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Abstract

Herpes-Simplex Virus 1 (HSV-1) infects most humans when they are young, sometimes
with fatal consequences. Gene expression occurs in a temporal order upon lytic HSV-1
infection: immediate early (IE) genes are expressed, then early (E) genes, followed by late
(L) genes. During this infection cycle, the HSV-1 genome has the potential for exposure to
APOBECS3 (A3) proteins, a family of cytidine deaminases that cause C>U mutations on sin-
gle-stranded DNA (ssDNA), often resulting in a C>T transition. We developed a computa-
tional model for the mutational pressure of A3 on the lytic cycle of HSV-1 to determine which
viral kinetic gene class is most vulnerable to A3 mutations. Using in silico stochastic meth-
ods, we simulated the infectious cycle under varying intensities of A3 mutational pressure.
We found that the IE and E genes are more vulnerable to A3 than L genes. We validated
this model by analyzing the A3 evolutionary footprints in 25 HSV-1 isolates. We find that IE
and E genes have evolved to underrepresent A3 hotspot motifs more so than L genes, con-
sistent with greater selection pressure on |IE and E genes. We extend this model to two-step
infections, such as those of polyomavirus, and find that the same pattern holds for over 25
human Polyomavirus (HPyVs) genomes. Genes expressed earlier during infection are more
vulnerable to mutations than those expressed later.

Author summary

The APOBEC family of cytidine deaminases are a component of innate immunity that
can bind to viral DNA and cause mutations. We developed a computational model of the
lytic life cycle of herpes simplex virus 1 (HSV-1), a large double-stranded DNA virus, to
evaluate the potential effects of APOBEC on the virus and its evolution. The model con-
sidered three types of viral genes: Immediate Early (IE), Early (E) and Late (L). We found
that genes expressed earliest in the Iytic life cycle, E and particularly IE, are the most
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vulnerable to APOBEC-mediated mutations, because even low levels of mutation were
sufficient to disrupt the infection process. We were able to validate the predictions of the
computational model by analyzing published HSV-1 genomes, in particular by using soft-
ware tools that quantify the extent to which each genome has evolved to reduce the num-
ber of DNA motifs (also known as “mutational hotspots”) that are preferred by APOBEC
for mutation. Our analysis suggested that the IE and E genes have evolved to avoid APO-
BECS3 targeting. We extended our modeling and genomic analysis to human Polyomavi-
ruses, which are smaller double-stranded DNA viruses with a simpler life cycle than HSV-
1 and found similar results. These studies highlight the vulnerability to APOBEC of genes
expressed early during viral infection and may suggest these genes as therapeutic targets.

Introduction

Herpes Simplex Virus-1 (HSV-1), also known as human-herpesvirus 1, is a double-stranded
DNA (dsDNA) virus, that undergoes productive lytic replication in epithelial cells and estab-
lishes latency in neuronal cells. HSV-1 infection may lead to minor lesions such as cold sores,
or more serious conditions such as herpes encephalitis [1,2]. Reactivation from latency is asso-
ciated with some cases of Bell’s Palsy [3]. Human Polyomaviruses (HPyV) are dsDNA viruses
with a much smaller genome than HSV-1. Currently, there are four human polyomaviruses
that have a clear association with diseases such as kidney and urinary tract disease in renal and
bone marrow transplant patients, progressive multifocal leukoencephalopathy (PML), Merkel
cell carcinoma, and Trichodysplasia spinulosa [4]. The error rate of the viral DNA polymerases
of these dsDNA virus families are low, but co-speciation in vertebrates and variation among
clinical isolates indicates that mutations arise, and positive selection pressures are more preva-
lent in DNA viruses than in RNA viruses [5,6]. The host factors that shape virus evolution are
not well-defined for the dsDNA viruses. Here we focus on host-mediated cytosine deamina-
tion as a driver of genome editing and virus evolution.

In HSV-1 Iytic infection, gene expression proceeds in a temporal order: immediate early
(IE), then early (E), followed by late genes (L) [7]. Upon contact with the cell, the envelope
fuses with the cell membrane, allowing the capsid to enter the cell via endocytosis [8]. From
there, the virion travels along the microtubule network to the nucleus, wherein it injects its
genetic material into the nucleus. Once in the nucleus, the viral genome rapidly circularizes.
The tegument protein VP-16 binds to host Oct-1 and HCF-1 to recruit other cellular enzymes
to derepress the IE promoters and initiate transcription of IE genes [4]. VP16, in association
with host proteins, initiates transcription of the five IE genes: ICP0, ICP4, ICP22, ICP27, and
ICP47 [7]. In particular, ICP4 acts as a key transcriptional regulator of all gene classes to enable
transcription of both E and L genes while also acting to inhibit its own expression [9,10].
There are at least 12 E genes that are primarily responsible for nucleic acid metabolism and
viral DNA replication. At least 56 L genes encode for structural and virion-associated proteins,
including the tegument protein VP16 [11].

Lytic infection of HPyV proceeds temporally, in two phases that are transcribed from two
distinct genomic regions termed early and late. Large T and small T antigens are expressed
from the early region, whereas the late region expresses the viral coat proteins VP1, VP2, and
VP3 [12]. The late region of several polyomaviruses also encodes miRNAs that function to tar-
get early mRNAs for degradation and limit the expression levels of T antigens [13]. A third
region of the genome has a regulatory role and is often referred to as the non-coding control
region [12].
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The APOBECS3 (A3) enzymes, of which there are seven in human (A,B,C,D,F,G,H), belong
to the AID/APOBEC family of cytidine deaminases [14]. The A3s have multiple roles in innate
immunity, including restricting transposable elements and viral restriction by deamination of
ssDNA or through deamination-independent mechanisms, such as disruption of reverse-tran-
scriptase activity [15,16]. The A3 substrates are primarily single-stranded DNA (ssDNA) and,
as such, have the potential to impact both transcription and/or replication of viruses that repli-
cated in the nucleus. In the context of herpesviruses, ectopic expression of host A3C proteins
induced lethal mutations on the HSV-1 genome in vitro [17].

To evaluate potential A3 pressures on viral evolution we previously developed the Cytidine
Deaminase Under-representation Reporter (CDUR) software package to analyze A3 hotspot
under-representation in viral sequences [18]. CDUR also determines viral susceptibility to
amino acid changes, defined as an over-representation of non-synonymous changes in the
coding sequence if the existing hotspots were to mutate. We recently reported that there is a
duality of under-representation and susceptibility to A3B hotspots in a significant proportion
of genes of the gammaherpesviruses Epstein-Barr Virus (EBV) and Kaposi’s sarcoma-associ-
ated herpesvirus (KSHV). EBV and KSHYV evolved to limit the number of targets for A3B,
resulting in genomic sequences that not only had fewer hotspots (under-representation) but
whose remaining hotspots would cause mostly non-synonymous mutations that result in
amino acid changes, presumably due to these sequences providing an essential role to the virus
lifecycle. Little association was found between the temporal stage at which a viral gene was
expressed and A3B-related features such as hotspot under-representation and mutation sus-
ceptibility, with the exception of four KSHV latent genes that did exhibit this duality [19,20].
As a possible counter-defense, the Epstein-Barr Virus (EBV) protein BORF2 inhibits A3B-
related mutations by relocating A3B outside of the nucleus [21]. The BORF2 homolog in
HSV-1, ICP6, does not appear to affect replication, despite the fact that it also relocates A3A/B
[22].

Stochastic computational models have been widely used for viral infection models due to
the inherently low numbers of molecules involved, particularly during the early stages of infec-
tion [23-26]. In the case of A3, mutations and their effects are inherently stochastic due to the
randomness of ssDNA accessibility during transcription and/or translation [27,28], the uncer-
tainty of deamination events following DNA binding [29], and differences in the consequences
of deamination, whether the mutations are synonymous or non-synonymous [30]. Interest-
ingly, A3A and A3B may have evolved to increase stochasticity via high-frequency conforma-
tional changes that occlude the catalytic pocket [31].

Here we investigate A3A/B targeting of HSV-1 and HPyV, and the consequences on the
evolution of the viruses using a combination of computational modeling and sequence analy-
sis. We developed a stochastic computational model and apply this model to investigate the
impact of A3A/B-mediated mutations at specific stages of the virus replicative cycle. A previ-
ously published model [32] utilized ordinary differential equations (ODEs) and mass-action
kinetics to describe the lytic cycle of HSV-1. We improve upon this model by adding various
regulatory effects between gene classes, adding a probabilistic layer that determines A3 muta-
tions, as well as convert it to a stochastic computational model. We find that A3A/B-induced
mutations affecting the early stages of the lytic life cycle, specifically IE and E genes, tend to be
more lethal to the virus than mutations in L genes. We next analyzed the HSV-1 for A3A/B
hotspot under-representation and vulnerability to amino acid changes [18]. Based on the hot-
spot TC, which is characteristic of A3A/B, we find that the IE and E genes show the strongest
effects of evolutionary pressure, significantly more so than the L genes, highlighting the partic-
ular importance of at least one of these two A3s in HSV-1 genomic evolution. We also evalu-
ated a model of HPyV and find that viral fitness is more negatively affected by A3A/B
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mutations in early genes than in late genes. As with HSV-1, HPyVs have a genomic under-
representation of A3A/B hotspots that is biased towards early genes rather than late genes,
strongly supporting evolution to avoid A3A/B targeting.

Results
Motivation for a stochastic model for herpes simplex virus-1

HSV-1 primarily infects epithelial cells, where nuclear A3A/B are expressed [33]. Single-
stranded DNA (ssDNA) would likely be accessible to nuclear A3A/B proteins during tran-
scription and replication. IE and E genes are expressed prior to initiation of viral replication,
followed by L gene expression. HSV-1 utilizes a rolling circle form of DNA replication,
whereby the viral DNA polymerase traverses the circularized genome to make concatemeric
DNA, though complex non-linear branched DNA replication intermediates exist as well [34].
We created a computational model of the viral lytic life cycle to investigate how A3 might dis-
rupt the infection process, and how A3 may affect the viral fitness landscape under different
mutational pressures.

The Gillespie algorithm [35], also known as the stochastic simulation algorithm, describes
temporal changes in the numbers of molecules based on two criteria. First, the algorithm sto-
chastically chooses which reaction will occur next from a given set of reactions, here based on
regulatory interactions. Second, the algorithm determines the time lapse between reactions
based on the total molecule count. Fig 1A illustrates the steps behind our implementation of
the algorithm for the HSV-1 lytic cycle. At transcriptional and replicative steps, our algorithm
probabilistically generates an A3 mutation deleterious to the virus. The regulatory interactions
of the three genes (IE, E, L) in the model are described in Fig 1B. The model begins at the IE
transcriptional step. IE proteins appear 2-4 hpi, while E proteins appear 5-7 hpi with viral
DNA replication beginning shortly thereafter [36]. The cycle of expression ends with the L
proteins, which include the structural proteins needed to create new virions. The dynamics of
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Fig 1. Gillespie Model implementation. The model is based on the ordinary differential equations (ODEs) in Eqs 1-8
(see Methods). A) Schematic diagram of Gillespie algorithm implementation. Starting with molecule counts, we
calculate probabilities of a certain “reaction” event such as transcription of IE, E, or L genes; translation of mRNA;
replication; or virion creation, among others. Next, we update time, and then randomly choose which event occurs
from the previously calculated probabilities. Next, if a chosen event is a transcription or replication event susceptible to
A3 mutation (here we consider transcription and replication), we set another probability of whether mutation from A3
occurs. Finally, we update the counts and repeat until a certain time threshold or a pre-defined number of cycles have
passed. B) Components and interactions in the viral life cycle model. Where mutations may occur are denoted by
yellow signs. Im, Ip denote IE gene mRNA and protein, respectively; similarly for Em,Ep,Lr, and Lp. V is virion.

https://doi.org/10.1371/journal.ppat.1009560.9001
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our model should agree with the timeframe of infection [32,36-38], as well as being computa-
tionally feasible. S1 Fig shows the results of a deterministic version of the model using ordinary
differential equations (ODEs), which improves upon a previously published model [32]. Here,
we use the more standard Hill [39] terms for gene regulation (see Methods and Eq 1), whereas
the previous model used only mass action kinetics. Simulation results of the model using the
stochastic Gillespie Algorithm but without APOBEC mutations, are shown in S1 Fig, which
shows the average of 10 simulations for levels of DNA, mRNA and virion. As expected, these
curves are similar to the deterministic simulation results of S1 Fig.

Our model tracks the number of healthy and mutated genomes, gene transcripts, and pro-
teins in a typical cell. It allows for the possibility of trans-acting products, i.e., products from
one genome that may impact a different genome. HSV-1 can form a number of replication
centers (RC) during infection [40,41], so we assume that products from one RC may interact
with another during infection. During transcription events we allow A3-related mutations to
occur stochastically and separately for the IE, E, and L genes. We implement this by defining a
probability of A3 mutation, where a “successful” event causes a non-sense mutation in the tar-
get gene (IE, E, or L) with the corresponding viral genome then being tagged as non-func-
tional. An “unsuccessful” event includes the situations wherein: 1. no mutation occurred, or 2.
a synonymous mutation occurred. Due to the fact that there are very few overlapping open-
reading frames (ORFs) in the HSV-1 genome [42], we do allow for the case that a genome
defective in IE genes, for example, may still transcribe other temporal genes (E, L) normally.
We define “functional virions” (FVs) as those virions with an unmutated genome in the nucle-
ocapsid capable of creating plaque-forming-units (PFU), as opposed to “non-functional viri-
ons” (NFVs) which contain at least one mutated gene. We assume that even though host cells
may be susceptible to a NFV, the infection will not progress.

