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ABSTRACT

Enteroviruses (EVs) are a genetically and antigenically diverse group of viruses infecting humans. A mostly distinct set of EV
variants have additionally been documented to infect wild apes and several, primarily captive, Old World monkey (OWM) spe-
cies. To investigate the prevalence and genetic characteristics of EVs infecting OWM:s in the wild, fecal samples from mandrills
(Mandrillus sphinx) and other species collected in remote regions of southern Cameroon were screened for EV RNA. Remark-
ably high rates of EV positivity were detected in M. sphinx (100 of 102 screened), Cercocebus torquatus (7/7), and Cercopithecus
cephus (2/4), with high viral loads indicative of active infection. Genetic characterization in VP4/VP2 and VP1 regions allowed
EV variants to be assigned to simian species H (EV-H) and EV-] (including one or more new types), while seven matched simian
EV-B variants, SA5 and EV110 (chimpanzee). Sequences from the remaining 70 formed a new genetic group distinct in VP4/2
and VP1 region from all currently recognized human or simian EV species. Complete genome sequences were obtained from
three to determine their species assignment. In common with EV-J and the EV-A A13 isolate, new group sequences were chime-
ric, being most closely related to EV-A in capsid genes and to EV-B in the nonstructural gene region. Further recombination
events created different groupings in 5’ and 3’ untranslated regions. While clearly a distinct EV group, the hybrid nature of new
variants prevented their unambiguous classification as either members of a new species or as divergent members of EV-A using
current International Committee on Taxonomy of Viruses (ICTV) assignment criteria.

IMPORTANCE

This study is the first large-scale investigation of the frequency of infection and diversity of enteroviruses (EVs) infecting mon-
keys (primarily mandrills) in the wild. Our findings demonstrate extremely high frequencies of active infection (95%) among
mandrills and other Old World monkey species inhabiting remote regions of Cameroon without human contact. EV variants
detected were distinct from those infecting human populations, comprising members of enterovirus species B, J, and H and a
large novel group of viruses most closely related to species A in the P1 region. The viral sequences obtained contribute substan-
tially to our growing understanding of the genetic diversity of EVs and the existence of interspecies chimerism that characterizes
the novel variants in the current study, as well as in previously characterized species A and J viruses infecting monkeys. The lat-
ter findings will contribute to future development of consensus criteria for species assignments in enteroviruses and other picor-
navirus genera.

Enteroviruses (EVs), members of the genus Enterovirus within
the family Picornaviridae, are notable for their genetic and an-
tigenic diversity with more than 300 types identified thus far. EVs
are currently classified into nine species (labeled alphabetically as
EV-A to EV-H and EV-]). This subdivision of the Enterovirus ge-
nus is based on degrees of sequence divergence, host range, simi-
larities in replication, and a generally observed restriction of re-
combination between members of the same species (1). The
enteroviruses infecting humans comprise EV-A to -D, while the
remaining five contain viruses infecting primarily cattle (EV-E
and EV-F; both termed bovine enteroviruses), pigs (EV-G; por-
cine enteroviruses) and monkeys (EV-H and EV-J; both simian
enteroviruses) (1). However, EV variants classified as species A, B,
and D have also been detected in several monkey and ape species
(2-13).

The first simian EVs were discovered in the 1950s and 1960s
in primate cell cultures or from primate tissue specimens used
in biomedical research. These EVs were obtained from Old
World monkey (OWM) species Macaca mulatta (rhesus ma-
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caque), Macaca fascicularis (cynomolgus monkey), Chlorocebus
aethiops (African vervet monkey), and Papio cynocephalus (ba-
boon) (2-7, 14). Subsequent genetic characterization indicated
that some isolates were similar to human viruses (A13, SV19,
SV43, and SV46 in species A; SA5 in EV-B), while others were
genetically distinct (9-11) and now classified into two separate
species (e.g., SV4 and SV28 in EV-H and SV6 in EV-]). More
recent genetic characterization of EVs infecting captive primates
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TABLE 1 Detection frequencies in study samples using primers from
different genome regions

Detection frequency (no. of positive
samples/total no. of samples tested)

Species 5'UTR VP4/2 VP1
Mandrillus sphinx 100/102 88/100 39/88
Cercocebus torquatus 717 3/17 0/3
Cercopithecus cephus 2/4 2/2 0/2

(mostly rhesus macaques [83%]) in the Yerkes National Primate
Center in the United States and at the Dhaka Zoo in Bangladesh
identified four further simian EV types (EV92 in species A; EV103,
EV112, and EV115 in species J) (13, 15), whereas no simian EVs
were detected in synanthropic (e.g., pet) monkeys (12).

