutators may still be favored in populations that are maladapted or
subject to rapidly changing environments because they boost the production of genetic diversity. However, their rise should be
transient, particularly in recombining populations where the mutator locus rapidly unlinks from loci where positively selected
mutations are found [45,46]. While in bacteria, these predictions have been largely confirmed, less is known about the evolu-
tionary dynamics of mutators in DNA viruses. In addition to the well-studied T4 system, low-fidelity polymerases may play
a central role in the production of diversity in other large DNA viruses such as, for instance, ASFV. Besides the replicative
DNA polymerase, ASFV encodes a simple DNA repair system consisting of an endonuclease, a repair polymerase termed pol
X and an ATP-dependent DNA ligase. Pol X, which belongs to the same family as the mammalian base-excision repair pol f3,
exhibits a high error rate, which is determined by the lack of 3”-exonuclease activity and a poor base discrimination capacity
[47]. It has been suggested that the relatively high diversity found among ASFV isolates may in part have originated during
mutagenic repair involving the highly error-prone DNA pol X [48].

4. DNA COLIPHAGES AND THE MMR SYSTEM

Compared with proofreading, relatively little attention has been paid to the role played by postreplicative repair in deter-
mining the genomic stability of DNA viruses. Inasmuch as the lack of 3’-exonuclease proofreading is believed to be a
major determinant of RNA virus error-prone replication, access to postreplicative repair may dictate to a large extent
the rate of spontaneous mutation of DNA viruses. An excellent model for addressing this question is the E. coli MMR
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system which affords up to 1000-fold reduction in the rate of spontaneous mutations [49]. MMR is carried out by the
MutHLS proteins which perform a strand-specific bidirectional repair [50]. Base mismatches or small insertion/deletion
loops are recognized by MutS which interacts with MutL and leads to the activation of the MutH endonuclease which
excises the daughter strand. DNA resynthesis from the parental strand is then carried out by DNA pol III followed by
ligation of the nicked DNA. For this process to operate, the daughter and parental strands need to be distinguished. This
is made possible because the parental strand has a methyl group in the adenosine of GATC sequence motifs which is
added by Dam methylase. Therefore, MMR requires the presence of GATC motifs in the genome, which are normally
found at a high frequency in the bacterial chromosome (about 1 in every 250 bases are expected by chance). However,
GATC motifs are strikingly absent from the 5.4kb genome of bacteriophage ¢X174. This strong GATC avoidance
necessarily impairs MMR in the phage and should produce a major effect on the $X 174 mutation rate. Supporting this,
the mutation rate of bacteriophage ¢X174 (c. 10-°m/n/c) is three orders of magnitude higher than that of E. coli [22].
However, the introduction of 20 GATC motifs in the $X174 genome using site-directed mutagenesis reduced the phage
mutation rate only by eight fold, with varying effects of these motifs depending on their genome location, the lower-
than-expected effect of GATC motifs on phage mutation rate being probably due to an inefficient methylation of the
phage DNA [9]. Fast replication or the transient nature of double-stranded replicative intermediates may offer fewer
chances for Dam methylation in the phage DNA compared to the bacterial chromosome. Although less marked, GATC
depletion extends to other coliphages and plasmids, but it is still unclear whether this is a consequence of selection acting
on either mutation rates or unrelated traits [51].

5. THE INTERACTION BETWEEN DNA VIRUSES AND THE EUKARYOTIC DNA DAMAGE
RESPONSE

The DNA damage response (DDR) comprises a set of signaling pathways for the detection and repair of DNA damage and
includes the MMR system for mispaired bases, the base excision repair system for small base modifications, the nucleotide
excision repair for intrastrand crosslinks and pyrimidine dimers, the single-strand break repair and double-strand break
(DSB) repair pathways involving homologous recombination and nonhomologous end joining [52]. The DDR is primar-
ily controlled by two protein kinases, ataxia-telangiectasia mutated (ATM) and ATM/Rad3-related (ATR) protein kinases.
ATM is mainly implicated in the repair of DSBs sensed by the protein complex MRN [53], whereas ATR responds to vari-
ous types of DNA damage that have in common the presence of single-stranded DNA [54]. Numerous studies have demon-
strated that viruses interact with DDR pathways and that, whereas many viruses evade DDR, others appear to benefit from
it [55,56]. DNA viruses have developed different strategies to modulate DDR by altering the localization or promoting the
degradation of DDR components. For instance, the adenovirus E4orf6 protein recruits a ubiquitin ligase and promotes the
proteasomal degradation of TOPBPI, an activator of ATR [57]. Defects in the adenoviral E4 gene lead to the formation of
genome concatemers constituted by ligated viral DNA with heterogeneous junctions [58], underscoring the importance of
DDR evasion for adenoviruses (Fig. 3.3).

