
ABSTRACT 

WHITTIER, CHRISTOPHER ALAN.  Diagnostics and Epidemiology of Infectious 
Agents in Mountain Gorillas.  (Under the direction of Michael K. Stoskopf and 
Barrett D. Slenning.) 

 

Infectious diseases are one of the major threats to remaining populations of 

free-ranging great apes.  Infections from humans are a particular concern because of 

increasing contact between apes and human researchers, tourists, and local 

communities.  This study advances our understanding of infectious disease risks to 

free-ranging mountain gorillas (Gorilla beringei beringei) by developing and 

utilizing improved noninvasive diagnostics to survey wild gorillas; performing 

serosurveys of gorillas and locally confiscated primates to identify exposure patterns; 

and designing a disease transmission model to better evaluate and predict pathogen 

spread and epidemic outcomes in the mountain gorilla population. 

The risk from human and any other infections to wild apes is difficult to 

quantify partly because of limited diagnostic sampling.  Sample collection is often 

restricted by the challenges of sampling free-ranging apes, while sample analysis can 

be constrained by storage and shipping protocols that often require fresh or frozen 

samples.  This study expands diagnostic capabilities by showing that non-invasively 

collected gorilla fecal samples can be stored in guanidine isothiocyanate solution at 

room temperature for six months and allow diagnostic detection of rotavirus RNA by 

polymerase chain reaction (PCR).  Additionally it demonstrates that advanced 

molecular diagnostics using real-time PCR technology can be performed directly in 

the field thereby bypassing the need for sample preservation and shipping.  This 
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study used a portable real-time PCR instrument to detect an 87% prevalence of a 

Campylobacter spp. in 157 fecal samples, and to further reveal that this gorilla 

Campylobacter spp. appears to be a novel isolate. 

Using opportunistically collected blood samples, free-ranging mountain gorillas 

(N=57) are shown to be exposed to 19 of 37 viral and bacterial pathogens assayed 

including many that are prevalent in local human populations.  Evidence of exposure 

from local human populations is further confirmed by a companion survey of 31 

confiscated gorillas and other nonhuman primates.  The survey documented cases of 

seroconversion associated with captivity and in some cases with only human contact, 

in 2 subspecies of gorillas and 3 species of other primates. 

The infectious disease outbreak model developed in this study demonstrates the 

importance of modeling the mountain gorilla population as a realistic network of 

interconnected groups.  The model shows that, in the absence of humans, the known 

low gorilla intergroup contact rates severely restrict the spread of infection between 

gorilla groups.  More significantly, the model suggests that even a small group of 

regular human visitors with limited gorilla contact can facilitate the spread of 

infections between gorilla groups and thereby increase gorilla population outbreak 

levels.
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DEDICATION 

 
 

“In wildness is the preservation of the world.” 

- Henry David Thoreau 

  

 

“Only if we understand can we care.  

Only if we care will we help.  

Only if we help shall they be saved.”  

& 

“The greatest danger to our future is apathy.” 

-Jane Goodall 

 

 

“Doctor, these animals are dirty… and they carry communicable diseases.  Why 

aren’t they cleaned up before they’re brought here?” 

-Dr. Galen, examining humans in ‘Planet of the Apes’ (1968) 
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BIOGRAPHY 

 

I was raised in the small rural community of South Conway in the White 

Mountains of New Hampshire.  Growing up with my two sisters I had the good 

fortune of being the same age and sex as most of the few (and not very near) 

neighboring kids.  With them and oftentimes alone, I spent most of my time playing 

in the woods, being fascinated by wild animals, and helping take care of the 

menagerie we kept on our small family farm.  I am one of the few veterinarians I 

know who never considered the profession until I was in college, although I was 

always involved with animals and the great outdoors and I remember expressing an 

early interest in being a “scientist.” 

Where or when my fascination with primates and gorillas started I cannot 

explain, but I do know a small plastic gorilla toy figured prominently at a very young 

age.  I would like to believe that spark was augmented by early interest in the 

pioneering work of Dian Fossey and Jane Goodall that influenced many kids of my 

generation.  I suspect, however, that the Planet of the Apes and King Kong were 

probably more influential.  At some stage I began to dream of running off to Africa to 

at least see, if not work with, gorillas and other exotic animals I was unable to find in 

the New England woods- as hard as I looked. 

I was very fortunate to find my way into outstanding educational institutions 

for high school and college, which allowed me the opportunity to vastly broaden my 

horizons.  After a detour towards engineering I eventually rekindled my childhood 
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interests and spent a year in Africa studying abroad in Tanzania.  It was during that 

year that I decided to pursue a career as a wildlife veterinarian.  I visited many 

primate research field sites, including spending my ‘spring break’ in Rwanda where I 

visited the gorillas and received frank and useful career advice (and warnings) from 

Liz MacFie, who was the MGVP field veterinarian.  

Upon completing my undergraduate career with degrees in biology and studio 

art, and relaxing for a year of deferred acceptance, I entered veterinary school with 

only a wildlife career in mind.  I maximized my opportunities by spending two 

summers and a senior rotation back in Tanzania researching pathogen transmission 

between humans and wild chimpanzees.  That work led to a DVM thesis project and 

eventually, after an unexpectedly wonderful year in small animal practice, to the PhD 

research that I present here. 
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CHAPTER 1 

 

INTRODUCTION 

 

Interspecies disease transmission 

The transmission of infectious diseases between humans and other animals has been 

recognized for centuries.  Animal pathogens that pose a public health risk are 

relatively well known while human diseases that may infect other animals are less 

recognized.  Nonhuman primates, and great apes in particular, may be at higher risk 

of contracting human infections because of their close genetic relationship (Fiennes, 

1967; Janssen, 1993; Ott-Joslin, 1993).  Many lessons have been learned regarding 

the keeping of primates in zoo and laboratory settings where they may be regularly 

exposed to human infectious agents.  In the wild, however, where humans from 

around the globe have increasing contact with many great ape populations, the 

potential transmission of human infections to apes has only recently begun to attract 

attention (Ashford et al., 1990; Wallis and Lee, 1999; Wolfe et al., 1998; Woodford et 

al., 2002). 

 

The risk of disease transmission between humans and other great apes (from here 

on just “apes”) in the wild remains poorly understood for a number of reasons.  Field 

site managers typically aim to minimize the disturbance of ape populations, which 

can inhibit the collection of infectious disease data.  Even without such restrictions 
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biological sampling is challenging because of the social nature of most apes, the 

infrequency of recovering dead bodies in a timely manner, the physical danger of 

working closely with such strong animals, the risks of anesthetizing or immobilizing 

wild animals in remote settings, and the lack of trained veterinary personnel at most 

field sites (Leendertz, 2006; MGVP Inc. and WCS, 2007).  Noninvasively collected 

samples, like feces, urine, saliva, and sometimes hair, circumvent some of these 

challenges but are normally only opportunistically available and not always 

attributable to targeted or even identified individuals.  Most field sites are also 

remote and therefore have little access to diagnostic facilities, or the means of 

properly storing and transporting biological specimens (e.g. ultra-low temperature 

freezers, dry ice, liquid nitrogen, etc).  Disease research on free-ranging or ‘wild’ apes 

is also constrained by the few diagnostic tests that have been properly validated for 

use on samples collected from great apes.  Finally, some people involved in field 

research with wild apes may choose not to acknowledge the impact they might be 

having on the health of their study populations and might therefore ignore or bias 

the investigation of interspecies disease transmission. 

 

Epidemiologic Terminology 

In discussing disease transmission we must first have a clear understanding of 

certain terms.  A disease is a pathological condition of a part, an organ, or a system 

of an organism resulting from various causes, such as infection, genetic defect, or 

environmental stress, and characterized by an identifiable group of signs or 
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symptoms (ASP, 2002).  An infection is the entry of an infectious agent into the body 

that may be inapparent (inapparent, asymptomatic, incidental, or occult infection) 

or may be manifested clinically (e.g. symptomatic, clinical, infectious disease) (Acha 

and Szyfres, 1987).  An infectious agent or pathogen is an organism (e.g. virus, 

bacteria, helminth) that is capable of producing infection or infectious disease (Acha 

and Szyfres, 1987).  This designation refers to specific host-agent relationships 

because there are agents that cause disease is some species but not in others (e.g. 

herpes viruses in primates).  Even with the wealth of knowledge we have gained from 

laboratory and zoo apes, questions remain about the ability of certain human agents 

to cause disease in apes (and vice versa), especially in natural conditions.  Here I will 

generally refer to infectious diseases and infectious disease agents interchangeably 

and unless otherwise stated will assume that those agents that can cause disease in 

humans can also cause disease in apes. 

 

The discussion of disease transmission between humans and other animals has been 

confused by lack of consistent terminology.  For practical reasons humans have 

separated ourselves from the animal kingdom to classify infectious agents based on 

the agents’ relationships to humans versus other animals.  Terms applied to 

infectious disease transmission may be based on which species are the natural host 

or reservoir of the disease (versus an incidental host), or based on which direction 

the disease is transmitted.  Historically, a nonhuman animal disease that can be 

naturally transmitted to humans has been termed a zoonosis (plural zoonoses) and 
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the transmission of such a disease is called zoonotic (Fiennes, 1967).  Likewise, a 

disease of humans that can be transmitted to other animals is sometimes termed an 

anthroponosis.  Using these definitions, however, we lack a word for the combined 

collection of these diseases as well as those from mixed or uncertain sources but that 

are known to be transmitted back and forth between humans and other animals.  

Here I choose the broader, WHO/FAO Expert Committee on Zoonoses definition of 

zoonoses to mean those diseases and infections naturally transmitted between 

vertebrate animals and humans (World Health Organization, 1959).  Using this 

broad definition some have argued that one should rely on the specific terms 

anthropozoonosis and zooanthroponosis to define the direction of transmission 

(Nelson, 1960).  Yet, even these terms are not uniformly used as anthropozoonoses 

has been used both for diseases transmissible between man and other animals (Ott-

Joslin, 1993), and for diseases of animals transmissible to humans (see Nelson, 1960, 

and subsequent editorial discussions).  This project was focused on health risks that 

humans may pose to wild apes.  Therefore most attention is on those infectious 

agents that can pass from humans to other primates, which I refer to simply as 

zoonoses while others might call them anthroponoses.  It must be stressed that there 

are certainly a number of very serious zoonoses that humans can contract from 

nonhuman primates in the wild (Kalter and Heberling, 1990a; Ott-Joslin, 1993). 

 

To understand and evaluate the risks of disease transmission one must also have 

some knowledge of the routes by which those diseases or agents are transmitted.  
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Vertical transmission refers to passage from mother to offspring while horizontal 

transmission refers to infection passing between individuals in a population.  Within 

the horizontal mode, we generally speak of direct and indirect transmission.  Direct 

routes include contact transmission by touching, biting, kissing, or sexual contact as 

well as direct projection of droplets containing the infectious agent.  Projection 

routes include sneezing, coughing, spitting, and vocalizing.  Indirect transmission 

can be by vehicle or fomite (inanimate object), vector (living organism), or through 

the air (airborne).  Fecal-oral transmission is usually considered to be indirect 

vehicle transmission.  It should be noted that some infectious agents are spread by 

multiple routes, usually with varying efficacy, that usually depend on the agent’s 

ability to survive under different environmental conditions (Acha and Szyfres, 1987).     

