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Abstract

Viruses closely related to human pathogens can reveal the origins of human infectious diseases. Human herpes sim-
plexvirus type 1 (HSV-1) and type 2 (HSV-2) are hypothesized to have arisen via host-virus codivergence and cross-
species transmission. We report the discovery of novel herpes simplexviruses during a large-scale screening of fecal
samples from wild gorillas, bonobos, and chimpanzees. Phylogenetic analysis indicates that, contrary to expectation,
simplexviruses from these African apes are all more closely related to HSV-2 than to HSV-1. Molecular clock-based
hypothesis testing suggests the divergence between HSV-1 and the African great ape simplexviruses likely represents a
codivergence event between humans and gorillas. The simplexviruses infecting African great apes subsequently experi-
enced multiple cross-species transmission events over the past 3 My, the most recent of which occurred between humans
and bonobos around 1 Ma. These findings revise our understanding of the origins of human herpes simplexviruses and
suggest that HSV-2 is one of the earliest zoonotic pathogens.
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Introduction

The origins of pathogens that infect humans can be revealed
by the characterization of closely related microorganisms in
wild and domesticated animals. Phylogenetic analysis has
revealed the source of zoonoses both recent (eg, HIV/
AIDS, Ebola, influenza, MERS, SARS, COVID-19; Leroy et al.
2005; Hon et al. 2008; Smith et al. 2009; Sharp and Hahn 20171;
Dudas et al. 2018; Nelson and Worobey 2018; Lu et al. 2020)
and ancient (eg, measles, smallpox, bubonic plague;
Wertheim and Kosakovsky Pond 2011; Wagner et al. 2014;
Duggan et al. 2016; Dux et al. 2020) alike. In contrast to these
zoonoses, some pathogens may have been infecting our pri-
mate ancestors and have since evolved into human-specific
forms via codivergence (e.g, varicella zoster virus and human
mastadenovirus species C; Weiss 2007; Grose 2012; Hoppe
et al. 2015). The human herpes simplexviruses (HSVs) appear
to have arisen from both of these mechanisms: codivergence
and zoonosis (Luebcke et al. 2006; Weiss 2007; Severini et al.
2013; Wertheim et al. 2014).

HSVs belong to a diverse family of viruses with double-
stranded DNA genomes (Herpesviridae), whose members in-
fect a broad range of vertebrates and invertebrates, reflecting
a remarkably ancient association of these viruses with their
hosts (McGeoch et al. 1995; Davison et al. 2009). Within this
family, HSVs are part of a subfamily (Alphaherpesvirinae) and
genus (Simplexvirus) within which codivergence events are
very frequent. This pattern is exemplified by primate-infecting
simplexviruses whose phylogeny recapitulates that of
Platyrrhini (New World monkeys), Cercopithecidae (Old
World monkeys), and Homininae (African great apes, includ-
ing humans) (Eberle and Black 1993). Accordingly, most pri-
mate species have only been associated with a single
simplexvirus. Humans are a striking exception in that they
are infected with two: HSV-1 (Human alphaherpesvirus 1) and
HSV-2 (Human alphaherpesvirus 2). Cross-sectional estimates
indicate that HSV-1 infects over two-thirds of adults world-
wide, whereas HSV-2 has a lower prevalence around 11%
(Smith and Robinson 2002). HSV-1 is predominantly associ-
ated with oral transmission early in life, and HSV-2 is more
commonly associated with sexual transmission; however, the
disease presentation by these viruses is indistinguishable and
both viruses can transmit through oral and genital routes.
Both viruses can experience long periods of latency between
infection and transmission, which when coupled with robust
DNA repair mechanisms, may explain their exceptionally slow
rate of evolution: around 10™° substitutions/site/year
(Norberg et al. 2011).

HSV-1 and HSV-2 are evolutionarily very closely related.
They are not, however, each other’s closest relatives. HSV-2 is
more closely related to the chimpanzee herpes virus (ChHV;
Panine alphaherpesvirus 3), which was discovered in a captive
chimpanzee (Pan troglodytes), than either of these viruses is
to HSV-1 (Luebcke et al. 2006; Severini et al. 2013). Two al-
ternate scenarios have been articulated to account for this
pattern, which both assume that ChHV is a codiverged sim-
plexvirus infecting (wild) chimpanzees and suggest a potential
zoonotic origin for one of the HSVs. Pairwise genetic distance
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analysis suggested that HSV-1 was of zoonotic origin from a
hypothetical orangutan simplexvirus ancestor and that HSV-
2 had codiverged with ChHV (Luebcke et al. 2006; Severini
et al. 2013). In contrast, we previously suggested that HSV-2
was of recent zoonotic origin from the ancestor of modern
P. troglodytes and that HSV-1 has its origins in codivergence
(Wertheim et al. 2014). Both of these scenarios assume there
exist, or once existed (Johnson et al. 2003), simplexviruses
infecting great apes (Hominidae) other than chimpanzees:
bonobo (Pan paniscus), gorilla (Gorilla spp.), and orangutan
(Pongo spp.). Great apes can be infected with HSV-1and HSV-
2 (Eberle and Hilliard 1989); however, the presence of extant
nonhuman Homininae simplexviruses is supported by serol-
ogy in wild Gorilla beringei beringei populations that demon-
strates intermediate ELISA reactivity to both HSV-1 and HSV-
2 antigens, with preferential reactivity toward HSV-2 (Eberle
1992).

Both hypothesized scenarios about the origins of HSV-1
and HSV-2 make specific predictions about the phylogenetic
placement of uncharacterized viruses. The HSV-1 zoonotic
origin hypothesis assumes the split between HSV-2 and
ChHV represents a codivergence event and predicts that a
gorilla simplexvirus would lie basal to HSV-2 and ChHV, but
that HSV-1 would lie basal to these three viruses. In contrast,
the HSV-2 zoonotic origin hypothesis assumes the split be-
tween HSV-1 and ChHV represents a codivergence event and
predicts that a gorilla simplexvirus would lie basal to HSV-1,
HSV-2, and ChHV. Here, we report the results of a large-scale
molecular screening of fecal samples from wild animals rep-
resenting all African great ape species, including seven of nine
African great ape subspecies. This screening allowed us to
confirm ChHV infection in wild West African chimpanzees
(P. troglodytes verus) as well as detect simplexviruses infecting
wild mountain gorillas (G. beringei beringei) and bonobos
(P. paniscus). We determined partial gene sequences from
virus infecting these three host species, and we assembled a
partial genome sequence for the simplexvirus infecting
mountain gorillas. Phylogenetic and molecular clock analyses
suggest a complicated history of cross-species transmission of
simplexviruses among Homininae species.