Mutations early in infection affect the virus more than in later stages

We performed simulations at different multiplicities of infection (MOI) typically used in cell
culture infection studies. In our model, the probability that A3A/B mutates during a transcrip-
tional event (Fig 1A and 1B) is defined in two steps. We first define an overall baseline muta-
tion probability that determines whether or not a mutation from A3A/B occurs (or is
synonymous) or if it is nonsynonymous, and then further define three individual weights that
separate this baseline probability into individual probabilities for each temporal category (IE,
E or L) to account for the relative accessibility of ssDNA in each category, which will depend
on the number of genes and their lengths, among other factors. In the first instance the relative
weights were assigned approximately proportional to the number of genes in each temporal
category (IE = 0.1, E = 0.2 and L = 0.7). Note that these three weights lead to only two free
parameters—the third weight is defined implicitly given that the sum of the three must equal 1
(here, 0.1 + 0.2 + 0.7 = 1). Below, we refer to any particular triplet set of weights as a “stratifica-
tion”. From here, we investigated the consequences of varying levels of A3 mutations by evalu-
ating baseline mutation probabilities over a range between 0.1 and 1.0. Thus, for example,
when the baseline probability = 0.1, the IE, E, and L genes have mutation probabilities of .01,
.02, and .07, respectively. Similarly, when baseline = 0.2, IE, E, and L genes would have muta-
tion probabilities of .02, .04, and .14, and so on. We ran 1000 independent simulations for
each baseline probability. S2 Fig shows histograms of the functional virion (FV) count for
baseline probability values between 0 and 1 at intervals of 0.1, and Fig 2 shows the relative
mean of the number of FVs in the simulations, where relative mean refers to the mean of each
simulation divided by the mean of the “wild-type” (WT), i.e., the simulation where no
A3-related mutations occur. We also measured the FV percentage (FVP), defined as the
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fraction of simulations wherein at least one FV was created during infection, since, in the cases
of low MO, one FV unit may be enough to initiate infection in other host cells (S3 Fig) [43],
though substantially more than one FV unit may be required for ensuring propagation in the
face of stochastic effects.

We modeled the decrease in FVs using exponential decay (Figs 2A and 2B and S3 Fig), and
we define the half-maximal inhibitory probability (IP50), an analog of the half-maximal inhibi-
tory concentration (IC50), of each curve as the point on the x-axis where the curve has reached
half the maximum (dotted line in Fig 2A). A low IP50 indicates a steeper curve and therefore
greater APOBEC impact; in other words, a lower A3 mutation probability is enough to
decrease the production (of functional virions) at a much faster rate. The IP50 for the relative
mean shown by the light green curve of Fig 2A corresponds to one specific stratification of the
baseline probabilities (approximately proportional to the number of genes in each temporal
category: IE = 0.1, E = 0.2 and L = 0.7). We next sought to evaluate different possible different
stratifications (between IE, E and L). Fig 2A also shows the curves for the three extreme param-
eter combinations in which the mutational pressure is entirely on the IE, (IE=1, E =0 and
L=0),E(IE=0,E=1andL=0),or L (IE=0,E=0andL = 1) genes. We proceeded by sys-
tematically testing all combinations of stratifications of IE, E, and L and performing simula-
tions for each, as we did in Fig 2A, to obtain an estimate for IP50 (A3A/B impact) for each of
those stratifications. The results are shown in the heatmap of Fig 2B where the red-filled
squares indicate the highest A3A/B impact (small IP50) and the green entries indicate the low-
est impact (high IP50). The resulting IP50 values for the three extreme parameter combina-
tions of Fig 2A correspond to each of the three corners in Fig 2B. From Fig 2B we observe that
A3 has the biggest impact on the virus at the earliest stages of infection, particularly IE but also
on E, and has the least effect on late genes. Because we are surveying all possible combinations,
this heatmap can also be viewed as a fitness landscape. In particular, any ancestral viruses
would have been situated somewhere within this fitness landscape and also would have been
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Fig 2. Non-linear least squares analysis and subsequent fitness landscape of HSV-1 IE, E and L genes show that IE
and E genes are more vulnerable to A3 mutation than L genes. A) Relative mean, defined as the ratio of means ()
from each increasing mutation probability versus the mean when the mutation probability is zero (). For each
baseline probability, these values are fit to an exponential curve f(x) = ¢ ™ using non-linear least squares. The numbers
for each stratification in the legend denotes the half-maximal inhibitory probability (IP50) for that stratum. The IP50 is
analogous to the half-maximal inhibitory concentration-it measures how high of a mutation probability we need to
reduce /o by 50%, calculated by sz) Shown here are the strata: IE/E/L = .1/.2/.7 (light green), IE/E/L = 1/0/0 (dark
red), IE/E/L = 0/1/0 (yellow), and IE/E/L = 0/0/1 (dark green). B) A heatmap of all strata. The gradient up the x-axis
denotes a higher proportion of pressure on IE genes. The gradient up the y-axis denotes a higher proportion of
pressure on E genes. Finally, the gradient down both the x-axis and y-axis denotes a higher proportion of pressure on L
genes. The intensity of each color reflects the IP50 for that stratification-redder indicates a higher A3 pressure (low
IP50), and greener indicates a lesser A3 pressure (high IP50). Note that the line colors in A) correspond to the heatmap
intensities of those strata in B).
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subjected to evolutionary pressures accordingly. Because A3 has the highest impact on IE and
E gene expression, this suggests that there will be stronger evolutionary pressure to reduce the
impact of APOBEC on the IE and E genes.

Since DNA can become single-stranded during replication, we included an additional
mutation probability to represent replication-associated mutations that is independent of tran-
scriptional events. The commonly accepted model of HSV-1 replication involves an initial
round of bidirectional theta replication which serves as a precursor to rolling circle replication.
HSV-1 DNA is also found as branched non-linear DNA replication intermediates that may
include some classical replication forks [44]. S4 Fig shows the effect of different mutational
replication probabilities whilst keeping all transcription mutation probabilities equal to zero
(see Fig 1A and 1B). Since it has been previously shown that APOBEC primarily deaminates
the lagging strand during replication [45], we also assume that mutations that occur during
replication only affect the template strand and not the nascent strand. Consequently, muta-
tions during replication will mutate one genome copy, while leaving the other unmutated.
Theta replication features two replication forks. Since it is not known whether A3A/B targets
both strands, we next considered the case where mutations occurring during replication tar-
gets both strands (54 Fig). In this situation, we get the same IP50 values as in the case where we
stratify the probability as IE = .1, E = .2, and L = .7 (Fig 2). However, this latter analysis presup-
poses only theta replication, whereas the evidence suggests there is only limited theta replica-
tion as a precursor to rolling circle replication [44]. We fit the resulting curves, corresponding
to the decrease in FVs as a function of mutation probability, into two separate functions-an
exponential decay function in the case of the relative mean (IP50 = 0.28), and a linear decay
function for FVP (slope = -0.51, S4 Fig). Although we see a decrease in the number of FVs, the
rate of decrease is far less than that of transcription-related mutations. This is to be expected
since the number of genomes APOBEC mutates would presumably be very small compared to
the amount of DNA replication that occurs, given that DNA replication occurs exponentially
[46].

High MOI may compensate for mutations early in HSV-1 infection

In vitro experiments have previously shown that HSV-1 infection at differing MOI yields dif-
ferential viral gene transcription rates [26,47]. Using our model, we sought to evaluate whether
the virus can mitigate the effects of genome mutations by infecting at a higher MOI. Similar to
some other DNA viruses, HSV-1 forms replication compartments in the nucleus, wherein
parental genomes become templates for HSV-1 replication and such that only one parental
genome is found in each compartment [48,49]. Furthermore, there is a maximal number of
~10 replication compartments that can be formed, independent of the MO, representing a
bottleneck for parallel viral replication [43,49,50]. Considering these studies, we implemented
our model with MOIs of 1, 2, 5, 10. As we increase MOI, we see that pressure on E genes is
eased, followed by IE genes then L genes (Fig 3A). In other words, the difference in mutational
pressure changes most significantly in E genes as we increase MO, as the IP50 difference is
0.494 between MOI 1 and MOI 10, as compared to 0.258 and 0.098 for IE and L genes, respec-
tively (Fig 3B). These impacts with varied MOI suggest that the increase in parental genomes
in the replication compartments compensates for A3 mutations. Regardless of the MOI value,
A3A/B mutations during L gene transcription have a smaller detrimental effect. There is a
much lower difference in weights when we increase the stratum towards L genes (Fig 3),
whether we have a MOI of 1 or 10. This supports a bottleneck effect due to the limited number
of replication compartments. However, the impact of higher MOI is more pronounced on IE/
E genes than for L genes, as evidenced by steeper regression lines for IE and E genes than for L
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Fig 3. Increasing MOI alleviates pressure on IE and E genes, while A3 pressure on L genes remains more constant.
A) Heatmap for MOI = 1 (top) as described in Fig 2B is compared to heatmaps for MOIs of 2,5 and 10. The intensity of
colors represents the IP50 values calculated for each of the MOI categories. The relative A3 related pressures on E
genes are alleviated as we increase the MOI, while there is nominal increase in the L genes. For each MOJ, a different
scale is used to highlight the relative IP50 changes. B) A regression of IE (blue), E (red), and L (green) describing how
much the IP50 changes as we increase MOI on the three extreme stratifications. L gene IP50 values has a negligible
change, as shown its slope (0.01).

https://doi.org/10.1371/journal.ppat.1009560.9003

(Fig 3B). For L genes, the impact of A3 changes much less if we increase MOI, whereas the A3
impact changes more for IE and E genes as we increase MOI.

The higher MOI may be allowing functional genomes to compensate for deficient genes of
non-functional genomes, which may not be possible for MOI = 1. To test this hypothesis, we
ran simulations with MOI = 2, wherein the infection was initiated with one functional and one
non-functional genome, separately evaluating cases where non-functional genomes have muta-
tions in one of the IE, E or L gene categories. These simulations were compared to typical
MOI = 2 simulations having two functional genomes. We compared the distribution of FV
numbers for probabilities of mutation in the range 0.1-1 (as in Fig 2A). For each probability of
mutation, we performed an independent t-test comparing the two distributions of the number
of FVs and combined the t-test P values using the Fisher method (S1 Table). We then repeated
the experiments with MOI = 10 using 5 non-functional and 5 functional genomes, compared to
typical MOI = 10 with 10 functional genomes. In all cases, the results showed that there is no
difference between wild-type infection or infection where half the genomes are non-functional.
Thus, functional genomes compensate for non-functional genomes, regardless of whether the
deficiency lies in the IE, E or L genes. Furthermore, these results suggest that selective pressures
on the IE and E genes occur at MOI ~1, as in the case of the IE protein ICPO0 [51,52].

Sequence analysis of A3 hotspots indicate that earlier temporal genes are
under greater evolutionary pressure from A3 than late genes

A3s evolved to deaminate at specific hotspot DNA motifs, for example TC for A3A/B. As
deamination targets, viral sequences may have evolved to reduce the number of viable hotspot
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targets, or have had these hotspots mutated away, which in turn may limit the negative effects
of A3 on the virus. In part due to codon degeneracy, viral sequences may evolve to have fewer
A3 hotspots while remaining viable. In order to analyze HSV-1 genes, we used the Cytidine
Deaminase Under-representation Reporter (CDUR) program that we previously developed
[18]. CDUR compares the number of hotspots in a viral coding sequence with a null distribu-
tion of sequences that preserve the amino acid sequence but have shuffled nucleotides at the
third codon position (the “n3” module). CDUR not only quantifies hotspot motif under-repre-
sentation, but also how likely transition mutations at hotspots, such as C>T, are to cause non-
synonymous amino acid changes as opposed to synonymous changes, a measure we termed
mutational “susceptibility” [18].

In a previous analysis of the gammaherpesviruses EBV and KSHV, we reported that genes
under evolutionary pressure from A3s have hotspot under-representation concurrent with
high susceptibility of retained hotspots to amino acid changes. High susceptibility is defined
by hotspots that have a higher than expected probability of causing an amino acid change. We
hypothesized that high susceptibility would be a consequence of depleting hotspot motifs at
synonymous positions, mostly leaving hotspots at non-synonymous positions that cannot be
removed without causing amino-acid changes that compromise protein function [19].

Here we evaluated TC motifs in HSV-1 using CDUR, since A3A and A3B deaminate at
these motifs and localize to the nucleus, where HSV-1 transcription and viral DNA replication
occur. Furthermore, previous studies have implicated A3B in restriction of various herpesvi-
ruses [19-22]. We considered a gene under-represented if, after a false discovery rate (FDR)
correction, it had a p-value of < 0.05, and susceptible if it had a post FDR correction p-value of
>0.95, in other words, if the p-value is on the rightmost tail of the null distribution for suscep-
tibility, as one would expect if it is under selection (see S2 Table and Methods). In Fig 4, we
analyzed the genes of HSV-1 reference strain 17 (NC_001806), comparing IE, E, and L genes
(blue, orange, and green boxes, respectively). IE and E genes have lower under-representation
of TC hotspots than the L genes (Fig 4A, Welch’s t-test, P < 0.0004 for IE and L genes,

P < 0.0233 for E and L genes), and they both have a higher susceptibility than L genes (Fig 4B,
P<0.0001 for IE and L, P < 0.0028 for E and L). Together, these two results are consistent
with stronger evolutionary pressure from A3A/B on the IE and E genes, as predicted by our
model (See S3 Table for a list of genes and their kinetic class).

In addition, we wanted to analyze a herpesvirus whose host lacked any A3 restriction, as a
negative control. We chose Ostreid herpesvirus 1 (OSHV-1, accession NC_005881), which has
an invertebrate host (oyster) that lacks proper APOBEC genes, as well as Marek’s Disease
Virus, also known as Gallid Herpesvirus 2 (GaHV-2) and similarly analyzed their genomes
using CDUR [53]. In OSHV-1, few of the genes (<12 of 124 genes analyzed) of the genes ana-
lyzed show any under-representation or susceptibility to A3 evolutionary pressure. For
GaHV-2, 4/85 (~5%) and 8/85 (~9%) of genes analyzed showed significant under-representa-
tion and susceptibility, respectively. We also wanted to assess if there is a difference between
IE, E and L genes as above. To do this, we classified GaHV-2 homologs based on gene descrip-
tions or a BLASTp search in NCBI (GaHV-2 NC_002229 and HSV01 NC_001806). Those
with no clear homolog were categorized as “unknown.” We determined that there was no sig-
nificant difference in under-representation or susceptibility between IE, E and L genes (S5
Fig). To determine whether the observations for the reference strain 17 hold for other HSV-1
genomes, we repeated the analysis on a previously published dataset of 25 HSV-1 genomes
[54] (S2 Table). Consistent with the results of Fig 4, all genomes showed no significant differ-
ence between under-representation or susceptibility between IE and E genes. All genomes
show significant differences in susceptibility for both IE and E genes against L genes, with 24/
25 genomes showing a significant difference in under-representation between IE and L genes.
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Fig 4. CDUR analysis on HSV-1 strain 17 shows that IE and E genes are significantly under more A3-related
evolutionary pressure relative to L genes. A) Under-Representation and B) Susceptibility results for HSV-1 reference
strain 17. We performed a pairwise comparison the IE, E and L genes using Welch’s t-test. There was no significance
between IE and E under-representation, but there were significant differences between IE/L and E/L genes. *: P< 0.05,
**: P<0.01, ***: P<0.001, ns:not significant. CDUR results for all genes were subjected to FDR correction using the
Benjamini-Hochberg method.

https://doi.org/10.1371/journal.ppat.1009560.9004

There were only 4/25 genomes that showed a significant difference in under-representation
between E genes and L genes (S6 Fig).

