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Abstract

Herpesviruses have been infecting and codiverging with their vertebrate hosts for hundreds of millions of years. The
primate simplex viruses exemplify this pattern of virus—host codivergence, at a minimum, as far back as the most recent
common ancestor of New World monkeys, Old World monkeys, and apes. Humans are the only primate species known to
be infected with two distinct herpes simplex viruses: HSV-1 and HSV-2. Human herpes simplex viruses are ubiquitous,
with over two-thirds of the human population infected by at least one virus. Here, we investigated whether the additional
human simplex virus is the result of ancient viral lineage duplication or cross-species transmission. We found that
standard phylogenetic models of nucleotide substitution are inadequate for distinguishing among these competing
hypotheses; the extent of synonymous substitutions causes a substantial underestimation of the lengths of some of
the branches in the phylogeny, consistent with observations in other viruses (e.g., avian influenza, Ebola, and corona-
viruses). To more accurately estimate ancient viral divergence times, we applied a branch-site random effects likelihood
model of molecular evolution that allows the strength of natural selection to vary across both the viral phylogeny and the
gene alignment. This selection-informed model favored a scenario in which HSV-1 is the result of ancient codivergence
and HSV-2 arose from a cross-species transmission event from the ancestor of modern chimpanzees to an extinct Homo
precursor of modern humans, around 1.6 Ma. These results provide a new framework for understanding human herpes
simplex virus evolution and demonstrate the importance of using selection-informed models of sequence evolution when

investigating viral origin hypotheses.
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Introduction

Herpesviridae is a family of DNA viruses, which epitomize the
pattern of viral codivergence with their vertebrate hosts,
dating back hundreds of millions of years (McGeoch and
Cook 1994; McGeoch et al. 1995). Across the three subfamilies
(alpha-, beta-, and gammaherpesvirinae), there have been
multitudes of within-host viral lineage duplications (sympat-
ric divergence events [Kitchen et al. 2011]) in which viral
descendants follow the phylogenetic history of their host spe-
cies. Herpes simplex viruses in primates exemplify this phe-
nomenon and evidence of codivergence dates back at least to
the ancestor of New World and Old World primates
(Simiiformes) 44.2 Ma (Eberle and Black 1993; Luebcke et al.
2006; Steiper and Young 2009) (fig. 1). These viruses have
been characterized in monkeys, where each host species is
infected with a single, species-specific virus. Humans are the
only primate species in which more than one herpes simplex
virus has been characterized: HSV-1 and HSV-2 (table 1).
The discovery of the first nonhuman ape simplex virus,
chimpanzee herpes simplex virus (ChHV), shed light on
how two distinct human simplex viruses arose (Luebcke
et al. 2006; Severini et al. 2013). HSV-2 is more closely related

to ChHV than itis to HSV-1, which suggests that ChHV and at
least one of the human herpes simplex viruses arose via host—
virus codivergence. Therefore, there are ten parsimonious
scenarios explaining the phylogenetic relationship among
HSV-1, HSV-2, and ChHYV that require only a single viral lin-
eage duplication or cross-species transmission event (figs. 2
and 3). All of these scenarios predict extant or extinct undis-
covered simplex viruses in apes: bonobos (Pan paniscus), go-
rillas, orangutans, and gibbons (shown in gray in figs. 2 and 3).
Primate simplex viruses could have undergone within-host
viral lineage duplication after apes diverged from Old World
monkeys but before humans diverged from the Pan genus
(fig. 2). Alternatively, HSV-1 could be the result of a cross-
species transmission event from gibbons, orangutans, or go-
rillas (fig. 3A-C). Finally, HSV-2 could be the result of a cross-
species transmission from Pan troglodytes, P. paniscus, or their
common ancestor (fig. 3D—-F).

Although host-virus codivergence is the primary mode of
evolution for primate simplex viruses, zoonotic transmission
can occur. For example, humans are frequently infected by a
macaque simplex virus (MHV-1, formerly known as B virus)
(Elmore and Eberle 2008), resulting in severe illness, though
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human-to-human transmission is exceptionally rare (Centers
for Disease Control and Prevention 1987). Moreover, CeHV-2
(previously known as SA8) was discovered in an African green
monkey (Malherbe and Harwin 1958), though it has become
clear that CeHV-2 is likely a baboon virus (Malherbe and
Strickland-Cholmley 1969a, 1969b; Kalter et al. 1978; Hilliard
et al. 1989; Tyler and Severini 2006). In the case of human
herpes simplex viruses, molecular sequence dating could be
used to identify which divergence event (i.e, HSV-1/ChHV or
HSV-2/ChHV) corresponds to the speciation between Homo
sapiens and P. troglodytes around 6 Ma (Kumar et al. 2005).
Previous dating analysis accompanying the discovery of ChHV
used pairwise genetic distance regression analysis to suggest
that HSV-2 was the result of codivergence 6 Ma and that
HSV-1 originated from an orangutan cross-species
transmission event (fig. 3B) (Luebcke et al. 2006; Severini
et al. 2013). However, such analyses may be misleading be-
cause, unlike phylogeny-based molecular clocks, they do not
account for shared evolutionary history (Drummond et al.
2003).

