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The term synanthropic describes organisms that thrive in human-altered habitats. Where synanthropic nonhuman primates
(NHP) share an ecological niche with humans, cross-species transmission of infectious agents can occur. In Bangladesh, synan-
thropic NHP are found in villages, densely populated cities, religious sites, and protected forest areas. NHP are also kept as per-
forming monkeys and pets. To investigate possible transmission of enteric picornaviruses between humans and NHP, we col-
lected fecal specimens from five NHP taxa at16 locations in Bangladesh during five field sessions, from January 2007 to June
2008. Specimens were screened using real-time PCR assays for the genera Enterovirus, Parechovirus, and Sapelovirus; PCR-posi-
tive samples were typed by VP1 sequencing. To compare picornavirus diversity between humans and NHP, the same assays were
applied to 211 human stool specimens collected in Bangladesh in 2007 to 2008 for acute flaccid paralysis surveillance. Picornavi-
ruses were detected in 78 of 677 (11.5%) NHP fecal samples. Twenty distinct human enterovirus (EV) serotypes, two bovine EV
types, six human parechovirus serotypes, and one virus related to Ljungan virus were identified. Twenty-five additional enterovi-

ruses and eight parechoviruses could not be typed. Comparison of the picornavirus serotypes detected in NHP specimens with
those detected in human specimens revealed considerable overlap. Strikingly, no known simian enteroviruses were detected
among these NHP populations. In conclusion, enteroviruses and parechoviruses may be transmitted between humans and
synanthropic NHP in Bangladesh, but the directionality of transmission is unknown. These findings may have important impli-

cations for the health of both human and NHP populations.

ross-species transmission of infectious agents occurs between

humans and several species of nonhuman primates (NHP) in
a variety of contexts and in diverse geographic areas (1-5). The
potential for cross-species transmission exists wherever humans
and NHP come into contact. Human-NHP interaction is com-
mon in Asia, particularly in Bangladesh, where humans and NHP
have lived sympatrically for centuries (6-9). The contexts of con-
tact between humans and NHP in Bangladesh are a microcosm of
what is seen in much of South and Southeast Asia. The rhesus
macaque, Macaca mulatta, is one of the most successful primates
on the planet. In Bangladesh, free-ranging rhesus macaques are
found in a broad range of habitats, from protected forests and
nature preserves, where there is little overlap with humans, to
rural villages, gardens, and religious sites and to densely populated
cities. This synanthropic monkey particularly thrives in human-
altered habitats. In the state of Uttar Pradesh in Northern India, it
is estimated that more than 80% of the rhesus population has
become “urbanized” in the past 2 decades (10). Rhesus macaques
are also commonly kept as pets and are transported around the
country as performing monkeys. Another synanthropic NHP, the
Hanuman langur, is found in association with humans in Bangla-
desh butis not nearly as successful, in terms of population size and
distribution, as the rhesus macaque.

Simian picornaviruses were first isolated in the 1950s from
macaques used in biomedical research and from primary monkey
cell cultures used in vaccine production (11-15). Most of these
picornaviruses are classified within the genus Enterovirus (EV),
with the rest in the genus Sapelovirus (16-19). In humans, EV may
cause illness ranging from undifferentiated fever and the common
cold to rashes, meningitis, encephalitis, acute flaccid paralysis, and
neonatal sepsis (20). There is serological evidence for cross-spe-
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cies transmission of enteroviruses between humans and NHP (21,
22), and human enteroviruses have occasionally been isolated
from NHP (23-25), but there are few data on enteroviral disease in
NHP. We recently identified an “unusual” group of human EVs
(EV76, EV89, EV90, and EV91), isolated from stool specimens of
children with acute flaccid paralysis in Bangladesh (26). These
viruses were more closely related to simian EV in the species En-
terovirus A than to other human viruses in the species, suggesting
that cross-species transmission of EVs may occur between hu-
mans and NHP in Bangladesh.

Several other enteric picornaviruses either have been detected
previously in NHP or could be expected to infect NHP based on
their relatedness to known simian and human picornaviruses.
Parechoviruses (PeVs) (genus Parechovirus) cause disease in hu-
mans, with a spectrum of illness similar to that of the human
enteroviruses (27). The single report of NHP infection with hu-
man parechoviruses (28) did not firmly link infection with dis-
ease. Similarly, one report suggested that infection with sapelovi-
ruses (genus Sapelovirus) may be associated with neurologic
disease in NHP, but the data were not conclusive (29). There are
no published data on the factors that influence parechovirus
transmission from humans to NHP or within NHP populations.