 

An understanding of disease timelines and disease states is also important.  Upon 

being infected, many agents undergo an incubation period during which they may be 

replicating and spreading but not causing any outward signs.  For many infectious 

agents, there is a window of time called a communicable period during which an 

infected animal is able to pass the agent on to others.  For some agents this period 

may be long before any clinical symptoms are apparent in the infected host.  

Similarly, some infected animals may be become permanent or long term carriers 

(or chronic carriers) of infectious agents and unknowingly spread these agents 

continually or periodically.  It should be noted that incubation and communicable 

periods can and do vary between species infected with the same agent, and that these 
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terms are most often used in reference to viral infections, which tend to be less 

variable in their course than bacterial infections (Brack, 1987).  The words outbreak, 

endemic and epidemic refer the occurrence of diseases in populations.  Endemic 

diseases are those that are consistently present in a given population while outbreaks 

or epidemics are occurrences of a infections in excess of expectancy (Acha and 

Szyfres, 1987).  Similar terms are used for the origin of infection with endogenous 

meaning pathogens that are commonly found within populations and may not cause 

disease, whereas exogenous refers to pathogens that are not normally present in the 

host (Thrusfield, 1995).   

 

Diseases of concern for wild apes 

A number of excellent general reviews have been written on infectious diseases in 

primates or great apes in particular (Bennett et al., 1998; Brack, 1987; Fiennes, 1967; 

Homsy, 1999; Loomis, 2003).  Here I will briefly summarize the important disease 

categories and some pathogens of particular concern to wild ape populations.  

Additional descriptions of specific infections in mountain gorillas are presented in 

the individual chapter introductions that follow.  

 

Broadly, infectious diseases are usually categorized by the taxa of the infectious 

agents with the major groups being parasites (usually reserved for protozoa and 

multi-cellular organisms), bacteria, and viruses.  Parasitic diseases can be divided 

into those parasites that infect the inside of the body, endoparasites, and those 
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which infect the outside of the body, ectoparasites.  Ectoparasite infections (usually 

arthropods) were historically considered to be of little consequence to wild apes until 

scabies (Sarcoptes spp.) epidemics were recently documented among different ape 

populations (Graczyk et al., 2001b; Kalema-Zikusoka et al., 2002; Pusey, 1998).  

Although the exact origin of the parasites has not been definitively shown, as is 

usually the case in field settings, there is circumstantial evidence that at least one 

epidemic coincided with local human scabies cases (Graczyk et al., 2001b).      

 

Of all infectious organisms, endoparasites are by far the best documented in wild 

apes because of the relative ease of collecting and analyzing fecal specimens (Ashford 

et al., 1990; Gillespie, 2006; Murray et al., 2000; Nizeyi et al., 1999; Sleeman et al., 

2000).  Unfortunately, the health effects and endemism of many gastrointestinal 

parasite infections in wild apes are not well understood.  Moreover the simple 

morphological analysis of parasites and their ova may not fully distinguish between 

different parasites that are morphologically identical under the microscope 

(Eberhard et al., 1999).  From zoo and laboratory collections there is good evidence, 

however, that a number of zoonotic parasites are potentially harmful to apes 

(Fiennes, 1967; Rewell, 1969; Toft and Eberhard, 1998).  

 

Shared intestinal parasite infections among wild apes and neighboring human 

populations have been documented at a number of field sites (Ashford et al., 1990; 

Graczyk et al., 2002a; Graczyk et al., 2002c; Lilly et al., 2002).  The majority of 
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intestinal parasites are spread indirectly by fecal contamination of water, food and 

soil.  Presumably, if these infections are indeed being transmitted from humans, it is 

due to inadequate human waste disposal or lack of human hygiene, which may allow 

contamination of provisioned food items or environmental sites.  Apes may also 

travel or forage into human areas where human waste is not properly covered or is 

sometimes used to fertilize crops (Duncker et al., 2007; Homsy, 1999; Litchfield, 

2007).   

 

Bacteria range widely in their ability to survive in different environments and 

therefore in their ability to be spread by different means.  Many bacteria are also 

opportunistic and may be endemic but capable of causing severe disease under 

certain conditions (Gibson, 1998; Ott-Joslin, 1993).  These organisms require more 

sophisticated means of detection and identification than parasites (which can often 

be identified with a microscope), making diagnosing a specific bacterial infection 

comparatively difficult.  Bacterial infections can be divided according to which body 

systems they affect, most commonly respiratory, gastrointestinal, cutaneous, or 

systemic.  Some bacteria, such as Salmonella and Shigella, generally affect the 

gastrointestinal tract and can cause severe diarrhea but may also spread to other 

tissues, causing serious and fatal systemic infections (Gibson, 1998; Loomis, 2003; 

Ott-Joslin, 1993).   Other important zoonotic gastrointestinal bacteria in apes that 

are capable of causing serious diarrhea include Yersinia, Pseudomonas, and 
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Campylobacter, the last of which we chose as one target organism for this study 

(Loomis, 2003; Ott-Joslin, 1993). 

 

Respiratory diseases are a major cause of morbidity and mortality in wild apes (Kaur 

et al., 2008; MGVP Inc. and WCS, 2007; Williams et al., 2008).  While 

environmental factors and underlying viral infections are often important 

components of respiratory disease, bacterial infections are usually the most 

important cause of illness (Janssen, 1993; Loomis, 2003; Ott-Joslin, 1993).  

Experimental and natural infections have been demonstrated in apes with a wide 

range of respiratory bacteria.  Although many of these agents are ubiquitous in 

nature and possibly endemic in wild ape communities, the potential introduction of 

virulent forms from the more broadly mixing and traveling human population is a 

clear risk.  Some of the more common and/or serious agents include Mycoplasma, 

Hemophilus, Klebsiella, Pasteurella, Pseudomonas, Pneumococcus, Streptococcus 

and Staphylococcus (Osborn and Lowenstine, 1998; Ott-Joslin, 1993).  The ability of 

these agents to cause clinical disease in humans or other apes depends on numerous 

factors, many of which are not fully understood.  Some of the rare cases of wild ape 

respiratory illness that have received diagnostic evaluation have primarily identified 

bacterial infections, however, underlying viral infections have usually not been well 

evaluated because of the diagnostic difficulties mentioned earlier (Hanamura et al., 

2008; Hastings, 1991; Kondgen et al., 2008; Leendertz, 2006; Mountain Gorilla 

Veterinary Project Inc.) 
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One of the most important and feared human diseases that can infect other primates 

is tuberculosis, which is caused by the bacteria comprising the Mycobacterium 

tuberculosis complex (Montali et al., 2001; Wayne and Kubica, 1986).  Tuberculosis  

will likely be of growing concern because of the widespread immuno-suppression 

resulting from the epidemic spread of HIV infection and AIDS in African human 

populations (Maher et al., 2005; Schulzer et al., 1992).  Mycobacteria are usually 

spread by inhalation of fine particles shed from the respiratory tract of infected 

individuals but can be transmitted by ingestion, direct contact, and contact with 

fomites.  They are capable of surviving in sputum for more than a day, even when 

exposed to ultraviolet or sunlight (Bielitzki, 1999).  In humans and apes infection 

with M. tuberculosis complex may take months to years to cause clinical signs and be 

transmissible to others (Gibson, 1998).  Tuberculosis diagnosis in apes can be 

difficult and usually entails chest radiography, slow and laborious culture of 

invasively collected samples, or non-validated molecular detection methods, which 

are all generally impractical and inaccessible in field settings (Calle, 1999; Desem 

and Jones, 1998; Gibson, 1998).  These same factors make it difficult to always 

isolate infected humans to prevent the spread of tuberculosis to wild apes.  Strict 

rules preventing sick people from visiting gorillas combined with human 

occupational health programs which incorporate tuberculosis testing and control 

measures are the best way prevent tuberculosis in wild apes (Ali et al., 2004; MGVP 

2002 Employee Health Group, 2004; Nutter and Whittier, 2000). 
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Viral diseases are increasingly well studied in wild primates because of advancing 

diagnostics like those presented in this study.  A doctrine of virology is that infection 

of the immunocompetent appropriate host often is associated with minimal disease, 

whereas infection of the inadvertent susceptible host often has devastating 

consequences (Mansfield and King, 1998).  The likelihood of transmission to 

inadvertent hosts is increased when different species are put in close proximity, such 

as with humans and apes in field settings.  Natural and/or experimental 

transmission of relatively benign human viral infections has been documented in 

apes with human herpesvirus, varicella zoster virus, hepatitis A virus, adenovirus, 

and rhinovirus, while fatal cases of coxsackievirus and human herpesvirus are also 

known (Cohen et al., 1989; Dick and Dick, 1974; Heldstab et al., 1981; McClure et al., 

1980; Miyagi et al., 1999; Myers et al., 1987).   

 

Viruses that are more regularly pathogenic to both human and nonhuman primates 

are also well documented in captive and wild apes, and include poliovirus, rotavirus, 

influenza, monkeypox, Ebola, and many paramyxoviruses like measles and 

parainfluenza viruses (Kalter and Heberling, 1990a; Loomis, 2003; Ott-Joslin, 1993; 

Walsh et al., 2003).  Viral epidemics in wild apes from suspected human sources 

have involved outbreaks of measles virus, respiratory syncytical virus, human 

metapneumovirus, and poliovirus (Hastings et al., 1991; Kondgen et al., 2008; 

Morbeck et al., 1991).  These viruses continue to be of particular concern with human 
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habituated apes.  Though the threat of human polio transmission to great apes is 

declining because of the global eradication campaign, some of the remaining polio 

endemic countries are also ape range countries (e.g. the Democratic Republic of 

Congo and the Central African Republic).  Measles is proven to be a potentially 

devastating disease of many Old World monkey species, but its effects on apes are 

less clear (Blasier et al., 2005).  During the 1988 Virunga mountain gorillas 

respiratory epidemic, serology and histopathology confirmed measles (or measles-

like) viruses from some cases, but others appeared to be unrelated to measles and 

suffer from bacterial pneumonia (Hastings et al., 1991; Lowenstine, 1993a).  It may 

be the case that measles virus itself is not particularly pathogenic but that its’ well 

documented immunosuppressive properties make apes susceptible to other 

infections (Brack, 1987; Mansfield and King, 1998).   

 

The other paramyxoviruses (e.g. parainfluenza, pneumovirus, metapneumovirus) 

and orthomyxoviruses (e.g. influenza) are now considered to be unrelated, but 

certain members of each group share a common ability to cause respiratory infection 

in apes.  Humans are suspected of being the source of most ape infections with these 

viruses in captivity and in the wild, and both humans and other apes suffer 

pneumonia, bronchiolitis, and even death (often from secondary bacterial infections) 

from these infections (Mansfield and King, 1998; Osborn and Lowenstine, 1998; 

White and Fenner, 1994).  Natural infection of wild apes with these viruses is not 

well documented though serologic evidence of exposure has been shown, and 
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molecular detection methods are advancing investigations (Kalter, 1980; Kilbourn et 

al., 2003; Kondgen et al., 2008; Mansfield and King, 1998).  