Recent methodological developments in the dating of
RNA viruses have suggested that standard evolutionary
models used in molecular dating can underestimate the
time to most recent common ancestor (tMRCA) (e.g, in
measles virus, Ebola virus, avian influenza virus, and corona-
viruses) (Wertheim and Kosakovsky Pond 2011; Wertheim
et al. 2013). This bias has been attributed to the action of
strong purifying selection over long evolutionary time scales,
and selection-informed models have been shown to improve

Simplexviruses Primate hosts
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Fic. 1. General pattern of codivergence for primate herpes simplex
viruses and their Simiiforme hosts. Underlined viral taxa indicate phy-
logenetic incongruence, implying cross-species transmission events.
Dashed lines connect virus to host species.

Table 1. Known Primate Herpes Simplex Viruses.

branch length estimation (Wertheim and Kosakovsky Pond
2011); even under these models, however, many viruses are
likely too old to produce reliable tMRCA estimates. For viruses
such as HIV and influenza A virus, whose evolutionary rate is
on the order of 10~ substitutions/site/year, it is standard to
rely on tMRCA estimates around 100 years old (Korber et al.
2000; Worobey et al. 2008, 2014; Smith et al. 2009). The herpes
simplex virus substitution rate is estimated to be around 10~®
substitutions/site/year (Sakaoka et al. 1994; Norberg et al.
2011), which suggests that tMRCAs on the order of tens of
millions of years could be reliably inferred.

To resolve the origin of HSV-1 and HSV-2, we propose a
novel computational hypothesis testing approach that

A Ape duplication B Great ape duplication

ChHV ChHV
kol Bonobo virus 2 * Bonobo virus 2
HSV-2 HSV-2
Gorilla virus 2
Orangutan virus 2
Gibbon virus 2
Chimpanzee virus 1
ko Bonobo virus 1
HSV-1 HSV-1
Gorilla virus 1
Orangutan virus 1
Gibbon virus

Gorilla virus 2

Orangutan virus 2

Chimpanzee virus 1
ol Bonobo virus 1

Gorilla virus 1
Orangutan virus 1
Gibbon virus 1

C African ape duplication D Homo/Pan duplication

ChHV ChHV

* Bonobo virus 2 4 Bonobo virus 2
HSV-2 HSV-2
Gorilla virus 2 Chimpanzee virus 1
Chimpanzee virus 1 .

> Bonobo virus 1

HSV-1

Gorilla virus
Orangutan virus
Gibbon virus

Fic. 2. Evolutionary scenarios that could produce the human and chim-
panzee herpes simplex virus phylogeny via viral duplication within a
host lineage. Hypothetical unobserved viruses are shown in gray. Nodes
representing the common ancestor of humans and chimpanzees,
around 6 Ma, are indicated with asterisks. All scenarios imply a 6 Ma
tMRCA for HSV-2/ChHV and a tMRCA >6Ma for HSV-1/ChHV. (A)
Viral duplication prior to the diversification of apes. (B) Viral duplication
prior to the diversification of the great apes. (C) Viral duplication prior
to the diversification of the African apes. (D) Viral duplication prior to
the split between the Homo and Pan genera.

* Bonobo virus 1
HSV-1
Gorilla virus 1

Orangutan virus
Gibbon virus

Virus Virus Abbreviation Host Latin Name Host Common Name
Baboon herpes virus 2 HVP-2 Papio spp. Baboons
Cercopithecus herpes virus 2 CeHV-2 Chlorocebus pygerythrus® African green monkey®
Chimpanzee herpes virus ChHV Pan troglodytes Chimpanzee

Herpes simplex virus 1 HSV-1 Homo sapiens Human

Herpes simplex virus 2 HSV-2 H. sapiens Human

Macacine herpes virus 1 MHV-1 Macaca spp. Macaques

Saimiriine herpes virus HVS-1 Saimiri sciureus Squirrel monkey
Spider monkey herpes virus HVA-1 Ateles geoffroyi Spider monkey

?Species is likely not the natural host.
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A Gibbon transmission
ChHV
* Bonobo virus %
HSV-2
Gorilla virus
Orangutan virus
HSV-1