The objectives of this study were to determine the plausibility
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of human-NHP cross-species picornavirus transmission by de-
tecting and analyzing the picornavirus genome in NHP feces to
determine whether Bangladesh NHP are infected with EV76,
EV89, EV90, or EV91 and to determine the most likely context(s)
of human-NHP interaction to be involved in cross-species trans-
mission.

MATERIALS AND METHODS

Study sites and sample collection. The study protocol was approved by
the University of Washington Institutional Animal Care and Use Com-
mittee (approval number 4233-01). A total of 678 fecal specimens, repre-
senting five NHP taxa from a variety of contexts, were collected from 16
different locations in Bangladesh during January 2007, August 2007, No-
vember 2007, January 2008, and June 2008 (Fig. 1 and Tables 1 and 2).
Species, context of human contact, and global positioning system (GPS)
coordinates were recorded for each specimen. Fecal material was collected
only from freshly deposited stools. January to March is typically the low
season for enterovirus circulation among humans in Bangladesh, while
May to October is the high season (30). Human stool specimens were
collected in 2007 and 2008 during routine acute flaccid paralysis surveil-
lance activities, according to World Health Organization methods (31).
Poliovirus-positive stools were excluded from this convenience sample.
All specimens were kept cold and immediately frozen upon return from
the field. Samples were stored at —80°C until shipped on dry ice to At-
lanta, GA, for analysis.

Laboratory testing. RNA was extracted directly from 10% (wt/vol)
stool suspensions, as described previously (32), and tested for enterovirus
(EV), parechovirus (PeV), and sapelovirus by genus-specific TagMan
real-time reverse transcriptase PCR (RT-PCR) assays, targeting the 5’
nontranslated region (5" NTR) (Tables 3 to 5) (18, 33, 35). The reaction
conditions for3 the sapelovirus 5 NTR real-time primers (AN626 and
ANG628) and probe (AN627) were as described for the parechovirus assay
(37), except the thermocycler annealing and detection temperature was
set to 58°C rather than 60°C. In some cases, the 5 NTR real-time PCR
amplicon was sequenced and analyzed by a BLASTn query of GenBank to
eliminate the possibility of false-positive results and to confirm the iden-
tity of the targeted picornavirus genus.

Virus identifications of genus-specific real-time RT-PCR-positive
specimens were determined by nested or seminested RT-PCR targeting a
portion of the genome region encoding the VP1 capsid protein (Tables 3
and 4), followed by amplicon sequencing (32, 36). An additional human
PeV (HPeV) partial VP1 assay (does not amplify Ljungan virus species)
was used on a small number of specimens that yielded an unreadable
sequence with the complete VP1 assay (Tables 3 and 4). The cDNA reac-
tions for these specimens were performed as described previously for the
parechovirus complete VP1 assay (36). The PCRI reaction differed
slightly from the previously described parechovirus complete VP1 PCR1
assay in that the HPeV primers (AN486 and AN488) were used at 0.5 uM
in the final reaction volume of 50 p.l. Similarly, the HPeV PCR2 primers
(AN268 and AN489) were used at 0.4 uM in the final reaction volume of
50 pl. Thermocycler profiles for the HPeV partial VP1 assay were as de-
scribed for the EV partial VP1 assay (36). Virus type identity was deter-
mined by comparison of the VP1 amplicon nucleotide and deduced
amino acid sequences with the VP1 sequences of all the reference strains
for each virus genus by script-driven sequential pairwise comparison us-
ing the program Gap (Wisconsin Sequence Analysis Package, version
11.0; Accelrys, Inc., San Diego, CA) as described previously (32). For
viruses which appeared to represent unique virus types (<75% nucleotide
identity to all known types), complete VP1 sequences were determined
and analyzed as described previously (38). If the complete VP1 sequences
were still distinct from all known types, the sequence was forwarded to the
Picornaviridae Study Group of the International Committee for the Tax-
onomy of Viruses for registration of a new type.

VP1 nucleic acid sequences were aligned using the Pileup program
(Wisconsin Package), and phylogenetic relationships were inferred by the

January 2013 Volume 87 Number 1

Picornaviruses in Urban Primates, Bangladesh

neighbor-joining method implemented in MEGA, version 4.0 (39), using
the Kimura two-parameter method for computing evolutionary distances
(40). Regions containing alignment gaps were omitted from the analysis.
Support for specific tree topologies was estimated by bootstrap analysis
with 1,000 pseudoreplicate data sets. VP1 nucleotide sequence distances
were computed for picornavirus serotypes with multiple detections in
NHP (MegAlign program, DNAStar Lasergene 9 Core Suite, Madison,
WI). Different picornavirus lineages within a serotype were arbitrarily
defined as any two viruses (or virus groups) with <95% VP1 nucleotide
identity to one another, as described previously for polioviruses (41, 42).
Lineages are very closely related viruses with a recent common ancestor,
while viruses with >5% nucleotide differences are considered to be genet-
ically distant enough to be evolving independently.