Results

Discovery and Sequencing of Wild Homininae
Simplexviruses

We screened a large set of African great ape feces, identifying
eight positive samples with a nested PCR system targeting a
short fragment of the glycoprotein B (gB) coding sequence.
We found a single positive sample in the set of feces from a
pregnant Western chimpanzee (P. troglodytes verus), two pos-
itive samples from one site and one from another site, rep-
resenting at least two bonobos (P. paniscus), and four positive
samples from a pregnant (n=3) and another lactating
(n=1) mountain gorilla (G. beringei beringei); for all these
samples, we sequenced this 124-bp gB fragment (UL27). We
attempted to obtain more sequence information by using
additional semi-nested and nested PCR systems targeting
gB and UL53 but were only successful with samples from
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Fic. 1. Maximum likelihood phylogenetic tree of Cercopithecidae and Homininae herpes simplexviruses. The tree includes 74 taxa and was inferred
using an alignment of 29 coding genes totaling 43,797 bp in length. Node support from ultrafast bootstrap analysis is denoted on major branches
separating virus infecting different primate species. HSV-1 and HSV-2, human herpes simplexviruses 1 and 2; ChHV, chimpanzee herpes virus;
McHV-1, macacine herpes virus 1; PaHV-2, Baboon herpes virus 2; CeHV-2, Cercopithecus herpes virus 2. Tree with strain labels and support values

is available on Data Dryad.

pregnant mountain gorillas. Sequencing these amplicons
allowed us to sequence 410 and 272 bp of the gB and UL53
coding sequences, respectively.

To collect genome-wide sequence information, we also
attempted to enrich high-throughput sequencing libraries
generated from all positive samples in simplexvirus sequences
using hybridization capture. We generated a total of
60,741,470 reads (2,163,068—22,702,256 reads per sample, af-
ter filtering). Only the libraries generated from the pregnant
mountain gorilla contained enough simplexvirus reads to al-
low for the reconstruction of a significant fraction of the
genome. We were able to unambiguously characterize
103,446 positions of the according viral genome, representing
74.8% of its unique and internal repeat regions, from which
we identified 58 coding sequences homologous (and syn-
tenic) to those found in HSV-2.

Partial Genome Maximum Likelihood Phylogeny

The herpes simplexvirus maximum likelihood phylogeny in-
cluding previously described catarrhine simplexviruses and
the newly described viruses supports a general pattern of viral
codivergence with their host species, with strong node

support between major lineages (figz 1 and see
Supplementary  Material online). All  viruses from
Homininae are reciprocally monophyletic with respect to vi-
ruses from Cercopithecidae (ultrafast bootstrap support
[UF] = 100). Each Homininae species appears to have a dis-
tinct simplexvirus, with the known exception of HSV-1 and
HSV-2 in Homo sapiens. However, these Homininae simplex-
viruses do not recapitulate their host phylogeny (fig. 2A). We
caution against overinterpretation of the tanglegrams (de
Vienne 2019) and note the differences in structure between
the host and virus trees. Specifically, the nonhuman
Homininae simplexviruses are more closely related to HSV-
2 than they are to HSV-1 (UF = 100). The closest relative of
the novel gorilla simplexvirus is ChHV (UF=93), and the
closet relative of HSV-2 is the novel bonobo simplexvirus
(UF=79). In contrast, P. troglodytes and P. paniscus are
most closely related and both more closely related to
H. sapiens than they are to G. gorilla. The identical topology
is observed across the phylogeny if we exclude the shorter
sequences from G. gorilla, P. troglodytes, P. paniscus, and
Macaca fuscata from the alignment prior to phylogenetic
inference. A phylogeny inferred from all taxa restricted to

3
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Fic. 2. Phylogenetic concordance between host and simplexvirus phylogenies. (A) Relationship between Homininae simplexviruses (right) and
their hosts (left). (B) Relationship between Macaca simplexviruses and their hosts. All Macaca viruses are named McHV-1, so the trees are labeled
only with host names. Virus trees are shown as cladograms based on the maximum likelihood phylogeny depicted in figure 1.

the glycoprotein B (UL27) gene in which many of these gene
fragments reside is highly similar to the partial genome infer-
ence, albeit with lower UF (supplementary fig. 1,
Supplementary Material online). We did not detect evidence
of positive, diversifying selection in UL27 (supplementary fig.
1, Supplementary Material online), suggesting that this lower
topological support is due to its shorter length, rather than
biased inference due to positive selection.

The close phylogenetic relatedness of HSV-2 to the novel
bonobo simplexvirus is supported by only a single nonsynon-
ymous nucleotide substitution across the 124 nucleotide
novel bonobo simplexvirus sequence: cytosine (isoleucine in
all basal lineages) to guanine (methionine in HSV-2 and the
P. paniscus  simplexvirus)  (supplementary fig. 2,
Supplementary Material online). Regardless of the specific
placement of the novel bonobo simplexvirus, the remaining
phylogenetic relationships are consistent with multiple cross-
species transmission of simplexvirus among Homininae. If the
ancestor of this clade infected the immediate ancestor of
gorillas, then the primate precursors to both humans and
chimpanzees would have acquired this virus via cross-
species transmission; however, the order and direction of
these events remain ambiguous.