Gibbon virus

B Orangutan transmission

D Pantransmission

E Chimpanzee transmission

C Gorilla transmission

ChHV ChHV
Bonobo virus * Bonobo virus
HSV-2 HSV-2
Gorilla virus HSV-1

HSV-1 Gorilla virus

Orangutan virus

Orangutan virus

Gibbon virus Gibbon virus

F Bonobo transmission

ChHV HSV-2 HSV-2

Bonobo virus i ChHV Bonobo virus
X HSV-2 X b Bonobo virus al ChHV

HSV-1 HSV-1 HSV-1

Gorilla virus
Orangutan virus

Gibbon virus

Gorilla virus Gorilla virus

Orangutan virus Orangutan virus

Gibbon virus Gibbon virus

Fic. 3. Evolutionary scenarios that could produce the human and chimpanzee herpes simplex virus phylogeny via viral cross-species transmission.
Hypothetical unobserved viruses are shown in gray. Nodes representing the common ancestor of humans and chimpanzees, around 6 Ma, are indicated
with asterisks. Scenarios A-C imply a 6 Ma tMRCA for HSV-2/ChHV and a tMRCA >6Ma for HSV-1/ChHV, whereas scenarios D-F imply a 6 Ma
tMRCA for HSV-1/ChHV and a tMRCA <6 Ma for HSV-2/ChHV. (A) Cross-species transmission of a gibbon virus to a human ancestor, giving rise to
HSV-1. (B) Cross-species transmission of an orangutan virus to a human ancestor, giving rise to HSV-1. (C) Cross-species transmission of a gorilla virus to
a human ancestor, giving rise to HSV-1. (D) Cross-species transmission of a virus infecting a Pan ancestor to a human ancestor, giving rise to HSV-2. (E)
Cross-species transmission of a chimpanzee virus to a human ancestor, giving rise to HSV-2. (F) Cross-species transmission of a bonobo virus to a human

ancestor, giving rise to HSV-2.

combines realistic codon-substitution evolutionary models
that allow for selection strength heterogeneity with a penal-
ized likelihood molecular clock estimation procedure. The
standard evolutionary models produce dating estimates
that are not consistent with any of the ten evolutionary
origin scenarios. In contrast, our selection-informed model
suggests a new explanation for the origin of human herpes
simplex viruses, in which HSV-2 was acquired by an extinct
Homo species from an ancestor of modern chimpanzees.

Results

Bayesian Markov Chain Monte Carlo Dating Analysis

To estimate the tMRCAs of HSV-1, HSV-2, and ChHV, we
performed molecular dating analysis on a genome-wide data
set comprising 12 concatenated glycoprotein sequences. This
analysis was carried out in a Bayesian Markov chain Monte
Carlo (BMCMC) framework using a standard nucleotide sub-
stitution model (GTR + I';) under a relaxed molecular clock
in the BEAST software package (Drummond and Rambaut
2007; Drummond et al. 2012). The molecular clock was cal-
ibrated assuming a general pattern of viral-host codivergence
across the phylogeny, using three previously estimated inter-
nal node ages (see Materials and Methods for details). Under
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both general sets of hypotheses (viral lineage duplication
[fig. 2] or cross-species transmission [fig. 3]), the tMRCA of
either HSV-1/ChHV or HSV-2/ChHV should correspond to
the divergence between their human and chimpanzee hosts
around 6 Ma (fig. 1). We also performed dating analysis using
only glycoprotein B (gB) sequences, which have been sampled
in a greater number of taxa, permitting the inclusion of an
additional calibration point in New World monkeys (see
Materials and Methods).

The phylogenetic relationships among the primate simplex
viruses were all well supported in the BMCMC analyses in
both data sets (posterior probability =1.0; supplementary
fig. S1, Supplementary Material online); the topologies are
in agreement with previous viral analyses (Luebcke et al.
2006; Severini et al. 2013) and generally congruent with the
host phylogeny (fig. 1). Surprisingly, in the concatenated
glycoprotein analysis, neither the HSV-1/ChHV tMRCA
(mean =102 Ma, 95% highest posterior density [HPD]=
6.2-14.5 Ma) nor the HSV-2/ChHV tMRCA (mean = 3.2 Ma,
95% HPD = 1.5-5.4) corresponded to the speciation between
their human and chimpanzee hosts around 6 Ma (fig. 4A).
The same pattern recurred in the gB data set: HSV-1/ChHV
tMRCA (mean=104Ma, 95% HPD=5.3-160Ma) and
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Fic. 4. Posterior distributions of the tMRCAs for HSV-1/ChHV and HSV-
2/ChHV in BMCMC analysis. (A) Concatenated glycoprotein tMRCA
estimates. (B) gB tMRCA estimates. Shaded regions depict the 95%
highest posterior densities. The vertical dashed line represents the diver-
gence between humans and chimpanzees around 6 Ma.

HSV-2/ChHV tMRCA (mean =3.4 Ma, 95% HPD =1.1-5.9)
(fig. 4B). Although the split between humans and chimpan-
zees is likely better reflected by a continuous process
whereby alleles segregate over a period of time between 5
and 7Ma (Kumar et al. 2005 Patterson et al. 2006;
Yamamichi et al. 2012), BMCMC dating results support
neither the lineage duplication nor the cross-
species transmission hypotheses for the origin of HSV-1 and
HSV-2.