To investigate whether EVs also circulated in apes, we recently
performed large-scale screening of fecal samples collected from
wild populations of chimpanzees (Pan troglodytes) and gorillas
(Gorilla gorilla) primarily in Cameroon. From these fecal samples,
four EV types (EV76, EV89, and EV119 in species A; EVI11
and EV120 in species D) and a novel species B variant (EV110)
were identified (16, 17). However, as previously discussed (17),
whether these represent endogenous infections in these species or
have been acquired from contact with humans or monkeys re-
mains unclear; remaining wild-living chimpanzee and gorilla
populations are small and highly fragmented. The overall detec-
tion frequencies were however moderate (9 to 11%), and the pop-
ulations sampled had minimal contact with human populations
in sample collection areas.

To understand more about the natural circulation of EVs in
wild primate populations, we analyzed a large collection of sam-
ples from mandrills (Mandrillus sphinx) and smaller numbers of
other OWMs in isolated areas of Cameroon. Mandrills were se-
lected because populations and groupings are large and more
likely to support endogenous populations of EVs than apes. Ge-
netic characterization of the extensive numbers of variants de-
tected demonstrated the broad diversity of species and types cir-
culating in these populations in the wild. A wider phylogenetic
comparison of complete genome sequences of OWM, ape, and
human EVs was performed to determine their species relation-
ships to other simian and human EVs.

MATERIALS AND METHODS

Samples. A total of 102 mandrill (Mandrillus sphinx), 7 red-capped mang-
abey (Cercocebus torquatus), and 4 moustached monkey (Cercopithecus
cephus) stool samples were included in this study (Table 1; see Tables S1
and S2 in the supplemental material). Samples were collected from natu-
ral habitat areas of mandrills—remote and sparsely populated forested
southern areas of Cameroon with minimal human contact (18). Samples
were preserved in RNAlater (Ambion, Austin, TX), stored at room tem-
perature at base camps for a maximum of 3 weeks, and subsequently
transported to a central laboratory in Yaoundé, Cameroon, for storage at
—20°C/—80°C. For all fecal samples, the species origin was also deter-
mined by mitochondrial DNA (mtDNA) analysis as described previously
(19). Fecal DNA was extracted using the QIAamp stool DNA minikit
(Qiagen, Valencia, CA).

Sample extraction and amplification. RNA was extracted from fecal
samples as previously described (20) and tested for enterovirus (EV) by
one-step reverse transcriptase (RT)-PCR assay targeting the 5" untrans-
lated regions (5"UTRs) (see Table S3A in the supplemental material) (21).
To estimate viral loads in EV-positive samples, samples were retested by
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real-time PCR calibrated using defined copy numbers of EV RNA tran-
scripts (22). Additional primer sets were used to obtain sequence data
from VP4 and VP1 region as described (Table S3B) (16, 17). The ampli-
fication of VP1 required two sets of primers, which amplify overlapping
regions from each species, and additional primers specific for the species B
variant SA5 (as indicated in the primer name). For each PCR, 6 pl ex-
tracted RNA was amplified by a combined RT and first-round PCR using
Superscript I1I one-step RT-PCR system (Invitrogen, United Kingdom),
and 1 pl of the first-round reaction was used for the nested PCR with
second-round primers. PCR amplification included 30 cycles of denatur-
ation (94°C, 20 s), annealing (50°C, 18 s), and elongation (72°C, 90 s) in a
thermal cycler.

Whole-genome sequencing. The whole genomes of EV variants rep-
resenting three of the predominant types infecting mandrills were se-
quenced (samples GR2815, CPML8109, and CPML3961). Primers were
designed using sequence data in the VP4 and VP1 regions available from
the current study and sequences of viruses in species J. One microliter of
c¢DNA synthesized by using random hexamer primers and Superscript I1I
reverse transcriptase (Invitrogen, United Kingdom) was used as the tem-
plate for nested PCR. The amplification conditions were the same as those
of the second-round PCR mentioned above. Assemblies were created
from sets of approximately 1.5-kb sequence fragments in which the re-
gions of overlap were identical between fragments; this prevented gener-
ation of possible hybrid viruses from samples from monkeys that may be
coinfected with two or more EV variants.

