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Introduction

Diarrheal disease is a major cause of morbidity in

monkeys and is associated with high mortality in some

non-human primate colonies [19]. Monkeys housed in

colonies experience multiple episodes of diarrhea that

can affect the maintenance and use of these animals in

biomedical research. Bacteria, such as Campylobacter,

Shigella and Yersinia enterocolitica species, and para-

sites, including Cryptosporidium, are common and are
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Abstract

Background Diarrheal disease is a major cause of morbidity and mortality

in humans and animals, including non human primates. While the diagnos-

tics for gastrointestinal bacterial and parasitic pathogens and their etiologi-

cal role in disease are well established, little is known about the

epidemiology, prevalence and role of viral agents in diarrheal illness among

monkeys.

Methods We collected fecal specimens from monkeys with diarrhea that

were housed in two primate colonies, the Institute of Laboratory Animal

Sciences, Beijing, China and the Yerkes National Primate Research Center,

Georgia, USA. We screened these fecal specimens for rotaviruses and

enteric adenoviruses 40/41 by using commercial EIA kits (Rotaclone and

Adenoclone), enteroviruses by RT-PCR and Southern blot hybridization,

and picobirnaviruses by polyacrylamide gel electrophoresis and silver stain-

ing. Some of the specimens were examined by EM for coronaviruses and

noroviruses.

Results Of the 92 specimens from China, we found 63 (68%) positive for

viruses, including enteroviruses (52%), enteric adenoviruses (21%), rota-

viruses (20%), and picobirnaviruses (2%). Coronaviruses were detected in

some specimens. Mixed infection of two or more viral agents was seen in

23 (25%) specimens. In the US collection, we detected enteroviruses and

enteric adenoviruses in 76% (45/59) and 14% (7/50) of the specimens,

respectively. Electron microscopy showed norovirus-like particles in some

specimens from both colonies.

Conclusions Our findings indicate endemic infections with enteric viruses in

monkeys of both colonies. The availability of new simian rotaviruses,

enteric adenoviruses, enteroviruses, and coronaviruses and the discovery of

noroviruses and picobirnaviruses may allow us to develop better diagnos-

tics for these agents and determine which of these agents are clearly asso-

ciated with gastroenteritis in monkeys.
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recognized causes of enteric infection in monkeys [19,

22], but the role of viral agents has been less clearly

defined. No pathogens are identified in up to 69% of

fecal specimens from episodes of diarrhea, and the rate

of detection is especially low in neonates [19].

While the diagnostics for gastrointestinal bacterial

and parasitic pathogens and their etiological role in

disease are well established, there are few sensitive,

simple, and routine diagnostic assays for most simian

enteric viruses. Consequently, little is known about the

epidemiology, prevalence and causal role of viral

agents in diarrheal disease among monkeys. A surveil-

lance study conducted 28 years ago found that 12% of

the samples from captive Kenyan baboons in a pri-

mate colony contained enteroviruses and adenoviruses

[17]. Despite their widespread prevalence, enteroviruses

that grow well in the intestine are rarely associated

with disease in monkeys [10], although adenoviruses

are recognized as a cause of diarrhea in monkeys [22,

25]. Coronaviruses were common in normal and

diarrhea stools of monkeys in two US colonies but no

causal relationship with disease has been established

[18, 23]. Monkeys have high prevalences of antibodies

to rotaviruses, a major cause of infantile dehydrating

diarrhea and to noroviruses, which cause major out-

breaks of acute gastroenteritis in humans [1, 9, 12, 15].

However, rotaviruses are rarely detected and are not

considered a major cause of diarrhea in monkeys

although two simian strains, SA11 and RRV, are the

most widely used reference strains in laboratories

worldwide [11, 13, 19, 22, 25]. Noroviruses have not

yet been detected in monkeys.