Correcting for Selection-Induced Bias in Branch
Length Estimates

We continued with an in-depth analysis of the gB data set,
because it contains three additional host species for molecular
clock calibration and validation. We inferred a maximum like-
lihood phylogeny for the primate simplex viruses using this gB
data set (fig. 5). Again, the phylogenetic relationships among
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Fic. 5. Branch length expansion under BSREL relative to GTR + I'4
substitution model in the gB phylogeny. (A) Maximum likelihood tree
with branch lengths estimated under GTR + I';. HSV-1 and HSV-2
clades are collapsed. (B) Maximum likelihood tree with branch lengths
re-estimated under BSREL. Branches determined by cAIC to support
multiple dN/dS classes are colored, and the HSV-1 and HSV-2 clades are
collapsed. Both trees are shown on the same scale. (C) Comparison of
branches inferred under BSREL and GTR + I';. Branches determined by
cAIC to support multiple dN/dS classes are filled. All other branches
supported only a single dN/dS class. The dashed line depicts x = .

the primate simplex viruses were well supported (approxi-
mate likelihood ratio test [aLRT] = 1.0). Standard nucleotide
models (e.g, the ubiquitous GTR + I';) are known to under-
estimate branch lengths in RNA viruses, resulting in biased
tMRCA inference (Wertheim and Kosakovsky Pond 2017;
Wertheim et al. 2013). Therefore, we re-estimated the phylo-
genetic branch lengths using a model of molecular evolution
that accounts for variation in selection pressures both across
sites and across the phylogeny: branch-site random effects
likelihood (BSREL; Kosakovsky Pond et al. 2011).

A comparison of the branch length estimates under the
standard model (GTR + I';) and BSREL shows how the nu-
cleotide model underestimates branch lengths for long
branches (fig. 5). Nine branches had statistical evidence of
multiple selection regimes (different dN/dS ratio classes), in-
dicating that a complex pattern of selection has likely acted
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across the phylogeny. All but two of these branches had
weights of 0.95 or greater assigned to the dN/dS=0 class
(i.e, the class with no nonsynonymous substitutions). These
nine branches tended to be long internal branches and expe-
rienced the greatest expansion under BSREL compared with
GTR + I',. For instance, the longest internal branch, which
separates Old World primate viruses from New World
monkey viruses, was 3.15 times longer under BSREL than
GTR + I'y. These findings suggest that tMRCAs obtained
using a standard model are likely biased. One of the length
expansions (involving a short terminal branch leading to an
HVP-2 isolate) appears to be an outlier (fig. 5C), likely caused
by low precision point estimates of dN/dS. However, when we
used the original (GTR + TI';) branch length instead of the
expanded length for this branch in our subsequent analyses,
the hypothesis testing results and tMRCA inference remained
unaffected (not shown).

Comparison of Evolutionary Scenarios

We inferred the tMRCAs of HSV-1/ChHV and HSV-2/ChHV
under the BSREL substitution model and investigated which
of the ten alternative hypotheses was most consistent with
these estimates. Because codon-substitution models that ex-
plicitly include variation in the strength of natural selection
cannot be readily implemented in BEAST or similar packages,
we employed a penalized likelihood framework (r8s)
(Sanderson 2003) to apply a molecular clock using branch
lengths previously estimated using BSREL. We calibrated the
molecular clock using the same four internal node ages used
in the BMCMC analysis.

We constructed two constrained models describing the
ten evolutionary scenarios (figs. 2 and 3). The first model,
corresponding to viral lineage duplication or HSV-1 cross-
species transmission, forces the tMRCA of HSV-2/ChHV to
coincide with human-chimpanzee speciation 6 Ma (figs. 2
and 3A-C). The second model, corresponding to HSV-2
cross-species transmission, forces the tMRCA of HSV-1/
ChHV to coincide with human-chimpanzee speciation
6Ma (fig. 3D—F). We then performed likelihood ratio tests
comparing the fit of these constrained models to the fit of an
unconstrained model in which the tMRCAs of HSV-1/ChHV
and HSV-2/ChHYV were free to vary. Under the BSREL model,
one set of origin scenarios is clearly favored (table 2). A
tMRCA for HSV-2 and ChHV at 6 Ma is rejected in favor of
an unconstrained model (P < 0.0001). Therefore, viral dupli-
cation and HSV-1 cross-species transmission scenarios (fig. 2
and 3A-C) can be rejected. However, a tMRCA for HSV-1 and
ChHV at 6 Ma (fig. 3D—F) cannot be rejected in favor of an
unconstrained model (P = 0.506).