Nucleotide sequence accession numbers. All VP1 sequences pro-
duced in this study were deposited in GenBank under the accession num-
bers JX538033 to JX538226 (enteroviruses) and JX565593 to JX565644
(parechoviruses).

RESULTS

A total of 678 fecal specimens were obtained from NHP (Table 1).
Rhesus macaques, the most widely distributed and most synan-
thropic NHP in Bangladesh, accounted for 618 (91.3%) of the
specimens. Hanuman langurs, capped langurs, hoolock gibbons,
and a pigtail macaque accounted for the remaining samples. Spec-
imens were obtained in the following six ecological contexts: ur-
ban (n = 431), shrine (n = 196), a tea garden (n = 16), performing
(n=11), pet (n = 2), and wild (n = 21) (Table 1).

Genus-specific real-time PCR assays were used to directly
screen RNA from fecal extracts for three human and simian en-
teric picornavirus genera (Enterovirus, Parechovirus, and Sapelovi-
rus). A total of 78 specimens were positive for at least one picor-
navirus by real-time PCR; 57 contained an enterovirus only, 18
contained a parechovirus only, and three specimens contained
both an enterovirus and a parechovirus (Table 6 and Fig. 1).
Sapeloviruses were not detected in any specimens. Picornavirus
was detected in 8.7% of rhesus macaque specimens, 16.2% of Ha-
numan langur specimens, and one capped langur and in every
context sampled except the tea garden (Tables 1 and 2).

The virus types present in the NHP stools were identified by
RT-PCR amplification and sequencing of a portion of the region
encoding the VP1 capsid protein (Table 6). Twenty-two distinct
EV serotypes were detected in the NHP specimens. Twenty types
were from three of the four known human enterovirus species,
represented by four types in the species Enterovirus A, 13 types in
the species Enterovirus B, and three types in the species Enterovirus
C (Table 6 and Fig. 2). For types detected in more than one spec-
imen (i.e., EV76, coxsackievirus B3 (CVB3), CVB6, echovirus 11
(E11), E19, E20, EV75, CVA19, and CVA24), the partial VP1 se-
quences from the same type were closely related to one another
when the viruses were from the same geographic location, setting,
and sampling period (CVA24, CVB3, EV76, CVB6, and CVA19;
range, 99.5 to 100% nucleotide identity) (Fig. 2). All the other
multiple-detection EVs with differences in geographic location,
setting, or sampling period showed greater VP1 diversity, with one
exception. The pair of E20 specimens collected 1 year apart from
Sylhet NHP were 99.1% identical. Of three shrine monkey E19
specimens collected from Sylhet, one pair collected at the same
time were identical but differed by 6.1% nucleotide identity from
the third sampled 1 year later. NHP E11 specimens, collected dur-
ing the same sampling period, from Sylhet and Nandarshar and in
different settings, differed by 13.3% nucleotide identity from each
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FIG 1 Distribution of sampling sites and picornavirus detection in fecal samples collected from NHP in Bangladesh, 2007 to 2008.

other and both differed by 24.3% nucleotide identity from the
prototype E11 (GenBank accession number X80059). EV75 spec-
imens from Sylhet and Dhamrai differed by 6.5% nucleotide iden-
tity. Two viruses were identified as bovine enteroviruses (BEV),
BEV1 and BEV2 (Table 6 and Fig. 2D). Twenty-five samples were
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positive in the EV real-time RT-PCR assay but negative for VP1, so
they could not be typed. The 5 NTR real-time PCR amplicons
were sequenced for these viruses. Searching the GenBank nonre-
dundant nucleotide database using the BLASTn algorithm, the 25
5" NTR sequences were split into two groups (data not shown).
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TABLE 1 Ecological context and sample size of feces collected from NHP species