C-to-T mutation analysis in extant strains and clinical isolates of HSV-1

Similar to our previous work [19], we also analyzed extant strains to determine if there are spe-
cific areas in the genomes more susceptible to mutations from APOBEC. We looked at 26 pas-
saged strains of HSV1 sequenced and aligned by [54]. For each site in the alignment, a single
nucleotide variant (SNV) was called if at least two sequences have such a variant. S7 Fig shows
the allelic fraction of C>T (G>A) transitions in A3A/B contexts (TpC/GpA) and in non-A3A/
B contexts. The figure shows that in context transitions are not concentrated in any particular
region, and the allelic fraction of in context mutations is significantly less than out of context
transitions (P-value < 1.71 e-74). We also utilized the hyperfreq program [55] to determine the
extent of hypermutation of each gene in either TC or GA motifs, which were examined sepa-
rately. This program uses a Bayesian approach to determine if the ratio of in context mutations
to out of context mutations is statistically significant (see Methods). We performed this analy-
sis by demarcating the whole-genome alignment to be consistent with coding sequences
(CDS) described for HSV-1 strain 17 (Genbank: JN555585, obtained from [54]). Only one IE
gene showed hypermutation in TC hotspots in more than 10% of the genomes (RL2), and only
one IE gene show hypermutation in GA hotspots in more than 10% of the genomes (RS1).
More than half of the E and L genes show hypermutation in the 26 strains (Fig 5A). Even
though few genomes showed hypermutation in nearly all the IE genes, there was no statistical
difference in these fractions for IE and E genes, IE and L genes, and E and L genes.
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Fig 5. Hypermutation and SNV analysis shows that IE genes yield fewer mutations during HSV-1 infection. A)
hyperfreq, a Bayesian analysis tool to determine hypermutation, was used on the 26-genome alignment from [54]. The
hyperfreq_fraction measure describes the fraction of analyzed genomes that were shown to be hypermutated in TC
(blue) or GA (orange) motifs. This was run for each gene in HSV-1. Red is for IE genes, green for E genes, and black
for L genes. B) SNVs determined from 10 clinical samples using a threshold for allelic fraction using bcftools (see
Methods). Shown are transitions: A>G in blue, G>A in orange, C>T in green, and T>>C in red. The x-axis in the top
plot shows the 5-prime context for a given SNV, while the bottom shows the 3-prime context. C) The SNV counts were
mapped to each gene and normalized by the gene length to determine the mutation % for Immediate Early genes (top),
Early genes (middle), and Late genes (bottom).

https://doi.org/10.1371/journal.ppat.1009560.9005

While the previous data describe what occurs in extant strains, we also looked at 10 clinical
isolates taken from the NCBI database, sampled via oral lesions [56], and aligned them using
HSV1 strain 17 as a reference (NC_001806). We looked at single nucleotide transitions across
all 10 isolates and, as expected, we observed that most transitions across the genome occurred
in CpG motifs (Fig 5B). We further counted the SNVs found in the CDS of each gene, normal-
ized by the length of that gene (Fig 5C). The IE genes had the lowest in context mutation rate
(mean = 0.00019) which was much lower than E (mean = 0.00127) and L (mean = 0.00091)
genes (Table 1). This suggests that while A3A/B mutations may be occurring during infection,

Table 1. Total SNV differences between IE, E, and L genes.

Mean Std Pvalue*
Immediate Early 0.00019 0.00029 IEVE = 0.0428
Early 0.00127 0.00106 EvL =0.3326
Late 0.00091 0.00122 IEvVL = 0.1992

*p values were calculated using a student’s t-test.

https://doi.org/10.1371/journal.ppat.1009560.t001
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the IE genes have undergone the most extensive depletion of A3A/B hotspots to avoid muta-
tions during infection.

Two stage kinetic model and sequence analysis of human Polyomavirus

We next sought to determine if the modeling and genome analysis results for HSV-1 also
applied to a different dsDNA virus with a similar Iytic program of sequential temporal expres-
sion (S1 Fig). Polyomaviruses (PyV) have much smaller genomes than herpesviruses. For ex-
ample, the well characterized SV40 virus has a genome slightly larger than 5Kb with 5 genes.
The PyV lytic life cycle has two stages: an early stage (E) where both the large-T and small-T
antigens are expressed, and a late stage (L) where the structural proteins VP1, VP2, and VP3 are
expressed. As in the case of HSV-1, there is evidence for self-repression of E genes, with miR-
NAs from the late promoter and L gene expression also reducing E gene expression [4]. Imme-
diately after polyomavirus infection, early mRNAs accumulate, while late mRNAs accumulate
more slowly such that at approximately 12 hours after infection, the early-late RNA ratio is
approximately 4 to 1. At 12-15 hours post-infection, viral DNA replication begins. Here, late
mRNAs begin to accumulate rapidly while early mRNAs accumulate at a slower rate, and by 24
hours post-infection, the early to late RNA ratio is as low as 1 to 50. This early-late switch is
dependent on viral DNA replication, which in turn changes transcriptional elongation and
RNA stability [57]. This timeframe reflects infection kinetics of Mouse Polyomavirus in mouse
fibroblast culture. BK polyomavirus has been shown to have a much longer timeframe in renal
proximal tubule epithelial cells; E gene expression was detected 12-24 hpi with a continued
increase 24-36 hpi. DNA replication and L gene expression appeared to begin 36 hpi [58,59].

We adapted our stochastic model to have only two stages (see Methods). Given the discrep-
ancies of timeframes stated above, and given the fact that the stated timeframe was only given
for BK polyomavirus, to account for differences in the timeframes, we varied E (y; ) and L
(7.,) gene expression rates across a broad range of plausible values as (y; ,7, ) = (2,1),
(1.5,1),(1.01,1). In addition, we systematically varied the Hill and half-saturation coeffi-
cients. As for HSV-1, we considered all combinations of mutation probabilities for the E and L
genes, which we will call pg and yy, respectively. Fig 6A, 6B and 6C shows the simulation
results for each value of pg and using the gene expression rates stated above. Since there is only
one degree of freedom here (because g + . = 1), each plot shows the A3 impact (y-axis) for
each value of pg, with . defined implicitly as 1- pg. In all cases (Fig 6A, 6B and 6C), the impact
of A3-related mutation increases as the E mutation rate increases. In addition, simulations that
varied the Hill coefficients and half-saturating constants revealed that mutational pressure on
E genes is greater than for L genes for a wide range of parameters (S8 Fig). To validate the
results of our HPyV model, we applied CDUR to analyze a set of 20 human Polyomavirus
(HPyV) genomes obtained from Genbank (Fig 6D and 6E).

To test for a general pattern of a significant difference of under-representation and suscepti-
bility between E and L genes, we considered the vector of the difference of the means of E
genes and L genes (u—pg in the case of under-representation and pg—y, in the case of suscep-
tibility) and then considered a 1-sample t-test against a mean of 0. There was no significant dif-
ference when it came to under-representation, but there was a difference in susceptibility
(P < 0.0092). The alphapolyomaviruses had the fewest number of under-represented genes,
supporting a recent report by [60] (S1 Data). We also used 11 bird polyomaviruses as a nega-
tive control. The fraction of under-represented E genes and susceptible E genes is higher in the
HPyV dataset than in the bird PyV dataset, as well as L gene susceptibility (S1 Data). In the
bird dataset, there was no significant difference between E and L gene under-representation
and susceptibility.
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Fig 6. Results from two-step PyV Gillespie model and subsequent CDUR results show a similar pattern to HSV-1
of A3-related evolutionary pressure, under-representation, and susceptibility. A-C) Each plot represents particular
gene expression rates for E and L expression. Blue lines represent the IP50 corresponding to the weights b from the
least squares results when we fit the relative means of the simulations into the exponential decay equation f(x) = e™**
Note that, as opposed to the HSV-1 case that had three categories of gene kinetics, here a two-dimensional graph for
IP50 was sufficient. D-E) CDUR P-values for 20 NCBI RefSeq genomes (see Methods) for E and L genes. (D) shows the
values for under-representation, while (E) shows susceptibility for TC hotspots. Since there are only 5 genes in each
genome, the P values were not FDR corrected.

https://doi.org/10.1371/journal.ppat.1009560.9006

Discussion

In order to study the effect of the A3 cytidine deaminases on a well-characterized dsDNA
virus, we developed computational models of the HSV-1 and polyomavirus lytic life cycle. A3
has previously been shown to interact with both herpesviruses [17,19-21] and polyomaviruses
[61]. We extended a previous model of the HSV-1 lytic cycle [32] by adding regulatory steps to
bring the model dynamics closer to those observed experimentally. In particular, we included
regulatory interactions including autoregulation of IE genes such as ICP4 [62-64] and an inde-
pendent regulation from the onset of L gene expression [4], implemented as two additive Hill
functions for IE gene expression; or induction by E genes, such as ICP22, of both E and L
genes [65]; as well as induction of L genes as onset of DNA synthesis with additional IE pro-
teins [66,67], implemented as a product of Hill functions for L gene expression. We first
defined the system as an ordinary differential equation (ODE) model and fit parameters to the
observed timeframe of IE, E, and L gene expression, DNA replication and virion production
[32,36-38]. Using the interactions from the ODE model, we then implemented a stochastic
version of the model based on the Gillespie Algorithm (Fig 1).

A stochastic model is particularly appropriate for the case of low MOI, as with HSV-1 [43],
and where there are low molecule numbers generally [68]. A stochastic model allowed us to
associate (probabilistically) an APOBEC mutation with each transcription or replication event
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where ssDNA is made available. For transcriptional events, different levels of overall mutation
probability were defined and further stratified into relative weights for IE, E and L genes
respectively. The model showed that mutation events occurring at earlier infection stages, and
particularly in IE genes, have a more detrimental impact than in L genes. The systematic evalu-
ation of all mutation weight combinations for IE, E and L genes (Fig 2) can also be viewed as a
fitness landscape for the virus in the face of APOBEC mutation, suggesting that there has been,
and continues to be, strong evolutionary pressure on the virus to evolve to avoid mutations in
E and particular IE genes.

If we increased the MOI, then APOBEC impact was significantly decreased for IE or E
genes, but not L genes. This agrees with our current understanding of the high rate of HSV-1
replication, by the time L genes are expressed, genomic mutational defects from A3 will lessen
due to the number of genomes present and possible genomic recombination. When the MOI
is high, even mutations that occur during IE and E transcription can be compensated for by
trans effects. We speculate a low MOI infection will allow for rapid genomic diversification.
Although DNA viruses generally replicate with greater fidelity than RNA viruses, which show
mutation rates of 10~* to 10~° errors per nucleotide per infection cycle, HSV-1 mutates at a
nontrivial intermediate rate of 10~ errors per nucleotide per infection cycle [69,70], and per-
haps bottleneck effects during infection may act to increase diversification further [70].

We previously used CDUR [18] to assess viral genomes for evidence of APOBEC-mediated
evolutionary pressure, in particular by identifying genes having significant hotspot under-
representation and depletion of hotspots at codon positions leading to synonymous changes
[19]. Recent work examined the footprint of APOBECs on dsDNA viral genomes [60] based
on under-representation of viral genes from HSV-1 and HPyV. Under-representation was
reported in some genes in HSV-1 and various polyomaviruses. The method used is less conser-
vative than CDUR in that it allows rearrangement of the CDS at the codon level, which may
result in biologically unfeasible protein structures. CDUR methods preserve the underlying
amino acid sequence with limited effects on codon bias and codon pair bias, which have been
shown to affect viral fitness via defective translation rates [30,71].

To validate our model, we analyzed the benchmark strain 17 HSV-1 genome [54] using
CDUR. We found, as predicted, that IE and E genes are under greater evolutionary pressure to
avoid mutations than L genes. In contrast, EBV, which we analyzed previously [19] and
human cytomegalovirus (CMYV, S5 Fig) do not have the same pattern of under-representation
as HSV-1, which may be explained by the stronger restrictive effects of the EBV BORF2 gene
when compared to equivalent HSV-1 gene, ICP6. Since virulence was not affected in ICP6-null
infection [22], our results suggest that sequence evolution of IE and E genes may be why the
function of ICP6 could have been rendered redundant. There may also be a difference in
stem-loop structures, which has been shown to affect APOBEC binding and mutation [72].
When we extended the analysis to 25 HSV-1 strains, the results were similar to what we found
for HSV-1 strain-17. Certain key proteins, such as ICP4, were consistently under-represented
for TC motifs, suggesting that HSV-1 may have evolved to combat APOBEC3 mutations by
reducing the number of binding motifs, without affecting the underlying amino acid sequence.
We also compared Essential vs Non-essential genes in HSV1 strain 17 and found statistically
significant differences between these (S9 Fig). This result suggests experiments where one
might measure the extent of virus attenuation in an engineered HSV-1 mutant, whose essential
IE genes are enriched for A3A/B hotspots. We further evaluated whether under-representation
and susceptibility correlated with the distance from the nearest origin of replication using
HSV-1 strain 17 (NC_001806) as a reference, but we found no such correlation for under-
representation (Pearson r = -0.0911, P = 0.4402) or susceptibility (Pearson r = 0.2017,

P =0.0848). Because HSV-1 has a particularly high GC content when compared to other DNA
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viruses, we chose the “n3” method that corrects for GC content, as not correcting can have a
biasing effect [30]. Our results also suggest that nascent DNA may be used as templates for
transcription, since APOBEC-mediated evolutionary pressure on L genes was reduced, though
experiments will be needed to confirm this.