In this study, we sought to detect viral agents in

fecal specimens collected from monkeys with diarrhea

in two major primate colonies, one in China and one

in the United States. Our goals were to investigate the

prevalence and epidemiology of each viral agent,

develop better diagnostic tools and examine the genetic

or evolutionary relationship between simian and

human viruses. We demonstrated a high prevalence of

viruses, predominantly enteroviruses, among monkeys

in the US colony and found a more diverse group of

viral agents, including enteroviruses, enteric adenovi-

ruses, rotaviruses, coronaviruses and picobirnaviruses,

among monkeys in China.

Materials and Methods

Primate colony and specimen collection

The Yerkes National Primate Research Center consists

of a main laboratory on the campus of Emory Univer-

sity in Atlanta, Georgia, and a field station in Lawrence-

ville, Georgia. The Center houses over 3000 animals in

seven species. From February 1999 to April 1999, fecal

specimens were collected from 41 rhesus and 12 pigtailed

macaques housed in the field station. All had diarrhea at

the time of specimen collection. The rhesus and pigtailed

macaques ranged in age from 10 months to 25 years

and from 6 months to 21 years, respectively.

Between February 2002 and January 2003, fecal or

rectal swab specimens were collected from rhesus,

cynomolgus and pigtailed monkeys with diarrhea

housed in the monkey farm of the Institute of Labor-

atory Animal Sciences, Chinese Academy of Medical

Sciences, near Beijing, China. These monkeys ranged

in age from 18 months to 14 years. All specimens were

stored at )70�C before testing.

Enzyme Immunoassay (EIA) and electron

microscopy (EM)

After each fecal specimen was diluted 10-fold in PBS,

the suspension was clarified by centrifugation at

2000 g for 10 minute in an AllegraTM 6R centrifuge

(Beckman Coulter, Fullerton, CA, USA). The superna-

tant was then transferred to a fresh tube and centri-

fuged at 5220 g for 10 minute in an Eppendorf

microfuge (model 5415; Westbury, NY, USA). Fecal

extracts were then tested for rotaviruses and enteric

adenoviruses using commercial EIA kits (Rotaclone

and Adenoclone 40/41; Meridian Diagnostics, Cincin-

nati, OH, USA) in accordance with the manufacturer’s

instructions. Rotaclone and Adenoclone 40/41 kits are

validated and highly specific diagnostic assays that

have a sensitivity of 5 · 105 and 8 · 103 particles/ml

for rotaviruses and enteric adenovirus serotypes 40

and 41 in stools, respectively. Some specimens were

examined by EM for the presence of enteric viruses.

Briefly, glow-discharge pre-treated formvar-carbon

coated grids were placed on drops (3–5 ll) of clarified
stool suspension and incubated at room temperature

for 10 minute. The grids were blotted on edge with fil-

ter paper and placed onto a 10-ll drop of 2% phos-

photungstic acid in water (pH 6.5) for 30 s. The grids

were then blotted again with filter paper and viewed in

a Philips 201 electron microscope (Philips Electron

Optics Inc., Einhoven, The Netherlands).

Polymerase chain reaction (PCR) and polyacrylamide

gel electrophoresis (PAGE)

Viral RNA or DNA was extracted from clarified stool

suspension using guanidine isothiocyanate and silica as

previously described [6]. RNA was examined for viral

agents using a one-step RT-PCR kit (QIAGEN Inc.,
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Valencia, CA, USA). For enteroviruses, primer pairs

299 (5¢-ACCGGATGGCCAATCCAA-3¢) at positions

642–625 and 300 (5¢-CCTCCGGCCCCTGAATG-3¢)
at positions 448–464 were used [21]. RT was conducted

at 42�C for 40 minute and PCR at 95�C for 15 minute,

followed by 35 cycles at 95�C for 30 s, 42�C for 30 s

and 72�C for 1.5 minute, and finally at 72�C for

7 minute. PCR products were electrophoresed in a

1.5% agarose gel and stained with ethidium bromide.

Southern hybridization and chemiluminescent detec-

tion were performed as previously described using a

digoxigenin-labeled oligonucleotide probe BMJ192 (5¢-
TCGTAATGGGTAACTCTG - 3¢) at positions 515–

532 [20]. Viral RNA or DNA samples were also

analyzed by 10% polyacrylamide gels, followed by

silver staining according to the manufacturer’s proto-

col (Bio-Rad, Hercules, CA, USA).