No. of picornavirus-

Total no. positive fecal
Species Urban Shrine Tea garden Wwild Performing Pet of samples samples (%)
Capped langur (Trachypithecus pileatus) 0 0 6 13 0 0 19 1/19 (5.3%)
Hanuman langur (Semnopithecus entellus) 37 0 0 0 0 0 37 6/37 (16.2%)
Hoolock gibbon (Hylobates hoolock) 0 0 0 2 0 0 2 0/2
Pig-tailed macaque (Macaca leonina) 0 0 0 1 0 0 1 0/1
Rhesus macaque (M. mulatta) 394 196 10 5 11 2 618 71/618 (11.5%)
Total 431 196 16 21 11 2 677 78/677 (11.5%)

Seven specimens were clearly EV with the TagMan probe target
sequence fully conserved, while the other 18 nearly identical se-
quences were most consistent with EV and had two nucleotide
differences in the 3’ end of the TagMan probe target sequence.
The latter group of 18 viruses (all shrine rhesus macaques, with
9 stool samples from November 2007 and 9 stool samples from
January 2008) had divergent 5' NTR sequences, which may
indicate the presence of one or more novel EVs.

Twenty-one samples, all from rhesus macaques, were positive
for parechovirus by real-time RT-PCR. VP1 RT-PCR and se-
quencing identified five HPeV1, one HPeV4 (a mixture of HPeV4
and E11), one HPeV5, one HPeV12, three HPeV14, and one
HPeV15 (designated the prototype strain of this type) (Table 6
and Fig. 3). An additional eight samples were negative in the
parechovirus VP1 typing assay, one of which was a mixture of PeV
and EV75. Cycle threshold (C;) values for these eight specimens
ranged from 39 to 42, at or near the limit of detection of the
real-time and VP1 RT-PCR assays. Analyses of the 5 NTR
parechovirus real-time RT-PCR amplicon sequences by BLASTn
searches of the GenBank nonredundant nucleotide database
showed seven sequences most consistent with human parechovi-
ruses and one sequence (from a wild rhesus macaque) most con-
sistent with Ljungan virus, a rodent parechovirus. A single fecal
sample from an urban rhesus macaque yielded a partial VP1 se-
quence that was most similar to those of Ljungan viruses (56.6 to
59.9% nucleotide identity; 59.5% to 62.7% amino acid identity),
rather than to the HPeVs (45.5 to 51% nucleotide identity; 38.4%
to 44.5% amino acid identity). The genetic distance of this strain
from its nearest neighbor suggests that it is a new Ljungan virus
type (Fig. 3), but we have so far been unable to generate additional
capsid sequence to confirm this possibility. Strikingly, no known
simian EVs were identified in any of the NHP fecal samples
screened in this study (but see our accompanying paper for this
project, which characterizes EVs among NHP at the Dhaka Zoo
that were collected during the same sampling periods [43]).

In order to compare the NHP picornavirus flora to that of
surrounding human populations, we performed the same analy-
ses on 156 fecal specimens collected from Bangladeshi children
between 2007 and 2008 during routine surveillance for acute flac-
cid paralysis (Fig. 4). It should be noted that these human samples
were not collected in the same areas as the NHP sampling sites.
The types of EV detected in these human specimens were extraor-
dinarily diverse, with 75 types represented among the 156 sam-
ples. Similarly, 14 of 16 types of HPeV were identified from the 36
parechovirus-positive human specimens (Fig. 3). Nearly 75% of
the EV serotypes and 83% of the human parechovirus types de-
tected in the NHP samples were also detected in human stool
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samples. The two largest combined NHP/human EV groups were
EV76 (2 NHP and 13 human specimens) and CVA24 (3 NHP and
11 human specimens). The combined EV76 group consisted of
three lineages, the largest of which contained a pair of NHP spec-
imens and 10 human EV76 specimens (95 to 99.5% nucleotide
identity) (Fig. 2A). The large EV76 lineage was obtained from
widespread geographic locations and contained specimens from
two sampling periods approximately 1 year apart. Similarly, the
combined CVA24 group split into two lineages, the largest of
which consisted of all 3 NHP specimens (human companion rhe-
sus macaques, two pets and one performing) and 10 human
CVA24 specimens (97.8 to 100% nucleotide identity) (Fig. 2C).
The human CVA24-positive specimens were from widespread lo-
cations in Bangladesh and spanned two sampling periods about 1
year apart. At the opposite extreme, two NHP and two human E11
specimens from four different locations split into four distinct
lineages. The NHP E11 pair sampled at the same time differed by
13.3% nucleotide identity, while the human E11 pair sampled 1
year apart differed by 16.2% nucleotide identity. The NHP and
human E11 pairs differed by an average of 22.7% (Fig. 2B). Simi-
larly, for EV99, one NHP virus and nine human viruses split into
10 lineages, differing by 6.6 to 11.6% nucleotide identity (Fig. 2C).
Overall, 17 human EV types were detected in at least one NHP. Of
these 17 EVs, 10 EV types (59%) had at least one NHP/human
lineage (including EV90) (Fig. 2A to C). Of the 6 HPeV types that
were detected in NHP specimens, 5 were also found in human
specimens. NHP/human parechovirus lineages were observed in
four of five (80%) instances (HPeV1, -4, -5, and -14) (Fig. 3).
HPeV1 was the most common human virus found in NHP, with
six detections, including one mixture that also contained an EV.
Like the E11 and EV99 groups, the NHP/human HPeV5 group,
consisting of one NHP and four human specimens, exhibited con-
siderable genetic diversity, with four lineages (Fig. 3). Four human
rhinoviruses (HRV) were detected and identified in human stool
specimens (Fig. 4). No HRV were detected in NHP.