While the CDUR results describe the evolutionary footprint of A3A/B on HSV-1 genomes,
to determine more recent activity on extant strains, we analyzed a well-curated set of 26 pub-
lished genomes, as well as looked at sequencing data from clinical isolates. In both cases, there
is a clear indication that fewer mutations are occurring on IE genes, which is consistent with
our HSV-1 fitness map (Fig 2)-as one moves towards an extreme IE stratum, the decrease in
viral fitness reaches its maximum. One potential way for the virus to evolve a strategy against
this is to limit the number of TC motifs in those genes. Interestingly, E genes seemed to have
more observed variants than expected; more than half of the E genes showed hypermutation in
>10% of the 26 genomes analyzed. The L genes showed a large variance in hypermutation
fractions (Fig 5A) and number of SNVs observed (Fig 5C). We found that the largest mutation
frequency in the 10 clinical isolates were seen in the E genes (Fig 5C).

We extended our modeling and analysis to Polyomaviruses, a dsDNA virus family with a
comparable, albeit much shorter, lytic life cycle. Because the temporal dynamics of the poly-
omavirus life cycle are less well characterized than for HSV-1, we began by choosing parame-
ters that fit the approximate timeframe as follows: 1. E genes are transcribed 6 hpi, 2. L gene
transcription and DNA replication begin 12 hpi [57]. We tested a wide range of model param-
eters to evaluate whether E genes might be under greater APOBEC-mediated pressure than L
genes. Similar to our findings for HSV-1, we found that the mean number of virions decreases
as we increase mutational pressure in the E genes. Our analysis of 20 distinct HPyV genomes
indicated that E genes have significant A3A/B TC hotspot under-representation and high
amino acid susceptibility. Taken together, the viral genome has evolved to deplete APOBEC
hotspots, up to the point where any further reduction (in non-synonymous codon positions)
might lead to non-functionality [19]. Most HPyV genomes were significant for both features,
suggesting that the genome has been under evolutionary pressure to remove TC hotspots from
E genes more so than L genes. The higher percentage of under-representation and susceptibil-
ity in large T antigens (75%) vs small T antigens (60%) is consistent with the greater impor-
tance of large T during early infection and its role in many different aspects of the viral life
cycle, whereas the small T antigen has been shown to be non-essential for viral replication
[73], although it has been implicated in tumorigenesis [4,74]. The large T antigen has been
reported to upregulate nuclear A3B [75], another source of evolutionary pressure on the large
T antigen. Interestingly, while there was a significant difference in the CDUR analysis in HSV-
1 temporal categories for TA and TG motifs (S10 Fig), there was no significant difference
between IE, E and L genes in TT over-representation, even though a majority of genes showed
strong over-representation in TT hotspots (510 Fig and S1 Data). TC under-representation
(Fig 4A) coupled with TT over-representation suggests a more defined footprint of A3A/B in
HSV-1 genes. For HPyV, we found little TT over-representation (S10 Fig) but a large number
of genomes had TG over-representation, which implies downstream recruitment of base exci-
sion repair, a common feature of many tumor genomes where A3s have been implicated [76—
81]. This is interestingly consistent with the findings of [61] which frequently observed TCA:
TGA bas changes in VP1, but this also stands in contrast with [82] which suggested that there
existed TT over-representation. However, that study only looked at BK Polyomavirus
(HPyV1), and they looked at the genome-wide effects using trinucleotide densities, whereas
CDUR calculates under-representation gene by gene, and uses a more conservative shuffling
approach.
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In summary, our modeling of the lytic cycle HSV-1 and HPyV, together with genome anal-
ysis, has highlighted an important aspect of virus-host co-evolution between humans and
these viruses. The co-evolution has resulted in a unique fitness landscape such that genes
expressed early in the lytic cycle appear to be under the strongest A3 pressure. The results of
the genomic analyses stand in contrast to other well-characterized herpesviruses such as EBV
and KSHYV, despite these viruses having a similar pattern of lytic infection. APOBEC pressure
on genes expressed during the early part of infection may have constrained these genes, thus
reducing their capacity for further evolution and potentially making them good candidates for
future vaccines or as therapeutic drug targets.

Methods
ODE model of HSV-1 infection

We first developed a deterministic model of the HSV-1 Iytic cycle using a system of ordinary

differential equations (ODEs), extending a previous model by Nakabyashi et al. [32] by adding
the regulatory interactions, taken from [4] as Hill function terms (S4 Table) where the previous
model was based purely on mass action kinetics. The ODE system is defined as follows (Eqs 1-

8):
dD E,”
a %y ﬁ —o,DL, — opD (1)
kEp +E,
dr, k" L
d_ - '})]m ”11, £ n,p - an ? nLP - ﬁlplm — 51mIm (2)
t klpl+IP1 kLPI+LPI
de
ar = ﬂIPIm - 511,1;; (3)
dE 1"
dt E,, Ig n’pE E,™m E,~m
I, kEp
dEp
@ = PrEe =0k, )
dL D L™
— = o o —f, L —96, L 6
dt i (k,@” + D"D> Iplpz, + kLII)PL ﬁLP " Ly ™m (6)
de
E = ﬁLme - aZDLp - 5LPLp (7)
dv
s = OCZDLP -0,V (8)

All molecular species i in our ODE decay linearly at rates 3;. In the first equation, the
amount of DNA that is replicated is dependent on the appearance of E genes. Once the struc-
tural proteins are formed, the concatemers are cleaved into genome-length units and packaged
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into the nucleocapsid at a rate o,. IE gene transcripts, denoted I,,, (Eq 2), are both negatively
regulated by both IE proteins [4,63,64] and the onset of L proteins [4]. These are additive
effects since they independently repress IE gene transcription. In addition, we assume a trans-
lation rate f3;, for each mRNA transcript j. All proteins (Eqs 3, 5 and 7) are translated at a rate
linear in the mRNA, and, in the case of L,, we include an additional term to reflect the removal
of late structural proteins to form virus nucleocapsids. E,, (Eq 4) is regulated by IE proteins,
and the corresponding early proteins E, are responsible for starting replication of the HSV-1
genome. L,, (Eq 6), which are the L gene transcripts, are activated both by IE proteins, and by
the accumulation of DNA during replication, together. We reflect this dependence by utilizing
a product of Hill terms within Eq 6 [4,66]. Finally, virions V (Eq 8) are created when the struc-
tural proteins appear, and as the genome is inserted into the capsid to form the nucleocapsid,
which in turn will incorporate the envelope and tegument proteins leading to a completed
virion.

Gillespie algorithm and chosen parameters

The Gillespie Algorithm [35] is a widely-used stochastic simulation algorithm that updates the
state of the system (counts of each molecule type) based on the reaction rules and their respec-
tive rates. The algorithm proceeds in discrete time steps, at each step calculating (a) what is the
next reaction to occur, and (b) when it will occur. These are determined as follows: given a
state of molecule counts [a,. . .,a,] for reactions [r,. . .,7,,] at time £, take the sum reaction rate
R =>"" a;r,. With this sum, we first choose an elapsed time At from an exponential distribu-
tion with mean R. With it, we move the simulation forward to time step t+ At. To choose the
associated reaction, we select (randomly and uniformly) a reaction i from the set
{R,=%i]i=1,...,n}. The molecule counts (proportional to concentrations) are then
updated to reflect this reaction. We repeat this process until we reach some time threshold T.
To summarize, the Gillespie algorithm for a set of n reactions can proceed as follows (see Fig
1A):

1. Determine the state vector of each species, and determine the reaction rates defined by a
vector product of molecule counts [a;,. . .,a,] with the corresponding reactions [ry,. . o)t
to obtain R as defined above.

2. Draw two independent samples R;, At, one from a uniform distribution and one from an
exponential distribution, both as defined above.

3. Adjust the vector of molecule counts according to the chosen reaction and increase time by
At.

4. Go back to step 1. Repeat until a specified time T, or, in the case where the series of partial
sums X; At; is convergent, a maximal number of steps is reached (in our case, we chose 5000
steps).

There are 16 reactions that can occur in the HSV-1 model (S4 Table), and they correspond
to terms in the ODE model of the previous section. To represent A3 mutations, if a transcrip-
tion event occurs, we generate a mutation according to the given probability for the tran-
scribed gene (IE, E, or L). Once a mutation event occurs, that genome is considered damaged
and can no longer transcribe genes of that temporal type (IE, E or L); however, further tran-
scription events can continue in the remaining unmutated genes unless it is mutated again.
Replication events may also lead to APOBEC mutations, with a given probability. If a mutation
is chosen to occur during replication, then the mutation is assigned to IE, E or L genes using
the same proportions (stratification) as for transcription. We ran these simulations for the
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length of time that corresponded to a normal HSV-1 infection timeframe (~20 hours [36]). All
simulations and analyses were run using custom python scripts. The units are described in S6
Table, and the parameter values were chosen to fit our ODE model to the HSV-1 timeframe as
previously described and computed in [32,36]: 6, ,0; ,90, , 5,p, 5EP, 5Lp, 0p, 0, = .0001;
ﬁlm7ﬁEm7ﬁLm =.5,.2,.1; 0,0 = 1,2 V1, Vg, V1, = 3,1, 1;

kfp’ kEp’ kLp’ ky=1,.1,1,1; RN R R e .5,1,1,1, 3, 1. We incorporate the
MO, which is defined as the ratio of virus to infection targets, by initializing the infection with
the corresponding number of genomes, i.e., a MOI of 1 saw an initial infection with one unit
of DNA, MOI of 10 infects with 10 units, and so on.

For polyomavirus, we also ran Gillespie simulations using the propensities given in S5
Table, which are based on the ODE model (Eqs 9-14):

dD E,”
—_— = 0(1 T — O(ZDLP — 5DD (9)
dt kEpP +E, ]
"E,
dE,, kEPP
— = Tk, m — Py E, — 05 E, (10)
p
dE,
? = ﬁEPEm - 5EPEP (11)
dL ( D ) E,?
—mzyL n n, n _ﬂL Lm_éL Lm (12)
dt m \ kP Do Ep Ep P m
p + E,’ + kEp
drL,
E = ﬁLme — OCQDLP — 5LPLP (13)
dv
E = aZDLp — 5VV (14)

The parameters used were: d, ,9, , 55;:’ 5Lp’ Op, 0y = .0001; By B, =.2,.1; 0,00 =
1,2; ky, n, = 1. These parameters were chosen to fit a general timeframe as described in [57],
though this particular timeframe is not as exact as the HSV-1 case. We therefore varied
(y 5,7 Lm) to be (2,1), (1.5,1), (1.01,1); the first three cases test for the approximate timeframe
that fits [57], and then we vary the parameters to cases where transcription rates of late genes
are close to that of early genes. We also varied (kg, k) = {.1,1,5}x{1,5,10}; (ng, n;) =
{1,5,10}x{1,5,10}, where x denotes a Cartesian product, since exact parameters and timeframe
could not be found; these different parameters were tested while (7, ,7, ) was constant at
2,1).

We define the relative mean to be the ratio of the mean in a simulation to that of the WT
simulation. The functional virion percentage (FVP) is defined as the fraction of simulations
that produced a functional virion (equivalent to one plaque forming unit, or PFU). Using non-
linear least squares, both the relative mean and FVP results can be fit well to an exponential
curve, exp(-b-x) where the single fitted parameter b summarizes the APOBEC impact across
the entire range of baseline probabilities. The corresponding IP50 is defined using the half-life

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009560  April 30, 2021 18/27


https://doi.org/10.1371/journal.ppat.1009560

PLOS PATHOGENS

Mutational pressure by APOBECSs on herpes simplex virus-1 and human polyomavirus

of the exponential decay: log(2)/b. Because the sum of the strata (IE+E+L) is 1 and there are
only two degrees of freedom, if we define IE and E, then L can be calculated implicitly as 1 -
(IE+E), so long as (IE+E) < = 1. Similarly, in the case of HPyV, there is only one degree of free-
dom. We apply our least-squares method to all combinations of IE and E genes in the case of
HSV1 (and E genes in HPyV) for IE=0,.1, ..., 1and E=0,0.1, .. ., 1, in one-tenth increments.

Non-linear and linear least squares were performed in Python using the curve_fit function
in the Scipy library and using the LinearRegression class in the sckit-learn library, respectively,
and were calculated using custom scripts. Plots were made using Python’s Seaborn library
with custom scripts.

Analyzing APOBEC hotspot under-representation and susceptibility

We utilized the Cytidine Deaminase Under-representation Reporter (CDUR) [18] to determine
the sequence evolution measures for the coding sequences (CDS) of the analyzed genomes.
CDUR compares the original sequence to a null distribution of 1000 shuffled sequences (the
default number). We used the “n3” shuffling method that switches nucleotides in the third posi-
tion of codons while preserving the underlying amino acid sequence. Importantly, the n3 mod-
ule also preserves GC content which can be a strong source of bias if not corrected for [30]. To
measure hotspot under-representation, CDUR compares the number of motifs in the original
sequence to the null distribution, yielding a p-value for under-representation. For amino acid
changes, CDUR performs a similar test based on the fraction of hotspot transition mutations
that are nonsynonymous, yielding a p-value for the “replacement-transition-fraction”. We refer
to this metric in the main text as the susceptibility to nonsynonymous mutations. On each HSV-
1 genome, we ran CDUR and then performed a false discovery rate (FDR) correction using the
Benjamini-Hochberg method (unless otherwise specified). We also ran CDUR on the coding
sequences for HPyV from NCBI accessions NC_001538, JX262162, NC_020890, NC_009238,
NC_014406, NC_014407, NC_015150, FR823284, NC_001699, HG764413, EF127907,
EF127908, EF127906, NC_034253, NC_010277, NC_018102, JX259273, NC_024118,
NC_020106, NC_014361 for hPolyomaviruses, and accessions NC_026141, AF118150,
NC_023008, NC_017085, DQ192570, NC_007922, NC_039052, NC_007923, NC_004800,
NC_039053, DQ192571 for bird Polyomaviruses. All CDUR results are available in S1 Data.