 
 
 
Sampling and Diagnostics 

Infectious disease research on wild apes is limited by diagnostic capabilities.  As we 

have already mentioned and discuss further in subsequent chapters, that limitation 

is due to both sample collection and diagnostic techniques.  Essentially the most 

easily collected samples, feces, are not always useful for detecting target pathogens. 

This is especially true of those pathogens that are not normally found in the 

gastrointestinal tract, but is changing as techniques are developed to detect ingested 

respiratory secretions (Wolf et al., 2008).  Invasive samples such as blood, biopsies 

and other tissues are not routinely collected for the reasons cited above as well as 

because few field sites employ trained veterinarians or other people capable of safely 

and effectively immobilizing and handling animals for sampling.  Tropical 

environments, narrow human visitation windows, and an apparent tendency for 

ailing apes to leave their groups often result in tissues from dead animals being 

unrecoverable or imperfect for diagnostic tests.  When invasive samples are 

collected, it usually not in a well designed sampling manner that can be used to 

properly assess epidemiologic patterns.   

 

One the most important ways invasively collected blood samples are used is for 

antibody (and sometimes antigen) screening or serology.  Serology is a powerful tool 
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because it detects past exposure to infectious organisms that may or may not still be 

present in the host.  That also means it is an indirect measure of exposure (or 

infection), and one susceptible to variation in individual response (Fierz, 1999).  

Serology, like all diagnostics, is therefore imperfect and must be interpreted 

accordingly.  With that caveat, the pioneering work of Seymour Kalter and Richard 

Heberling has greatly expanded our understanding of infectious diseases in 

nonhuman primates through the use of serology (Heberling and Kalter, 1986; Kalter 

and Heberling, 1990b; Kalter et al., 1997; Kalter et al., 1969).  Their work has also 

laid the ground work for laboratory techniques used here and in other investigations.   

 

Advances in molecular biology and more specialized collection and storage systems 

are increasing the usefulness of all biological samples (Leendertz, 2006; Nsubuga et 

al., 2004; Santiago et al., 2003; Whittier et al., 1999; Whittier et al., 2004; Wolfe et 

al., 2004).  Nucleic acid detection techniques (e.g. polymerase chain reactions (PCR) 

and related technologies) have many advantages over conventional techniques (e.g. 

culture, microscopy, immunoassays) because they are often more sensitive and 

specific (Espy et al., 2006).  Despite these advantages, the expense, sensitivity to 

environmental conditions, propensity for contamination and other factors have 

generally limited their utility outside of research laboratories.   

 

The next step, and what this project has aimed to do, is to combine sampling, 

collection and storage, diagnostics, and epidemiology to better assess health risks.  
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While documenting specific infections in individual apes is increasingly possible, 

studies investigating the epidemiology of disease in apes and neighboring humans 

are exceptionally rare and increasingly called for (Garber, 2008; Leendertz, 2006; 

Travis et al., 2008; Walsh, 2008). 

 

Mountain gorillas 

The genus Gorilla is currently separated into western (G. gorilla) and eastern species 

(G. beringei).  Western gorillas are further divided among the most numerous gorilla 

subspecies, western lowland gorillas (G. g. gorilla, N >100,000), and the least 

numerous, Cross River gorillas (G. g. diehli, N<~300).  Nearly all captive zoo gorillas 

worldwide are the western lowland subspecies and though these gorillas are the most 

numerous they are highly threatened by habitat loss, Ebola virus, and the bushmeat 

trade across their central African range.  In fact, many authorities consider them the 

among the most endangered of all gorillas (Mehlman, 2007).  The Cross River 

gorillas are the most recently described subspecies and face severe threats with their 

fragmented isolated subpopulations (in some cases single groups) in only partially 

protected ranges of Nigeria and Cameroon. 

 

Eastern gorillas have a somewhat debated taxonomy.  Most authorities currently 

recognize three distinct populations but only two subspecies names are widely 

accepted.  The largest and least studied population (N = ~5,000 – 30,000) is the 

eastern lowland or Grauer’s subspecies (G. b. graueri), which is endemic to eastern 
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Democratic Republic of Congo (DRC).  Like the Cross River gorillas to the west, 

Grauer’s gorillas are scattered in mostly isolated (albeit much larger) island 

subpopulations throughout their range.  They are the only other gorilla subspecies in 

captivity (outside of African sanctuaries) with two adult females currently surviving 

in Belgium.  Grauer’s has become the preferred name for these gorillas, rather than 

eastern lowland, because some populations range at higher elevations than some of 

the mountain gorillas (Mehlman, 2007).   Grauer’s gorillas are also threatened 

primarily by the bushmeat trade and habitat loss but suffer additional casualties to 

accidental poaching (getting caught in traps set for other animals), and the live 

animal trade. 

 

The other two populations of eastern gorillas are both referred to as mountain 

gorillas and are officially classified as one subspecies, G. b. beringei.  Each 

population is geographically and morphologically distinct, and they are completely 

isolated from each other, but genetic studies to date suggest they are closely related 

enough to be considered one subspecies.  One population (N =~320) resides within 

the Bwindi Impenetrable National Park in Uganda (“Bwindi gorillas”) while the 

other (N = ~380) inhabits the tri-national Virunga park system comprised of the 

Virunga National Park in DRC, the Volcanoes National Park in Rwanda, and 

Mgahinga National Park in Uganda (Mehlman, 2007).  Unlike all other gorillas, 

mountain gorillas are comparatively well protected, existing entirely within national 

parks.  They also benefit from being mostly in areas where it is culturally 
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unacceptable to eat primates, so are less subject to being killed for the bushmeat 

trade.  With relatively little threat from habitat loss or the bushmeat trade, and with 

a high degree of human habituation (~50% of the two total populations) and 

veterinary care to minimize accidental poaching, the biggest threats to mountain 

gorillas are from intentional poaching (usually for live infants) and from infectious 

disease (Mehlman, 2007; MGVP Inc. and WCS, 2007). 

 

Human-gorilla contact 

The degree of human-habituation and related human contact has both positive and 

negative effects on gorilla conservation.  Mountain gorilla habituation and general 

interest stems from their relatively unique place in the animal kingdom.  Even 

among the iconic animals symbolic of wildlife conservation, few species are as 

recognized and promoted as are mountain gorillas.  This status is partly due to their 

closely evolutionary relationship and biological similarity to humans.  The 

perception that they are charismatic and photogenic as well the fact that they are 

relatively tolerant of very close human visitation contributes to their popularity.  This 

popularity in turn results in a proverbial double-edged sword of conservation.  On 

the one hand, paying visitors and international conservation interests afford them a 

very high degree of protection because of their economic and social value.  Those 

same interests also mean they are regularly exposed to a wide diversity of people and 

all of the potential infectious diseases they carry.   

 



18 

Local people interact with gorillas as conservation staff of national parks, 

international non-governmental organizations (NGOs), and related partners.  

Resident expatriates work for these same organizations as researchers, veterinarians, 

and consultants and also visit in large numbers as ‘tourists.’  International tourists 

also interact with gorillas and in very large numbers (up to 8 tourists per gorilla 

group per day).  With different rules and different enforcement for each of these 

major groups of gorilla visitors, many different levels of human-gorilla contact occur.  

Even when simplified as general categories of people, each group has different 

backgrounds, different access to health care, and different levels of contact with 

other groups of people.  With all these differences, there is little consensus on which 

group or groups actually pose the biggest health risk to gorillas (Homsy, 1999; 

MGVP 2002 Employee Health Group, 2004; MGVP Inc. and WCS, 2007).  Tourists 

arrive in the greatest numbers and have often been travelling in confined spaces with 

may other people, but they also tend to have access to the best health care and to 

follow the strictest visitation rules (because they are supervised) when they are with 

gorillas.  Local staff usually have the closest and most regular daily gorilla contact, 

the least access to health care, regular interaction with young children (who are not 

allowed to visit gorillas until they are 15 years old) and domestic animals, and little 

means of changing outer field clothes or washing boots, both of which can serve as 

disease vectors.  Foreign resident researchers, veterinarians, and similar personnel 

are similar to local staff but are more often involved in directly handling gorillas 

(such as during medical interventions), generally have only limited contact with 
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young children and domestic animals (except house pets), and are usually the least 

supervised, which can lead to bending any visitation rules (gorilla proximity, visit 

time, etc.).  Considering all these factors, arguments can be made and hypotheses 

can be put forward about which group poses the biggest risk.  Ultimately though, the 

answer is that they each pose some risk, which remains hard to quantify and hard to 

investigate. 

 

That risk has been recognized for many years and has resulted in a number of basic 

visitation rules by which all of the mountain gorilla parks abide.  These rules have 

been extensively described and evaluated elsewhere (Homsy, 1999), but in brief the 

rules relating to gorilla health protection are as follows:  

a) each habituated gorilla group may only be visited once per day;  

b) visits are limited to one hour per day (or 4 hours no more than twice a week for 

research gorilla groups);  

c) only 8 tourists and a total of 10 people including guides may visit at a time;  

d) gorilla groups smaller than 7 individual are not visited (by tourists);  

e) no visitors will approach gorillas closer than 7 meters (except during veterinary 

interventions); 

f) no one who is medically ill will be allowed to visit; 

g) no children less than 15 years old will be allowed to visit; 

h) visitors will turn away from gorillas to cough or sneeze; 

i) visitors will bury all feces in holes at least 30 cm deep and only more than 200 

meters from gorillas; 

j) visitors will not eat or drink in proximity to gorillas and will not smoke or leave 

trash anywhere in the park; 
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All of these rules have the good intention of restricting human contact to prevent 

disease transmission or to minimize the disturbance to gorillas, which are after all 

wild animals.  Based on my personal experience of some 1000+ hours of gorilla 

visitation spread among all four mountain gorilla national parks, they are all fairly 

well observed with two major and important exceptions.  The proximity rule (e) is 

broken in nearly every visit in all countries with both tourist and research gorillas.  

Additionally, people who are showing outward signs of illness do get close to gorillas, 

albeit very rarely.  These sick people are usually ancillary staff such as porters and 

military and, if alerted, park guards normally send them home.  On rare occasions 

sick park staff or determined tourists manage to go undetected or deliberately 

unnoticed.  It should be kept in mind, though, that plenty of pathogens are infectious 

and transmissible before (or after) people are clinically ill, so restricting ill visitors is 

good policy but is not 100% effective, even when well enforced. 