4

Two major genera within the Cercopithecidae family,
Papio and Macaca, are each represented by a distinct viral
clade: PaHV-2 (Papiine alphaherpesvirus 2, formerly known as
HVP2) and McHV-1 (Macacine alphaherpesvirus 1, formerly
known as B virus). The placement of CeHV-2 from
Chlorocebus pygerythrus is consistent with a cross-species
transmission event. The lack of host-phylogeny recapitulation
by the Papio viruses (supplementary fig. 3, Supplementary
Material online) may reflect the ongoing transmission among
captive baboons, which are often housed in multispecies fa-
cilities (Rogers et al. 2003) (see Supplementary Material online
for a detailed discussion). In contrast, the Macaca viruses
from each of the five represented species (M. fascicularis,
fuscata, mulatta, nemestrina, and silenus) are reciprocally
monophyletic and the relationships among them accurately
recapitulate the host phylogeny (fig. 2B).

Molecular Clock Dating Analysis

Calibrating viral diversification events using a molecular clock
in primate simplexviruses is complicated by the saturation of
clock-like signal as one moves deeper into the viral phylogeny
(Wertheim et al. 2014). Therefore, we calibrated a strict mo-
lecular clock using only shallow diversification events
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Table 1. Inferred Substitution Rates Based on Macaca Calibration Priors from Three Different Published Sources.

Calibration Fabre Perelman Springer

Prior width? Narrow Wide Narrow Wide Narrow Wide
Mean® 7.91E-9 1.09E-8 9.11E-9 1.08E-8 9.19E-9 1.06E-8
95% HPD® 7.65E-9, 8.17E-9 8.55E-9, 1.33E-8 8.82E-9, 9.40E-9 9.02E-9, 1.27E-8 8.90E-9, 9.49E-9 9.29E-9, 1.20E-8

Width of calibration prior on Macaca nodes. Narrow is 10~ % wide corresponds to the published confidence interval.

PSubstitutions/site/year.

Table 2. Inferred Time of Most Recent Common Ancestor (TMRCA) in Millions of Years Ago (Ma) for HSV-1, HSV-2, and Other Homininae Herpes

Simplexviruses.

Calibration Fabre

Perelman Springer

Prior width® Narrow Wide

Narrow Wide

Narrow Wide

Taxa®

HSV-1/Great ape  11.82 (11.31-12.30)  8.71 (6.89-10.67)
HSV-2/Great ape 3.23 (3.05-3.41) 2.38 (1.85-2.90)
HSV-1 0.60 (0.55-0.65) 0.44 (0.35-0.54)
HSV-2 0.12 (0.10-0.15) 0.09 (0.07-0.12)

10.26 (9.89-10.70)  8.73 (7.30-10.27)
2.80 (2.66-2.95)
0.52 (0.48-0.56)
0.11 (0.09-0.13)

10.16 (9.77-10.56)
2.78 (2.63-2.92)
0.52 (0.48-0.55)
0.11 (0.09-0.13)

8.84 (7.69-9.94)
2.41 (2.10-2.75)
0.45 (0.39-0.52)
0.09 (0.07-0.11)

2.38 (1.98-2.81)
0.44 (0.36-0.53)
0.09 (0.07-0.11)

*Width of calibration prior on Macaca nodes. Narrow is 10~% wide corresponds to the published 95% confidence interval.
®Great ape viruses represent the TMRCA of ChHV, novel gorilla simplexvirus, and novel bonobo virus with either HSV-1 or HSV-2.

(<4 Ma) corresponding with host-divergence events in the
clade with the closest match between the host and virus
topology: McHV-1 in Macaca. We applied Macaca calibra-
tions from three different published studies of primate diver-
gence times (Fabre [Fabre et al. 2009]; Perelman [Perelman
et al. 2011]; Springer [Springer et al. 2012]; supplementary fig.
4, Supplementary Material online), exploring the impact of
both narrow and wide calibration priors (see Materials and
Methods for details). We consistently inferred a substitution
rate on the order of 10™® substitutions/site/year (table 1),
congruent with previous rate estimates from primate sim-
plexviruses (Norberg et al. 2011; Wertheim et al. 2014).
Accordingly, we inferred TMRCAs around 0.5 Ma for HSV-1
and 0.1 Ma for HSV-2 (table 2), which are broadly in agree-
ment with previous estimates (Norberg et al. 2011; Wertheim
et al. 2014; Burrel et al. 2017).

The inferred TMRCA for HSV-1 and all other Homininae
simplexviruses ranged between around 7 and 12 Ma, which is
consistent with the split between Homo and another extant
Hominidae genera: Pan, Gorilla, or Pongo (Raaum et al. 2005)
(table 2 and fig. 3). This timing suggests that HSV-1 arose via
codivergence. The inferred TMRCA for HSV-2 and all other
Homininae simplexviruses (excluding HSV-1) was around 2—
3 Ma, far more recent than the speciation between Homo and
Pan genera. This recency suggests that HSV-2 arose via cross-
species transmission. We note that the ages inferred under
narrow calibrations priors tended to be slightly older than
ages inferred under wide priors.

The TMRCA for HSV-2 and the novel bonobo simplexvirus
was bimodal due to the ambiguous phylogenetic relationship
between these viruses. If these two viruses are monophyletic,
as they are in around 89% of posterior trees, then we infer a
median TMRCA less than 1Ma (table 3). However, if the

novel bonobo simplexvirus is more closely related to ChHV
and the novel gorilla simplexvirus, as they are in around 11%
of posterior samples, then HSV-2 is equally divergent from all
three Homininae herpes simplexviruses.

Clock-Like Signal

To determine whether the assumption of a strict molecular
clock is appropriate for a hypothesis testing framework, we
repeated the molecular clock phylogenetic inference assum-
ing a relaxed clock using an uncorrelated lognormal distribu-
tion (Drummond et al. 2006). We found no evidence for
significant deviations from a strict molecular clock. Across
the three calibration scenarios, the 95% highest posterior
density (HPD) for the standard deviation of the lognormal
distribution (a proxy for deviation from a strict clock) in-
cluded or abutted against zero.