Direct sequencing of PCR products. Positive second-round PCR
products were sequenced in both directions using the inner sense and
inner antisense primers used in the second round of amplification, using
BigDye Terminator v3.1 (Applied Biosystems). Nucleotide sequences
were assembled, annotated, and aligned using the SSE sequence editor
version 1.1 (23).

Genetic analysis of EV sequences. Sequence comparisons were made
between the Old World monkey-derived sequences obtained in the cur-
rent study with all available sequences from VP1, VP4, 3Dpol, 5'UTR, and
3'UTR sequences of variants previously reported for other nonhuman
primates. All data sets additionally included a single representative se-
quence derived from complete genome sequences of each human EV type.
Calculation of pairwise distances between sequences and divergence scans
were performed using SSE. Phylogenetic trees constructed using maxi-
mum likelihood methods as implemented in the MEGA 6 software pack-
age (24). The optimum maximum likelihood model (lowest Bayesian in-
formation criterion score and typically greatest maximum likelihood
value) for each sequence data set was first determined and used for phy-
logenetic reconstruction. For each genome region (5'UTR, VP4/VP2,
VP1, and 3CD), this was general time reversible (GTR) with a gamma ()
distribution (5 rates) and invariant sites (I) (GTR plus -y plus I). Phyloge-
netic analysis of each data set used 100 bootstrap resamplings to deter-
mine the robustness of grouping.

Nucleotide sequence accession numbers. Sequences obtained in the
current study have been submitted to GenBank and have been assigned
the accession numbers KJ420625 to KJ420749.

RESULTS

EV RNA detection frequencies and viral loads. RNA was ex-
tracted from 102 mandrill, 7 red-capped mangabey, and 4 mous-
tached monkey fecal samples and screened for EV RNA sequences
using primers targeting a region of the 5'untranslated region
(5'UTR). From these fecal samples, 100 of 102 mandrill samples
(98%), all red-capped mangabey samples, and two moustached
monkey samples were positive. Sampling sites were located
throughout southern Cameroon (Fig. 1; see Tables S1 and S2 in
the supplemental material). The mean viral loads of EV in man-
drill fecal samples were ~10-fold higher than those from a repre-
sentative set of human samples tested in the same assay (25)
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FIG 1 Collection sites in Cameroon of samples used in the current study. The
collection sites in Cameroon were abbreviated as follows: CP, Campo, loca-
tions Oveng, Melen, and Grothes (CPOV, CPLM, and CPGR, respectively);
DJ, Djoum; EK, Ekom; LM, Lomie; GR, Gribi. C. A. R., Central African Re-
public, EQUA.Gui., Equatorial Guinea, D. R. Congo, Democratic Republic of
the Congo.

(Fig. 2), with mean threshold cycle (C;) values of 27.5 compared
t0 29.8 in human samples (P = 0.001 by the Kruskal-Wallis test).

EV type assignments. To genetically characterize EV variants
infecting these OWMs, sequences were amplified from the VP4/2
region. A total of 88 of 100 samples from mandrills were positive,
from which 84 were successfully sequenced, as were 3 of 7 mang-
abey samples and two Cercopithecus (moustached monkey) sam-
ples (Fig. 3A). For the purposes of further type identification and
new type assignments, sequences were amplified in the VP1 region
from 39 mandrill samples (Fig. 3B).

The viruses identified fell into three previously identified en-
terovirus species. Four could be assigned to species H that includes
the simian viruses A-2 plaque virus and SEV-A (isolated from the
OWM species Macaca mulatta). VP1 sequences showed 14.5 to
15.5% nucleotide sequence divergence from previously character-
ized simian variants in this species, suggesting that they should be
classified as EV-H1. However, the four samples containing species
H viruses were collected from the same site on the same day; due to
the nature of sampling from the jungle floor and their high se-
quence identity, it was likely that they originated from the same
group or possibly even the same mandrill.