 

In terms of total gorilla mortality, we must also recognize that larger conservation 

issues (e.g., bushmeat trade, deforestation) have a far greater global impact on the 

survival of ape populations than do infectious diseases.  Even among mountain 

gorillas where bushmeat and habitat loss are not ongoing threats, the most frequent 

known cause of gorilla mortality is trauma (MGVP Inc. and WCS, 2007; Nutter et al., 

2005).  Although much of that trauma is attributed to natural gorilla behavior (e.g. 

infanticide), most of it is associated with gorilla poaching.  The second major cause 

of death is respiratory disease, of which some unknown fraction is presumably 
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attributed to infectious diseases acquired from humans.  Even if this fraction is small 

it still represents a considerable impact on these tiny remaining gorilla populations.   

 

Brief summary of sections to follow 

The remainder of this dissertation is six chapters representing mostly independent 

but related investigations.   

 

Chapter 2 is titled ‘Comparison of storage methods for reverse-transcriptase PCR 

amplification of rotavirus RNA from gorilla (Gorilla g. gorilla) fecal samples.’  

It is an investigation of laboratory methodology for collecting and preserving gorilla 

fecal specimens to be used for RNA virus detection.  Fecal specimens were collected 

from zoo gorillas, screened for the presence of rotavirus, artificially ‘infected’ with 

cultured rotavirus, and then used for total RNA extraction at various time points.  

The study showed that gorilla samples could be preserved in a solution of guanidine 

isothiocyanate (GT) and stored at room temperature for up to 6 months and still 

yield rotavirus RNA amenable to reverse transcriptase PCR (RT-PCR).  This chapter 

was published in the Journal of Virological Methods in 2004. 

 

Chapter 3 is titled ‘Investigation of rotavirus in free ranging mountain gorillas 

(Gorilla beringei beringei) and neighboring humans in Rwanda and Uganda using 

RT-PCR.  This chapter uses the methods developed in Chapter 2 to survey wild 

mountain gorillas and local humans for rotavirus.  Prevalences of 9% in gorillas and 



22 

2% in humans were detected.  Significant differences in prevalence were detected 

between some of the gorilla family groups and subpopulations but no association 

between gorilla prevalence and type of human contact was evident.   

 

Chapter 4 is titled ‘Real-time PCR Detection of Campylobacter spp. in Free-ranging 

Mountain Gorillas (Gorilla beringei beringei).’  This investigation used a portable 

real-time PCR instrument to assay wild gorillas for Campylobacter using 

commercial assays.  A surprisingly high prevalence of 87% was detected with no 

significant difference between any demographic categories.  Using the melting 

profile of PCR products generated by the instrument, we were able to distinguish two 

different products and two different types of Campylobacter, which we confirmed 

with DNA sequence analysis.  The common type (>90% of positives) appears to non-

pathogenic and an unknown species, while the less common type was identical to 

known pathogenic Campylobacter species and most of the positives were detected in 

a few sampled humans.  This chapter is under revision with provisional acceptance 

in the Journal of Wildlife Diseases. 

 

Chapter 5 is titled ‘Seroprevalence of Infectious Agents in Confiscated Great Apes 

and Monkeys in the Virunga Region of East-Central Africa.’  To better interpret the 

results in the following chapter, this investigation surveyed 70 serum samples 

collected from 32 confiscated primates (mountain and Grauer’s gorillas, 

chimpanzees, cercopithecine monkeys) for a standard panel of primate pathogens 
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(36 viruses and one bacteria).  Sixteen humans  who interacted with the confiscated 

primates were also sampled.  Results were that the confiscated primates were 

positive for 21 agents with prevalence differences between each primate taxon.  

Humans were positive for the most agents of any group and had the highest 

prevalence for most assays.  Serial samples from individual animals, especially the 12 

gorillas, allowed detection of seroconversion (from seronegative to seropositive), in 

some cases with only human contact. 

 

Chapter 6 is titled ‘Seroprevalence of Selected Infectious Agents in Free-ranging 

Mountain Gorillas (Gorilla beringei beringei).’  This chapter surveyed 57 serum 

samples collected opportunistically from wild mountain gorillas for the same panel 

of infectious agents.  Positive gorillas were found for 19 agents with the highest 

prevalence for Epstein-Barr virus (98%) and adenovirus (96%).  Evidence of 

exposure to likely human pathogens was seen in positive results for a number of 

agents including influenza and parainfluenza.  Measles antibodies were detected in 

two gorillas vaccinated 7 and 17 years prior to sampling, but not in other gorillas. 

 

The final Chapter 7 is titled ‘An Infectious Disease Model for Mountain Gorillas: 

Epidemic Avoidance by Population Dispersal, in the Absence of Humans.’  It 

presents an infectious disease computer simulation model that we developed for the 

mountain gorilla population.  The model uses known and measured gorilla 

behavioral dynamics (e.g. intragroup migration, interaction) and a network of the 
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known gorilla groups designed to represent the actual population structure.  It shows 

that outbreak outcomes using the actual population design differ from outcomes in 

more simplified patterns when a single infection is introduced into the population.  

The model also demonstrates the importance of initial group size and neighboring 

gorilla group sizes when using an unequally divided population.  Using disease 

parameters validated with real outbreak data, the model showed that, in the absence 

of humans, outbreaks reaching more than 25% of the total gorilla population were 

unlikely to occur.  By introducing a small group of regularly interacting humans, 

however, simulated outbreak levels were much higher. 

 

The results of this research improve available diagnostics, add to our understanding 

of infectious diseases, and show that humans can play an important role in affecting 

gorilla health.  The diagnostics we developed can continue to advance each of these 

areas by expanding the use of diagnostic samples.  The population level surveys for 

rotavirus, Campylobacter, and antibodies to specific agents, show a complex pattern 

with and without associations with human contact.  The epidemic model suggests 

that humans may be playing a large role in disease spread and possibly in disease 

introduction.  Each of these results can be used to better protect mountain gorillas 

from the infectious diseases that remain one of the major threats to their long term 

survival. 
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ABSTRACT 

Detection of enteric viral nucleic acids in preserved gorilla fecal specimens was 

investigated using reverse transcription polymerase chain reaction (rt-PCR).  A 

commercially available viral RNA extraction kit was used to isolate nucleic acids 

from captive gorilla fecal samples seeded with rotavirus and stored in ethanol, 

formalin, a commercial RNA preservation solution, guanidine thiocyanate buffer 

(GT), and samples dried in tubes containing silica gel.  Nucleic acids were extracted 

at 1, 7, 70 and 180 days and used for rt-PCR amplification of specific rotavirus RNA 

sequences.  Successful rt-PCR amplification of the target product varied according to 

storage conditions, and storage time.  Only samples stored in GT gave 100% positive 

results at 180 days.  It is recommended that fecal samples be collected in GT for viral 

RNA analysis.  

 

Key words: Fecal; Gorilla; Rotavirus; RT-PCR; Storage methods 
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INTRODUCTION 

The use of noninvasive sampling for genetic and diagnostic studies in wild animals 

has become increasingly popular since the introduction of polymerase chain reaction 

(PCR) (Morin and Woodruff, 1996; Kohn and Wayne, 1997; Ding et al. 1998).  Fecal 

samples from wildlife species have long been used for studies on diet, ranging 

behavior, intestinal parasitism, and to a lesser extent for detection of bacteria and 

viruses by culture or microscopy.  More recently, noninvasive samples have been 

used for molecular studies of diet, demography and genetics (Ernest et al., 2000; 

Farrell et al., 2000; Murakami 2002) but are still rarely used for molecular detection 

of parasitic, bacterial or viral infections in wild animals (Bretagne et al., 1993; 

Eberhard et al., 1999).  Wild primate samples are well suited for molecular 

investigations because they often can be serially collected and attributed to specific 

individuals for which a large amount of demographic information may be available 

(Borries et al., 1999; Gerloff et al., 1999; Launhardt et al., 2001). 

 

A growing body of research has examined the use of fecal samples for different types 

of DNA analysis.  Fewer studies have investigated RNA detection methods in species 

other than humans or economically important domestic animals (Egger et al., 1995; 

Rota et al., 1995; Beusa et al., 1996; Kok et al., 2000).  The majority of pathogen 

detection studies have used fresh or frozen samples though methods of RNA 

extraction from stored and fixed samples are being investigated (Hale et al., 1996; 

Abe and Konomi, 1998; Dowd et al., 1998; Tatti et al., 2002).  It is generally 
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recognized that co-purified substances from fecal samples contribute to the difficulty 

and inconsistency of PCR results (Wilde et al., 1990; Deuter et al., 1995; Kohn and 

Wayne 1997; Monteiro et al, 2001).  Various protocols have been developed to 

overcome these obstacles, but few studies have compared storage conditions, or 

examined time effects on samples stored for extended periods (Gruber et al., 1994; 

Kongmuang et al., 1994; Reed et al., 1997; Whittier et al., 1999; Fischer et al., 2002). 

 

Because of the close genetic relationship between apes and man, and man’s 

relentless encroachment into wild ape habitats, there is growing concern about the 

potential impact of human disease agents on wild apes (Edroma et al., 1997; Wallis 

and Lee, 1999; Werikhe et al., 1998; Jones-Engel, 2001; Woodford et al., 2002).  

Recent findings regarding the origin of human immunodeficiency virus type 1 in 

chimpanzees have increased the interest and importance of using noninvasive 

primate samples for molecular analysis (Gao et al., 1999; Weiss and Wrangham, 

1999; Ling et al., 2003; Santiago et al., 2003).  There are also suspected cases of 

transmission of human disease to wild apes that might have benefited from better 

available diagnostics (Hastings et al., 1991; Morbeck et al., 1991; Lowenstine 1993; 

Wolfe et al., 1998).  While some studies have suggested interspecies pathogen 

transmission between humans and wild primates based on microscopic, serologic, or 

bacterial culture methods, molecular methods may be necessary to distinguish 

between species specific variants of otherwise identical parasites (Eberhard et al., 

1999) 
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Rotavirus is the most common diarrheal pathogen of children worldwide causing 

over 800,000 deaths per year, mostly in the developing world (Parashar et al., 1998).  

They are also well-known pathogens of many other species and are increasingly 

recognized as causes of adult diarrhea and central nervous system disease ((Banyai 

et al., 2004; Nakagomi et al., 2002; Parashar et al., 1998); Mori et al., 2002; 

Iturrizza-Gomarra et al., 2002;).  The importance of rotavirus to the health of wild 

apes is uncertain.  High seroprevalences and potential pathogenicity have been 

documented in great apes (Ashley et al., 1978; Soike et al., 1980; Kalter et al., 1982), 

rotavirus has been transmitted from humans to other primates (Mitchell, 1977) and 

rotavirus (SA11) positive titers have been detected in wild mountain gorillas and wild 

orangutans (Hastings 1991; Whittier unpublished data; Kilbourn et al., 2003). 

 

Numerous studies have investigated the stability and infectivity of rotaviruses under 

various conditions (Hurst and Gerba, 1980; Moe and Shirley, 1982; Keswick et al., 

1983; Sattar et al., 1984; Ansari et al., 1988; O’Mahony et al., 2000; Fischer et al., 

2002).  The majority of these investigations have been aimed at methods for 

disinfection rather than preservation.  Furthermore, they have generally used 

various measures of infectivity as a standard and not been interested in whether 

viruses or virus RNA were simply present.   
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The objectives of this study were to: (1) assess different methods of storing gorilla 

fecal samples for rotavirus RNA detection; and (2) examine the feasibility of using 

fecal samples from gorillas for rotavirus RNA detection after an extended period of 

storage at ambient temperatures. 