Under the GTR + T, substitution model, a 6 Ma tMRCA
for HSV-1/ChHV also provided a better fit than a 6 Ma
tMRCA for HSV-2/ChHV (table 2). However, both con-
strained scenarios were rejected when compared with the
unconstrained  scenario (P < 0.0001). Therefore, if
GTR + I'; is an appropriate evolutionary model for the pri-
mate herpes simplex viruses, then neither the divergence of
HSV-1 nor that of HSV-2 from ChHV corresponded to a host
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Table 2. Maximum Penalized Likelihood Values for gB Phylogenies
and Likelihood Ratio Tests for Human and ChHV Codivergence
Scenarios under Different Evolutionary Models: GTR + I"; and BSREL.

Homo-Pan GTR + I'; BSREL
Codivergence
Event

—InL Anr* P —InL Anl* P

Unconstrained —307.517 - - —628.711 - -
HSV-1/ChHV  —326.648 19.131 <0.0001 —628.932 0.221 0.506
HSV-2/ChHV —337.543 30.026 <0.0001 —740.962 112.251 <0.0001

“Difference in In L between constrained (null) model and unconstrained (alternative)
model.

PLikelihood ratio test with 1 degree of freedom comparing the constrained and
unconstrained models.

Table 3. Simplex Virus Time of Most Common Ancestor (tVMIRCA)
Estimates from Relaxed Molecular Clock Analyses in r8s and Their
Corresponding Host Divergence Dates Inferred Using gB.

Taxa tMRCA under tMRCA under  Published Host
GTR + I';* (Ma) BSREL® (Ma) Divergence® (Ma)
HSV-1/ChHV 9.1 (8.6-95) 62 (5.6-7.4) 5-7
HSV-2/ChHV 27 (29-29) 1.6 (1.4-2.1) 5-7
MHV-1 37 (35-4.1) 2.1 (1.8-2.8) 22-25
MHV-1 (Macaca 3.3 (3.1-3.7) 2.0 (1.6-2.5) 17
fuscata/
M. mullata)
CeHV-2/HVP-2 3.1 (29-34) 19 (1.6-2.5) 11.6

Variance estimates obtained via LHC scheme (see Materials and Methods).
PSee text for corresponding citations.

speciation event. Given that prior studies of ancient viral
evolution have cast doubt on the suitability of GTR + I’
in this context (Wertheim and Kosakovsky Pond 20171;
Wertheim et al. 2013), the problem likely lies with the substi-
tution model and not with the codivergence scenarios.

The divergence between HSV-1 and ChHV could have
occurred at any time during the host speciation process,
which may or may not have involved substantial gene flow
between nascent species (Patterson et al. 2006; Yamamichi
et al. 2012). However, the results of our hypothesis tests are
qualitatively similar if we allow the divergence between
humans and P. troglodytes to vary between 5 and 7 Ma (by
replacing the fixed constraint with a range); both scenarios
are rejected under GTR + I'; (P < 0.0001), and only the HSV-
2/ChHV codivergence scenario can be rejected under BSREL
(P < 0.0001).

The maximum likelihood estimate for the HSV-1/ChHV
tMRCA using branch lengths inferred under BSREL was 6.2
(5.6—7.4) Ma (table 3). This date is in line with expected di-
vergence between their primate host species. Moreover, the
inferred  substitution rate of 1x107% (8.1x10 /-
1.2 x 10™®) substitutions per site per year agrees with previ-
ous estimates for herpes simplex virus evolution in humans
(Sakaoka et al. 1994; Norberg et al. 2011). The tMRCA of HSV-
2/ChHV was 1.6 (1.4-2.1) Ma, suggesting a more recent viral
cross-species transmission event. The tMRCAs of HSV-1/
ChHV and HSV-2/ChHV are robust to inclusion of specific
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internal calibration points. When the penalized likelihood
analysis is performed with only three of the four calibrations
(all four possible combinations were explored), the tMRCA
for HSV-1/ChHV ranges between 5.7 and 6.5Ma, and the
tMRCA for HSV-2/ChHV ranges between 1.5 and 1.7 Ma.
Although this test for robustness is potentially sensitive to
dependencies that may exist among the nonfossil-derived
calibration points, divergence dates within the primate phy-
logeny have been extensively studied and are internally con-
sistent (Steiper and Young 2009).

tMRCA Inference for Other Primate Simplex Viruses

We also investigated whether BSREL provided consistent
tMRCA estimates for the MHV-1. Divergence times within
Macaca have been well characterized. The three host species
whose viruses were included here (i.e, Macaca mullata, M.
fuscata, and M. fascularis) share an MRCA around 2.2-2.5 Ma
(Tosi et al. 2003). The tMRCA for all three viral lineages esti-
mated using BSREL branch lengths, 2.1 (1.8-2.8) Ma, was
closer to the host tMRCA, compared with branch lengths
inferred under GTR + I';, which yielded an older tMRCA,
3.7 (3.5-4.1) Ma (table 3). The same pattern holds for the
M. fuscata and M. mullata tMRCA around 1.7 Ma (Fabre et al.
2009). The BSREL analysis estimated a viral tMRCA at 2.0 (1.6—
2.5) Ma, whereas the GTR + I'; placed the tMRCA at 3.3
(3.1-3.7) Ma (table 3). Therefore, BSREL provides more inter-
nally consistent tMRCAs than the GTR + ', model and sup-
ports a general pattern of codivergence throughout the
primate simplex viruses.