Hyperfreq analysis

Hyperfreq [55] uses a Bayesian two-context mutation probability ratio to determine if the
number of in context mutations are significantly more than out of context mutations. We
adjusted the program so that gaps in alignments would be considered as out of context muta-
tions. In addition, we used the built-in consensus builder in hyperfreq which makes a consen-
sus using a threshold of 70%. This program was run on TC and GA motifs to determine A3A/
B activity on the forward and reverse strands, respectively. Data for the alignment was taken
from [54] from the URL szparalab.psu.edu/hsv-diversity/data, as well as the GFF file used to
parse the alignment into the proper CDS. Figures relating to these data were created using cus-
tom scripts in python.

Analysis of clinical isolates and resulting single nucleotide variants

Sequencing data was retrieved from the NCBI BioProject database ID PRJNA338014, run

IDs SRR8114523, SRR8114524, SRR8114528, SRR8114522, SRR8114526, SRR8114519,
SRR8114527, SRR8114520, SRR8114525, SRR8114521. Original sequences came from the Illu-
mina MiSeq platform using paired whole-genome sequencing. Sequences were downloaded
from NCBI using the command:
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fastq-dump-split-files {}

where {} denotes the SRA ID number. Trimmomatic [83] was then used for quality control
using the command:

trimmomatic PE {}_1.fastq {}_2.fastq {}_trimmed_1.fastq {} _unpaired_1.fastq {}_trimmed_
2.fastq {}_unpaired_2.fastq SLIDINGWINDOW: 4:30

Bowtie [84] and samtools [85] was used to align the resulting reads to reference genome
NC_001806. The commands used were:

bowtie2 -x <reference> -1 {}_trimmed_1.fastq -2 {}_trimmed_2.fastq | samtools sort > {}.
bowtie.bam

Finally, beftools [85] was used to analyze and merge variants using the commands:

beftools mpileup -Ou -f $REF *bowtie.bam > genotypes.vcf

bcftools call--ploidy 1 -vm -Ou genotypes.vcf | beftools norm -Ov -f <ref> -d all-

CDS locations were analyzed using only those variants with a depth > 100 and a quality
score >50, as well as limited to SN'Vs that have an allelic fraction of 20-50%. Figures were
made using custom scripts in python.

Supporting information

S1 Fig. A) Results of differential equation model which incorporates Hill-type regulatory
effects from each kinetic category. B) 10 simulations of the Gillespie algorithm implementa-
tion. The thick blue lines indicate the mean. As expected, the timeframe and levels coincide
approximately with the ODE model. C) Schematic interactions of Polyomavirus life cycle. The
yellow triangles indicate when APOBEC may cause mutations in our model. V = virion,

Em = Early mRNA, Ep = Early protein, Lm = Late mRNA, Lp = Late protein.

(TIF)

S2 Fig. Frequency plots showing the distribution of the number of virion units across 1000
simulations. Here, we progress through the .1:.2:.7 stratum (denoted 1/2/7). We start by multi-
plying 0x(.01:.02:.07), then 1x(.01:.02:.07), etc. to simulate increasing APOBEC mutation prob-
ability. As we increase the baseline probability, the total number of virion progeny from the
simulations gets closer to 0.

(PNG)

S3 Fig. Left: Functional Virion Percentage (FVP), defined as the number of simulations yield-
ing an FV greater than 0. For each baseline probability, these values are fit to an exponential
curve f(x) = e-bx using non-linear least squares. The numbers for each stratification in the leg-
end denotes the half-life for that stratum. Shown here are the strata: IE/E/L = .1/.2/.7 (red), IE/
E/L = 1/0/0 (blue), IE/E/L = 0/1/0 (orange), and IE/E/L = 0/0/1 (green). b) A heatmap of all
strata such that the strata sum to 1, i.e., IE+E+L = 1. The L strata can be inferred from the grid
by taking L = 1-IE-E, e.g. if IE = .1 and E = .2, then L = 1-.1-.2 = .7. The intensity of each color
reflects the half-maximal inhibitory probability (IP50) for that stratification (combination of
parameters). The IP50 is analogous to the half-maximal inhibitory concentration-it measures
how high of a mutation probability we need to reduce the y-axis by 50%, calculate by In(2)/b.
squares, using one parameter as with relative mean (Fig 2A). Shown here are the strata: IE/E/
L =.1/.2/.7 (light green), IE/E/L = 1/0/0 (dark red), IE/E/L = 0/1/0 (yellow), and IE/E/L = 0/0/
1 (dark green). Right: A heatmap of all strata such that the strata sum to 1, i.e., IE+E+L = 1.
The L strata can be inferred from the grid by taking L = 1-IE-E, e.g. if IE = .1 and E = .2, then

L =1-.1-.2 =.7. The intensity of each color reflects the IP50 for that stratification. Note that the
line colors in the left plot correspond to the heatmap intensities of those strata in the right plot.
(PNG)
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S4 Fig. Results allowing for mutations during replication. A) and B) shows the relative
mean, and the right shows FVP for different probabilities (x-axis) assuming rolling circle repli-
cation only. C) and D) are the results for when theta replication is modeled as the main
method of replication.

(TIF)

S5 Fig. Plots for the herpesvirus Cytomegalovirus (CMV), Gallid Herpesvirus 2, and and
Ostreid herpesvirus 1 RefSeqs (NCBI accessions NC_006273, NC_002229, and
NC_005881, respectively). A) A comparison of IE, E, and L genes for CMV. Kinetics were
determined by assessing homology with HSV-1 genes. B) Percentage of genes in GaHV-2 that
show under-representation or not, as well as susceptibility or not. C) We compare the different
kinetics of IE, E, and L genes in GaHV-2. We see that there are few genes that are significantly
under-represented or susceptible, and there is also no difference in the distributions, as deter-
mined by Welch’s t-test. b) Ostreid herpesvirus 1 (OSHV-1) analysis of genes for under-repre-
sentation and susceptibility. Since Oysters lack APOBEC, almost all of the genes show no
under-representation or susceptibility from APOBEC3 TC motifs. Values shown are not FDR
corrected since p-values were not significant regardless.

(TIF)

S6 Fig. Different under-representation and Susceptibility P-values between IE, E, and L
genes in 26 HSV1-genomes.
(TIF)

S7 Fig. The single nucleotide variant ratio at each site of the 26 genome alignment as deter-
mined in (Szpara et al, 2014 Journal of Virology). In-context mutations are those SNVs that
occurred in a TC>TT or GA>AA context in at least 2 of the genomes at each site. Out-of-con-
text SN'Vs are those C>T or G>A SNVs that occurred outside of a TC or GA context, respec-
tively. The distribution of SNV ratios across the genome differed significantly between in-
context and out-of-context mutations, as determined by a Student’s t-test (P < 1.71 e-74).
(TIF)

S8 Fig. Two-step plots using a variety of half saturating constants and Hill coefficients. In
each case the results are qualitatively equivalent to those of Fig 6A, 6B and 6C.
(PNG)

S9 Fig. Essential vs NonEssential comparisons for HSV-1 genes. A) Under-representation.
B) Susceptibility.
(PNG)

$10 Fig. TG and TT hotspot over-representation for HSV1 and HPyV. Following the same
format for under-representation as Fig 4A and Fig 5D, 5E, plots showing A) HSV-1 TG over-
representation (high, rather than low P values) and B) HSV-1 TT over-representation. Follow-
ing the same format as Fig 6D, plots for C) HPyV TG over-representation. D) HPyV TT over-
representation.

(PNG)

S1 Table. FVs vs mixed FV/NFV.
(DOCX)

S$2 Table. CDUR analysis on 25 HSV1 genomes.
(DOCX)
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S3 Table. HSV1 genes and their kinetics.
(XLSX)

S4 Table. Propensities for HSV-1 Gillespie Algorithm.
(DOCX)

S5 Table. Propensities for two-step Gillespie Model.
(DOCX)

$6 Table. Units in equations.
(DOCX)

S1 Data. Tables for CDUR results.
(XLSX)

Author Contributions
Conceptualization: Maxwell Shapiro, Thomas MacCarthy.

Formal analysis: Maxwell Shapiro.

Funding acquisition: Thomas MacCarthy.

Investigation: Maxwell Shapiro.

Methodology: Maxwell Shapiro, Thomas MacCarthy.

Project administration: Thomas MacCarthy.

Resources: Thomas MacCarthy.

Software: Maxwell Shapiro.

Supervision: Thomas MacCarthy.

Validation: Maxwell Shapiro.

Visualization: Maxwell Shapiro.

Writing - original draft: Maxwell Shapiro, Thomas MacCarthy.

Writing - review & editing: Maxwell Shapiro, Laurie T. Krug, Thomas MacCarthy.

References

1.

Chi CC, Wang SH, Delamere FM, Wojnarowska F, Peters MC, Kanjirath PP. Interventions for preven-
tion of herpes simplex labialis (cold sores on the lips). Vol. 2015, Cochrane Database of Systematic
Reviews. John Wiley and Sons Ltd; 2015.

Whitley RJ. Herpes simplex encephalitis: Adolescents and adults. Vol. 71, Antiviral Research. Elsevier;
20086. p. 141-8. https://doi.org/10.1016/j.antiviral.2006.04.002 PMID: 16675036

Kennedy PG. Herpes simplex virus type 1 and Bell’s palsy—a current assessment of the controversy. J
Neurovirol [Internet]. 2010 Feb [cited 2017 Aug 29]; 16(1):1-5. Available from: http://link.springer.com/
10.3109/13550280903552446 PMID: 20113184

Fields BN, Knipe DM, Howley PM. Fields Virology. 6th ed. Philadelphia: Wolters Kluwer Health/Lippin-
cott Williams & Wilkins; 2013.

Koonin E V., Krupovic M, Yutin N. Evolution of double-stranded DNA viruses of eukaryotes: From bacte-
riophages to transposons to giant viruses. Ann N 'Y Acad Sci [Internet]. 2015 Apr 1 [cited 2021 Mar 12];
1341(1):10-24. Available from: /pmc/articles/PMC4405056/ https://doi.org/10.1111/nyas.12728 PMID:
25727355

Hughes AL, Hughes MAK. More effective purifying selection on RNA viruses than in DNA viruses. Gene
[Internet]. 2007 Dec 1 [cited 2021 Mar 12]; 404(1-2):117-25. Available from: /pmc/articles/
PMC2756238/ https://doi.org/10.1016/j.gene.2007.09.013 PMID: 17928171

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009560  April 30, 2021 22/27


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009560.s013
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009560.s014
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009560.s015
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009560.s016
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009560.s017
https://doi.org/10.1016/j.antiviral.2006.04.002
http://www.ncbi.nlm.nih.gov/pubmed/16675036
http://link.springer.com/10.3109/13550280903552446
http://link.springer.com/10.3109/13550280903552446
http://www.ncbi.nlm.nih.gov/pubmed/20113184
https://doi.org/10.1111/nyas.12728
http://www.ncbi.nlm.nih.gov/pubmed/25727355
https://doi.org/10.1016/j.gene.2007.09.013
http://www.ncbi.nlm.nih.gov/pubmed/17928171
https://doi.org/10.1371/journal.ppat.1009560

PLOS PATHOGENS

Mutational pressure by APOBECSs on herpes simplex virus-1 and human polyomavirus

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Weir JP. Regulation of herpes simplex virus gene expression. Gene [Internet]. 2001 Jun 27 [cited 2018
Dec 6]; 271(2):117-30. Available from: https://www.sciencedirect.com/science/article/pii/
S0378111901005121 https://doi.org/10.1016/s0378-1119(01)00512-1 PMID: 11418233

Osterrieder K, editor. Cell Biology of Herpes Viruses [Internet]. Cham: Springer International Publish-
ing; 2017 [cited 2021 Mar 12]. (Advances in Anatomy, Embryology and Cell Biology; vol. 223). Available
from: http://link.springer.com/10.1007/978-3-319-53168-7

Watson RJ, Clements JB. A herpes simplex virus type 1 function continuously required for early and
late virus RNA synthesis. Nature [Internet]. 1980 May 29 [cited 2017 Jul 26]; 285(5763):329-30. Avail-
able from: http://www.nature.com/doifinder/10.1038/285329a0 PMID: 6246451

O’Hare P, Hayward GS. Three trans-acting regulatory proteins of herpes simplex virus modulate imme-
diate-early gene expression in a pathway involving positive and negative feedback regulation. J Virol
[Internet]. 1985 Dec [cited 2017 Jul 26]; 56(3):723-33. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/2999428 https://doi.org/10.1128/JV1.56.3.723-733.1985 PMID: 2999428

Nishiyama Y. Herpes simplex virus gene products: the accessories reflect her lifestyle well. Rev Med
Virol [Internet]. 2004 Jan 1 [cited 2017 Jul 26]; 14(1):33—-46. Available from: http://doi.wiley.com/10.
1002/rmv.409 PMID: 14716690

Milavetz BI, Balakrishnan L. Viral epigenetics. In: Cancer Epigenetics: Risk Assessment, Diagnosis,
Treatment, and Prognosis. Springer New York; 2014. p. 569-96.