Results

The EIA screening of fecal specimens for rotaviruses

and enteric adenoviruses showed that the prevalence of

these viruses varied in the two colonies (Table 1). Of

the 92 fecal specimens from China, 18 (20%) tested

positive for rotaviruses and 19 (21%, the same 18 plus

another specimen) tested positive for enteric adenovi-

ruses 40 and 41. The prevalence of rotaviruses and

enteric adenoviruses was similar in rhesus and cyno-

molgus macaques. Of the specimens collected from

monkeys at the Yerkes colony, seven (19%) of 36 from

rhesus monkeys tested positive for enteric adenoviruses

40 and 41, whereas none of the nine specimens from

pigtailed macaques were positive for enteric adenovi-

ruses. No rotaviruses were detected in rhesus and pig-

tailed macaques in the Georgia facility.

We tested RNA samples by RT-PCR and Southern

hybridization for enteroviruses (Fig. 1) and found they

were common in monkeys with diarrhea in both colon-

ies (Table 1). Of 92 fecal specimens from China, 48

(52%) tested positive (prevalence of 100% in cynomol-

gus and pigtailed monkeys and 44% in rhesus maca-

ques). Forty-three (78%) of 55 fecal specimens from

the Yerkes colony tested positive, with a similar high

prevalence in rhesus and pigtailed macaques.

To determine whether virus infections are age

dependent, we analyzed the prevalence of rotaviruses,

enteric adenoviruses, and enteroviruses in monkeys

from China by age group (Table 2). Rotaviruses and

enteric adenoviruses were slightly more common in

monkeys aged 1–5 years than in those ‡5 years of age.

Table 1 Detection of viral agents in fecal

specimens of monkeys with diarrhea by

location and species
Location,

species

No. of

specimens

% Prevalence of viruses (no. positive/no. tested)

RV EAV EV PV CV

Monkey Farm, Beijing, China

Rhesus 79 20 (16/79) 22 (17/79) 44 (35/79) 3 (2/79) 25 (3/12)

Cynomolgus 10 20 (2/10) 20 (2/10) 100 (10/10) 0 ND

Pigtail 3 0 0 100 (3/3) 0 100 (1/1)

Total 92 20 (18/92) 21 (19/92) 52 (48/92) 2 (2/92) 31 (4/13)

Yerkes, Georgia, USA

Rhesus 50 0 (0/48) 19 (7/36) 81 (35/43) ND ND

Pigtail 12 0 (0/12) 0 (0/9) 67 (8/12) ND ND

Total 62 0 (0/60) 16 (7/45) 78 (43/55)

RV, rotavirus; EAV, enteric adenovirus; EV, enterovirus; PV, picobirnavirus; CV, coronavirus;

ND, not done.

Fig. 1 Detection of enteroviruses by RT-PCR and Southern hybrid-

ization. PCR products were analyzed on 1.5% agarose gels, stained

with ethidium bromide, transferred to nylon membranes and hybrid-

ized with a digoxigenin-labeled oligonucleotide probe as described

in the text. Lanes are as follows: 1, molecular size markers; 2, H2O

control; and 3–13, fecal specimens from 11 monkeys with diarrhea.

Table 2 Detection of viral agents in fecal specimens of monkeys

with diarrhea in a Beijing colony by age

Age

(year)

No. of

specimens

% Prevalence (no. positive/no. tested)

Enterovirus Enteric adenovirus Rotavirus

1–2 9 67 (6/9) 22 (2/9) 22 (2/9)

2–3 28 54 (15/28) 25 (7/28) 25 (7/28)

3–4 24 50 (12/24) 25 (6/24) 25 (6/24)

4–5 12 50 (6/12) 17 (2/12) 17 (2/12)

‡5 19 47 (9/19) 11 (2/19) 5 (1/19)

Total 92 52 (48/92) 21 (19/92) 20 (18/92)
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The prevalence of enteroviruses was high (47–67%) in

all monkeys regardless of age.