An exception to this general pattern of codivergence is
found by examining the tMRCA of CeHV-2 and HVP-2.
Both substitution models indicate that this tMRCA is too
recent to be the result of codivergence with Chlorocebus
pygerythrus and Papio spp. around 11.6 Ma (Raaum et al.
2005) (table 3). The genus Papio started diverging around
2 Ma (Sithaldeen et al. 2009; Zinner et al. 2009). Therefore,
the CeHV-2/HVP-2 tMRCA inferred with BSREL branch
lengths of 1.9 (1.6-2.5) Ma confirms that CeHV-2 is, evolu-
tionarily, a baboon virus, as has been suggested previously
(Malherbe and Strickland-Cholmley 1969a, 1969b; Kalter
et al. 1978; Hilliard et al. 1989; Tyler and Severini 2006).

Discussion

The evolutionary origins of human herpes simplex viruses can
be resolved using phylogenetic and molecular dating analyses.
The discovery of ChHV and its placement in the phylogenetic
tree yielded several evolutionary scenarios that could explain
the origins of HSV-1 and HSV-2. We were able to reject 1)
scenarios in which HSV-1 and HSV-2 arose due to viral lineage
duplication in apes and 2) scenarios in which HSV-1 is the
result of cross-species transmission. Instead ours results sug-
gest 3) a scenario in which HSV-2 is the result of cross-species
transmission and HSV-1 is the result of host-virus codiver-
gence. Specifically, the molecular clock analysis indicates that
after HSV-1 and ChHV codiverged around 6 Ma, ChHV was
transmitted to an ancestor of modern humans around
1.6 Ma, giving rise to HSV-2. Dating estimates within the

Pan genus provide guidance for distinguishing among the
possible HSV-2 origin scenarios (fig. 3D-F). Pan troglodytes
diverged from P. paniscus around 2.2 Ma and split into four
subspecies starting around 1.0 Ma (Stone et al. 2010; Bjork
et al. 2011). Therefore, the HSV-2/ChHV tMRCA points to
transmission of the precursor of HSV-2 from the common
ancestor of P. troglodytes to a now extinct Homo species (e.g,
H. habilis, H. erectus, and H. ergaster [Anton 2003; Severini
et al. 2013]) that preceded modern humans (fig. 3E). The
specific identity of this Homo ancestor cannot be determined
based solely on the molecular clock. Moreover, recent fossil
evidence suggests that these taxa may be best classified as a
single Homo species (Lordkipanidze et al. 2013). Finally, be-
cause both human herpes simplex viruses are transmitted via
oral and sexual routes (Brugha et al. 1997; Langenberg et al.
1999), the route of viral transmission between P. troglodytes
and the extinct Homo species (e.g, physical or sexual contact)
remains unknown.

Primate herpes simplex viruses have experienced synony-
mous substitutions to a degree, which causes standard
evolutionary models (eg, GTR + I';) to produce biased
tMRCA estimates. However, unlike other viruses such as
Ebola, avian influenza, and coronaviruses where the temporal
signal has been lost due to levels of sequence evolution which
saturate even the selection-aware models, the branch lengths
in the primate simplex virus phylogeny can still be estimated
reliably if selection-informed models of evolution (e.g, BSREL)
are implemented. Our results suggest that primate simplex
viruses are young enough to contain sufficient evolutionary
signal for molecular dating but too old for this signal to be
extracted by standard evolutionary models; BSREL produces
internally consistent dating estimates across the primate sim-
plex virus phylogeny. Therefore, selection-informed models
should be employed when investigating ancient evolution
in both RNA and DNA viruses.