Broekema NM, Imperiale MJ. MiRNA regulation of BK polyomavirus replication during early infection.
Proc Natl Acad Sci U S A [Internet]. 2013 May 14 [cited 2021 Mar 12]; 110(20):8200-5. Available from:
https://pubmed.ncbi.nim.nih.gov/23630296/ https://doi.org/10.1073/pnas.1301907110 PMID:
23630296

Harris RS, Dudley JP. APOBECSs and virus restriction. Virology [Internet]. 2015 May [cited 2017 Jul
18];479-480:131-45. Available from: http://www.ncbi.nlm.nih.gov/pubmed/25818029 https://doi.org/
10.1016/j.virol.2015.03.012 PMID: 25818029

Siriwardena SU, Chen K, Bhagwat AS. Functions and Malfunctions of Mammalian DNA-Cytosine
Deaminases. Chem Rev [Internet]. 2016;acs.chemrev.6b00296. Available from: http://pubs.acs.org/
doi/abs/10.1021/acs.chemrev.6b00296 PMID: 27585283

Horn A V., Klawitter S, Held U, Berger A, Jaguva Vasudevan AA, Bock A, et al. Human LINE-1 restric-
tion by APOBECS3C is deaminase independent and mediated by an ORF1p interaction that affects LINE
reverse transcriptase activity. Nucleic Acids Res [Internet]. 2014 Jan 7 [cited 2021 Mar 12]; 42(1):396—
416. Available from: /pmc/articles/PMC3874205/ https://doi.org/10.1093/nar/gki898 PMID: 24101588

Suspéne R, Aynaud M-M, Koch S, Pasdeloup D, Labetoulle M, Gaertner B, et al. Genetic editing of her-
pes simplex virus 1 and Epstein-Barr herpesvirus genomes by human APOBEC3 cytidine deaminases
in culture and in vivo. J Virol [Internet]. 2011 Aug 1 [cited 2017 Jul 27]; 85(15):7594—602. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/21632763 https://doi.org/10.1128/JVI1.00290-11 PMID:
21632763

Shapiro M, Meier S, MacCarthy T. The cytidine deaminase under-representation reporter (CDUR) as a
tool to study evolution of sequences under deaminase mutational pressure. BMC Bioinformatics.
2018;19(1). https://doi.org/10.1186/s12859-018-2022-8 PMID: 29361928

Martinez T, Shapiro M, Bhaduri-MclIntosh S, MacCarthy T. Evolutionary effects of the AID/APOBEC
family of mutagenic enzymes on human gamma-herpesviruses. Virus Evol [Internet]. 2019 Jan 1 [cited
2019 Feb 23]; 5(1). Available from: https://academic.oup.com/ve/article/doi/10.1093/ve/vey040/
5316048 PMID: 30792902

Willems L, Gillet NA. APOBECS Interference during Replication of Viral Genomes. Viruses [Internet].
2015 Jun 11 [cited 2018 Feb 5]; 7(6):2999-3018. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
261105883 https://doi.org/10.3390/v7062757 PMID: 26110583

Cheng AZ, Yockteng-Melgar J, Jarvis MC, Malik-Soni N, Borozan I, Carpenter MA, et al. Epstein—Barr
virus BORF2 inhibits cellular APOBECSB to preserve viral genome integrity. Nat Microbiol [Internet].
2019 Jan 12 [cited 2018 Dec 13]; 4(1):78-88. Available from: http://www.nature.com/articles/s41564-
018-0284-6 https://doi.org/10.1038/s41564-018-0284-6 PMID: 30420783

Cheng AZ, Nébrega de Moraes S, Attarian C, Yockteng-Melgar J, Jarvis MC, Biolatti M, et al. A Con-
served Mechanism of APOBEC3 Relocalization by Herpesviral Ribonucleotide Reductase Large Sub-
units. J Virol [Internet]. 2019 Sep 18 [cited 2019 Sep 21]; Available from: http://jvi.asm.org/lookup/doi/
10.1128/JVI.01539-19 PMID: 31534038

Hawkins ED, Turner ML, Dowling MR, van Gend C, Hodgkin PD. A model of immune regulation as a
consequence of randomized lymphocyte division and death times. Proc Natl Acad Sci U S A [Internet].
2007 Mar 20 [cited 2018 Jan 25]; 104(12):5032—7. Available from: http://www.ncbi.nim.nih.gov/
pubmed/17360353 https://doi.org/10.1073/pnas.0700026104 PMID: 17360353

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009560  April 30, 2021 23/27


https://www.sciencedirect.com/science/article/pii/S0378111901005121
https://www.sciencedirect.com/science/article/pii/S0378111901005121
https://doi.org/10.1016/s0378-1119%2801%2900512-1
http://www.ncbi.nlm.nih.gov/pubmed/11418233
http://link.springer.com/10.1007/978-3-319-53168-7
http://www.nature.com/doifinder/10.1038/285329a0
http://www.ncbi.nlm.nih.gov/pubmed/6246451
http://www.ncbi.nlm.nih.gov/pubmed/2999428
http://www.ncbi.nlm.nih.gov/pubmed/2999428
https://doi.org/10.1128/JVI.56.3.723-733.1985
http://www.ncbi.nlm.nih.gov/pubmed/2999428
http://doi.wiley.com/10.1002/rmv.409
http://doi.wiley.com/10.1002/rmv.409
http://www.ncbi.nlm.nih.gov/pubmed/14716690
https://pubmed.ncbi.nlm.nih.gov/23630296/
https://doi.org/10.1073/pnas.1301907110
http://www.ncbi.nlm.nih.gov/pubmed/23630296
http://www.ncbi.nlm.nih.gov/pubmed/25818029
https://doi.org/10.1016/j.virol.2015.03.012
https://doi.org/10.1016/j.virol.2015.03.012
http://www.ncbi.nlm.nih.gov/pubmed/25818029
http://pubs.acs.org/doi/abs/10.1021/acs.chemrev.6b00296
http://pubs.acs.org/doi/abs/10.1021/acs.chemrev.6b00296
http://www.ncbi.nlm.nih.gov/pubmed/27585283
https://doi.org/10.1093/nar/gkt898
http://www.ncbi.nlm.nih.gov/pubmed/24101588
http://www.ncbi.nlm.nih.gov/pubmed/21632763
https://doi.org/10.1128/JVI.00290-11
http://www.ncbi.nlm.nih.gov/pubmed/21632763
https://doi.org/10.1186/s12859-018-2022-8
http://www.ncbi.nlm.nih.gov/pubmed/29361928
https://academic.oup.com/ve/article/doi/10.1093/ve/vey040/5316048
https://academic.oup.com/ve/article/doi/10.1093/ve/vey040/5316048
http://www.ncbi.nlm.nih.gov/pubmed/30792902
http://www.ncbi.nlm.nih.gov/pubmed/26110583
http://www.ncbi.nlm.nih.gov/pubmed/26110583
https://doi.org/10.3390/v7062757
http://www.ncbi.nlm.nih.gov/pubmed/26110583
http://www.nature.com/articles/s41564-018-0284-6
http://www.nature.com/articles/s41564-018-0284-6
https://doi.org/10.1038/s41564-018-0284-6
http://www.ncbi.nlm.nih.gov/pubmed/30420783
http://jvi.asm.org/lookup/doi/10.1128/JVI.01539-19
http://jvi.asm.org/lookup/doi/10.1128/JVI.01539-19
http://www.ncbi.nlm.nih.gov/pubmed/31534038
http://www.ncbi.nlm.nih.gov/pubmed/17360353
http://www.ncbi.nlm.nih.gov/pubmed/17360353
https://doi.org/10.1073/pnas.0700026104
http://www.ncbi.nlm.nih.gov/pubmed/17360353
https://doi.org/10.1371/journal.ppat.1009560

PLOS PATHOGENS

Mutational pressure by APOBECSs on herpes simplex virus-1 and human polyomavirus

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Yuan'Y, Allen LJS. Stochastic models for virus and immune system dynamics. Math Biosci [Internet].
2011 Dec [cited 2018 Jan 25]; 234(2):84—94. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
21945381 https://doi.org/10.1016/j.mbs.2011.08.007 PMID: 21945381

Zhao M, Zhang J, Phatnani H, Scheu S, Maniatis T. Stochastic Expression of the Interferon-f3 Gene.
Ploegh HL, editor. PLoS Biol [Internet]. 2012 Jan 24 [cited 2017 Jul 27]; 10(1):e1001249. Available
from: http://dx.plos.org/10.1371/journal.pbio.1001249 PMID: 22291574

Cohen EM, Kobiler O, Morales M, Mont E, Straus S, Homa F. Gene Expression Correlates with the
Number of Herpes Viral Genomes Initiating Infection in Single Cells. Mocarski E, editor. PLOS Pathog
[Internet]. 2016 Dec 6 [cited 2017 Jul 24]; 12(12):e1006082. Available from: https://doi.org/10.1371/
journal.ppat.1006082 PMID: 27923068

Levine M, Tjian R. Transcription regulation and animal diversity [Internet]. Vol. 424, Nature. Nature
Publishing Group; 2003 [cited 2021 Mar 12]. p. 147-51. Available from: https://www.nature.com/
articles/nature01763 https://doi.org/10.1038/nature01763 PMID: 12853946

Dattani J, Barahona M. Stochastic models of gene transcription with upstream drives: Exact solution
and sample path characterization. J R Soc Interface [Internet]. 2017 Jan 1 [cited 2021 Mar 12]; 14(126).
Available from: https://doi.org/10.1098/rsif.2016.0833 PMID: 28053113

Chelico L, Pham P, Goodman MF. Stochastic properties of processive cytidine DNA deaminases AlD
and APOBECSG. Philos Trans R Soc Lond B Biol Sci [Internet]. 2009 Mar 12 [cited 2018 Oct 29]; 364
(1517):583-93. Available from: http://www.ncbi.nlm.nih.gov/pubmed/19022738 https://doi.org/10.1098/
rstb.2008.0195 PMID: 19022738

Chen J, Maccarthy T. The preferred nucleotide contexts of the AID / APOBEC cytidine deaminases
have differential effects when mutating retrotransposon and virus sequences compared to host genes.
PLoS Comput Biol. 2017; 13(3):1-32. https://doi.org/10.1371/journal.pcbi.1005471 PMID: 28362825

King JJ, Larijani M. A Novel Regulator of Activation-Induced Cytidine Deaminase/APOBECs in Immu-
nity and Cancer: Schrédinger's CATalytic Pocket. Front Immunol [Internet]. 2017 Apr 6 [cited 2017 Jul
18]; 8:351. Available from: http:/journal.frontiersin.org/article/10.3389/fimmu.2017.00351/full https://
doi.org/10.3389/fimmu.2017.00351 PMID: 28439266

Nakabayashi J, Sasaki A. The function of temporally ordered viral gene expression in the intracellular
replication of herpes simplex virus type 1 (HSV-1). J Theor Biol [Internet]. 2009 Nov [cited 2017 Jul 26];
261(1):156-64. Available from: http://linkinghub.elsevier.com/retrieve/pii/S0022519309003439 https://
doi.org/10.1016/}.jtbi.2009.07.035 PMID: 19660477

Koning FA, Newman ENC, Kim E-Y, Kunstman KJ, Wolinsky SM, Malim MH. Defining APOBEC3
Expression Patterns in Human Tissues and Hematopoietic Cell Subsets. J Virol [Internet]. 2009 Sep 15
[cited 2021 Mar 12]; 83(18):9474—-85. Available from: https://pubmed.ncbi.nim.nih.gov/19587057/
https://doi.org/10.1128/JVI.01089-09 PMID: 19587057

Martinez R, Sarisky RT, Weber PC, Weller SK. Herpes Simplex Virus Type 1 Alkaline Nuclease Is
Required for Efficient Processing of Viral DNA Replication Intermediates. Vol. 70, JOURNAL OF
VIROLOGY. 1996. https://doi.org/10.1128/JV1.70.4.2075-2085.1996 PMID: 8642627

Gillespie DT. A general method for numerically simulating the stochastic time evolution of coupled
chemical reactions. J Comput Phys [Internet]. 1976 Dec [cited 2017 Aug 7]; 22(4):403-34. Available
from: http:/linkinghub.elsevier.com/retrieve/pii/0021999176900413

Boehmer PE, Lehman IR. Herpes Simplex Virus DNA Replication. Annu Rev Biochem [Internet]. 1997
Jun 28 [cited 2017 Aug 4]; 66(1):347—-84. Available from: http://www.annualreviews.org/doi/10.1146/
annurev.biochem.66.1.347 PMID: 9242911

Aguilar JS, Devi-Rao GV, Rice MK, Sunabe J, Ghazal P, Wagner EK. Quantitative comparison of the
HSV-1 and HSV-2 transcriptomes using DNA microarray analysis. Virology [Internet]. 2006 Apr 25
[cited 2018 Oct 25]; 348(1):233-41. Available from: https://www.sciencedirect.com/science/article/pii/
S0042682205008470?via%3Dihub https://doi.org/10.1016/j.virol.2005.12.036 PMID: 16448680

Harkness JM, Kader M, DeLuca NA. Transcription of the Herpes Simplex Virus 1 Genome during Pro-
ductive and Quiescent Infection of Neuronal and Nonneuronal Cells. J Virol [Internet]. 2014 Jun [cited
2019 Jan 22]; 88(12):6847—-61. Available from: http://www.ncbi.nim.nih.gov/pubmed/24719411 https:/
doi.org/10.1128/JV1.00516-14 PMID: 24719411

Hill AV. The Possible Effects of The Aggregation of The Molecules of Haemoglobin on its Dissociation
Curves. J Physiol. 1910; 40:iv—vii.