 

 

MATERIALS AND METHODS 

Cells and virus 

Samples of rhesus monkey rotavirus (RRV) were obtained from the laboratory of Dr. 

Baoming Jiang, Division of Viral and Rickettsial Diseases at the Centers for Disease 

Control and Prevention Atlanta, GA.  The virus was propagated in simian MA104 

kidney cells and quantified by plaque assay according to published protocols with 

modifications recommended by Dr. Jiang (Sato et al., 1981; Ward et al., 1984; Tatti 

et al., 2002).   

 

Collection and Preparation of fecal samples 

Fresh fecal samples were collected from captive western lowland gorillas (Gorilla 

gorilla gorilla) at the North Carolina Zoologicial Park, Buffalo Zoological Park and 

Gardens, and Disney’s Animal Kingdom.  Samples were kept refrigerated before 

being enzyme immunoassay (EIA) tested for rotavirus (Rotaclone Premiere, Meriam 

Diagnostics, Cincinnati, OH), seeded and aliquotted for storage testing.  An 

unseeded aliquot of each of these same samples was later tested for RRV using the 
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rt-PCR assay that we developed and shown to be negative.  EIA negative samples 

from five gorillas were divided into five 2 gm aliquots each, seeded with ~4.3 x 105 

pfu RRV/gm, and manually mixed.  One aliquot from each sample was placed into 5 

ml of one of each of the following solutions: 10% neutral buffered formalin (VWR, 

West Chester, PA), 70% (v/v) ethanol (EM Science, Gibbstown, NJ), RNAlaterTM 

solution (Ambion Inc., Austin TX), guanidine thiocyanate buffer (GT)(4 M guanidine 

isothiocyanate, 1 M sodium citrate, 0.7% beta-mercaptoethanol, 10 mM EDTA, pH 

7.2, Gibco BRL, Gaithersburg, MD).  The fifth aliquot was placed in a tube containing 

~5 cc (~3 gm) silica gel (6-12 mesh, Sigma, St. Louis, MO) separated from the feces 

by a cotton ball (Eckerd Drug Co., Clearwater, FL.).  Formalin and ethanol were used 

because their routine use in parasitology and genetics studies respectively, 

RNAlaterTM because of its being designed to preserve RNA, GT because of our 

previous success with genetic analysis of primate fecal samples (Whittier et al., 

1999), and the silica-drying method because of its increasing use for host DNA 

isolation from field samples (Wasser et al., 1997, Laundhardt et al., 2001, 

Lauthuilliere et al., 2001).  All spiked samples were stored in a laboratory fume hood 

at room temperature (22 + 5oC, 35-70% RH) for the duration of the study.  

 

To test the sensitivity of our assay we diluted a stock culture of RRV that had been 

titered to 8.6 x 106 pfu/ml by plaque assay.  We used tenfold decrements (to 10-8x) 

with 0.9% NaCl solution (Baxter Healthcare Corp., Deerfield, IL).  We added 100 μl 

volume dilutions of RRV to 0.525 ± 0.025 gm of fecal material, hand stirred, then 
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mixed in an additional 1.0 ml saline according to QIAGEN instructions before 

processing the samples for RNA extraction.  We also extracted the RRV culture 

dilutions in parallel, processing 140 μl of each dilution directly into the QIAamp 

extraction protocol.  We used these same dilutions to verify and compare the 

sensitivity of the Rotaclone EIA kit. 

 

RNA extraction and quantification 

Viral RNA was isolated using a commercial kit (QIAamp Viral RNA Mini Kit, 

QIAGEN Inc., Valencia, CA) and the manufacturer’s recommended protocol 

adjustment for fecal samples.  Briefly, this method involved centrifugation of 

samples at ~4,000 x g for 30 minutes before mixing 140 μl of supernatant with the 

lysis buffer.  For the silica dried samples, 0.40 ± 0.05 gm of dried fecal material was 

reconstituted in 1.0 ml of 0.89% NaCl solution (Baxter) before centrifugation.  The 

nucleic acids from the lysed supernatant were then bound to the QIAamp silica-gel-

based membrane in a spin column by centrifugation.  The columns were then serially 

washed with supplied solutions before nucleic acids were eluted with the provided 

buffer solution.  RNA was quantified in initial samples by optical density readings 

(SmartSpec 3000, Bio-Rad, Hercules, CA). 

 

Reverse-transcriptase PCR amplification of RRV RNA 

PCR primer sequences were obtained from published sources and from Dr. Baoming 

Jiang, Division of Viral and Rickettsial Diseases at the Centers for Disease Control 
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and Prevention Atlanta, GA (Table 1).  They were synthesized by Innovative DNA 

Technologies Inc., Coralville, IA.  A commercially available single-tube rt-PCR kit 

was used for all assays (QIAGEN OneStep RT-PCR, QIAGEN).  Twenty five or 50 μl 

rt-PCR reactions included 1x QIAGEN OneStep RT-PCR Buffer (2.5 mM MgCl2), 400 

μM each dNTP, 0.2 μM each primer, and 4% (v/v) QIAGEN OneStep RT-PCR 

Enzyme Mix.  A series of optimization experiments were conducted to test the 

different primers, nucleic acid treatment with DNase (DNA-free™, Ambion), PCR 

additives including the kit provided Q-solution and DMSO (10% v/v, Sigma), and 

different PCR cycles.  For sample comparison assay we used primers A, B, and F 

(Table 1) and rt-PCR cycles of 50oC for 30 min, 95oC for 15 min, then 40 cycles of 

94oC for 30 sec, 50-52oC for 30 sec, and 72oC for 1 min, followed by 72oC for 10 min.  

The 180 day extracts were also run for 50 cycles to improve visibility of bands.  PCR 

products were electrophoresed in a 1 or 2% agarose (Gibco BRL) gel containing 0.2 

or 0.3 μg ethidium bromide (Gibco BRL)/ml in TBE buffer (40 mM Tris, 20 mM 

acetic acid, 1 mM sodium EDTA, Gibco BRL) at 75 or 100 V for 30-60 minutes.  All 

PCR reactions included positive controls of RRV RNA extracted directly from virus 

cultures and negative controls containing no RNA.  Gels were run with appropriate 

DNA ladders (Gibco BRL) on bench-top apparatuses (Bio-Rad), and Polaroid® 

photographed using UV transilluminators (Fisher Scientific, Pittsburgh, PA, and 

UVP, Upland, CA).  The identity of rt-PCR products were verified by DNA 

sequencing at the Duke University DNA Sequencing Laboratory, Durham, N.C..  
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RESULTS 

Development of the assay 

We found no significant PCR product improvement in reactions including either Q-

solution or DMSO in PCR reactions.  We also found no improvement in reactions in 

which nucleic acid extracts were first treated with DNase.  The commercially 

available EIA assay was able to detect specimens spiked with >8 x 105 pfu/gm of 

feces.  The sensitivity of our rt-PCR assay was inconsistent in the serial dilutions we 

tested (N=5).  We were able to detect target sequences in samples spiked with ~16 

pfu RRV/gm fecal material in 1 sample, with ~160 pfu/gm in 2 samples and >1600 

pfu/gm in the other two samples.  DNA sequence analysis of PCR products using 

primers A, B, and F showed them to be 95, 98, and 99% (respectively) identical on 

forward and reverse sequencing.  Comparison with published sequences (NCBI 

nucleotide BLAST search) revealed different homologies with primer A product most 

closely matching (96% forward, 99% reverse) an isolate of rhesus rotavirus 

(accession number AY033150), primer B product matching (100%, 99%) an isolate 

of bovine rotavirus (accession number K02254) and primer F product matching  

(99%, 98%) a different isolate of rhesus rotavirus (accession number AF295303) 

 

Comparison of storage methods for detection of RRV RNA 

Amplification of target RNA sequences varied depending on storage method, and 

storage time (Table 2 and Figure 1).  With the exception of one aliquot stored in 
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formalin, all aliquots amplified successfully at 1 day and all 25, including the aliquot 

that failed on day 1, amplified at 7 days.  On day 70 none of the five RNAlater 

aliquots, 1 of five formalin aliquots, 3 of five silica-dried aliquots, and 4 of five 

ethanol aliquots amplified successfully.  All five GT aliquots amplified at 70 days and 

all bands were visibly brighter than any other successful amplicons.  On day 180 no 

ethanol nor silica-dried, 2 formalin, and 4 RNAlater aliquots amplified, while all 5 

GT aliquots again produced expected bands though they were not as bright as the 70 

day bands.  In seven cases, aliquots from the same sample amplified successfully at a 

time point after they had once failed to amplify.  Overall the GT solution was the only 

storage method from which we were able to amplify RRV RNA successfully with all 

five samples at all 4 time points.  Amplicons from the GT stored aliquots also 

provided the visibly brightest bands at days 70 and 180. 

 

 

DISCUSSION 

Successful amplification of extracted viral RNA varied with the individual sample, 

storage solution, and storage time.  Some of the variation between samples could be 

due to differences in the proportion of the target RNA and RNA from microbes and 

food contaminants in fecal samples.  Samples may have also differed in their amount 

of PCR inhibitors, well known yet incompletely understood confounders of 

molecular fecal sample analysis (Deuter et al., 1995). 
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In some cases, rotavirus RNA was successfully amplified at time points after extracts 

from the same aliquot had failed in earlier trials.  There are a number of possible 

explanations for this including mixing or sampling effects, proportional relationships 

between target RNA and PCR inhibitors, and cross contamination of later extracts.  

Different amounts of virus may have been removed from the same aliquot at 

different time points, in this case an inadequate amount removed at the earlier point.  

Effort was made to thoroughly homogenize aliquots when seeded and immediately 

before extraction.  Aliquots were, however, centrifuged before removal of a portion of 

the supernatant for extraction.  Density gradients in the supernatant may have 

differed over time and/or the removed fraction may not have been exactly consistent 

at each time point.  It is also possible that a trapping effect may have occurred in 

which target molecules were held in the centrifuge pellet by larger molecules or 

particles rather than remaining in the supernatant as expected.  Likewise there is an 

expected range in the proportion of target RNA to PCR inhibitors in which 

amplification is successful.  If both quantities are decaying at different rates or 

inhibitors are degrading more rapidly, then an extract at a later time point may have 

a more favorable amplification ratio than an earlier one.  Finally, while we cannot 

rule out the possibility of cross contamination of extracts,  effort was made to avoid 

this possibility.  Furthermore, it is likely that contamination during the rt-PCR 

preparation would have affected all extracts and the negative controls at a given 

point rather than just individual samples, making contamination an unlikely 

explanation.   
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We did observe the expected general pattern of RNA amplification ability losses over 

time.  Rotavirus, a nonenveloped enteric virus, is considered relatively resistant to 

environmental conditions (White and Fenner, 1994).  However, when stored in fecal 

samples at room temperature and optimal relative humidity (92%), rotavirus has 

been shown to lose 99% infectivity in less than 3 weeks (Moe and Shirley, 1982) 

when measured by cell culture and plaque assay.  While it is widely known that loss 

of the outer capsid protein prevents rotavirus from being infective, the fate of viral 

nucleic acids that persist even after the virus has been rendered non-infective is less 

well understood (O’Mahony et al., 2000).  The results presented here verify that long 

after infectivity would have been expected to be lost, viral RNA remains detectable.  