Cross-Validation Sensitivity Analysis

Our molecular clock calibrations were based on four cali-
brated nodes from McHV-1 infecting members of Macaca.
We explored the internal consistency of these calibrations on
the simplexvirus phylogeny using a leave-one-out cross-vali-
dation approach. The inferred TMRCAs of the great ape
simplexviruses and HSV-1 or HSV-2 were robust when wide
calibration priors were applied (supplementary fig. 5,
Supplementary Material online). As expected, these
TMRCAs were more sensitive when narrow calibration priors
were applied. Excluding the calibration representing the com-
mon ancestors of 1) M. mulatta and fuscata or 2) M. mulata,
fuscata, and fascicularis tended to produce younger TMRCAs
among the Homininae simplexviruses. Excluding the narrow
calibration on M. silenus and nemestrina resulted in older
Homininae simplexviruses TMRCAs using the Fabre and
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Fic. 3. Time of most recent common ancestor (TMRCA) estimates for Homininae simplexviruses (excluding humans) and HSV-1 and HSV-2.
TMRCAs were inferred based on narrow calibration priors within MCHV-1 from (A) Fabre, (B) Perelman, and (C) Springer and from wide
calibration priors within McHV-1 from (D) Fabre, (E) Perelman, and (F) Springer. HSV-1 TMRCA 95% highest posterior density (HPD) interval
shown in light gray; HSV-2 95% HPD interval shown in dark gray. Colored solid lines represent published TMRCA estimates for Homo and Pan (red),
Gorilla (blue), and Pongo (green); shaded colored blocks represent corresponding published 95% confidence intervals.

Table 3. TMRCA of HSV-2 and Novel Bonobo Herpes Simplexvirus by Different Phylogenetic Relationships in the Posterior Distribution of Tree

Topologies.
Publication Calibrations Monophyletic Paraphyletic
Posterior TMRCA Median® TMRCA 95% Posterior TMRCA Median® TMRCA 95%
HPD? HPD?
Fabre Narrow 0.89 0.99 0.18-2.30 0.11 3.22 2.97-3.55
Wide 0.88 0.72 0.13-1.69 0.12 2.37 1.79-2.96
Perelman Narrow 0.89 0.86 0.18-2.03 0.11 2.80 2.65-2.95
Wide 0.92 0.75 0.13-1.74 0.08 2.39 1.96-2.81
Springer Narrow 0.87 0.88 0.19-2.01 0.13 2.78 2.58-2.98
Wide 0.89 0.75 0.15-1.75 0.11 2.41 2.05-2.75

*TMRCAs in millions of years ago.

Perelman calibrations; whereas excluding the calibration for
all Macaca species resulted in older Homininae simplexviruses
TMRCAs only when using the Springer calibrations.

Hypothesis Testing in Generalized Stepping Stone
Framework

In order to formalize our understanding of primate simplex-
virus evolution, we performed a series of hypothesis tests
using Bayes Factors (BF), based on marginal likelihood esti-
mates (MLEs) obtained via a Generalized Steeping Stone
(GSS) approach. The first of these tests was a direct com-
parison of strict versus relaxed molecular clocks. In all three
calibration scenarios, we observed a BF <20 in favor of
relaxing the molecular clock: Fabre (BF=4.6), Perelman
(BF=5.0), and Springer (BF = 15). Therefore, we can confi-
dently test hypotheses concerning the history of these her-
pes simplexviruses under the assumption of a strict
molecular clock.

6

We performed a series of tests to determine whether we
could reject scenarios in which the divergence of HSV-1 or
HSV-2 from other simplexviruses represents a host divergence
event. We added an additional constraint to the TMRCA of
either HSV-1 or HSV-2 and the other Homininae simplexvi-
ruses corresponding to the estimated divergence events be-
tween H. sapiens and either P. troglodytes, G. beringei, or
P. pygmaeus using a narrow calibration prior, according to
the published dated primate phylogenies (Fabre et al. 2009;
Perelman et al. 2011; Springer et al. 2012). As in the molecular
clock comparison, we assessed the support for models using
BF based on MLEs obtained via a GSS approach. These BF
values represent the comparisons of models with Macaca-
only calibrations against models with Macaca and an addi-
tional Hominidae calibration. In order to prevent the poor
phylogenetic signal for the placement of novel bonobo sim-
plex virus and other viral sequence fragments, these calibra-
tions were only placed on the ancestors of the partial-genome
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sequences. We included P. pygmaeus divergence dates in this
analysis, because even though an orangutan simplexvirus has
never been characterized, the lineage leading to the
Homininae simplexviruses could represent Pongo divergence.

Using the GSS framework, we can strongly reject nearly
every scenario in which the divergence of HSV-2 and a
Homininae simplexvirus corresponds to a host divergence
event (BF >100; fig. 4 supplementary table 1,
Supplementary Material online). The evidence for rejection
was only moderately strong using the Fabre dates with wide
calibration constraints for a scenario in which the most recent
common ancestor of HSV-2 and the Homininae simplexvi-
ruses corresponded with divergence between H. sapiens and
P. troglodytes (BF = 91). Hence, it is unlikely that HSV-1 is of
zoonotic origin.

The most consistently supported scenario is one in which
the split between HSV-1 and the Homininae simplexviruses
represents the divergence between H. sapiens and G. beringei
(fig. 4 BF <20). This scenario was never rejected using wide
calibration priors (fig. 4B; BF <20). Although it was weakly
rejected (BF = 51) using the Perelman dates with narrow cal-
ibration priors, this scenario still had the highest MLE of any
hypothesis tested using the Perelman dates with narrow cal-
ibration priors (fig. 4A).

When applying narrow calibration priors (fig. 4A), we can
reject our previously hypothesized scenario (Wertheim et al.
2014) in which the most recent common ancestor of HSV-1
and Homininae simplexviruses corresponds with the diver-
gence between H. sapiens and P. troglodytes (BF >100), except
when using the Springer dates (BF = 71). Similarly, when ap-
plying the narrow calibration priors, we can strongly reject
this ancestor representing the split between H. sapiens and
Pongo spp. (BF >100), except when using the Fabre dates
(BF = 74).

When applying wide calibration priors (fig. 4B), we cannot
reject our previously hypothesized scenario in which the most
recent common ancestor of HSV-1 and Homininae simplex-
viruses corresponds with the divergence between H. sapiens
and P. troglodytes (BF <20). Similarly, we cannot reject that
this ancestor corresponds with the divergence between
H. sapiens and Pongo spp. using the Fabre calibrations (BF
<20). There is less support for the Pongo codivergence sce-
nario using the Perelman (BF = 40) and Springer (BF =71)
calibrations.