Similarly, HSV proteins such as the regulatory factor ICP0O, antagonize DDR by promoting the mislocalization of
ATR-interacting protein (ATRIP) [59]. As a result, mutants with ICPO defects show very poor growth. DDR induction
can produce undesirable effects for the virus, such as premature entry into apoptosis. Hence, the inhibition of down-
stream DDR pathways that stimulate apoptosis is also a common feature of DNA viruses. For instance, the HSV latency-
associated protein M2 induces ATM activation, which results in p53 phosphorylation, the inhibition of DNA repair, the
blockade of DNA damage-induced apoptosis, and the induction of G1 cell-cycle arrest [60]. Although DNA viruses tend
to produce genomic instability in the infected cell, it is still poorly understood how DDR impairment affects DNA virus
genomic stability and mutation rates. Highlighting the complexity of virus—DDR interactions, some DNA viruses also
use DDR for their own benefit. For example, polyomaviruses induce and exploit the ATM signaling pathway [61]. The T
antigen protein expressed by the SV40 polyomavirus activates ATM kinase and downstream targets that are required to
obtain unit length viral replication products [62]. Other small DNA viruses such as papillomaviruses [63] and parvovi-
ruses [64] also need to activate the DDR pathways for an efficient replication. These viruses share the common property
of having small circular DNA genomes which do not encode their own polymerases and, therefore, they depend strictly
on cellular polymerases for replication, as opposed to larger DNA viruses such as adenoviruses, herpesviruses, and pox-
viruses which encode autonomous replication complexes. Therefore, a possible explanation for why some small viruses
promote DDR is that they need to prolong the S cell-cycle phase to create a more favorable environment for replication.
By adopting circular genomes, these viruses would also avoid the formation of DDR-associated concatemers as those
found in adenoviruses. Given the effects of repair avoidance in the mutation rates of prokaryotic viruses, changes in the
expression, and localization of DDR repair-associated proteins might also have major effects on the genomic stability
of eukaryotic DNA viruses.
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FIGURE 3.3 Inhibition of ATM and ATR pathways by adenoviruses. E1b55K—E4orf6 complexes promote the degradation of the MRN complex
by recruiting cellular ubiquitin ligases, which prevents ATM signaling. These complexes also recruit ubiquitin ligases to promote the degradation of p53,
avoiding apoptosis. The Ad5 E4orf3 protein abolishes the MRN-dependent activation of ATR, resulting in the inhibition of the ATR pathway, and it also
inhibits pS3. The Ad12 E1B55K protein recruits an E3 ubiquitin ligase to promote TOPB1 degradation, leading to ATR pathway suppression.