Other variants grouped with the simian enteroviruses SA5 and
EV-B110 within species B. Five of these variants could be assigned
as EV110 (20.6% to 20.8% divergence in VP1), a recently de-
scribed EV type detected in a chimpanzee from Cameroon (17),
while a further two could be assigned as SA5 (15.5% divergence in
VP1) that was originally isolated from a vervet monkey (Cerco-
pithecus aethiops [4]).

VP4/2 sequences of a further 10 variants clustered in species J
(7 derived from mandrills and 3 derived from mangabeys), a spe-
cies into which the simian viruses SV6 (M. mulatta), EV103
(Macaca nemestrina), and EV108 (Papio cynocephalus) are cur-
rently assigned. From these, a VP1 sequence was obtained from
sample CPOV3336, which was >25% divergent from assigned
types within this species. It is likely, however, that several other
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FIG 2 Comparison of C;-values of EV RNA detected by real-time PCR in fecal
samples collected from mandrills with those in human samples. Each symbol
represents the value for one fecal sample. Bars show mean values. Statistical
significance was performed using Kruskal-Wallis nonparametric test (above
graph).

variants correspond to further EV-] types based on their sequence
divergence in VP4/2.

The remainder of viruses form a monophyletic group in both
VP4/2 (67 mandrill sequences and 2 Cercopithecus sequences) and
VP1 (30 mandrill sequences). In the VP1 region, sequences
showed substantial nucleotide sequence divergence from each
other and supported their assignment into 5 types (Fig. 3B) based
on >25% pairwise nucleotide distances. How these should be
named is dependent on their final species assignment, and this
remains uncertain based on phylogenetic analysis of VP1 and
VP4/2 region sequences.

Species assignment. To clarify the species assignment of the
new, predominantly mandrill, group and investigate its relation-
ships with other simian and human EVs, complete genome se-
quences were obtained from variants representing 3 of the 5 pu-
tative types (samples GR2815, CPML8109, and CPML3961)
within the group. This allowed current molecular demarcation
criteria of amino acid sequence identity in the polyprotein, P1,
and combined nonstructural gene region 2C plus 3CD (1) to be
used for species assignments (Table 2).

As suspected from the differences in phylogenetic groupings
between the new variants and other EV species (Fig. 3B), amino
acid sequence distances between this group and species ] and A
viruses in P1 were close to but consistently below the 40% previ-
ously proposed species assignment threshold (38.4% and 37.9%,
respectively; Table 2). Furthermore, if species A viruses were di-
vided into the two subclades apparent in VP1 (one comprising
exclusively human serotypes, termed A1), and the other simian
and more recently discovered human-derived types EV76, -89,
-90, and -91 (termed A2) (26), then further problematic relation-
ships arise. The new mandrill variants showed only 34.5% diver-
gence from the predominantly simian A2 group. A2 variants
themselves show only 38.9% divergence from species J.

Sequence divergence in the combined 2C plus 3CD region did
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FIG 3 Maximum likelihood analysis (GTR plus -y plus I model) of VP4/partial VP2 region (A) and whole VP1 (positions 743 to 1168 and 2477 to 3376,
respectively, numbered using the PV3 reference sequence) (B). Sequences amplified from study samples are shown as white and solid black symbols, while those
previously assigned within EV species A to D, ], and H are color coded according to the key (human EV-B and EV-C sequences were monophyletic and have been
collapsed to clarify presentation of simian sequences). Bootstrap resampling of maximum likelihood (ML) trees was performed to indicate robustness of

grouping (values of >70% shown).
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TABLE 2 P1, 3CD, and whole-genome amino acid sequence distances
between mandrill variants and other species

Amino acid sequence distance”

Species and subgroup Whole genome P1 2C + 3CD
EV-] 0.264 0.384 0.1682
EV-C 0.403 0.514 0.2934
EV-A

All 0.351 0.3714 0.3334

Al 0.3595 0.379 0.341

A2 0.3235 0.346 0.3074
EV-B

All 0.2981 0.5107 0.158

Human 0.2996 0.511 0.1596

SA5 0.2489 0.493 0.0613
EV-C 0.4034 0.514 0.2934
EV-D 0.375 0.463 0.2853
EV-H 0.3905 0.465 0.3085

“ Amino acid sequence distances below species assignment thresholds are shown in
boldface type (complete coding region, 30%; P1, 40%; 2C plus 3CD, 30%).