DISCUSSION

A growing body of research over the past decades has contributed
to our understanding of picornavirus infection in NHP. Experi-
mental infection has shown the capacity of Asian monkey species
to sustain infection with human enteroviruses (44—46), and nu-
merous studies have reported the presence of antibody to human
EV in a variety of NHP species in natural settings (21, 22).

A caveat of many of the cited serologic studies, however, is the
possibility that the observed reactivities could be attributed to
cross-reactivity following previous exposure to related simian EV.
Our study used molecular methods to conclusively document the
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TABLE 3 Enterovirus primers and probes used in the study

Picornaviruses in Urban Primates, Bangladesh

Primer Sequence Amino acid motif Gene Location” Reference
AN350 GGCCCCTGAATGCGGCTAATCC None 5" NTR 449-470 33,34
AN351 GCGATTGTCACCATWAGCAGYCA None 5" NTR 599-577 33,34
AN234 FAM-CCGACTACTTTGGGWGTCCGTGT-BHQ1 None 5" NTR 537-559 33,34
AN32 GTYTGCCA WQT VP1 3009-3002 32
AN33 GAYTGCCA WQS VP1 3009-3002 32
AN34 CCRTCRTA YDG VP1 3111-3104 32
AN35 RCTYTGCCA WQS VP1 3010-3002 32
224 GCIATGYTIGGIACICAYRT AMLGTH(I/L/M) VP3 1977-1996 32
222 CICCIGGIGGIAYRWACAT M(F/Y)(1/V)PPG(A/G) VP1 2969-2951 32
ANB89 CCAGCACTGACAGCAGYNGARAYNGG PALTA(A/V)E(I/T)G VP1 2602-2627 32
ANS8 TACTGGACCACCTGGNGGNAYRWACAT M(F/Y)(I/V)PPGGPV VP1 2977-2951 32

“ Location relative to the genome of PV1-Mahoney (GenBank accession number V01149).

presence of a wide range of human enteroviruses and parechovi-
ruses in NHP. With a population estimated at 158.5 million, a
growth rate of 1.6%, and an overall density of 1,101 persons per
km?, Bangladesh is one of the most densely populated countries in
the world. Bangladesh’s infrastructure is relatively undeveloped
and sanitation is poor in many areas (47). These conditions favor
efficient fecal-oral transmission of enteroviruses and other enteric
pathogens, resulting in a high rate of infection throughout most of
the country (26, 30, 48).

The close association of NHP and human populations in Ban-
gladesh provides conditions favorable for the interspecies trans-
mission of infectious agents. Rhesus macaques, in particular,
thrive in the human-altered habitats of villages, urban areas, or
religious sites found throughout Bangladesh. Macaque popula-
tion densities in these areas vary from a single troop of less than 20
animals to urban areas like Dhamrai and Bormi, where up to 200
monkeys may roam through the villages. Habitat destruction and
anthropogenic changes of the environment have dramatically re-
duced the ability of macaques to naturally disperse. Rhesus ma-
caques have a matrilineal social structure; subadult males are
forced from their natal group and are expected to seek out a new
home group. Most of the urban and village NHP populations that

TABLE 4 Parechovirus primers and probes used in the study

we sampled were effectively isolated by a lack of forested corridors
that would allow the natural dispersion and movement of male
macaques. Thus, man-made changes in the macaque habitat may
have tended, over time, to increase the amount of human/NHP
contact and hence the opportunity for cross-species disease trans-
mission.