6. DIVERSITY-GENERATING RETRO-ELEMENTS IN BACTERIOPHAGES

Some DNA viruses have evolved the ability to target mutations to specific genome regions, thus avoiding the cost of genome-
wide hypermutation. A unique and fascinating mechanism of mutation targeting is provided by DGRs. These elements are
located in genome regions involved in host attachment and tropism, a trait which is frequently subject to rapidly changing
selective pressures dictated by host availability. The first and best-studied DGR was found in the Bordetella BPP-1 bacterio-
phage [65]. This DGR consists of two sequence repeats of about 150 bp each and two ORFs (Fig. 3.4). The first repeat is called
the variable repeat (VR) and is located in the 3’-end of the m#d gene (major tropism determinant) which encodes a tail fiber
protein. Downstream of the VR is located the template repeat (TR) which, contrarily to VR, has a highly conserved sequence.
A second ORF (brt) encodes a reverse transcriptase which synthesizes cDNA from the VR transcript. During this process,
extensive mutagenesis occurs whereby adenines are systematically substituted for random bases by an as yet unknown mech-
anism. VR cDNA is then transferred to TR, thus producing a large number of variants of the mtd gene potentially capable of
interacting with new ligands [ 12]. For this transfer to occur, several cis-acting elements are required, including an IMH (initia-
tion of mutagenic homing) region which contains a 15-bp GC-only sequence identical to a portion of TR and a 21-bp sequence
similar but not identical to another TR fragment followed by inverted repeats that can adopt a cruciform secondary structure
[66]. Using a metagenomics approach, DNA viruses present in the human lower gastrointestinal tract were found to harbor
hot spots of hypervariation in genes showing homology to BPP-1 DGR, along with other loci encoding the Ig-superfamily
proteins, most of which were linked to genes encoding reverse transcriptases [67]. DGRs have also been found in plasmids,
bacterial chromosomes, archaea, and archaeal viruses [68—70]. Although their absolute abundance is low, their powerful
mutagenic effect may have a significant impact on the adaptability of prokaryotic viruses.

7. RECOMBINATION-DRIVEN GENOME INSTABILITY IN DNA VIRUSES

DGRs have not been described in eukaryotes or their viruses. The latter may thus use different mechanisms of targeted
hypermutation. One such possible mechanism has been demonstrated in poxviruses and is based on recombination-mediated
gene amplification. For instance, the inverted terminal repeats of the vaccinia virus genome are known to experience rapid
changes in size [71]. This region contains abundant repeats of 10—100bp sequence motifs that undergo frequent unequal
crossover events [72]. While other regions of poxvirus genomes are believed to exhibit greater genome stability, diversity
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FIGURE 3.4 Organization and function of DGRs. The prototypic DGR of phage BPP-1 is linked to the major tropism determinant (mtd) gene which
encodes a tail fiber protein. The TR transcript is converted to cDNA by the brt-encoded reverse transcriptase, and in this process, extensive mutagenesis
of adenosines takes place. The cDNA then displaces the VR of the mtd gene, a process that is dependent on the IMH motif. As a result, a large number of
Mtd variants are produced, allowing for rapid changes in host tropism at the viral population level.

is nevertheless required in these regions for immune escape and for the colonization of novel hosts. This requirement origi-
nates from the species-specific selective pressure exerted by host immunity. A central component of innate immunity is
protein kinase R (PKR), which induces translational shutoff by phosphorylating the eukaryotic translation initiation factor 2
and mediates additional antiviral responses through its effects on protein phosphorylation status, mRNA stability, and apop-
tosis [73]. The host—pathogen evolutionary arms race has led to the coevolution of PKR and poxvirus proteins such as K3L
and E3L which counteract PKR and contribute to virus-host specificity [74,75]. To investigate the plasticity of these genes,
experimental evolution of a vaccinia virus deleted for E3L was carried out to impose a strong selection pressure favoring
gain-of-function mutations in the other PKR suppressor, K3L [11]. The virus became adapted to this deletion by increas-
ing the copy number of the K3L gene, inflating its total genome size by up to 10%. Low-frequency variants in the viral
population carrying recombination breakpoints were identified as the most likely founders of these genomic expansions.
The beneficial effect of gene amplification was two pronged. First, it increased K3L levels, thus providing a direct fitness
advantage. Second, it also increased the number of targets available for the appearance of spontaneous gain-of-function
mutations. Once these mutations were positively selected and became fixed in the viral population, K3L copy numbers
were again reduced, a process which was probably driven by the cost of increased genome size. This thus led to accordion-
like evolutionary dynamics whereby copy numbers expand and contract through time. Genomic accordions may also be
relevant to the evolution of other poxviruses, such as for instance adaptive gene duplications found in myxomavirus [76].
More broadly, recombination plays a central role in DNA virus biology, including replication, the production of genetic
diversity, and the preservation of genome integrity, and it has been associated with host range expansion, the emergence of
new viruses, modifications of transmission vector specificity, pathogenesis, and host immunity evasion [77-79]. Early work
suggested a nonhomologous recombination hot spot in the replication origin of phage m13 [80]. In phage A, recombination
can occur independently of DNA replication and is active even in cells deficient for the RecA protein (the main protein
involved in E. coli recombination), which allowed for the identification of a phage-encoded homologous recombination
system termed Red [81]. Herpesviruses also have their own recombination machinery used both for replication and DNA
repair [81]. Sources of genome instability including DSBs and single-strand DNA breaks are sensed by DNA virus proteins
and repaired using different recombination pathways depending of the type of DNA damage. Since these repair pathways
are generally error prone, recombination hot spots may drive targeted genomic instability.