Lang FC, Li X, Vladmirova O, Li ZR, Chen GJ, Xiao Y, et al. Selective recruitment of host factors by
HSV-1 replication centers. Dongwuxue Yanjiu [Internet]. 2015 May 18 [cited 2021 Mar 12]; 36(3):142—
51. Available from: www.zoores.ac.cn PMID: 26018857

Knipe DM, Quinlan MP, Spang AE. Characterization of two conformational forms of the major DNA-
binding protein encoded by herpes simplex virus 1. J Virol [Internet]. 1982 [cited 2021 Mar 12]; 44

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009560  April 30, 2021 24/27


http://www.ncbi.nlm.nih.gov/pubmed/21945381
http://www.ncbi.nlm.nih.gov/pubmed/21945381
https://doi.org/10.1016/j.mbs.2011.08.007
http://www.ncbi.nlm.nih.gov/pubmed/21945381
http://dx.plos.org/10.1371/journal.pbio.1001249
http://www.ncbi.nlm.nih.gov/pubmed/22291574
https://doi.org/10.1371/journal.ppat.1006082
https://doi.org/10.1371/journal.ppat.1006082
http://www.ncbi.nlm.nih.gov/pubmed/27923068
https://www.nature.com/articles/nature01763
https://www.nature.com/articles/nature01763
https://doi.org/10.1038/nature01763
http://www.ncbi.nlm.nih.gov/pubmed/12853946
https://doi.org/10.1098/rsif.2016.0833
http://www.ncbi.nlm.nih.gov/pubmed/28053113
http://www.ncbi.nlm.nih.gov/pubmed/19022738
https://doi.org/10.1098/rstb.2008.0195
https://doi.org/10.1098/rstb.2008.0195
http://www.ncbi.nlm.nih.gov/pubmed/19022738
https://doi.org/10.1371/journal.pcbi.1005471
http://www.ncbi.nlm.nih.gov/pubmed/28362825
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00351/full
https://doi.org/10.3389/fimmu.2017.00351
https://doi.org/10.3389/fimmu.2017.00351
http://www.ncbi.nlm.nih.gov/pubmed/28439266
http://linkinghub.elsevier.com/retrieve/pii/S0022519309003439
https://doi.org/10.1016/j.jtbi.2009.07.035
https://doi.org/10.1016/j.jtbi.2009.07.035
http://www.ncbi.nlm.nih.gov/pubmed/19660477
https://pubmed.ncbi.nlm.nih.gov/19587057/
https://doi.org/10.1128/JVI.01089-09
http://www.ncbi.nlm.nih.gov/pubmed/19587057
https://doi.org/10.1128/JVI.70.4.2075-2085.1996
http://www.ncbi.nlm.nih.gov/pubmed/8642627
http://linkinghub.elsevier.com/retrieve/pii/0021999176900413
http://www.annualreviews.org/doi/10.1146/annurev.biochem.66.1.347
http://www.annualreviews.org/doi/10.1146/annurev.biochem.66.1.347
http://www.ncbi.nlm.nih.gov/pubmed/9242911
https://www.sciencedirect.com/science/article/pii/S0042682205008470?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0042682205008470?via%3Dihub
https://doi.org/10.1016/j.virol.2005.12.036
http://www.ncbi.nlm.nih.gov/pubmed/16448680
http://www.ncbi.nlm.nih.gov/pubmed/24719411
https://doi.org/10.1128/JVI.00516-14
https://doi.org/10.1128/JVI.00516-14
http://www.ncbi.nlm.nih.gov/pubmed/24719411
http://www.zoores.ac.cn
http://www.ncbi.nlm.nih.gov/pubmed/26018857
https://doi.org/10.1371/journal.ppat.1009560

PLOS PATHOGENS

Mutational pressure by APOBECSs on herpes simplex virus-1 and human polyomavirus

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

(2):736—41. Available from: /pmc/articles/PMC256322/?report = abstract https://doi.org/10.1128/JVI.
44.2.736-741.1982 PMID: 6292530

Muhlbach H, Mohr CA, Ruzsics Z, Koszinowski UH. Dominant-negative proteins in herpesviruses—
from assigning gene function to intracellular immunization [Internet]. Vol. 1, Viruses. Multidisciplinary
Digital Publishing Institute (MDPI); 2009 [cited 2021 Mar 12]. p. 420—40. Available from: /pmc/articles/
PMC3185506/ https://doi.org/10.3390/v1030420 PMID: 21994555

Taylor MP, Kobiler O, Enquist LW. Alphaherpesvirus axon-to-cell spread involves limited virion trans-
mission. Proc Natl Acad Sci U S A [Internet]. 2012 Oct 16 [cited 2019 Feb 27]; 109(42):17046-51. Avail-
able from: http://www.ncbi.nlm.nih.gov/pubmed/23027939 https://doi.org/10.1073/pnas.1212926109
PMID: 23027939

Muylaert I, Tang KW, Elias P. Replication and recombination of herpes simplex virus DNA [Internet].
Vol. 286, Journal of Biological Chemistry. American Society for Biochemistry and Molecular Biology;
2011 [cited 2021 Mar 12]. p. 15619-24. Available from: /pmc/articles/PMC3091170/

Haradhvala NJ, Polak P, Stojanov P, Covington KR, Shinbrot E, Hess JM, et al. Mutational Strand
Asymmetries in Cancer Genomes Reveal Mechanisms of DNA Damage and Repair. Cell [Internet].
2016 Jan [cited 2017 Aug 29]; 164(3):538—49. Available from: http:/linkinghub.elsevier.com/retrieve/pii/
$0092867415017146 https://doi.org/10.1016/j.cell.2015.12.050 PMID: 26806129

ZhuY, Song L, Stroud J, Parris DS. Mechanisms by which herpes simplex virus DNA polymerase limits
translesion synthesis through abasic sites. DNA Repair (Amst) [Internet]. 2008 Jan 1 [cited 2021 Mar
12]; 7(1):95—-107. Available from: https://pubmed.ncbi.nim.nih.gov/17904428/ https://doi.org/10.1016/j.
dnarep.2007.08.001 PMID: 17904428

Ralph M, Bednarchik M, Tomer E, Rafael D, Zargarian S, Gerlic M, et al. Promoting Simultaneous
Onset of Viral Gene Expression Among Cells Infected with Herpes Simplex Virus-1. Front Microbiol
[Internet]. 2017 [cited 2019 Feb 27]; 8:2152. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
29163436 https://doi.org/10.3389/fmicb.2017.02152 PMID: 29163436

Sourvinos G, Everett RD. Visualization of parental HSV-1 genomes and replication compartments in
association with ND10 in live infected cells. EMBO J [Internet]. 2002 Sep 16 [cited 2019 Feb 27]; 21
(18):4989-97. Available from: http://www.ncbi.nim.nih.gov/pubmed/12234938 https://doi.org/10.1093/
emboj/cdf458 PMID: 12234938

Kobiler O, Brodersen P, Taylor MP, Ludmir EB, Enquist LW. Herpesvirus replication compartments
originate with single incoming viral genomes. MBio [Internet]. 2011 [cited 2019 Feb 27]; 2(6). Available
from: http://www.ncbi.nlm.nih.gov/pubmed/22186611 https://doi.org/10.1128/mBio.00278-11 PMID:
22186611

Kobiler O, Lipman Y, Therkelsen K, Daubechies |, Enquist LW. Herpesviruses carrying a Brainbow cas-
sette reveal replication and expression of limited numbers of incoming genomes. Nat Commun [Inter-
net]. 2010 Dec [cited 2019 Feb 27]; 1(9):146. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
21266996 https://doi.org/10.1038/ncomms1145 PMID: 21266996

Sacks WR, Schaffer PA. Deletion mutants in the gene encoding the herpes simplex virus type 1 immedi-
ate-early protein ICPO exhibit impaired growth in cell culture. J Virol [Internet]. 1987 [cited 2021 Mar 12];
61(3):829-39. Available from: https://pubmed.ncbi.nlm.nih.gov/3027408/ https://doi.org/10.1128/JVI.
61.3.829-839.1987 PMID: 3027408

Everett RD, Boutell C, Orr A. Phenotype of a Herpes Simplex Virus Type 1 Mutant That Fails To
Express Immediate-Early Regulatory Protein ICPO. J Virol [Internet]. 2004 Feb 15 [cited 2021 Mar 12];
78(4):1763-74. Available from: https://pubmed.ncbi.nim.nih.gov/14747541/ https://doi.org/10.1128/jvi.
78.4.1763-1774.2004 PMID: 14747541

LaRue RS, Jonsson SR, Silverstein KAT, Lajoie M, Bertrand D, El-Mabrouk N, et al. The artiodactyl
APOBECS innate immune repertoire shows evidence for a multi-functional domain organization that
existed in the ancestor of placental mammals. BMC Mol Biol [Internet]. 2008 Nov 18 [cited 2021 Mar
12];9. Available from: https://pubmed.ncbi.nim.nih.gov/19017397/ https://doi.org/10.1186/1471-2199-
9-104 PMID: 19017397

Szpara ML, Gatherer D, Ochoa A, Greenbaum B, Dolan A, Bowden RJ, et al. Evolution and diversity in
human herpes simplex virus genomes. J Virol [Internet]. 2014 Jan [cited 2017 Sep 11]; 88(2):1209-27.
Available from: http://www.ncbi.nim.nih.gov/pubmed/24227835 https://doi.org/10.1128/JVI.01987-13
PMID: 24227835

Matsen IV FA, Small CT, Soliven K, Engel GA, Feeroz MM, Wang X, et al. A Novel Bayesian Method for
Detection of APOBEC3-Mediated Hypermutation and lts Application to Zoonotic Transmission of Sim-
ian Foamy Viruses. PLoS Comput Biol. 2014; 10(2).

Greninger AL, Roychoudhury P, Xie H, Casto A, Cent A, Pepper G, et al. Ultrasensitive Capture of
Human Herpes Simplex Virus Genomes Directly from Clinical Samples Reveals Extraordinarily Limited
Evolution in Cell Culture. mSphere [Internet]. 2018 Jun 13 [cited 2021 Mar 12]; 3(3). Available from:

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009560  April 30, 2021 25/27


https://doi.org/10.1128/JVI.44.2.736-741.1982
https://doi.org/10.1128/JVI.44.2.736-741.1982
http://www.ncbi.nlm.nih.gov/pubmed/6292530
https://doi.org/10.3390/v1030420
http://www.ncbi.nlm.nih.gov/pubmed/21994555
http://www.ncbi.nlm.nih.gov/pubmed/23027939
https://doi.org/10.1073/pnas.1212926109
http://www.ncbi.nlm.nih.gov/pubmed/23027939
http://linkinghub.elsevier.com/retrieve/pii/S0092867415017146
http://linkinghub.elsevier.com/retrieve/pii/S0092867415017146
https://doi.org/10.1016/j.cell.2015.12.050
http://www.ncbi.nlm.nih.gov/pubmed/26806129
https://pubmed.ncbi.nlm.nih.gov/17904428/
https://doi.org/10.1016/j.dnarep.2007.08.001
https://doi.org/10.1016/j.dnarep.2007.08.001
http://www.ncbi.nlm.nih.gov/pubmed/17904428
http://www.ncbi.nlm.nih.gov/pubmed/29163436
http://www.ncbi.nlm.nih.gov/pubmed/29163436
https://doi.org/10.3389/fmicb.2017.02152
http://www.ncbi.nlm.nih.gov/pubmed/29163436
http://www.ncbi.nlm.nih.gov/pubmed/12234938
https://doi.org/10.1093/emboj/cdf458
https://doi.org/10.1093/emboj/cdf458
http://www.ncbi.nlm.nih.gov/pubmed/12234938
http://www.ncbi.nlm.nih.gov/pubmed/22186611
https://doi.org/10.1128/mBio.00278-11
http://www.ncbi.nlm.nih.gov/pubmed/22186611
http://www.ncbi.nlm.nih.gov/pubmed/21266996
http://www.ncbi.nlm.nih.gov/pubmed/21266996
https://doi.org/10.1038/ncomms1145
http://www.ncbi.nlm.nih.gov/pubmed/21266996
https://pubmed.ncbi.nlm.nih.gov/3027408/
https://doi.org/10.1128/JVI.61.3.829-839.1987
https://doi.org/10.1128/JVI.61.3.829-839.1987
http://www.ncbi.nlm.nih.gov/pubmed/3027408
https://pubmed.ncbi.nlm.nih.gov/14747541/
https://doi.org/10.1128/jvi.78.4.1763-1774.2004
https://doi.org/10.1128/jvi.78.4.1763-1774.2004
http://www.ncbi.nlm.nih.gov/pubmed/14747541
https://pubmed.ncbi.nlm.nih.gov/19017397/
https://doi.org/10.1186/1471-2199-9-104
https://doi.org/10.1186/1471-2199-9-104
http://www.ncbi.nlm.nih.gov/pubmed/19017397
http://www.ncbi.nlm.nih.gov/pubmed/24227835
https://doi.org/10.1128/JVI.01987-13
http://www.ncbi.nlm.nih.gov/pubmed/24227835
https://doi.org/10.1371/journal.ppat.1009560

PLOS PATHOGENS

Mutational pressure by APOBECSs on herpes simplex virus-1 and human polyomavirus

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

https://pubmed.ncbi.nim.nih.gov/29898986/ https://doi.org/10.1128/mSphereDirect.00283-18 PMID:
29898986

Huang Y, Carmichael GG. RNA processing in the polyoma virus life cycle. Front Biosci [Internet]. 2009
Jun 1 [cited 2021 Mar 12]; 14(13):4968—77. Available from: /pmc/articles/PMC4097024/ https://doi.org/
10.2741/3581 PMID: 19482599

Low J, Humes HD, Szczypka M, Imperiale M. BKV and SV40 infection of human kidney tubular epithe-
lial cells in vitro. Virology [Internet]. 2004 Jun 1 [cited 2021 Mar 12]; 323(2):182—8. Available from:
https://pubmed.ncbi.nim.nih.gov/15193914/ https://doi.org/10.1016/j.virol.2004.03.027 PMID:
15193914

Manzetti J, Weissbach FH, Graf FE, Unterstab G, Wernli M, Hopfer H, et al. BK Polyomavirus Evades
Innate Immune Sensing by Disrupting the Mitochondrial Network and Promotes Mitophagy. iScience
[Internet]. 2020 Jul 24 [cited 2021 Mar 12];23(7). Available from: https://pubmed.ncbi.nim.nih.gov/
32599557/ https://doi.org/10.1016/j.isci.2020.101257 PMID: 32599557

Poulain F, Lejeune N, Willemart K, Gillet NA. Footprint of the host restriction factors APOBEC3 on the
genome of human viruses. PLoS Pathog [Internet]. 2020 Aug 1 [cited 2021 Mar 12]; 16(8):e1008718.
Available from: https://doi.org/10.1371/journal.ppat.1008718 PMID: 32797103

Peretti A, Geoghegan EM, Pastrana D V., Smola S, Feld P, Sauter M, et al. Characterization of BK Poly-
omaviruses from Kidney Transplant Recipients Suggests a Role for APOBECS in Driving In-Host Virus
Evolution. Cell Host Microbe [Internet]. 2018 May 9 [cited 2019 Apr 18]; 23(5):628—-635.e7. Available
from: https://www.sciencedirect.com/science/article/pii/S1931312818302026?via%3Dihub https://doi.
org/10.1016/j.chom.2018.04.005 PMID: 29746834

DelLuca NA, Schaffer PA. Activation of immediate-early, early, and late promoters by temperature-sen-

sitive and wild-type forms of herpes simplex virus type 1 protein ICP4. Mol Cell Biol [Internet]. 1985 Aug

[cited 2021 Mar 12]; 5(8):1997—2008. Available from: https://pubmed.ncbi.nlm.nih.gov/3018543/ https://
doi.org/10.1128/mcb.5.8.1997 PMID: 3018543

Gu B, Rivera-Gonzalez R, Smith CA, DeLuca NA. Herpes simplex virus infected cell polypeptide 4 pref-
erentially represses Sp1-activated over basal transcription from its own promoter. Proc Natl Acad Sci U
S A[Internet]. 1993 [cited 2021 Mar 12]; 90(20):9528-32. Available from: https://pubmed.ncbi.nim.nih.
gov/8415735/ https://doi.org/10.1073/pnas.90.20.9528 PMID: 8415735