Furthermore we were able to detect rotavirus RNA with better sensitivity than 

commercial immunodiagnostic methods.  This suggests low level infections with 

rotavirus, which may be subclinical, could be detected by our method.   

 

We are in agreement with other authors that this increased sensitivity may or may 

not be beneficial depending on the application of rt-PCR assays (Cumino et al., 1998; 

O’Mohony et al., 2000).  The combination of molecular methods with conventional 

culture and plaque assay techniques is currently being employed in order to avoid 

over-diagnosis of rotavirus infections that may be subclinical (Cumino 1998; 

O’Mahony et al., 2000). 
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There was a clear difference between the ability of different storage solutions to 

preserve amplifiable RNA.  Samples stored in GT buffer proved the most reliable at 

each point and were the only samples that all had amplifiable RNA after 180 days.  

All five storage methods were adequate for rt-PCR amplification of rotavirus RNA for 

at least 7 days.  In some cases this time frame may be sufficient for sample analysis 

and diagnosis.  In situations where sample processing is not readily available or 

necessary, storage of fecal samples in GT buffer extends the time frame for analysis 

for at least 6 months though degradation of PCR amplifiable RNA was evident 

between 70 and 180 days. 

 

The methods described here are applicable for field investigation of infectious 

diseases in wild gorillas in remote areas.  We have previously shown that collection, 

and ambient temperature storage, of wild ape fecal samples in GT buffer is well 

suited for molecular research on both host and intestinal parasite DNA (Whittier et 

al., 1997; Whittier et al., 1999).  The research presented here could expand the 

diagnostic capability to include rotavirus and likely other RNA as well as DNA 

viruses.  We hope that these techniques and their future development will help 

protect wild great apes and other species in their native habitats by expanding 

noninvasive methods of monitoring their health. 
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Figure 1.  Computer scanned image of rt-PCR amplification of ~244 bp segment of 

rotavirus VP4 gene using fecal extracted RNA from samples stored by five different 

methods for 180 days.  Five samples stored by each method were used for rt-PCR 

amplification.  Amplification products were run in 2% agarose gel containing 0.3 

μg/ml ethidium bromide in TBA buffer at 75 V for 60 minutes.  M = 50 bp molecular 

weight DNA ladder. x = empty lane. r = repeated sample.  Numbers indicate 

individual gorilla samples loaded with 25 μl from rt-PCr reaction in each lane.  + = 

positive control reaction, - = negative control (no DNA) reactions.  Arrow indicates 

approximate position of expected 244 bp band.
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TABLE 1.  Oligonucleotide primer nomenclature, sequence and nucleotide position. 

_____________________________________________________________________________ 
Primer  Gene        Nucleotide   Primer sequence (5’ – 3’)  Source 
designation  target  positiona          ________________________ 
 
Af  VP4  11-32   ttg ctt cgc tca ttt ata gac a  B. Jiang, personal communication 
Ar  VP4  232-254  atc caa taa tcg act ggt gga tt 
 
Bf  VP6  6-25   tta aac gaa gtc ttc aac at   B. Jiang, personal communication 
Br                 VP6  141-161   aaa ttc att tcc att cat agt 
 
Ff  VP7   1044-1062  ggt cac atc ata caa ttc t    Santos et al., 1994 
Fr  VP7   805-824  gga cca aga gaa aac gta gc  
_________________ __________________________________________________________ 
a Nucleotide positions are based on the published sequences for simian rotavirus; accession number X14203 for VP4, X00421 for VP6, and 
V01546 for VP7. 
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TABLE 2.  Effect of storage solution and time (in days) on detectability of rotavirus. 
 
                                                  
        ________              Storage method_____                     _________ ___   _______ 
    Ethanol    Formalin        RNAlater        GT                   Silica-dried   

    1 7 70 180  1 7 70 180  1 7 70 180  1 7 70 180  1 7 70 180  

Sample 1  +a + + –b  + + – –  + + – –  ++ ++ ++ +  ++ + + – 
Sample 2  +  ++ + –  + ++ – +  ++ ++ – +  ++ ++ ++ ++  + + + – 
Sample 3  + + + –  + + – +  ++ ++ – +  ++ ++ ++ +  + + – – 

Sample 4  + + – –  + + + –  ++ ++ – +  ++ + ++ ++  + ++ + – 
Sample 5  + + + –  – + – –  ++ ++ – +  ++ ++ ++ +  ++ ++ – –__ 
 
a + Is equal to the presence of the expected DNA band, ranging from present (+) to very bright (++). 
b – Is equal to the absence of a visible DNA band.
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CHAPTER 3 
 

 

INVESTIGATION OF ROTAVIRUS IN FREE RANGING MOUNTAIN GORILLAS (GORILLA 

BERINGEI BERINGEI) AND NEIGHBORING HUMANS IN RWANDA AND UGANDA USING 

RT-PCR. 
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ABSTRACT 

Detection of rotavirus nucleic acids in preserved gorilla fecal specimens was 

investigated using reverse transcription polymerase chain reaction (RT-PCR).  

Samples were collected between February and October 2001 from mountain gorillas 

in both the Virunga massif (N=121) and the Bwindi forest (N=98).  Human-

habituated groups designated for behavioral research or tourism as well as non-

habituated groups were sampled by collecting feces either from individually 

identified gorillas or from night nests of identified groups.  Human fecal samples 

(N=144) were collected in April and June 2001 during health programs for local 

villagers in near Bwindi and for gorilla conservation personnel from the Virungas.  

Samples were stored in guanidine isothiocyanate buffer at room temperature before 

nucleic acid extraction with a commercially available viral RNA extraction kit.  

Rotavirus RNA was detected in 9% of gorilla and 2% of human samples.  There was 

no significant difference in prevalence between gorillas in the two populations, or 

between age classes, or how the samples were collected.  Gorillas from unhabituated 

groups in Bwindi had a significantly higher prevalence (17%) than gorillas in 

habituated groups (2%).  In the Virunga, gorillas in research groups had a higher 

prevalence (15%) than gorillas in tourist-visited groups (0%).  There was no 

association between presence of rotavirus and evidence of gastrointestinal illness or 

abnormal feces in gorillas.  Re-amplified RT-PCR products from 4 gorillas and 1 

human generated DNA sequences most closely matching the rhesus monkey 

rotavirus strain that we used as a control.  This suggests that PCR contamination and 
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false positives may have interfered with the results and emphasizes the need for 

caution in the application of PCR to study infectious disease epidemiology of wildlife. 

 

Key words: fecal, gorilla, rotavirus, RT-PCR  

 

 

INTRODUCTION 

Fecal samples from wild animals are used for a wide variety of studies because they 

are easily and noninvasively collected.  Gross identification of samples and 

examination of their contents has traditionally allowed investigation of animal 

ranging behavior and diet, while basic laboratory techniques have been used to 

assess hormones and infectious agents.  Advances in biotechnology have created the 

discipline of molecular scatology that incorporates powerful methods for studying 

diet, demography, genetics, and increasingly for detecting infectious agents at a 

sensitive and specific nucleic avid level (Broquet, 2006; Waits and Paetkau, 2005).  

Studies that have suggested interspecies pathogen transmission based on 

microscopic, serologic, or bacterial culture methods, could be inadequate as 

molecular methods may be necessary to distinguish between specific variants of 

pathogens (Eberhard et al., 1999; Kondgen et al., 2008).  Because samples can often 

be repeatedly collected from specific individuals associated with extensive 

demographic information, wild primates are particularly well suited for studies in 

molecular scatology (Borries et al., 1999; Matsui et al., 2007; Vallet et al., 2008). 
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Critical targets of molecular investigation are infectious diseases that threaten many 

wild primates.  There is growing concern about the potential impact of human 

disease agents on wild apes because of their close genetic relationship and man’s 

relentless encroachment into wild ape habitats (Leendertz, 2006; Wallis and Lee, 

1999; Woodford et al., 2002).  Other diseases such as Ebola, which is devastating 

some African ape populations, could be better assessed with noninvasive diagnostic 

methods (Lucht et al., 2007; Walsh et al., 2003; Wolfe et al., 1998).  Nonhuman 

primate fecal samples have proven effective for important molecular analysis as 

demonstrated with research on immunodeficiency viruses, foamyviruses, and TT 

virus (Barnett, 2004; Leendertz et al., 2004a; Ling et al., 2003; Santiago et al., 

2003).   

 

One of the main challenges for molecular field studies is sample handling, storage 

and preservation, especially in areas with little or no access to electricity or 

refrigeration.  This has led to a variety of methods being utilized to better collect and 

store field collected primate fecal samples for molecular analysis (Nsubuga et al., 

2004; Vallet et al., 2008; Whittier et al., 1999).  For instance, we have previously 

shown that gorilla fecal samples can be stored at room temperature in guanidine 

isothiocyanate solution for up to 6 months and still allow reliable RT-PCR analysis 

for rotavirus (Whittier et al., 2004).   
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We chose rotavirus for that study with the aim of expanding molecular methods to 

test wild ape populations for RNA viruses with noninvasive methods.  Rotavirus was 

specifically chosen as a test agent because of its global ubiquity, clinical relevance, 

and suspected presence in wild mountain gorillas.  It is the most common diarrheal 

pathogen of children worldwide causing over 800,000 deaths per year, mostly in the 

developing world (Parashar et al., 1998).  It is increasingly recognized as a cause of 

adult diarrhea and central nervous system disease (Iturriza-Gomara, 2002; Mori, 

2002; Nakagomi et al., 2002; Parashar et al., 1998).  Though its importance in 

populations of wild apes is uncertain, high rotavirus seroprevalences and potential 

pathogenicity have been documented in great apes (Ashley et al., 1978; Kalter et al., 

1982; Soike et al., 1980).   Rotavirus has also been transmitted from humans to other 

primates (Mitchell et al., 1977), and positive titers have been detected in wild 

mountain gorillas and wild orangutans (Hastings, 1991; Kilbourn et al., 2003; 

Whittier et al., 2009b). 