8. APOBEC3 PROTEINS AND DNA VIRUS GENOME INSTABILITY

The induction of viral genome instability by host-encoded factors is best illustrated by the action of the apolipoprotein-B
mRNA-editing catalytic polypeptide-like 3 (APOBEC3) family of cytidine deaminases which constitutes an innate cellular
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defense mechanism against retroviruses, endogenous retro-elements, and some DNA viruses [82]. APOBEC3 proteins
produce mutations on viral DNA by deaminating cytidine to uracil [83,84]. The first studies showing the antiviral effect of
APOBECS3 proteins were carried out in HIV-1 more than 10years ago [85,86]. However, several subsequent studies have
shown that APOBEC3 members can also edit the genomes of hepatitis B virus (HBV) and other DNA viruses that do not
undergo a reverse transcription step. HBV has a partially double-stranded DNA genome of 3.2kb which contains four
highly overlapped open reading frames. The HBV genomic DNA is synthesized by the reverse transcription of a prege-
nomic RNA inside the nucleocapsid, and since reverse transcriptases are highly error prone, this is believed to be the main
source of diversity in HBV. APOBEC3 proteins were first shown to inhibit HBV in a mutagenesis-independent manner
when the amount of viral RNA associated with core particles was found to be reduced in the presence of APOBEC3 due
to the inhibition of the pregenomic RNA encapsidation [87]. However, transfection experiments have shown that different
APOBECS3 forms edit both plus and minus DNA strands [88] and have been found to produce hypermutated viral genomes
in vivo [89], particularly in cirrhotic patients [90]. As opposed to HIV-1, HBV hypermutated genomes cannot usually be
detected by molecular clone sequencing of conventional PCR products and require an ad hoc modified PCR protocol in
which a lower denaturation temperature is used to favor the selective amplification of APOBEC3-edited A/T-rich sequences
[88]. Interestingly, APOBEC3 footprints have also been detected in non-reverse transcribing DNA viruses. Human papil-
lomavirus, a circular double-stranded DNA virus, has been found to be subject to APOBEC3 editing of both DNA strands
in cotransfection experiments and in vivo, producing hypermutated viruses in benign and precancerous lesions [91]. Sin-
gle-stranded DNA parvoviruses have also been found to be inhibited by APOBEC3, although in this case, this was not
accompanied by hypermutation [92]. In contrast, transfusion-transmitted virus, another single-stranded DNA virus with
no known homology to previously described viral families, has been found to be susceptible to hypermutation caused by
APOBEC3 proteins [93]. Finally, APOBEC3-mediated editing has also been described in large double-stranded DNA
viruses such as HSV and Epstein—Barr virus [94]. The primary effect of hypermutation is antiviral because a large number
of deleterious missense or nonsense mutations are produced. For instance, one of the preferred APOBEC3G targets is the
TGG trinucleotide which, after editing, can lead to TAG premature stop codons, most of which are lethal to the virus. In
HIV-1, APOBEC3 expression levels can determine disease progression, with higher APOBEC3 activity associated with
higher CD4 counts and slower progression [95,96]. However, a fraction of the edited genomes might be viable and could
contribute to immune escape or drug resistance. In HIV-1, it has been shown that many drug-resistance mutations [97] and
CTL-escape mutants [98] are located within typical APOBEC3G targets. Similarly, the 3TC-resistance M 1841 replacement
in the HIV-1 reverse transcriptase arose faster in APOBEC3-expressing cells [99]. However, the role played by APOBEC3
proteins in the genetic diversity and virulence of DNA viruses still remains poorly characterized.