Discussion

We report the discovery of herpes simplexviruses in wild
members of three extant African great ape (Homininae) spe-
cies: bonobo (P. paniscus), mountain gorilla (G. beringei berin-
gei), and western chimpanzee (P. troglodytes verus).
Phylogenetic analysis is consistent with each Homininae spe-
cies being infected with its own specific herpes simplexvirus.
Although the herpes simplexviruses in Homininae are all
closely related, their phylogeny is not compatible with a pat-
tern of strict codivergence. Rather the Homininae herpes
simplexviruses appear to have been repeatedly transmitted
between African great ape species. Molecular clock analysis

supports a scenario in which HSV-1 arose via codivergence,
with the preponderance of evidence favoring its divergence
from other Homininae simplexvirus corresponding with the
evolutionary divergence between H. sapiens and G. beringei
lineages. HSV-2, in contrast, is likely of zoonotic origin and
shares a common ancestor with a novel bonobo herpes sim-
plexvirus in the last million years.

In our previous study into the origins of HSV-1 and HSV-2
(Wertheim et al. 2014), we constructed a hypothesis testing
framework that implicitly assumed that the divergence be-
tween ChHV and either HSV-1 or HSV-2 corresponded with
the divergence between P. troglodytes and H. sapiens. This
framework led us to predict the existence of a novel gorilla
herpes simplexvirus and that this virus would lie basal to both
HSV-2 and ChHV on a phylogenetic tree. The latter half of this
prediction proved to be incorrect. Rather, the more inclusive
hypothesis testing framework implemented here suggests
that the divergence between HSV-1 and other Homininae
simplexviruses (including ChHV) more likely corresponds
with the divergence between the genera Gorilla and Homo.
Nonetheless, we cannot definitively reject scenarios in which
this viral ancestor corresponds with the divergence between
Homo and Pongo or Homo and Pan lineages.

The novel bonobo simplexvirus is most likely the closest
relative to HSV-2, and these two viruses likely diverged within
the past 1 My. The maximum likelihood phylogeny and the
bulk of the posterior trees (>89%) from our Bayesian infer-
ence favor a scenario in which the viruses transmitted be-
tween H. sapiens and P. paniscus sometime after P. paniscus
diverged from P. troglodytes around 2.1 Ma (Stone et al. 2010;
Bjork et al. 2011). However, we cannot determine the direc-
tionality of transmission based on the phylogeny alone, and it
is possible that the bonobo simplexvirus arose via reverse-
zoonosis from a human ancestor. Further, this phylogenetic
relationship is based on a single nonsynonymous synapomor-
phy, so we cannot discard a scenario in which Gorilla and Pan
simplexviruses are monophyletic. Therefore, the specific pre-
cursor to modern humans that was involved in the transmis-
sion event or events remains ambiguous (Wertheim et al.
2014; Houldcroft et al. 2017).

We accounted for uncertainty in divergence time esti-
mates by separately exploring three different sets of published
calibrations and by incorporating various levels of precision
into these calibrations. This level of precision in our calibra-
tion priors (wide vs. narrow, see Materials and Methods) is
then magnified by uncertainty in branch length and substi-
tution rate inference inherent in our phylogenetic analysis.
Nonetheless, the zoonotic origin of HSV-2, rather than HSV-1,
is supported across all three sets of calibrations and both
levels of precision.

We do not find evidence for the alternative scenario for
the origins of the HSV-1 and HSV-2 in which the virus dupli-
cated within an ancestral great ape species and each descen-
dent species had two simplexviruses (as outlined and argued
against in Wertheim et al. [2014]). The duplication scenario
predicts that the divergence between HSV-2 and another
simplexvirus corresponds with a host divergence event, which
our hypothesis testing does not support. The duplication
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Fic. 4. Bayes factor (BF) denoting difference in marginal likelihood estimate (MLE) in the generalized stepping stone (GSS) analysis. Letters indicate
the primate divergence event constrained (i.e, C, chimpanzee; G, gorilla; and O, orangutan). Subscript letters denote the human herpes
simplexvirus divergence event (e.g., G;, HSV-1/novel gorilla simplexvirus split constrained to the divergence between humans and gorillas; C,,
HSV-2/ChHV split constrained to the divergence between humans and chimpanzees). BF compares model with Macaca-only calibrations against
models with Macaca and an additional Hominidae calibration. Dashed black line indicates BF=0. Dashed red line indicates BF=100. Scenarios with
BF <20 are colored black, scenarios with BF >20 and <100 are colored dark red, and scenarios with BF >100 are colored in red.

scenario also predicts two divergent simplexviruses within all
Homininae species. Although our sampling of simplexvirus
diversity in Homininae is sparse, we found no indication of
more than one simplexvirus infecting any African great spe-
cies. If this sampling is robust, the phylogeny is consistent with
a scenario in which Homininae simplexviruses have compet-
itively excluded their predecessor after cross-species transmis-
sion. The serological similarity of these HSV-2 and the
Homininae simplexviruses (Eberle 1992; Luebcke et al. 2006)
may have prevented the persistence of closely related sim-
plexviruses. Notably, we cannot exclude the possibility that
some Homininae simplexviruses failed to diverge with their
host species, leaving a vacant niche for a related simplexvirus
to exploit (Johnson et al. 2003). Nonetheless, the evolutionary
distance between HSV-1 and HSV-2 may facilitate their ability
to simultaneously infect different niches in the same human
host.

Estimates of deep divergence times in viruses using phylo-
genetics can be biased by strong purifying selection, resulting
in the underestimation of branch lengths in a phylogenetic
tree (Wertheim and Kosakovsky Pond 2011; Aiewsakun and
Katzourakis 2016). Our current approach avoided a reliance

8

on molecular clock calibrations deeper in the primate phylo-
genetic tree. Rather, we calibrated the molecular clock using
recent evidence of codivergence between five Macaca species
and their simplexviruses. By calibrating evolutionary rates for
Homininae viruses using the pattern of codivergence within
the Macaca viruses, we were able to infer the evolutionary
rate using the recent portion of the phylogeny unlikely to be
biased by purifying selection. In this context, the estimated
age of internal nodes deep in the phylogeny will not affect our
rate estimates inferred under a strict molecular clock. If, how-
ever, the biases related to purifying selecting are present
deeper in the Homininae viruses, the true TMRCA of HSV-
2 and the nonhuman Homininae simplexviruses would shift
even younger, favoring the scenario in which HSV-2 is the
result of zoonotic transmission.