 

The objectives of this study were to: (1) assess the feasibility of using stored fecal 

samples from wild gorillas for rotavirus RNA detection; and (2) investigate the 

epidemiology of rotavirus infection among mountain gorillas and neighboring 

humans in east-central Africa. 
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MATERIALS AND METHODS 

Collection of fecal samples 

From February to October 2001, fresh fecal samples (N=219) were collected from 

free-ranging mountain gorillas (Gorilla beringei beringei) in two separate 

populations.  Bwindi mountain gorillas (N= 98) were sampled from the Bwindi 

Impenetrable National Park (BINP) in Uganda.  Virunga mountain gorillas (N= 121) 

were sampled from the Parc National des Volcans (PNV) in Rwanda.  Samples were 

collected either after directly observing defecation of identified, human-habituated 

gorillas (individually identified samples, N=76) or after locating samples in night 

sleeping nests (nest samples, N=143).  Sampling of individual sleeping nests only 

once for each group insured little or no duplicate sampling of individuals.  

Individually identified samples were usually collected within 5 minutes, whereas 

nest samples were collected up to ~6 hours after defecation likely occurred.  Samples 

were measured according to largest width of lobes which is a standard procedure for 

estimating gorilla size and age (McNeilage et al., 2001; Schaller, 1963).  We used 

fecal measurements from identified individuals, supplemented with data from other 

samples not included in this study (total N=96) of known age to validate this 

technique.  Samples were also subjectively scored for freshness (very fresh = usually 

within 10 minutes of defecation, fresh = within 1-2 hours, or older = 2-6 hours old) 

and for stool consistency (liquid, soft, formed, or hard).  Up to ~10 grams of each 

fecal sample were collected into clean vials for enzyme immunoassay (EIA) analysis.  

For RNA extraction, multiple ~0.5 gm aliquots from each sample were mixed into 
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1.0 ml of guanidine isothiocyanate buffer (GT, 4 M guanidine isothiocyanate, 1 M 

sodium citrate, 0.7% beta-mercaptoethanol, 10 mM EDTA, pH 7.2, Gibco BRL, 

Gaithersburg, MD) either directly in the field or in the laboratory within 6 hours. 

 

One-hundred forty-four human fecal specimens were collected during voluntary 

health programs conducted with local medical authorities.  Samples near Bwindi 

(N=50) were collected in April 2001 from local villagers and a small group of park 

rangers who inhabited an area of the park where gorillas frequently raided crops.  

For the Virungas, human samples (N=94) were collected in June 2001 during the 

inaugural Mountain Gorilla Veterinary Project Employee Health Program (EHP) for 

conservation personnel working with gorillas in PNV.  During both health programs, 

fresh feces were collected from identified individuals and aliquotted and stored 

following the same methods as the gorilla samples, except that they were generally 

placed into the GT buffer much sooner after defecation (generally within 5 minutes) 

than were gorilla samples.   

 

EIA testing 

A subset of 90 samples (26 human and 64 gorillas) were arbitrarily chosen for 

enzyme immunoassay (EIA) testing for rotavirus in Africa using a commercial 

rotavirus test kit (Rotaclone Premiere, Meriam Diagnostics, Cincinnati, OH).  

Following the manufacturer’s instructions, fresh, refrigerated (<3 days), or frozen 

samples (with no preservatives) were analyzed.  
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RNA extraction 

Total RNA was isolated from whole fecal samples using a commercial kit (QIAamp 

Viral RNA Mini Kit, QIAGEN Inc., Valencia, CA) by following the manufacturer’s 

recommended protocol adjustment for fecal samples.  Briefly, this method involved 

centrifugation of samples at ~4,000 x g for 30 minutes before mixing 140 μl of 

supernatant with the included lysis buffer.  The nucleic acids from the lysed 

supernatant were then bound to the QIAamp silica-gel-based membrane in a spin 

column by centrifugation.  Columns were then serially washed with supplied 

solutions before nucleic acids were eluted with the provided buffer solution.  

 

Reverse-transcriptase PCR amplification of rotavirus RNA 

PCR primer sequences were obtained from published sources and from the Dr. 

Baoming Jiang (Table 1), and were synthesized by Innovative DNA Technologies 

Inc., Coralville, IA.  A commercially available single-tube rt-PCR kit was used for all 

assays (QIAGEN OneStep RT-PCR, QIAGEN).  Twenty five or 50 μl rt-PCR reactions 

included 1x QIAGEN OneStep RT-PCR Buffer (2.5 mM MgCl2), 400 μM each dNTP, 

0.2 μM each primer, and 4% (v/v) QIAGEN OneStep RT-PCR Enzyme Mix.  A series 

of optimization experiments were previously conducted (see Whittier et al., 2004) to 

test the different primers, nucleic acid treatment with DNase (DNA-free™, Ambion), 

PCR additives including the kit provided Q-solution and DMSO (10% v/v, Sigma), 

and different PCR cycles.  For sample comparison assay we used primers A, B, and F 

(Table 1) and rt-PCR cycles of 50oC for 30 min, 95oC for 15 min, then 40 cycles of 
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94oC for 30 sec, 50-52oC for 30 sec, and 72oC for 1 min, followed by 72oC for 10 min.  

PCR products were electrophoresed in a 1 or 2% agarose (Gibco BRL) gel containing 

0.2 or 0.3 μg ethidium bromide (Gibco BRL)/ml in TBE buffer (40 mM Tris, 20 mM 

acetic acid, 1 mM sodium EDTA, Gibco BRL) at 75 or 100 V for 30-60 minutes.  All 

PCR reactions included positive controls of RRV RNA extracted directly from virus 

cultures and negative controls containing no RNA.  Gels were run with appropriate 

DNA ladders (Gibco BRL) on bench-top apparatuses (Bio-Rad), and Polaroid® 

photographed using UV transilluminators (Fisher Scientific, Pittsburgh, PA, and 

UVP, Upland, CA).  Nine RT-PCR products were removed from agarose gels and 

purified with a commercial kit (QIAquick Gel Extraction Kit, QIAGEN Inc., Valencia, 

CA).  These 9 products represented 4 reactions from gorilla samples scored positive, 

1 human reaction scored positive, and 4 other products suspected of being 

contaminants.  For specific identification, these products were re-amplified and DNA 

sequenced in both forward and reverse directions at the Duke University DNA 

Sequencing Laboratory, Durham, N.C. 

 

Results are reported as period prevalences over the whole period of collection, with 

associated binomial exact two-sided Wald 95% confidence intervals (Agresti and 

Coull, 1998).  Fischer’s exact test for association was used for univariate analysis in 2 

x 2 contingency tables where appropriate.  Calculations were performed with 

GraphPad software (2002-5, GraphPad Software, LaJolla, CA) and p < 0.05 was 

considered statistically significant. 
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RESULTS 

Fecal lobe size correlated with age class but there was overlap of two different sets of 

three age classes from ~5.0 to 7.5 cm (Figure 1).  Juveniles, blackback males, and 

adult females overlapped from 5.0-6.0 cm, while blackback males, adult females, and 

silverback males overlapped from 6.0-7.5 cm. 

 

None of the 90 samples (64 gorillas, 26 human) tested by EIA were positive for 

rotavirus.  Using the RT-PCR assay on the 144 human-derived and 219 gorilla-

derived samples, we detected an overall rotavirus prevalence of 9% (N=20) in 

gorillas and 2% (N=3) in humans.  Three of the twenty gorilla RT-PCR positives were 

previously found negative by EIA testing. 

 
Results of the RT-PCR assay are presented in Table 2 according to national park, 

species (human or gorilla), type of gorilla group, and specific group.  There were no 

significant differences in rotavirus prevalence between the two gorilla populations.  

In Bwindi, wild gorillas had a significantly higher prevalence than tourist-visited 

gorillas (16% vs 2%, p=0.01).  There were also significant differences in prevalence 

between specific group B6 and group B8 (38% vs 0% respectively, p=0.04).  In the 

Virungas population, gorillas in research groups had a significantly higher 

prevalence than gorillas from tourist-visited groups (15% vs 0%, p<0.01).  The only 

significant difference between Virunga gorilla family groups was a higher prevalence 

in group V6 compared to group V7 (28% vs 0%, p=0.02).  No significant differences 
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in prevalence were found for sex, age class, stool consistency, sample freshness, or 

nest versus individually identified samples.   

 

Infants and subadult females tended to have the highest prevalences of rotavirus of 

any age class (20%) but these differences were not statistically significant.  With 

results divided by fecal lobe size, small gorilla samples (<6.0 cm) had a significantly 

higher prevalence than large (> 6.0 cm) samples (21% vs 7%, p=0.03).  Nineteen of 

the 20 positive gorilla samples were collected during the month of May, resulting in 

a monthly prevalence of 35% (Figure 2).  Human samples from the Bwindi area had 

a significantly higher prevalence than those from people working in the Virungas 

(6% vs 0%, p=0.04).   

 

The DNA sequencing only provided satisfactory results (sharp, even, unicolor peaks) 

in one direction for 7 of the 9 products.  The useable sequences of all 9 products  

matched each other (+/- 1% of the sequences) and all matched the published 

sequence for rhesus monkey rotavirus, RRV (GenBank accession number AF295303).   

 

 

DISCUSSION 

The 2% prevalence of rotavirus detected in humans in this study was low compared 

to some studies, but was consistent with others.  Hospital surveys in Africa normally 

report a prevalence of 20-30% (Esona et al., 2004; Waggie, 2008).  Those results, 
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however, are mostly based on samples from symptomatic children, whereas we only 

sampled adults, most of whom did not present with diarrhea.  Studies of children in 

Africa have shown that rotavirus infection is usually associated with clinical illness 

and that control samples from children had no detectible rotavirus (Georges et al., 

1987).  The results of our sampling of mostly healthy adults agree with other studies 

in Africa that have found zero prevalence in non-hospitalized adults (Wolfaardt et 

al., 1997).  The significant difference in human prevalence we detected between the 

two sites was most likely a reflection of sample demographics.  Near Bwindi the 

humans sampled were mostly local farmers who voluntarily gave samples as part of a 

free community health initiative.  Though the program was similar in the Virungas, it 

was specifically an employee health program offered only to gorilla conservation 

personnel.  This group of people was generally more urban and, in association with 

their employment, most had a higher level of education and socioeconomic status.  

These factors likely enabled them to have better access to health care, clean water, 

and other factors that would reduce their risk of rotavirus infection (Hrdy, 1987; 

Wolfaardt et al., 1997). 

 

Another explanation for the difference between human samples from the two areas 

could be seasonality.  In the gorilla samples all but one positive result were from 

samples collected during the month of May, which is the last month of heavy rains in 

this part of Africa (Watts, 1998).  The human samples from Uganda were collected 

the month prior (April, very rainy), and the samples from Rwanda the month after 
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(June, little rain).  This association between higher rainfall and higher prevalence, 

however, is exactly the opposite of what has been shown for the limited seasonality 

of rotavirus in Africa, which tends to increase during drier months (Armah et al., 

1994; Steele et al., 2003).  We considered the possibility that this monthly peak in 

prevalence could have been due to contamination.  However, contamination was not 

possible during fecal collection because the rhesus rotavirus control RNA was only 

used in the laboratory in the US; it was also not possible during the RNA extractions 

for 19 of the 20 positive samples because they were extracted in Rwanda; and it was 

not an obvious laboratory error during RT-PCR assays where the positive samples 

were generated at different times, in different runs, and will negative controls.  