9. CONCLUSIONS AND FUTURE DIRECTIONS

The long-accepted genetic stability and slow evolution of DNA viruses have been challenged by multiple reports showing
that DNA viruses can exhibit levels of genetic diversity approaching those of some RNA viruses. While for some small DNA
viruses, this could be explained by a relatively high rate of spontaneous mutation, the few available estimates for large DNA
viruses support a lower average mutation rate. High-fidelity NGS techniques should provide a powerful tool for the study of
DNA virus mutation rates and genomic instability in the near future. Despite current uncertainties, DNA virus mutation rates
appear to be higher than those of their hosts, probably because the former undergo less efficient DNA repair. The depletion
of GATC motifs found in some coliphages provides evidence for repair avoidance, but further work is needed to clarify the
evolutionary forces driving such avoidance. The relationship between DNA viruses and cellular repair pathways is much
more complex in eukaryotes. It is well established that DNA virus infections modify DDR pathways, but the cause—effect
relationships of these changes remain poorly understood. From the virus perspective, it appears that DDR is sometimes an
undesired yet unavoidable cellular response to infection, whereas in other cases, DDR is a beneficial or even necessary cel-
lular resource for the virus. Furthermore, the effects of DDR activation/inhibition on viral genomic stability as well as the
implications for DNA virus genetic diversity remain obscure. Similar dualities apply to APOBEC3-mediated hypermutation
of DNA virus genomes which, despite being primarily an antiviral response, can promote the appearance of immune escape or
drug-resistance mutations. Another important realization is that although large DNA viruses show a higher average genomic
stability than small DNA viruses and RNA viruses, mutational hot spots can be found at specific genome regions involved in
dynamic virus—host interactions, and transient boosts of diversity may also be afforded by short-lived genome-wide mutators
in DNA viruses. While the selective pressures acting on bacterial mutators have been well studied, much less is known about
the fate of DNA virus mutators, particularly for eukaryotic viruses. DGRs provide a clear mechanistic basis for the ability of
some DNA bacteriophages to target mutations to specific genome regions, and their in-depth characterization has both basic
and practical implications for directed evolution purposes. Different mechanisms appear to be used for targeted hypermutation
in large eukaryotic DNA viruses, in which recombination-driven genomic instability appears to play a central role.
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GLOSSARY

Error threshold The theoretical maximal mutation rate tolerated by a given population. Above this threshold, natural selection fails to preserve
the sequence of the fittest variants and other, less fit variants reach high population frequencies and may become fixed. This is expected to favor
population extinction, although extinction is not a necessary consequence of error threshold crossing.

Genomic accordion An evolutionary expansion/contraction of a gene’s copy number, typically associated with strong selection acting on this
specific gene.

Hypermutation Strong elevation of the rate of spontaneous mutation which, in viruses, is typically associated with host-mediated edition of the
viral genome and tends to be specific to some bases or sequence contexts.

Mutational hot spot Elevation of the spontaneous mutation rate at a specific genome region.

Mutator phenotype A highly increased rate of spontaneous mutation affecting the entire genome and caused by loss of fidelity mechanisms,
including proofreading activity and/or postreplicative repair.

Plaque-to-plaque transfer A virus culture technique whereby a single viral plaque is picked and used to seed a fresh culture, in which new plaques
develop, and so on. By passaging a virus in this manner, the effective population size is strongly reduced, thereby allowing for the accumulation
of mutations under random genetic drift.

Rate of spontaneous mutation The probability that new genetic changes appear and are passed to the next generation. In viruses, a generation is
typically defined as one cell infection cycle.

LIST OF ACRONYMS AND ABBREVIATIONS

APOBEC3 Apolipoprotein-B mRNA-editing catalytic polypeptide-like 3 (protein)
ASFV African swine fever virus

ATM Ataxia—telangiectasia mutated (protein)

ATR ATM/Rad3-related (protein)

DDR DNA damage response

DGR Diversity-generating retro-element

DSB Double-strand break

HBYV Hepatitis B virus

HSV Herpes simplex virus

IMH Initiation of mutagenic homing (DGR element)
MMR Methyl-directed mismatch repair

NGS Next-generation sequencing

PKR Protein kinase R

TR Template repeat (DGR element)

VR Variable repeat
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