not resolve the species status of the mandrill sequences and indeed
revealed further inconsistent sequence relationships with other
variants. With a proposed 30% amino acid divergence threshold,
new variants showed remarkably low divergence from both EV-]
(16.8%) and EV-B (15.8%). Furthermore, mandrill variants and
the simian species B isolate SA5 showed only 6.1% divergence.
These interrelationships are mirrored by the greater than expected
sequence similarity of EV-J to EV-B (21.8% divergence). These
inconsistencies in sequence relationships in different genome re-
gions were not resolved by comparison of whole polyprotein se-
quences, where mandrill variants showed below-species diver-
gence thresholds (set at 30%) of 26.4% with EV-] and 29.8% with
EV-B.

Information for the mandrill variants that contribute to the
other species assignment criteria (1) was largely unresolved or
ambiguous, including host range (infects at least two different
OWM species), host cell receptors (unknown), and compatibility
in proteolytic processing, replication, encapsidation, and genetic
recombination (unknown). However, the three variants show a
narrowly constrained range of G+C compositions (44.3% to
44.6%; threshold range of 2.5%).

Chimerism in EV genomes. It is possible that the difficulty
associated with a species designation of the new variants using
conventional criteria had originated from their possession of chi-
meric genomes comprising sequences originating from different
EV species. To investigate this, relationships between inter- and
intraspecies distances in P1 and 3CD were compared (Fig. 4). For
the presumed nonchimeric human species A, B, and C sequences,
sequence distances in P1 were approximately proportional to
those in 3CD (Fig. 4A). Comparison of variants assigned to differ-
ent species invariably showed distances of >40% in P1 and >25%
in 3CD (including EV-D; not shown). The main exception to the
linear relationship between distances was the frequently sup-
pressed variability of 3CD sequences between different types
within a species. As documented elsewhere, this originates
through promiscuous intertype recombination in the nonstruc-
tural gene regions, where different types within a species fre-
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quently share a pool of less-divergent NS gene region sequences
(27-30). Species A and C, however, contain subgroups with more-
divergent NS gene region sequences (15% to 23%; Fig. 4A). In
species A, these represent distances between subgroups corre-
sponding to the previously described EV-A1I (all human) and -A2
groups (EV76, -89, -90, and -91) (26). In species C, they originate
from the previously identified more-divergent variants CAV1,
CAV19, and CAV22 (31) and EV104 (32).

An equivalent comparison of sequences from the mandrill
group with other species showed combinations of P1 and 3CD
regions that were markedly inconsistent with relationships be-
tween human-derived viruses (Fig. 4B). Only comparisons with
EV-C, EV-D, and EV-H produced pairwise distances consistently
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FIG 4 (A) Distributions of pairwise amino acid distances in P1 (positions 743
to 3376) and 3CD regions (positions 5429 to 7360) between representative
human-derived sequences within EV-A, EV-B, and EV-C. Color coding has
been used to identify within- and between-species sequences distances for
each. The 40% amino acid distance threshold for species assignments using P1
is shown as vertical gray broken line. (B) Pairwise distances between three
representative mandrill sequences with EV species A to D, J, and H.
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pairwise distances between 300-base windows across the coding region, in
increments of 30 bases between fragments. To show gene boundaries, the P2
region has been shaded gray, and a representation of gene positions in the EV
polyprotein (drawn to scale) is shown above the graphs.

above 40% (P1) and 25% (3CD) indicative of unambiguous sep-
arate species status. In contrast, most sequence comparisons of
mandrill viruses with species B and J variants were in the intras-
pecies range in 3CD, with divergence values of 15% to 23% that
were comparable to those between subgroups of EV-A and EV-C
(Fig. 4A). Furthermore, mandrill sequences differed by only 6.8 to
7.3% from SA5, which are typical of within-recombination pool
distances in human EV-A-EV-C (Fig. 4A). Mandrill viruses
showed the opposite relationship with EV-A with P1 distances of
<40% (intraspecies range) but >25% in 3CD (interspecies).
Comparison of sequence distances in P1 and 3CD sequences
therefore provided evidence for chimerism (from previous inter-
species recombination) in the mandrill sequences between these
regions. To identify sites where sequence exchanges occurred, di-
vergence plots were constructed between mandrill sequences and
the nonrecombinant human species A to D (Fig. 5A) and with
simian viruses A13, SA5, and species H and J (Fig. 5B). As expected
from their consistent sequence relationships in VP1 and 3CD,
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divergence between mandrill viruses and human species A, C, and
D and simian species H were comparable across the EV coding
region (Fig. 5A and B). Comparison with species B, however,
identified highly divergent capsid sequences, and an abrupt de-
cline into interspecies divergence levels at the P1/P2 (VP1/2A)
boundary. A different breakpoint was observed with the simian
EV-B sequence SA5 (Fig. 5B), situated approximately 400 bases
downstream from P1/P2 within 2A.