Our hypothesis testing framework used Hominidae diver-
gence dates estimated from these same publications, rather
than using speciation dates estimated from other sources.
Alternate methods of dating the divergence between
Hominidae species (e.g, slower pedigree-derived rates) would
result in different absolute ages for the divergence events
between primates (Langergraber et al. 2012; Chintalapati
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and Moorjani 2020). However, our approach is robust to al-
ternative dating schemes, because it relied on the internal
consistency within a phylogeny, rather than absolute diver-
gence times. We acknowledge that the deep divergence dates
among primates provided by Perelman tend to be older than
typically reported (dos Reis et al. 2018); however, the Macaca
and Homininae calibrations employed here are medial com-
pared with other published estimates. Given this potential for
uncertainty, we note that a slight increase in the substitution
rate in Homininae simplexviruses would tend to favor a Pan
origin of HSV-2, whereas a somewhat slower substitution rate
would favor a Pongo origin of HSV-2.

Fecal samples have been a noninvasive, productive source
of knowledge about many infectious agents of primate spe-
cies, more or less irrespective of the agent’s suspected cellular
tropism (Liu et al. 2010; Sharp and Hahn 2011; Calvignac-
Spencer et al. 2012). Although the results of this first large-
scale fecal screening clearly suggest noninvasive detection of
viruses capable of establishing latency in neural tissues (such
as simplexviruses) is very challenging, it is indeed possible.
Another potential source of simplexvirus nucleic acids might
be brain material from necropsies performed on naturally
deceased great apes in the wild, which is however a very
rare resource (Hoffmann et al. 2017). We anticipate that ad-
ditional fecal and necropsy samples from gorillas, bonobos,
chimpanzees, and potentially orangutans will further clarify
the origin of human herpes simplexviruses.

Materials and Methods

African Great Ape Fecal Sample Screening and
Genome Sequencing

In total, 1,273 fecal samples were collected at 19 sites in ten
sub-Saharan countries from seven great ape species/subspe-
cies (supplementary table 2, Supplementary Material online):
Pan troglodytes ellioti (n=159), Pan troglodytes troglodytes
(n=116), Pan troglodytes schweinfurthii (n = 79), Pan troglo-
dytes verus (n = 420), Pan paniscus (n = 135), Gorilla gorilla
gorilla  (n=148), Gorilla beringei beringei (n=216).
Authorizations of sampling were obtained from responsible
local and national authorities. Except for P. troglodytes verus
from Tai National Park, P. paniscus from Salonga National
Park and G. beringei beringei, feces were obtained opportu-
nistically from unhabituated individuals. All unhabituated
P. troglodytes fecal samples except those from Loango
National Park were collected under the umbrella of the Pan
African Programme: The Cultured Chimpanzee (Kuhl et al.
2019). We did not attempt to determine the number of
unhabituated individuals that were sampled. All P. troglodytes
verus samples from Tai National Park and a fraction of G.
beringei beringei fecal samples were obtained from pregnant
chimpanzees (n =222, representing 40 pregnancies by 27
individuals) and gorillas (n = 98, representing ten pregnancies
and gorillas), respectively, under the assumption that preg-
nancy may favor active herpetic disease and, following, virus
shedding (De Nys et al. 2014). Finally, 24 G. beringei beringei
samples were collected from eight individuals with skin
lesions suggestive of herpetic disease. DNA was extracted

using the Stool DNA Kit (Roboklon, Berlin, Germany). As
part of our routine quality control, about 5% of the extracts
were assessed for the presence of PCR inhibitors using an in-
house qPCR assay (Calvignac-Spencer et al. 2013); no inhibi-
tion was detected.

To screen DNA extracts for simplexvirus genetic material,
we used a seminested PCR approach targeting short frag-
ments of the glycoprotein B (gB; UL27) gene: the first round
oligonucleotides—HS-1f 5'-gCRggAggTggACgAgATg-3' and
HS-1r 5'-gCCAggTAgTACTgCRSCTg-3'—targeted a 225-bp
fragment, within which a 160-bp fragment was targeted by
the second round oligonucleotides—HS-2f-B9  5'-
CSSCTCSTTCCgMTTCTC-3 and HS-2r 5-
SAYgTgCgTSSCgTTgTA-3'. PCRs were carried out in a total
volume of 25l and seeded with 3l DNA extract (first
round) or 1 of the first round PCR product diluted 40 times
(second round). Reactions contained 0.2 mM dNTP (with
dUTP replacing dTTP), 4 mM MgCl,, 0.2 uM of each primer,
1.25 U Platinum Taq Polymerase (Invitrogen), and 2.5 ul 10x
PCR Buffer (Invitrogen, Carlsbad, CA). Cycling condition were
the same for the two rounds: 95°C 5 min, 40 cycles (95°C
305,58 °C30s,72°C305s), and 72 °C 10 min. In case a sample
was positive with this assay, we tried to increase the gB se-
quence length by using two additional seminested PCR sys-
tems under the same conditions as aforementioned: 1) using
first round oligonucleotides B3 (5'-
TTCACCGTGGSCTGGGACTGG-3') and HS-1r (280 bp) and
second round oligonucleotides B3 and HS-2r (260 bp), 2) us-
ing first round oligonucleotides HS-1f and B10m (5'-
GAGGASGTGGTCTTGATGCGYTCCACG-3') (413bp) and
HS-2f and B10m (380bp); and we also tried to generate
amplicons for another coding sequence (UL53) using a semi-
nested PCR system which was also run as aforementioned,
using the first round oligonucleotides UL53-f1 (5'-
CCSGTSACCTTCYTGTACC-3') and  UL53-r1 (5-
GCCKCTGRATCTCCTGYTCGTA-3') (390bp) and the sec-
ond round oligonucleotides UL53-f1 and UL53-r2 (5'-
ATNCCSGASAGGATGATGGA-3') (310bp). PCR products
were cleaned up with ExoSAP-IT (Affymetrix, Santa Clara,
CA) and sequenced in both directions according to
Sanger's method using the BigDye Terminator kit v3.1
(Thermofischer, Waltham, MA). All chromatograms were
evaluated using the software Geneious Prime (Biomatters
Ltd, Auckland, New Zealand) (Kearse et al. 2012).