The phylogenetic history of HSV-1, like that of varicella
zoster virus (Grose 2012) and Helicobacter pylori (Linz et al.
2007), recapitulates human migration patterns dating back
tens of thousands of years (Norberg et al. 2011; Kolb et al.
2013). However, molecular clock dating estimates for the
tMRCA of HSV-1 may need to be revisited in light of the
findings presented here. Specifically, Norberg et al. (2011) in-
ferred a tMRCA for major HSV-1 clades at 710,000 years ago
using a calibration based on the tMRCA of HSV-1/HSV-2 at
8.45 Ma, which would correspond to either the African ape
duplication (fig. 2C) or gorilla cross-species transmission (fig.
3C) scenarios. In contrast, Kolb et al. (2013) inferred a tMRCA
of major HSV-1 clades around 50,000 years ago and a tMRCA
for HSV-1/HSV-2 at 2.2 Ma. Based on this latter age estimate
for HSV-1/HSV-2, they postulated a viral duplication event
corresponding to the rise of the genus Homo; however, the
close phylogenetic relationship between HSV-2 and ChHV
would necessitate a less parsimonious explanation in which
HSV underwent a duplication event followed by cross-species
transmission to P. troglodytes. More accurate molecular
dating within HSV-1 and HSV-2 may be possible using the
divergence between humans and P. troglodytes as a calibra-
tion, though it is possible that standard substitution models
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may slightly underestimate the evolutionary distance be-
tween HSV-1 and HSV-2 (fig. 5B).

Our results strongly suggest a scenario (fig. 3E) in which
African and Asian apes are infected with a single herpes
simplex virus (barring genus/species specific extinction or
duplication events). Serological evidence suggests that wild
mountain gorillas (Gorilla beringei beringei) are infected
with a herpes simplex virus that is distinct from human
herpes simplex viruses (Eberle 1992). The legitimacy of our
preferred scenario could be confirmed by the identification
of putative gorilla or bonobo herpes simplex viruses.
Specifically, if the phylogenetic placement of these putative
viruses is found to be in agreement with our predicted
scenario, it would serve as a confirmation of the promise
held by selection-informed models in the study of viral
origins.

This work highlights the need for a method that can si-
multaneously model variable selection pressures (as in BSREL)
and estimate tMRCAs (as in BEAST). Selection-informed
models could be incorporated into a Bayesian relaxed
molecular clock framework and take advantage of recent
computational advances for evaluating codon substitution
models (Suchard and Rambaut 2009). Moreover, the
appropriate number of dN/dS classes could be sampled as
part of the BMCMC to reflect the level of confidence that
exists for multiple classes. If, as this and other studies suggest,
selection-informed models are necessary for accurate dating
of ancient viral divergence events, then their incorporation
into relaxed molecular clock methodology will be an
important step towards understanding viral evolutionary
history.

Materials and Methods

Data Set

Full-length genomes for primate simplex viruses from six host
species were downloaded from GenBank. The 12 conserved
glycoproteins spanning the genome (UL1, UL10, UL22, UL27,
UL44, UL49A, UL53, US4, US5, US6, US7, and US8) were
concatenated and aligned using MUSCLE v2.0, based on
translated amino acid sequences (Edgar 2004). Regions con-
taining gaps, indicating ambiguity in homology, were then
excised. The final concatenated alignment comprised 7,566
nucleotides. We screened for recombination using GARD
(Kosakovsky Pond et al. 2006), which failed to detect any
significant  breakpoints among the  concatenated
glycoproteins.

In addition, all available full-length UL27 (gB) genes for
primate herpes simplex viruses, representing at least nine
host species, were downloaded from GenBank. Alignment
was performed using the same protocol, resulting in an align-
ment of 2,283 nucleotide sites. Identical sequences were
replaced with a single representative, because they do not
add information for fitting substitution models in the phylo-
genetic likelihood framework, resulting in a final alignment of
74 sequences (all alignments are available as supplementary
material, Supplementary Material online).
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BMCMC Molecular Clock Analysis

The tMRCA of HSV-1/ChHV and HSV-2/ChHV was inferred
for both the concatenated glycoprotein and gB data sets
under an uncorrelated lognormal relaxed molecular clock
(Drummond et al. 2006) using a GTR + I'; substitution
model in BEAST v1.80 (Drummond and Rambaut 2007,
Drummond et al. 2012). Four independent chains were run
for 25 million generations, sampling every 2,500 generations.
The effective sample size for all parameters was greater than
200. These chains were combined using LogCombiner, and
the maximum clade credibility trees were summarized using
TreeAnnotator. The XML input files are available in supple-
mentary material, Supplementary Material online.

The molecular clock was calibrated assuming a pattern of
viral-host codivergence using ages from internal nodes as-
sembled from the literature: 1) tMRCA of Old and New
World primates, Simiiformes, at 44.2 Ma (Steiper and Young
2009); 2) tMRCA of Old World monkeys, Catarrhini, at 23 Ma
(Raaum et al. 2005); 3) tMRCA of Macaca spp. and Papio spp.
at 9.8 Ma (Raaum et al. 2005), and 4) tMRCA of Saimiri
sciureus and Ateles geoffroyi at 14.4 Ma (Fabre et al. 2009).
The last of these nodes was relevant only for the gB analyses,
as this gene is the only sequence available for the A. geoffroyi
simple virus, HVA-1. The tMRCAs of Simiiformes and
Catarrhini were estimated based on fossil data, whereas the
other two tMRCAs were inferred by previous studies using
relaxed molecular clocks. Because the Macaca/Papio tMRCA
was the only date published with associated uncertainty, we
placed lognormal prior distributions (mean 0; standard devi-
ation 0.56; similar to a previous study of P. troglodytes tMRCAs
[Bjork et al. 2011]) at the nodes, offset so that the median
value of the distribution corresponded to the tMRCA, to
allow for a reasonably degree of uncertainty.