Selected fecal specimens from China were also exam-

ined by EM for the presence of enteric viruses (Fig. 2).

Rotavirus-like particles, adenoviruses, coronaviruses,

norovirus-like particles, enteroviruses and picobirnavi-

ruses were observed in fecal specimens of some mon-

keys with diarrhea. Of note, rotavirus-like particles

appeared empty and atypical. Enteric adenoviruses,

enteroviruses and norovirus-like particles were also

observed in fecal specimens of some monkeys with

diarrhea in the Yerkes colony but no rotaviruses and

coronaviruses were seen.

Nucleic acids extracted from fecal specimens of

monkeys in the Chinese colony were further analyzed

by PAGE to detect enteric viruses (Fig. 3). Two (2%)

of 92 samples had a genome of two segments, with size

similar to those of human and rabbit picobirnaviruses

[4, 7]. No RNA profiles typical of rotavirus electro-

pherotype were seen in any of the specimens tested

(data not shown).

Mixed infections with different enteric viruses were

relatively common in monkeys with diarrhea (Fig. 4).

Of the 92 specimens from China that were examined

for rotaviruses, enteric adenoviruses, enteroviruses, pic-

obirnaviruses or coronaviruses, 41 samples (45%) had

one virus, 15 (16%) had two different viruses and six

(7%) had three different viruses. One monkey had a

mixed infection with four different viruses. No virus

was detected in 29 specimens (31%).

Discussion

The continuing and expanded use of monkey models

in biomedical research requires working with animals

Fig. 2 Electron micrographs of enteric viruses in fecal specimens

of monkeys with diarrhea in China. Specimens were examined by

EM for the presence of viruses as described in the text. Shown are

a rotavirus-like particle (A), adenovirus (B), coronavirus (C), norovi-

rus-like particle (D), enterovirus (E), and picobirnavirus (F). Bar ¼
100 nm.

1                 2                3 

Fig. 3 Genomic profiles of picobirnaviruses from monkeys with

diarrhea in China. Viral RNA was analyzed by PAGE and silver stain-

ing. Lanes are as follows: 1, rotavirus RRV control and 2 and 3,

picobirnavirus in fecal specimens of two monkeys with diarrhea.

31%16%

7%
1%

None

One

Two

Three

Four 

45%

Fig. 4 Profiles of virus infections in monkeys with diarrhea. Fecal

specimens from monkeys with diarrhea in China were examined

for enteric viruses as described in the text. Shown are the percent-

ages of specimens that tested positive for single or multiple enteric

viruses. No viruses were detected in 31% of the specimens.
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whose exposures to infectious agents are limited and

well defined [14, 16, 26, 29, 30]. Because acute and

chronic diarrhea is common in monkeys and poses a

major problem for the management of primate facilit-

ies, we surveyed viral agents in fecal specimens of

monkeys with diarrhea in the two major breeding and

research colonies in China and the United States. We

found a relatively high prevalence of enteroviruses and

enteric adenoviruses in both colonies. These results are

similar to those of an earlier study in which infections

with enteroviruses and enteric adenoviruses were found

to be common in captive normal and sick baboons in

a Texas primate facility [17]. We did not detect rotavi-

ruses in fecal specimens of monkeys with diarrhea in

Georgia (Yerkes colony). This finding, together with

results of our recent 2-year survey [9], indicates that

rotavirus is not a major cause of diarrhea among older

moneys in the colony. A previous study also failed to

identify rotavirus as a major cause of gastroenteritis in

infant, juvenile and adult monkeys in a primate colony

in California [25]. In contrast, rotaviruses were relat-

ively common among monkeys with diarrhea in the

Chinese colony and were exclusively associated with

the presence of enteric adenoviruses in fecal specimens.

Furthermore, by EM, rotaviruses appeared as empty

and severely damaged particles, an observation that is

supported by our failure to detect viral RNA by

PAGE. It is an interesting and novel observation that

group A rotaviruses appeared unstable and atypical in

stools of monkeys with diarrhea. Whether this lack of

particle stability explains the discrepancy in the detec-

tion of rotavirus and antibody in monkeys needs fur-

ther investigation.