Comparison of mandrill viruses with simian variants EV-J and
A13 provided evidence for further chimerism, with sequences
from the P2 region (shaded area in Fig. 5B) close to the within-
species range (20% to 35%) and comparable to distances from
EV-H. However, in P3, distances were substantially lower in the
within-species range. These observations provide evidence for
further genetic exchanges in the evolution of mandrill viruses, one
or more of which are likely ancestral to their split from EV-].

Genetic exchange of 5'- and 3'UTR sequences. To investigate
the genetic relatedness of noncoding regions at the ends of the EV
genomes, phylogenies were constructed from whole 5"UTR and
3'UTR and compared to those of 3CD (Fig. 6) and previously
constructed trees from structural gene regions VP4/2 and VP1
(Fig. 3). Sequence relationships in both noncoding regions were
distinct from those of coding regions and from each other, with
consistent separate groupings of simian-derived viruses from hu-
man variants and in the case of the 5'UTR, the existence of indi-
vidual clades containing human variants of more than one species,
EV-A and -B in one and EV-C, -D, and -A in another (33). In the
3'UTR, mandrill viruses, EV-J and SA5 grouped together as ob-
served in 3CD, but this group excluded A13 and human species B.
The other striking phylogeny difference was the complete separa-
tion of human A2 viruses from A1 that were in turn distinct from
simian A2 viruses. Although the 3"UTR was short and tree con-
struction was intrinsically less robust than for other genome re-
gions, these observations provide evidence for genetic exchanges,
additional to those between nonstructural gene regions and dis-
tinct from those occurring in the 5'UTR.

DISCUSSION

This study is the first large-scale investigation of infection fre-
quencies and genetic characterization of enteroviruses infecting
Old World monkeys in the wild. The extraordinarily high preva-
lence of active infection and genetic diversity of EVs found pro-
vides evidence for the extensive circulation of these viruses in wild
primate populations. The sampling strategy that concentrated
collection on remote areas with no or minimal human contact and
the reclusive nature of the species (34) helped rule out human
sources of infection in monkeys, as did the finding of virus vari-
ants that were consistently genetically distinct from human en-
teroviruses. Primate sampling of feces has been commonly used to
investigate infection frequencies of simian immunodeficiency vi-
rus (18), and collection methods used for the current study were
specifically designed to avoid environmental contamination. Fur-
thermore, samples showed generally high viral loads (mean C;
values of 27.5), indicating substantially higher viral loads than
typically found in human samples (Fig. 2) and demonstrating ac-
tive infections in the sampled populations.

The nature of the sampling, however, prevented more-focused
investigations of EV persistence and disease associations in man-
drills or other monkey species. This limitation additionally pre-
vented clear attribution of samples to individual (different) mon-
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FIG 6 Phylogenetic analysis of parts of 5’UTR (A), 3CD (B), and 3'UTR (C). (A) 5'UTR, positions 1 to 742; (B) 3CD, positions 5429 to 7366; (C) 3'UTR,
positions 7377 to 7431. Bootstrapped ML trees were constructed as described for in the legend to Fig. 3 with the exception of the 3"UTR where its short sequence
length (55 bases) precluded meaningful model fitting. The tree is therefore shown as a phenogram by neighbor joining of uncorrected nucleotide p-distances.

keys. This sampling bias is exemplified by the four species H
variants that originated from samples collected on the same day
from the same site. It is likely that they originated from members
of the same group (and thus are epidemiologically linked infec-
tions) or conceivably from the same mandrill. The development
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of genetic fingerprinting for mandrills and other monkey species,
as used in ape samples, would be needed to investigate this further.
Nevertheless, the vast majority of EV variants characterized in the
study were genetically distinct from each other and originated
from widespread sampling (throughout southern Cameroon)
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over a prolonged period (2008 to 2012). In the main, therefore,
they represent independent infections.