Re-Estimating Branch Lengths

For the gB data set, a maximum likelihood phylogeny was
inferred using a GTR + I'y model using a subtree pruning
and regrafting algorithm in PhyML 3.0 (Guindon and Gascuel
2003; Guindon et al. 2009), available in SeaView4 (Gouy et al.
2010). Branch support was established using the alRT
(Anisimova and Gascuel 2006). To ensure consistency
in later comparisons, branch lengths were reoptimized
using HyPhy (Kosakovsky Pond et al. 2005); these branch
lengths were indistinguishable from those estimated by
PhyML.

To estimate branch lengths under a selection-informed
model, we modified the BSREL algorithm. In its original
form, BSREL assumed three dN/dS classes along each
branch in the phylogeny, each class representing a proportion
of sites evolving with particular dN/dS value, inferred from the
sequence alignment (Kosakovsky Pond et al. 2011). However,
this model is generally overparameterized, because short
branches rarely contain enough information to support
more than one dN/dS class (Wertheim et al. 2013).
Although overparameterization is not a substantial problem
when the goal of an analysis is to perform a statistical test for
selection (Scheffler et al. 2014), it does become a problem
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when point estimates of model parameters are used for
downstream inference. Therefore, we modified the BSREL
model via a step-up parameter selection procedure. Initially,
each branch is assigned one dN/dS class. Then, starting
with the longest branch, branch-specific dN/dS classes are
added and retained only if there is an improvement in
the small-sample corrected AIC (c-AIC) (fig. 5). Once
the optimal number of dN/dS classes has been inferred, the
likelihood model is reoptimized, and branch lengths are
estimated.

Penalized Likelihood Molecular Clock Analysis

Inferring tMRCAs on a tree with fixed branch lengths cannot
be accomplished using existing relaxed molecular clock pack-
ages such as BEAST. Furthermore, forcing an ultrametric tree
for dating analysis in the BSREL framework would entail the
assumption of a strict molecular clock (which is not realistic)
and is not feasible in the current implementation. Therefore,
we employed a semiparametric penalized likelihood ap-
proach, implemented in r8s (Sanderson 2002, 2003), to
smooth the GTR + I', and BSREL trees under a relaxed mo-
lecular clock. Inference in r8s requires trees with fixed branch
lengths, allowing us to fit a molecular clock and infer tMRCAs
on the gB trees with branch lengths previously optimized
under both GTR + I'; and BSREL.

The penalized likelihood algorithm in r8s employs a
smoothing parameter, which represents the degree to
which the assumption of a strict molecular clock has been
relaxed; higher values indicate more relaxation. To estimate
these parameters, the same four internal node calibrations
were used as in the BEAST dating analysis. These ages were
treated as fixed points in r8s, rather than lognormal distribu-
tions, because r8s does not perform optimally with narrow
calibration windows. Using these node calibrations, r8s esti-
mated the optimal smoothing parameters for the GTR + T4
(smoothing = 3.2) and BSREL (smoothing = 100) trees. The r8s
input file is available in supplementary material,
Supplementary Material online.

Model Comparison via the Likelihood Ratio Test

Statistical significance was assessed using a likelihood ratio
test in which the fixed tMRCA is the null model and the
unconstrained tMRCA is the alternative model, with one
degree of freedom (as the unconstrained model contains
one additional parameter to be estimated). This comparison
was performed using gB trees with branch lengths estimated
under BSREL and GTR + I'y,. The four internal calibration
points (described above) were used.

Variance Estimates Using Latin Hypercube Sampling

To estimate confidence in our dating estimates, we employed
a Latin hypercube (LHC) sampling importance resampling
scheme, described in detail previously, to draw 500 samples
of scaled trees and estimate length variance (Wertheim and
Kosakovsky Pond 2011; Wertheim et al. 2013). Briefly, the
sampling distribution of each parameter is approximated by
the normal distribution centered on the maximum likelihood

estimation and, with variance determined by profile likeli-
hood, discretized into 100,000 bins and used to define the
LHC in the parameter space. The likelihood is then evaluated
for each of the 100,000 parameter vectors defined by the LHC
sampling procedure and resampled using a procedure de-
scribed previously (Kosakovsky Pond et al. 2010). We took
these 500 trees from the LHC analysis (for both GTR + ['4
and BSREL) and ran them through r8s. The upper and lower
95% bounds are reported as confidence intervals.

Supplementary Material

Supplementary material and figure S1 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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