While the population density of NHP species is much lower
than that of human populations, some of the same factors that
influence the risk of enteric infections in humans also apply to
NHP living in close association with humans. Macaques in Ban-
gladesh, and elsewhere throughout Asia, are notorious for their
boldness, particularly where there is competition over access to
food and water. The urban monkey’s motto could well be “what’s
mine is mine and what’s yours is mine,” a proclivity that increases
the likelihood that they come into contact with humans and the
by-products of human settlements, including waste. Therefore, it
is not surprising that we have detected human enteric viruses in a
significant proportion of the NHP specimens sampled. In fact, all
but two (both bovine viruses) of the enteric picornaviruses de-
tected in NHP whose habitats overlapped with humans (animals
in urban areas and religious sites and performing and pet mon-
keys) were serotypes that have been associated previously only

Amino acid Source or

Primer Sequence motif Gene Location” reference
AN344 GGCCCCWGRTCAGATCCAYAGT None 5" NTR 616-595 35

AN345 GTAACASWWGCCTCTGGGSCCAAAAG None 5" NTR 422-447 35

AN257 HEX-CCTRYGGGTACCTYCWGGGCATCCTTC-BHQI1 None 5" NTR 583-557 35
AN273 AARTAGTC DYF 2A 3236-3243 36

AN274 AARTAATC DYF 2A 32363243 36

AN275 TCRCAGTT NCE 2A 3309-3302 36

AN276 TCRCAATT NCE 2A 3309-3302 36

AN277 ATRAATTT KFI 2B 3564-3557 36
AN278 ATRAACTT KFI 2B 3564-3557 36
AN353 GACAATAGTTTTGAAATNACNATHCCNTA TIPY VP3 2126-2154 36

AN355 CTCCAACTATAATGCCATARTGYTTRTARAANCC GFYKH 2A 3119-3086 36

AN357 GAATAAAATGGTACTGANARNGTCATYTGYTC EQM(S/T)(F/L) VP1 2829-2798 36

AN358 AACTATAATGCCATARTGYTTRTARAANCC GFYKH 2A 3115-3086 36

AN369 ACCAAGGTTGACAACATTTTYGGNMGNGC FGRA VP1 2531-2559 36

AN486 GGIACIGGRAARAAIARRTTNGG PN(L/F)FFP VP1 2945-2967 This work
AN488 ACIASIGCICARGAYGAYGGNCC TSAQDDGP VP1 2435-2457 This work
AN489 GGTACTGACAGTGTCATCTGYTCNCCNGCNGG PAGEQM VP1 2789-2820 This work
AN268 ACCAAGGTAGACAACCTATTTGGNMGNGCNTGG GRAW VP1 2529-2563 This work

“ Location relative to the genome of HPeV1-Harris (GenBank accession number $45208).
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TABLE 5 Sapelovirus 5" NTR real-time (TagMan) RT-PCR primers and probe used in the study

Amino acid Source or
Primer Sequence motif Gene Location” reference
ANG626 TGGCGCATGCTCWTGGCATTAC None 5'NTR 567-588 18
ANG628 AGCAWTCCATGGGGGRTT None 5'NTR 703-686 18
ANG627 FAM-CCAGCCGCGRCCCTRTCAGGYAG-BHQ1 None 5'NTR 658-636 This work

@ Location relative to the genome of simian sapelovirus 1, strain 2383 (GenBank accession number AY064708).

with human infection and disease. These findings are consistent
with previous studies, demonstrating that NHP living in close
association with humans are at risk of infection with human
pathogens (1, 2,49). In contrast, of the 21 NHP living in protected
forests in this study, only three were picornavirus positive. Of
these, one virus was conclusively identified as a bovine EV, one
virus was most related to Ljungan virus (rodent parechovirus),
and the third virus was an unknown EV.

TABLE 6 Picornavirus serotypes detected in NHP fecal samples

No known simian picornaviruses were detected in NHP fecal
specimens tested for this study. We can offer a few possible expla-
nations for this finding. First, it is possible that efficient transmis-
sion of simian picornaviruses requires correspondingly higher
NHP population densities, as are found typically in zoos and re-
search colonies (21, 37, 50, 51). Indeed, in our accompanying
paper to this article, which analyzed fecal specimens from zoo
NHP in Bangladesh, we found that over 90% of EV detected were