Infection frequencies of greater than 95% in mandrills were
substantially higher than the 10% detected in apes (chimpanzees
and gorillas) from similar sampling areas (16). Although little is
known about possible differences in susceptibility or persistence
of EV infections in OWMs, apes, and humans, a major factor likely
contributing to the circulation of EVs in mandrills is the large and
highly interactive populations of mandrills in the wild, which typ-
ically live in hordes of between 500 and 1,000 (34). This popula-
tion size and their interactions with other groups of mandrills and
other OWMs may create the necessary conditions to permit on-
going transmission of acute virus infections over long periods.
Indeed, even under captive conditions, infections with EV vari-
ants found previously in monkeys were frequently detected even
in small isolated OWM populations in a primate center and a zoo
(13, 15), while only human serotypes were detected among non-
human primates living in human environments (12). Our find-
ings support the broader hypothesis that EV infections are preva-
lent in at least one OWM species and continue to circulate in the
absence of human contact or intervention.

The EV types detected in the current study fell into species H
and J and a large, new group of currently undefined taxonomic
status within the Enterovirus genus. No variants that corre-
sponded to types or species found in humans were detected, con-
firming the absence of human sources of infection in mandrills
and other sampled OWM species. Among the 89 EV variants char-
acterized by VP4/2 sequencing, several could be classified as mem-
bers of species H type 1 variants previously detected in a simian
organ cultures from an Asian ape, M. mulatta (SV2, SV4, and
SV28) (6) but also from human subjects with hepatitis in the early
1960s (35, 36). Others grouped in species J, a group now listed as
containing six assigned types (but with sequences available from
only three [SV6, EV103, and EV108]), to which the sequence of
CPOV_3336 may contribute an additional type based on its diver-
gent VP1 sequence. Although most EV-] variants have been iden-
tified in African OWMs, the originally described SV6 isolate orig-
inated in an Asian macaque (6). Finally, several mandrill-derived
variants could be classified as members of the simian subgroup of
species B, one corresponding to SA5 and the other to EV110, pre-
viously identified in chimpanzees from the same geographical area
as the mandrill samples (Lomie [LM] in Fig. 1) (17).

Genetic characterization of the remaining, predominantly
mandrill-derived EVs was performed by extensive sequence anal-
ysis of VP4/2 and complete VP1 sequences. From the latter, the
existence of at least 5 types differing by >25% in nucleotide se-
quence could be inferred, although their definitive assignment
awaits their species designation. Determining this, however, may
prove problematic because they reproduced the previously iden-
tified hybrid nature of many simian enterovirus genomes (9, 10);
variants such as A13 were identified as showing closer sequence
relatedness to one species in the capsid-encoding region (EV-A)
and to another in the NS region (EV-B). The subsequent charac-
terization of further simian viruses, the identification of sub-
groups with species A (Al and A2 [26]) and B (human viruses and
SA5) and the new complete genome sequence data from mandrill-
derived viruses provided the opportunity for a reevaluation of the
occurrence of recombination in the genomes of simian (and hu-
man) viruses, from which various species classification possibili-
ties might be proposed.
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Genome configurations. Despite the seeming complexity of
sequence relationships between simian and human viruses in dif-
ferent genome regions (Fig. 4 to 6 and Fig. 6 in reference 9), struc-
tural and nonstructural gene regions of all OWM monkey-derived
viruses ultimately show only three genome configurations.

(i) Group 1. Group 1 comprises SV19, SV43, SV46, and EV92
which form part of the A2 subgroup in species A, along with the
human viruses EV76 and EV89 to -91 (that may indeed be zoo-
notically acquired) (26).

(ii) Group 2. Group 2 comprises Al3 (in species A2 in P1),
EV-], and the mandrill viruses. All three possess P1 sequences
classified as or closely related to EV-A with pairwise distances
below (A13 and mandrill viruses) or around the species assign-
ment threshold (EV-]) of 40% for this region (Table 2; Fig. 4B).
However, all of these viruses possess species B-like NS gene re-
gions, differing from each other and from EV-B by 6% to 21% in
the 2C plus 3CD region and a well-defined breakpoint at the P1/P2
boundary (Fig. 4B; see Fig. S1 in the supplemental material). This
commonality is further manifested by similar distributions of
pairwise distances to other EV species (Fig. 4B and Fig. S2).