PCR positive extracts were fragmented using a Covaris
$220 Focused-Ultrasonicator in a total volume of 130 pl (filled
with low EDTA TE buffer), using settings aiming to generate
approximately 400-bp fragments (intensity =4, duty
cycle =10%, cycles per burst =200, treatment time =555,
temperature = 7 °C). Fragmented DNAs were then concen-
trated using a MinElute PCR purification kit and eluted into
2 x 10 pl low EDTA TE buffer. DNA concentration was mea-
sured using a Qubit dsDNA High Sensitivity kit. About 1 ug
DNA or all available remaining DNA extract were used for
subsequent library preparation using the Accel-NGS 2S DNA
library kit following the standard protocol and a sample spe-
cific unique index (Swift Biosciences, Ann Arbor, MI).
Quantification was conducted using a KAPA HiFi Library
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Quantification Kit (Roche, Basel, Switzerland) and libraries
were then amplified using a KAPA Hot Start Library
Amplification Kit (Roche) and lllumina adapter specific pri-
mers  (5-AATGATACGGCGACCACCGA-3' and 5'-
CAAGCAGAAGACGGCATACGA-3'), 45 at 98°C, variable
number of cycles (15 s at 98°C, 30 at 65 °C, 45s at 72°C),
1 min at 72 °C. Following amplification libraries were requan-
tified to ensure the desired amount of starting material for
capture was available (>100 ng). Libraries were pooled per
individual and separate hybridization capture reactions were
set up. We designed 80mer RNA baits to span the RefSeq
genomes of the three human alphaherpesviruses (HSV-1:
NC_001806, HSV-2: NC_001798, human herpesvirus 3:
NC_001348) with a 2x tiling density, which we used follow-
ing the Mybaits Sequence Enrichment for Targeted
Sequencing protocol (Version 2.3.1; Arbor Biosciences, Ann
Arbor, MI). Following an initial round of capture, capture
products were quantified and reamplified to generate 100-
500 ng starting material for a second round of capture. After
reamplification, the final capture products were diluted to
4nM and sequenced on an lllumina MiSeq (v3 2x300
Chemistry; lllumina, San Diego, CA).

Raw reads were filtered (adapter removal and quality fil-
tering) using Trimmomatic (Bolger et al. 2014) with the fol-
lowing  settings: LEADING: 30  TRAILING: 30
SLIDINGWINDOW: 4:30 MINLEN: 30. Filtered reads were
imported in Geneious, where overlapping paired-end reads
were first merged using BBmerge (Bushnell et al. 2017).
Merged and unmerged reads were then mapped onto the
HSV-2 RefSeq genome, from which we had removed terminal
inverted repeats, using the built-in mapper with default set-
tings. The resulting map was exported and deduplicated using
the SAMtools command rmdup (Li et al. 2009). The final map
was imported in Geneious and used to call a consensus ge-
nome for which an unambiguous base call required that at
least ten unique reads covered a position, of which 90% had
to agree on the identified base. Coding sequences were iden-
tified in the consensus by similarity to coding sequences in
the HSV-2 RefSeq genome, using a permissive 60% similarity
threshold.

Sequence Data
Herpes simplexvirus sequence data from Catarrhine species
(including Homininae and Cercopithecidae) were down-
loaded from GenBank. Full-length viral genomes were avail-
able from ten host species: humans, Homo sapiens; vervet
monkeys, Chlorocebus pygerythrus; chimpanzees, Pan troglo-
dytes; crab-eating macaques, Macaca fascicularis; rhesus mac-
aques, Macaca mulatta; southern pig-tailed macaques,
Macaca nemestring; lion-tailed macaques, Macaca silenus;
chacma baboons, Papio ursinus; yellow baboons, Papio cyn-
ocephalus; and olive baboon, Papio anubis. We limited the
number of HSV-1 and HSV-2 sequences to representatives of
major clades (Burrel et al. 2017). In addition, we included
three glycoprotein B (UL27) gene fragments from McHV-1
infecting Japanese macaques, Macaca fuscata.

Many of the McHV-1 and PaHV-2 sequences were
obtained from captive animals that had been housed with
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related Macaca and Papio species. Therefore, we investigated
the provenance of each virus to determine if 1) the host
species could not be reliably determined due to cohousing
of multiple species belonging to the same genus or 2) the
virus detected in one species in captivity likely infected a
different wild species. See Supplementary Material online
for a detailed description and supplementary table 3,
Supplementary Material online, for accession numbers and
references.

Alignment

We identified genes in the novel gorilla simplexvirus that
contained at least 500 nonambiguous nucleotides and had
homologous genes in both Homininae and Cercopithecidae
simplexviruses. Homologous coding regions in these related
viruses were defined according to their GenBank annotations.
Sequences for each gene were aligned separately as translated
amino acids in Muscle v3.8 in Aliview v1.23 (Edgar 2004;
Larsson 2014). We then added the partial glycoprotein B
(UL27) viral sequences from Macaca fuscata (267 bp for
two sequences and 1,944 bp for the other), P. troglodytes verus
(124 bp), P. paniscus (124 bp), and G. beringei beringei (124 bp
for two sequences and 365 bp for the other); glycoprotein K
(UL53) sequence from two G. beringei beringei were also in-
cluded (272 bp). Genes with known recombinant regions
within alphaherpes simplexvirus (i.e, UL15, UL29, UL30, and
UL39; Burrel et al. 2017) were excluded and the remaining 29
genes were concatenated into a single partial-genome
alignment.