We recently documented the high prevalence of

norovirus antibody in serum of monkeys in the Yer-

kes colony [9]. The present study identified the pres-

ence of norovirus-like particles in some fecal

specimens of monkeys with diarrhea in both the Chi-

nese and American colonies. We tried to confirm

noroviruses by RT-PCR using primers specific for

human noroviruses [3, 8] but were not successful.

Because of the lack of sensitive and specific diagnostic

assays (e.g. EIA and PCR) for simian noroviruses, the

prevalence of noroviruses in monkeys remains

unknown. Given the sensitivity of 105 to 106 parti-

cles/ml by EM [5], the concentration of this simian

virus in original stools should be at least 106 viral

particles. The detection of noroviruses is highly signi-

ficant because we now can perform biochemical and

molecular characterization of the virus and attempt

to isolate it in cell culture. Furthermore, the availab-

ility of this simian virus may allow us to develop a

challenge model to study the pathogenesis and

immunity of norovirus diarrhea and to test potential

human norovirus vaccines, similar to our recent rota-

virus studies [28, 29].

To our knowledge, this study is the first to detect

picobirnaviruses in fecal specimens of monkeys with

diarrhea. This finding further expands the host range

of this virus from rats, rabbits, chickens, pigs, calves

and humans. Future studies will examine the genetic

and antigenic relatedness of this simian virus with

other picobirnaviruses and to see if this virus might be

pathogenic in monkeys. We also observed by EM cor-

onaviruses in fecal specimens of monkeys with diar-

rhea from China. However, because we did not test all

of the specimens by EM we were not able to reliably

assess the prevalence of this virus in the primate

colony. Of note, people with severe acute respiratory

syndrome (SARS) that were first reported in China

had diarrhea as a common clinical symptom [2, 24].

SARS coronavirus has been detected in the sewage

from hospitals where SARS patients were treated [27].

Whether these simian coronaviruses are genetically

related to human SARS coronaviruses needs to be

investigated. Availability of a simian coronavirus will

greatly facilitate the study of infection and disease in

the gastrointestinal or respiratory tract and the devel-

opment of vaccines against this virus in a monkey

challenge model.

Our study is subject to several limitations. We

determined the prevalence of rotaviruses, enteric

adenoviruses and enteroviruses utilizing the two relat-

ively sensitive and specific commercial EIA kits and

molecular diagnostic tools adapted from a previous

study (21). While EIA Rotaclone detects both human

and animal rotaviruses, Adenoclone-Type 40/41 is

intended for the detection of enteric adenovirus sero-

types 40 and 41 in human fecal specimens. This

means we might have missed other or previously

unidentified simian adenoviruses. Because of the relat-

ively high rate of mixed virus infection and the lack

of fecal specimens from clinically healthy monkeys,

we were not able to establish a causal relationship

between a specific viral agent and diarrhea in these

juvenile and adult monkeys. Additional studies should

address the prevalence of these enteric viruses and

their role in diarrheal disease among infant and

young monkeys. We could not examine the seasonality

of virus infection because fecal specimens were not

collected every month. Whether our observation of a

less diverse group of viral agents in the Yerkes col-

ony reflects the shorter period of sample collection

remains to be determined. Despite these limitations,

this pilot study indicates that multiple enteric viruses

circulate in monkeys with diarrhea in two major

Wang et al. Viral agents in monkeys
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research primate colonies. The high prevalence of

these viruses poses a serious problem for the manage-

ment of breeding colonies and may have a negative

and unforeseen influence on the nature and quality of

data resulting from the use of these monkeys in bio-

medical research. Studies are under way to further

characterize these diverse enteric viruses, including

determination of species, serotypes, or genotypes for

enteroviruses, enteric adenoviruses and noroviruses.

There is also a need for sensitive and specific diag-

nostics that will further increase our understanding of

the biology and evolution of simian enteric viruses

and may lead to better management and prevention

of acute and chronic diarrhea among monkeys in pri-

mate facilities.
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