(iii) Group 3. Group 3 is represented by SA5 that is most
closely related to human EV-B sequences throughout its genome.
Several further examples of this group potentially exist among
samples obtained in the current study from mandrills. Group 3
viruses likely represent the source of the species B-like NS gene
regions of group B viruses, through recombination, accounting
for the remarkably similar 3CD sequences of SA5 and mandrill
viruses (6% divergence).

As previously discussed (9, 33, 37), there is further recombina-
tion between coding regions and 5'UTRs and 3’ UTRs within hu-
man and simian enteroviruses. Sequence relationships in the
5'UTR and 3"UTR are distinct, although both regions show dif-
ferent propensities for species mergers and splits. For example,
human species Al and B variants are phylogenetically interspersed
in the 5'UTR, as are species C and D along with some A2 viruses,
while EV-J, simian EV-B (SA5) and mandrill viruses group closely
together in the 3'UTR. A common feature, however, is the univer-
sally distinct grouping of simian- and human-derived viruses
from each other in both regions. This observation is consistent
with the existence of host range determinants in these genome
regions and their potentially limiting effect on the occurrence of
zoonotic infections. Further genetic characterization of simian vi-
ruses and in vitro studies are required to formally examine this
hypothesis.

Enterovirus classification. The final classification of mandrill
and other OWM viruses obtained in the current study may neces-
sitate an update to the current species assignment criteria (1). By
definition, viruses such as those obtained in the current study, A13
and EV-] which show evidence for interspecies chimerism be-
tween capsid and NS gene regions cannot simultaneously fulfill
criteria 2 (<40% divergence in P1) and 3 (<30% divergence in 2C
plus 3CD) for any one species. This phenomenon similarly limits
the use of divergence thresholds for complete coding region se-
quences (criterion 1). As the capsid likely possesses elements that
primarily determine EV host and cellular tropisms and other bio-
logical properties, it may perhaps be appropriate to regard P1
divergence as the primary criterion for species assignment, al-
though this will require further discussion with the International
Committee for the Taxonomy Study Group.

Findings in the current study additionally highlight the need to
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reexamine the species assignment threshold for P1, currently set at
40%. Pairwise distances between EV-A (particularly A2) types,
A13, mandrill viruses, and EV-] are mostly below this threshold
(Fig. 4B), and simian viruses in these groups all possess a common
(EV-B-like) NS gene region (and mostly group together in the
3'UTR). A slight elevation of the 40% threshold would allow their
assignment as species A and would substantially simplify the cur-
rent classification of simian EVs (i.e., all members of groups 1 and
2 described above would be classifiable as EV-A). Although this
would create a species containing both nonrecombinant and re-
combinant viruses, this is not different from EV-C, which also
contains variants with evidence for chimerism in NS gene regions
and in the 5'UTR (31, 32).

The alternative would be to lower the P1 threshold 40% to 32%
so that EV-J and the mandrill viruses could be classified as separate
species. The immediate problem with this is that this reduction
would have the undesirable effect of splitting species C and A. As
described above, the other problem is that structural gene se-
quences of EV-A, EV-], and mandrill viruses fail to form clearly
resolvable monophyletic clusters when included in the same data
set (Fig. 2A and B), and bootstrap support for these groupings
requires the whole P1 region (see Fig. S3 in the supplemental
material). The diversity of simian viruses is likely considerably
undersampled, and it is likely that further viruses showing loose
sequence affiliations to these variants will be characterized in the
future and create further complications with EV-J and mandrill
EV species assignments.

Overall, this study provides substantial new information on
the genetic diversity and prevalence of naturally occurring entero-
viruses in wild primate populations. It is increasingly clear that
relationships between variants infecting humans and nonhuman
primates are complex, notwithstanding the growing evidence for
zoonotic infections in both directions (12, 38) and continuing
uncertainty about the timescales for the original divergence of
types and species and appearance of interspecies chimeras. Under-
standing which genome regions ultimately determine host range
and disease outcomes are essential in assessment of the risk of
simian enteroviruses as potential zoonotic and pathogenic infec-
tions in humans.
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