No. of serotypes

Virus species Serotype detected NHP species Context
Enterovirus types
HEV-A CVA2 1 Rhesus macaque Urban
HEV-A CVA5 1 Rhesus macaque Shrine
HEV-A EV76 2 Rhesus macaque Urban
HEV-A EV90 1 Rhesus macaque Urban
HEV-B CVBI1 1 Rhesus macaque Urban
HEV-B CVB3 2 Rhesus macaque Urban
HEV-B CVB6 4 Hanuman langur Urban
HEV-B F11 24 Rhesus macaque Urban, shrine
HEV-B E19 3 Rhesus macaque Shrine
HEV-B E20 2 Rhesus macaque Shrine
HEV-B E21 1 Rhesus macaque Shrine
HEV-B E29 1 Rhesus macaque Shrine
HEV-B E33 1 Rhesus macaque Urban
HEV-B EV74 1 Rhesus macaque Shrine
HEV-B EV75 2t Rhesus macaque Urban, shrine
HEV-B EV97 1 Rhesus macaque Urban
HEV-B New-EV101 1 Rhesus macaque Urban
HEV-C CVAI9 2 Hanuman langur Urban
HEV-C CVA24 3 Rhesus macaque Pet, performing
HEV-C EV99 1 Rhesus macaque Urban
BEV BEV1 1 Rhesus macaque Urban
BEV BEV2 1 Capped langur Wwild
EV*? Not typed 7 Rhesus macaque Urban, shrine, wild
EV divergent® Not typed 18 Rhesus macaque Shrine
Parechovirus types
HPeV HPeV1 5¢ Rhesus macaque Urban, shrine
HPeV HPeV4 14 Rhesus macaque Urban
HPeV HPeV5 1 Rhesus macaque Shrine
HPeV HPeV12 1 Rhesus macaque Shrine
HPeV HPeV14 3 Rhesus macaque Urban
HPeV HPeV15 1 Rhesus macaque Shrine
PeV Not typed 8¢ Rhesus macaque Urban, shrine, wild
Ljungan virus Ljungan virus 1 Rhesus macaque Urban

@ EV was detected by real-time RT-PCR, but VP1 RT-PCR failed. 5 NTR sequence was consistent with the genus Enterovirus.
Y EV was detected by real-time RT-PCR, but VP1 RT-PCR failed. 5" NTR sequence was consistent with the genus Enterovirus, but two nucleotide mismatches in the probe target

sequence.
¢ One fecal sample contained a mixture of HPeV1 and an untyped EV.
@ One fecal sample contained a mixture of E11 and HPeV4.

¢ One fecal sample contained a mixture of EV75 and an untyped PeV.
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similar to simian EV serotypes previously identified in NHP (43).
Multiple-age caging and a high density within cages may create
favorable conditions for persistent EV cycling and variation by
interspecies transmission. All of these factors have been studied in
the context of closed-system, intensive “factory” farming, espe-
cially for poultry and swine (52-55). Moreover, picornavirus se-
rotypes detected in the zoo population tended to persist over time,
in contrast to the fluctuation in detection of specific types in the
free-ranging populations examined in the present paper. It is pos-
sible that simian picornaviruses may be better adapted to simian
hosts, while human viruses are less efficient at infection and trans-
mission in NHP and tend to be more efficiently eliminated.

The smaller numbers of human EV detections among zoo
NHP could also be explained by their relative lack of contact with
humans and human waste, compared to their free-ranging urban
counterparts. Although the zoo is situated in the heart of a densely
populated city, cages prevent the animals from having extensive
physical contact with humans and the by-products of human set-
tlement. In contrast, free-ranging urban NHP are immersed in the
Bangladeshi high-population density human milieu. These NHP
are partly dependent on humans for food through scavenging and
drinking water from urban environmental sources. Due to poor
sanitary conditions, the human environmental EV challenge is
probably continuous and high. Conceivably, the detection of no
known simian EVs in this study may have resulted from the sup-
planting of NHP viruses with human EVs in these isolated urban/
shrine NHP populations. One implication of this scenario is that
the direction of transmission in these contexts is mainly from
human to NHP. This study does not provide data suitable for
analyzing the efficiency of human EV horizontal transmission
within the urban/shrine NHP population.

The human stool specimens analyzed in this study were col-
lected during the same period, 2007 to 2008, in which our NHP
data were acquired, but at different locations and at different time
points: a convenience sample, we present these results for pur-
poses of general comparison. Though the two sample sets were not
collected in the same locations or at the same time points, they are
similar in both the total prevalence and diversity within each set
for EV and HPeV (75 EV types among 156 detections in humans
versus 25 EV types among 61 detections in NHP and 14 HPeV
types among 36 detections in humans versus 6 HPeV types among
13 detections in NHP) and also overlap significantly with respect
to picornavirus serotypes (Table 6 and Fig. 2 to 4). Of the 25
distinct EV serotypes detected in the NHP specimens, 16 appeared
in the human samples from the same period. Similarly, of the 6
HPeV types detected in the NHP specimens, 5 were identified in
the human specimens from the same period. The very close ge-
netic relationships (human/NHP lineages) between some of the
EV and HPeV types identified in humans and NHP further sup-
port the idea that there are shared local picornavirus reservoirs in
Bangladesh, from which both humans and NHP may become in-
fected. The genetic diversity observed in some of the other NHP/
human serotype groups (E11; four very divergent lineages) is ex-
pected in a tropical country with poor sanitation and is likely the
result of widespread, year-round circulation of EVs and HPeVs in
localized areas.