Recombination Detection
Recombination is pervasive in human herpes simplexviruses,
including between HSV-1 and HSV-2 (Lamers et al. 2015;
Burrel et al. 2017) and among PaHV-2 (Tyler and Severini
2006). The genomic regions analyzed here were restricted
to regions with high-sequencing coverage in the novel gorilla
simplexvirus genome and known recombinant regions in
HSV-2 (UL15, UL29, UL30, and UL39) were excised from
the alignment (Burrel et al. 2017). We screened the 74 taxon
alignment for recombination using RDP4 (Martin et al. 2015)
and found no robust evidence for recombination between
these viral lineages in the alignment. However, we cannot
exclude the possibility of recombination between the novel
gorilla simplexvirus and other Homininae simplexviruses in
other genomic regions.

The final alignment included 74 taxa and, after removing
recombinant regions and genes with <500-bp coverage in
the novel gorilla simplexvirus, was 43,797 bp in length.

Maximum Likelihood Phylogenetic Analysis

We inferred a simplexvirus maximum likelihood phylogenetic
tree using IQTree v1.6.3 under a GTR+T"4 substitution model
(Nguyen et al. 2015). Node support was determined using
1,000 ultrafast bootstrap replicates (Hoang et al. 2018). Tree
was visualized using FigTree v1.4.3.
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Selection Analysis

A test for diversifying selection was performed using BUSTED
with synonymous site variation on the Datamonkey server
(Murrell et al. 2015; Weaver et al. 2018; Wisotsky et al. 2020).

Bayesian Molecular Clock Analysis

Bayesian phylogenetic inference was conducted using BEAST
v1.10.4 (Suchard et al. 2018). The bias in TMRCA estimation
deep in viral phylogenies due to purifying selection has been
previously demonstrated to strongly affect branch length es-
timation separating the major catarrhine simplexvirus line-
ages (Wertheim et al. 2014); however, the shallower
divergences within this phylogeny were not affected.
Therefore, we calibrated the molecular clock using divergence
events in the McHV-1 clade. This calibration is based on the
assumption of codivergence within the McHV-1 viruses and
their corresponding five Macaca host species, because the
McHV-1 phylogenetic relationships perfectly recapitulated
those of their hosts. We identified three published studies
on primate divergence times that included estimates for all
four Macaca divergence events represented in the simplexvi-
rus phylogeny: Fabre, Perelman, and Springer (supplementary
fig. 4, Supplementary Material online). These studies inferred
Macaca TMRCAs using different molecular clock approaches
based on different sources of external calibrations. Further,
each of the studies also provided estimates for TMRCAs
within Hominidae, which are necessary for subsequent hy-
pothesis testing.

We explored two different sets of priors based on the
estimated node ages from the literature: narrow (normal dis-
tribution with standard deviation of 1 x 10~ ) and wide (nor-
mal distribution encompassing reported confidence intervals
from the literature). We opted to use the reported node ages
as prior distributions, rather than incorporate the fossil data
itself, because of the sparsity of known primate simplexviruses
relative to the number of corresponding primate fossils. Each
of these six scenarios was run in duplicate for a Markov chain
Monte Carlo (MCMC) length of 10 million generations, sam-
pling ever 10,000 generations. We used a GTR+1"; substitu-
tion model assuming empirical base frequencies in a birth—
death framework employing strict or relaxed (uncorrelated
lognormal distribution) molecular clock. Convergence (effec-
tive sample sizes >200) and mixing were assessed in Tracer
v1.7 (Rambaut et al. 2018), after removing the first 10% gen-
erations as burn-in. A maximum clade credibility (MCC) tree
displaying median node heights was generated using
TreeAnnotator. Subsampling of the posterior TMRCA distri-
butions of HSV-2 and the novel bonobo simplexvirus based
on monophyly and paraphyly was achieved using the ETE3
package (Huerta-Cepas et al. 2016).

Cross-Validation Analysis

A leave-one-out cross-validation sensitivity analysis was per-
formed in order to assess the robustness of the four Macaca
calibrations. Sensitivity was assessed on the TMRCAs between
HSV-1/HSV-2 and the Homininae herpes viruses. As in the
primary MCMC analysis, cross-validation was performed us-
ing both narrow and wide calibration priors.

Model Testing Using GSS Marginal Likelihood
Estimator

We performed a series of hypothesis tests to determine
whether the TMRCAs of Homininae simplexviruses and
HSV-1 or HSV-2 corresponded to the TMRCA of H. sapiens
and Pan, Gorilla, or Pongo. Even though we do not have ev-
idence for the existence of an orangutan (Pongo) herpes sim-
plexvirus, it has been hypothesized that the split between
HSV and Homininae simplexviruses may actually represent
this deeper codivergence event. To incorporate this testing
into the MCMC framework, for each of the three published
calibration schemes (Fabre, Perleman, and Springer), we in-
cluded additional calibration priors at the ancestor of either
1) HSV-1, HSV-2, ChHV, and the novel gorilla simplexvirus or
2) HSV-2, ChHV, and the novel gorilla simplexvirus. These
priors were applied as normal distributions with narrow stan-
dard deviations (10, as wider calibrations were too accom-
modating. Taxa with only partial-gene sequences were
excluded from the calibration prior specifications but main-
tained in the phylogenetic analysis.

We also compared the marginal likelihood estimates be-
tween the strict and relaxed molecular clock analyses, as de-
scribed above.

MLEs are intuitive estimations of model fit that are
founded on probability (Oaks et al. 2019). To compare the
likelihood of each calibration set, we selected a GSS approach
(Fan et al. 2011; Baele et al. 2016), a streamlined development
of path- (Lartillot and Philippe 2006) and stepping stone- (Xie
et al. 2011) sampling which accommodates phylogenetic un-
certainty (Baele et al. 2012). We applied a burn-in of one
million from the original MCMC, an MLE chain length of
250,000, and 75 path steps. Optimal chain length was deter-
mined through exploratory analysis on a single set of calibra-
tions varying chain length (10,000-1,000,000) and path steps
(50-150). Working priors from the MCMC were applied un-
der the destination of the MLE. GSS analyses with joint, prior,
or likelihood estimated sample size <200 or duplicate runs
whose MLEs differed >15 BF, suggesting poor convergence,
were repeated. Due to the variability of MLEs from duplicate
runs (Baele et al. 2016), we used a significance threshold of
100 BF for establishing strong evidence for rejecting a model.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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