Tunnicliffe RB, Lockhart-Cairns MP, Levy C, Mould AP, Jowitt TA, Sito H, et al. The herpes viral tran-
scription factor ICP4 forms a novel DNA recognition complex. Nucleic Acids Res [Internet]. 2017 Jul 1
[cited 2021 Mar 12]; 45(13):8064—78. Available from: https://pubmed.ncbi.nlm.nih.gov/28505309/
https://doi.org/10.1093/nar/gkx419 PMID: 28505309

Sen Lin F, Ding Q, Guo H, Zheng AC. The herpes simplex virus type 1 infected cell protein 22 [Internet].
Vol. 25, Virologica Sinica. Virol Sin; 2010 [cited 2021 Mar 12]. p. 1-7. Available from: https://pubmed.
ncbi.nlm.nih.gov/20960278/ https://doi.org/10.1007/s12250-010-3080-x PMID: 20960278

Gruffat H, Marchione R, Manet E. Herpesvirus Late Gene Expression: A Viral-Specific Pre-initiation
Complex Is Key. Front Microbiol [Internet]. 2016 [cited 2018 Oct 24]; 7:869. Available from: http://www.
ncbi.nim.nih.gov/pubmed/27375590 https://doi.org/10.3389/fmicb.2016.00869 PMID: 27375590

Dembowski JA, DeLuca NA. Temporal Viral Genome-Protein Interactions Define Distinct Stages of Pro-
ductive Herpesviral Infection. MBio [Internet]. 2018 Sep 5 [cited 2018 Dec 6]; 9(4):e01182—18. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/30018111 https://doi.org/10.1128/mBio.01182-18 PMID:
30018111

Pearson JE, Krapivsky P, Perelson AS. Stochastic theory of early viral infection: Continuous versus
burst production of virions. PLoS Comput Biol [Internet]. 2011 Feb [cited 2021 Mar 12]; 7(2):1001058.
Available from: www.ploscompbiol.org https://doi.org/10.1371/journal.pcbi.1001058 PMID: 21304934

Lauring AS, Frydman J, Andino R. The role of mutational robustness in RNA virus evolution. Nat Rev
Microbiol [Internet]. 2013; 11(5):327-36. Available from: http://www.nature.com/nrmicro/journal/vi1/n5/
box/nrmicro3003_BX1.html https://doi.org/10.1038/nrmicro3003 PMID: 23524517

Renner DW, Szpara ML. Impacts of Genome-Wide Analyses on Our Understanding of Human Herpes-
virus Diversity and Evolution. J Virol [Internet]. 2018 [cited 2019 Mar 6]; 92(1). Available from: http://
www.ncbi.nlm.nih.gov/pubmed/29046445 https://doi.org/10.1128/JVI.00908-17 PMID: 29046445

Coleman JR, Papamichail D, Skiena S, Futcher B, Wimmer E, Mueller S. Virus attenuation by genome-
scale changes in codon pair bias. Science (80-) [Internet]. 2008 Jun 27 [cited 2021 Mar 4]; 320
(5884):1784—7. Available from: /pmc/articles/PMC2754401/ hitps://doi.org/10.1126/science. 1155761
PMID: 18583614

McDaniel YZ, Wang D, Love RP, Adolph MB, Mohammadzadeh N, Chelico L, et al. Deamination hot-
spots among APOBECS3 family members are defined by both target site sequence context and ssDNA
secondary structure. Nucleic Acids Res [Internet]. 2020 Feb 20 [cited 2021 Mar 12]; 48(3):1353-71.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009560  April 30, 2021 26/27


https://pubmed.ncbi.nlm.nih.gov/29898986/
https://doi.org/10.1128/mSphereDirect.00283-18
http://www.ncbi.nlm.nih.gov/pubmed/29898986
https://doi.org/10.2741/3581
https://doi.org/10.2741/3581
http://www.ncbi.nlm.nih.gov/pubmed/19482599
https://pubmed.ncbi.nlm.nih.gov/15193914/
https://doi.org/10.1016/j.virol.2004.03.027
http://www.ncbi.nlm.nih.gov/pubmed/15193914
https://pubmed.ncbi.nlm.nih.gov/32599557/
https://pubmed.ncbi.nlm.nih.gov/32599557/
https://doi.org/10.1016/j.isci.2020.101257
http://www.ncbi.nlm.nih.gov/pubmed/32599557
https://doi.org/10.1371/journal.ppat.1008718
http://www.ncbi.nlm.nih.gov/pubmed/32797103
https://www.sciencedirect.com/science/article/pii/S1931312818302026?via%3Dihub
https://doi.org/10.1016/j.chom.2018.04.005
https://doi.org/10.1016/j.chom.2018.04.005
http://www.ncbi.nlm.nih.gov/pubmed/29746834
https://pubmed.ncbi.nlm.nih.gov/3018543/
https://doi.org/10.1128/mcb.5.8.1997
https://doi.org/10.1128/mcb.5.8.1997
http://www.ncbi.nlm.nih.gov/pubmed/3018543
https://pubmed.ncbi.nlm.nih.gov/8415735/
https://pubmed.ncbi.nlm.nih.gov/8415735/
https://doi.org/10.1073/pnas.90.20.9528
http://www.ncbi.nlm.nih.gov/pubmed/8415735
https://pubmed.ncbi.nlm.nih.gov/28505309/
https://doi.org/10.1093/nar/gkx419
http://www.ncbi.nlm.nih.gov/pubmed/28505309
https://pubmed.ncbi.nlm.nih.gov/20960278/
https://pubmed.ncbi.nlm.nih.gov/20960278/
https://doi.org/10.1007/s12250-010-3080-x
http://www.ncbi.nlm.nih.gov/pubmed/20960278
http://www.ncbi.nlm.nih.gov/pubmed/27375590
http://www.ncbi.nlm.nih.gov/pubmed/27375590
https://doi.org/10.3389/fmicb.2016.00869
http://www.ncbi.nlm.nih.gov/pubmed/27375590
http://www.ncbi.nlm.nih.gov/pubmed/30018111
https://doi.org/10.1128/mBio.01182-18
http://www.ncbi.nlm.nih.gov/pubmed/30018111
http://www.ploscompbiol.org
https://doi.org/10.1371/journal.pcbi.1001058
http://www.ncbi.nlm.nih.gov/pubmed/21304934
http://www.nature.com/nrmicro/journal/v11/n5/box/nrmicro3003_BX1.html
http://www.nature.com/nrmicro/journal/v11/n5/box/nrmicro3003_BX1.html
https://doi.org/10.1038/nrmicro3003
http://www.ncbi.nlm.nih.gov/pubmed/23524517
http://www.ncbi.nlm.nih.gov/pubmed/29046445
http://www.ncbi.nlm.nih.gov/pubmed/29046445
https://doi.org/10.1128/JVI.00908-17
http://www.ncbi.nlm.nih.gov/pubmed/29046445
https://doi.org/10.1126/science.1155761
http://www.ncbi.nlm.nih.gov/pubmed/18583614
https://doi.org/10.1371/journal.ppat.1009560

PLOS PATHOGENS

Mutational pressure by APOBECSs on herpes simplex virus-1 and human polyomavirus

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Available from: https://academic.oup.com/nar/article/48/3/1353/5707195 https://doi.org/10.1093/nar/
gkz1164 PMID: 31943071

Khalili K, Sariyer IK, Safak M. Small tumor antigen of polyomaviruses: Role in viral life cycle and cell
transformation [Internet]. Vol. 215, Journal of Cellular Physiology. NIH Public Access; 2008 [cited 2021
Mar 12]. p. 309-19. Available from: /pmc/articles/PMC2716072/ https://doi.org/10.1002/jcp.21326
PMID: 18022798

Wendzicki JA, Moore PS, Chang Y. Large T and small T antigens of Merkel cell polyomavirus [Internet].
Vol. 11, Current Opinion in Virology. Elsevier; 2015 [cited 2021 Mar 12]. p. 38—43. Available from:
/pmc/articles/PMC4456251/ https://doi.org/10.1016/j.coviro.2015.01.009 PMID: 25681708

Starrett GJ, Serebrenik AA, Roelofs PA, McCann JL, Verhalen B, Jarvis MC, et al. Polyomavirus T anti-
gen induces APOBEC3B expression using an LXCXE-dependent and TP53-independent mechanism.
MBio [Internet]. 2019 Jan 1 [cited 2021 Mar 12]; 10(1). Available from: https://mbio.asm.org/content/10/
1/e02690-18 https://doi.org/10.1128/mBio.02690-18 PMID: 30723127

Harris RS. Cancer mutation signatures, DNA damage mechanisms, and potential clinical implications.
Genome Med [Internet]. 2013 Sep 27 [cited 2021 Mar 12]; 5(9):87. Available from: http://
genomemedicine.biomedcentral.com/articles/10.1186/gm490 PMID: 24073723

Alexandrov LB, Kim J, Haradhvala NJ, Huang MN, Tian Ng AW, Wu Y, et al. The repertoire of muta-
tional signatures in human cancer. Nature [Internet]. 2020 Feb 6 [cited 2021 Mar 12]; 578(7793):94—
101. Available from: https://doi.org/10.1038/s41586-020-1943-3 PMID: 32025018

Green AM, Weitzman MD. The spectrum of APOBECS3 activity: From anti-viral agents to anti-cancer
opportunities [Internet]. Vol. 83, DNA Repair. Elsevier B.V.; 2019 [cited 2021 Mar 12]. Available from:
https://pubmed.ncbi.nim.nih.gov/31563041/

Roberts SA, Lawrence MS, Klimczak LJ, Grimm SA, Fargo D, Stojanov P, et al. An APOBEC cytidine
deaminase mutagenesis pattern is widespread in human cancers. Nat Genet [Internet]. 2013 Sep 14
[cited 2018 Feb 7]; 45(9):970-6. Available from: http://www.nature.com/articles/ng.2702 https://doi.org/
10.1038/ng.2702 PMID: 23852170

Burns MB, Temiz NA, Harris RS. Evidence for APOBEC3B mutagenesis in multiple human cancers.
Nat Genet [Internet]. 2013 Sep 14 [cited 2018 Feb 7]; 45(9):977—-83. Available from: http://www.nature.
com/articles/ng.2701 https://doi.org/10.1038/ng.2701 PMID: 23852168

Swanton C, McGranahan N, Starrett GJ, Harris RS. APOBEC Enzymes: Mutagenic Fuel for Cancer
Evolution and Heterogeneity. Cancer Discov [Internet]. 2015 Jul [cited 2018 Feb 7]; 5(7):704—12. Avail-
able from: http://www.ncbi.nlm.nih.gov/pubmed/26091828 https://doi.org/10.1158/2159-8290.CD-15-
0344 PMID: 26091828

Verhalen B, Starrett GJ, Harris RS, Jiang M. Functional Upregulation of the DNA Cytosine Deaminase
APOBECS3B by Polyomaviruses. J Virol [Internet]. 2016 Jul 15 [cited 2021 Mar 12]; 90(14):6379-86.
Available from: https://pubmed.ncbi.nim.nih.gov/27147740/ https://doi.org/10.1128/JVI.00771-16
PMID: 27147740

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for lllumina sequence data. Bioinfor-
matics [Internet]. 2014 Aug 1 [cited 2021 Mar 12]; 30(15):2114—20. Available from: https://academic.
oup.com/bioinformatics/article-lookup/doi/10.1093/bioinformatics/btu170 PMID: 24695404

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods [Internet]. 2012
Apr 4 [cited 2021 Mar 12]; 9(4):357-9. Available from: https://www.nature.com/articles/nmeth.1923
https://doi.org/10.1038/nmeth.1923 PMID: 22388286

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence Alignment/Map format
and SAMtools. Bioinformatics [Internet]. 2009 Aug [cited 2021 Mar 12]; 25(16):2078—-9. Available from:
https://pubmed.ncbi.nim.nih.gov/19505943/ https://doi.org/10.1093/bicinformatics/btp352 PMID:
19505943

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009560  April 30, 2021 27/27


https://academic.oup.com/nar/article/48/3/1353/5707195
https://doi.org/10.1093/nar/gkz1164
https://doi.org/10.1093/nar/gkz1164
http://www.ncbi.nlm.nih.gov/pubmed/31943071
https://doi.org/10.1002/jcp.21326
http://www.ncbi.nlm.nih.gov/pubmed/18022798
https://doi.org/10.1016/j.coviro.2015.01.009
http://www.ncbi.nlm.nih.gov/pubmed/25681708
https://mbio.asm.org/content/10/1/e02690-18
https://mbio.asm.org/content/10/1/e02690-18
https://doi.org/10.1128/mBio.02690-18
http://www.ncbi.nlm.nih.gov/pubmed/30723127
http://genomemedicine.biomedcentral.com/articles/10.1186/gm490
http://genomemedicine.biomedcentral.com/articles/10.1186/gm490
http://www.ncbi.nlm.nih.gov/pubmed/24073723
https://doi.org/10.1038/s41586-020-1943-3
http://www.ncbi.nlm.nih.gov/pubmed/32025018
https://pubmed.ncbi.nlm.nih.gov/31563041/
http://www.nature.com/articles/ng.2702
https://doi.org/10.1038/ng.2702
https://doi.org/10.1038/ng.2702
http://www.ncbi.nlm.nih.gov/pubmed/23852170
http://www.nature.com/articles/ng.2701
http://www.nature.com/articles/ng.2701
https://doi.org/10.1038/ng.2701
http://www.ncbi.nlm.nih.gov/pubmed/23852168
http://www.ncbi.nlm.nih.gov/pubmed/26091828
https://doi.org/10.1158/2159-8290.CD-15-0344
https://doi.org/10.1158/2159-8290.CD-15-0344
http://www.ncbi.nlm.nih.gov/pubmed/26091828
https://pubmed.ncbi.nlm.nih.gov/27147740/
https://doi.org/10.1128/JVI.00771-16
http://www.ncbi.nlm.nih.gov/pubmed/27147740
https://academic.oup.com/bioinformatics/article-lookup/doi/10.1093/bioinformatics/btu170
https://academic.oup.com/bioinformatics/article-lookup/doi/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
https://www.nature.com/articles/nmeth.1923
https://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
https://pubmed.ncbi.nlm.nih.gov/19505943/
https://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1371/journal.ppat.1009560