One of the original goals of the study was to seek the unusual
enteroviruses, EV76, EV89, EV90, and EV91, in NHP to deter-
mine whether they were simian viruses transmitted to humans.
EV76 and EV90 were detected in urban rhesus macaques but in
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FIG 2 Phylogenetic relationships of NHP and human enteroviruses from
Bangladesh based on an analysis of partial VP1 sequences. The trees were
generated by the neighbor-joining algorithm using the Kimura two-parameter
nucleotide substitution model (40) implemented in MEGA 4 (39). Bootstrap
values =80% are shown. Filled squares, sequences from simian samples; filled
circles, samples from human samples. Viruses in the species enterovirus A (A);
viruses in the species enterovirus B (B); viruses in the species enterovirus C (C);
viruses in the species enterovirus J (D).
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very small numbers, with only three detections total (Table 6 and
Fig. 1). EV76 was the most common picornavirus in the human
sample set (n = 13) and contained a large lineage with 10 human
specimens and both NHP EV76 specimens (95 to 99.5% nucleo-
tide identity). The three human specimens and one NHP EV90
specimen also formed a single lineage of very closely related vi-
ruses (98.3 to 99.7% nucleotide identity). Two EV89-positive hu-
man stool samples were found, but EV89 was not detected in the
NHP sample set. EV91 was not detected in either human or NHP
specimens. The VP1 genetic data imply that EV76 and EV90 are
circulating in humans and, at the very least, present in NHP. EV76
circulation in humans was widespread during this 2-year sam-
pling period, based on the number of detections and the distant
geographical locations around Bangladesh, where specimens were
collected. Harvala et al. recently demonstrated a high EV76 sero-
prevalence among adults in Cameroon and Zimbabwe, as well as
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among African Old World monkeys and chimpanzees (21). How-
ever, neither study can definitively demonstrate that EV76, EV89,
EV90, and EV91 are simian viruses that only recently infected
humans.

Enterovirus seasonality is less pronounced in tropical and sub-
tropical regions than in temperate climates, with peak human
transmission and clinical disease generally corresponding to the
wet season. Our detections in free-living NHP were generally con-
sistent with this observation, with detection rates in a narrow
range, from 6% during the dry season to 14% in August 2007,
during the height of the wet season (2).

The rangeof C; values, from 22 to 45, for EV and HPeV de-
tected by real-time PCR was similar to that observed when testing
human fecal samples with the same assays, in both the present
study and previous studies (34, 35). Although the assays were not
designed to be strictly quantitative, this finding suggests that hu-
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FIG 3 Phylogenetic relationships of NHP and human parechoviruses from Bangladesh based on an analysis of partial VP1 sequences. The trees were generated

by the neighbor-joining algorithm using the Kimura two-parameter nucleotide substitution model (40) implemented in MEGA 4 (39). Filled squares, sequences
from simian samples; filled circles, samples from human samples. Bootstrap values =80% are shown.
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FIG 4 Picornaviruses detected in stools of children identified during routine acute flaccid paralysis surveillance activities, 2007 to 2008. The data are grouped by four
regions of the country. Picornaviruses detected in this human sample set, which were also detected in the current study’s nonhuman primate (NHP) fecal samples, are
highlighted in red. Exploded pie pieces indicate those picornaviruses that were detected in both human and NHP samples collected in the same region.

man enteroviruses and parechoviruses probably replicate to sim-
ilar titers in the human and simian enteric tracts. Thus, one would
expect humans and NHP to transmit enteric picornaviruses at
similar rates. Given the poor sanitation conditions in Bangladesh,
this finding lends further support to the concept that humans and
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free-ranging NHP constitute a single reservoir from which both
humans and NHP can be infected. Although the comparison of
our NHP data set with a convenience human sampling provided a
significant amount of useful information, additional focused
studies are needed to assess the impact of enteric picornavirus
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infection on NHP health and the potential for NHP to participate
in picornavirus transmission or as a reservoir for human infec-
tion.
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