 

The higher prevalence of rotavirus we detected in gorillas (9%) compared to humans 

(2%) can be partly attributed to sampling infant gorillas but not infant humans.  

Along with subadult females, infant gorillas tended toward the highest prevalence of 

any age class (20%).  When looking only at fecal lobe size (which allowed inclusion of 

additional nest samples), adult-sized samples (>6.0 cm) had a lower prevalence than 

the subadult-sized samples (7% vs 21%, p = 0.03 ).  Overall, prevalence of rotavirus 

was low in gorillas and was not associated with abnormal stools of any clinical 

symptoms. 

 

Although rotaviruses are carried by many species, humans have closer contact with 

gorillas than gorillas have with most other species.  In this study the prevalence of 
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rotavirus infection in gorillas was not associated with levels of human contact.  In 

fact, among the Bwindi gorilla groups, rotavirus prevalence was higher in non-

habituated groups.  These groups had less contact with researchers and tourists but 

are still known to frequently leave BINP to crop raid and forage in agricultural fields.  

In the sampled Virunga gorilla groups, the higher prevalence detected in gorillas 

from behavioral research groups as opposed to tourist-visited groups has no obvious 

association with human contact as levels are similar among the different groups, 

albeit from partially different human populations.  The geographic distribution of 

these gorilla groups coupled with a localized source of rotavirus (e.g. a contaminated 

water source, a reservoir animal population) might explain the difference.  The three 

research gorilla groups inhabit adjacent territories in an area of the PNV from which 

the tourist-visited groups are mostly excluded.  According to park ranger patrol data 

(Gray et al., 2005) these areas have some of the lowest encounter rates for other 

mammals, including the park’s large ungulates (buffalo, elephant, duiker, bushbuck), 

an important class of rotavirus carriers (Saif et al., 1994) and one in which we also 

found other cases of rotaviruses (2/7 forest buffalo, Syncerus caffer nanus).  If the 

gorillas in this area are truly carrying a high prevalence of rotavirus, and are being 

exposed to some local source (other than gorillas), that source does not appear to be 

any of the large ungulates. 

 

We were unable to confirm and better identify the detected rotaviruses by RT-PCR 

product sequencing.  All of the products we sampled matched our control rhesus 
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rotavirus (RRV) strain.  Natural gorilla rotavirus could be a close match to RRV but 

an identical match for rotavirus isolated from humans is unlikely (Gentsch et al., 

2005).  We suspect the contamination happened in the pre-sequencing reactions 

where we re-amplified the original RT-PCR products in order to generate more DNA.  

PCR contamination is always a concern with molecular assays and was an issue we 

identified in our laboratory towards the end of this study.  Unfortunately, this 

contamination hampered our ability to verify results or better identify the nature of 

the gorilla rotaviruses.  With results we believe are true positives, this study shows 

that if collected in appropriate media (e.g. guanidine isothiocyanate) gorilla fecal 

specimens can be stored at room temperature and yield quality RNA for molecular 

analysis.   

 

Rotavirus detected in wild gorilla populations and neighboring humans followed 

some expected patterns, such as a lower adult prevalence and a seasonal prevalence, 

but not others.  The seasonal prevalence, if not a sampling artifact, was counter to 

the usual African drier season increase, and gorillas with lower association with 

ungulates had a higher rotavirus prevalence.  Compared to infection that can be 

transmitted via aerosols, the fecal-oral transmission route for rotavirus minimizes 

interspecies transmission between gorillas and humans- if humans are cautious.  

Park rules prevent people in the forest from leaving unburied feces, which could 

infect gorillas and other animals.  People having regular contact with gorilla and 

other wildlife feces are expected to wear gloves for their protection.  Nonetheless, 
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cross species transmission of fecal-oral pathogens between humans and gorillas in 

these populations is well documented (Graczyk et al., 2002b; Graczyk et al., 2002d).  

In this study we found no association between gorilla infection with rotavirus and 

human contact.  The lack of association might indicate that the current rules are 

adequately protecting gorillas.  Conversely it might also indicate that all gorilla 

groups, even those considered unhabituated, have considerable human contact and 

are at risk of becoming infected with human pathogens.   
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TABLE 1.  Oligonucleotide PCR primer nomenclature, sequence and nucleotide position. 

Primer 
designation 

Gene 
target 

Nucleotide 
positiona Primer sequence (5’ – 3’) Source 

     Af VP4 11-32 ttg ctt cgc tca ttt ata gac a B. Jiang, personal communication 
Ar VP4 232-254 atc caa taa tcg act ggt gga tt  
     
Bf VP6 6-25 tta aac gaa gtc ttc aac at B. Jiang, personal communication 
Br VP6 141-161 aaa ttc att tcc att cat agt  
     
Ff VP7 1044-1062 ggt cac atc ata caa ttc t Santos et al., 1994 
Fr VP7 805-824 gga cca aga gaa aac gta gc   
     
a Nucleotide positions are based on the published sequences for simian rotavirus RRV; accession number X14203 for VP4, X00421 for VP6, 
and V01546 for VP7. 
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TABLE 2.  Prevalence of rotavirus RNA detected with RT-PCR stratified by national 
park, species, gorilla group type, and individual gorilla group.  
 

BWINDI IMPENETRABLE NATIONAL PARK, UGANDA 

Group type Group 
Identification 

Sampling  Positive/ 
tested 

Prevalence  
(95% CI) 

Tourist gorillas B1a nest  0/16 0% (0-23%) 
 B2 nest  0/25 0% (0-16%) 
 B3 nest  1/10 10% (0-43%) 
 Subtotal  1/51 2% (0-11%) 
       
Wild gorillas B4 nest  0/5 0% (0-49%) 

 B5 nest  2/7 29% (8-65%) 
 B6 nest  3/8 38% (13-70%) 
 B7 nest  3/11 27% (9-57%) 
 B8 nest  0/13 0% (0-27%) 
 B9-11 nest  0/3 0% (0-62%) 
 Subtotal  8/47 17% (9-30%) 
 Bwindi Gorilla Total  9/98 9% (5-17%) 

       
Local humansb   3/50 6% (1-17%) 
 

VOLCANOES NATIONAL PARK, RWANDA 

Group type Group 
indentification 

Sampling  Positive/ 
tested 

Prevalence  
(95% CI) 

Tourist gorillas V1 nest  0/25 0% (0-16%) 
 V2 individual  0/8 0% (0-37%) 
 V3 individual  0/10 0% (0-32%) 
 V4 individual  0/6 0% (0-44%) 
 Subtotal  0/49 0% (0-9%) 

       
Research gorillas V5 individual  6/34 18% (8-34%) 

 V6 individual  5/18 28% (12-51%) 
 V7 nest  0/20 0% (0-19%) 
 Subtotal  11/72 15% (9-26%) 
 Virunga Gorilla  Total  11/121 9% (5-16%) 

       
Local humansb   0/94 0% (0-5%) 
       
 Gorilla total   20/219 9% (6-14%) 
 Human total   3/144 2% (0-6%) 
        

aGroup B1 was being human-habituated and not yet visited by tourists; bLocal humans at Bwindi were 
from the general community whereas at Volcanoes they were all gorilla conservation workers.
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Fecal Size versus Age
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Figure 1.  Fecal lobe width by age for 96 samples from known 

individuals.  Fecal size correlates with age, but there is overlap of three age classes 

from 5.0-6.0 cm, and of three different classes from 6.0-7.5 cm.  Seven samples of 

adult females and silverbacks of unknown specific age are from identified individuals 

whose exact birth years are unknown, and are therefore shown on the Y-axis. 
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Gorilla Results by Month
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Figure 2.  Rotavirus RT-PCR results from wild gorillas sampled show an increased 

prevalence during the month of May.  The graph also shows the uneven monthly 

sampling.  
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ABSTRACT: Health monitoring of wildlife populations can greatly benefit from 

rapid, local, noninvasive molecular assays for important pathogens. Fecal samples 

(N=157) collected from free-living Virunga mountain gorillas (Gorilla beringei 

beringei) between August 2002 and February 2003 were tested for Campylobacter 

spp. DNA using a portable, real-time polymerase chain reaction instrument. An 87% 

prevalence was detected with no statistically significant differences between different 

gorilla groups, sexes, or age classes.  A subset of fifty samples was negative for 

Salmonella spp., Listeria monocytogenese, and Escherichia coli O157 by the same 

instrument. A modification of the standard protocol improved assay consistency, and 

increased detection sensitivity. The modified procedure was more sensitive than 

bacterial culture with Campylobacter specific media, and commercially available 

enzyme immunoassay tests for detecting Campylobacter spp. in human samples. We 

speculate that the high prevalence of Campylobacter spp. detected by real-time PCR 

in noninvasively collected fecal samples from wild gorillas reflects a previously 

uncharacterized normal intestinal flora. 

 

Key words: Polymerase chain reaction, Campylobacter, gorilla, noninvasive sampling, 

epidemiologic monitoring. 
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INTRODUCTION 

The transmission of infectious disease agents from humans to wild apes is an 

ongoing concern as ape populations decline and are increasingly exposed to humans 

(Woodford et al., 2003). A growing number of researchers are investigating this 

problem, though few data exist on actual anthropozoonotic (from humans to other 

animals) disease prevalences, health risks, or disease transmission into and within 

wild ape populations. The most complete evidence relies on invasively collected 

tissues, though data from non-invasive techniques are slowly contributing  

(Goldberg et al., 2008; Koendgen et al., 2008; Rwego et al., 2008).  

Molecular techniques have been used on non-invasive samples from humans to 

diagnose infection with a variety of pathogens, including many potentially 

pathogenic to great apes (Lina et al., 1996; Houng et al., 1997). The use of non-

invasively collected samples and molecular detection systems is also advancing 

research on disease agents, such as simian immunodeficiency virus, within several 

wild primate populations (Ling et al., 2003). Implementation of rugged, portable 

technology could facilitate this research by allowing rapid analysis of samples in the 

field (McAvin et al., 2003).  

Samples non-invasively collected from mountain gorillas (Gorilla beringei 

beringei) include feces, urine, and partially eaten food items that may contain saliva 

(Watts, 1984; Sleeman et al., 1988). These samples can be used to detect exposure to 

or the presense of a wide range of infectious pathogens. Gastrointestinal (GI) 

parasites have been frequently studied in mountain gorilla because of the ease in 
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collecting fecal samples (Nizeyi et al., 1999). While some information is known about 

metazoan and protozoan GI parasites, less is known about bacterial and viral 

infections in mountain gorillas (Nizeyi et al., 2001; Rwego et al., 2008). Properly 

designed real-time PCR assays can detect multiple organisms and discriminate 

between genetic subtypes of target organisms, improving the ability to evaluate 

bacterial or viral diseases (Klaschik et al., 2004; Verweij et al., 2004).  

Campylobacteriosis is one bacterial disease that is potentially important to wild 

gorilla populations. Campylobacter is a genus of gram-negative, microaerophilic 

bacteria that inhabit the gastrointestinal tract of many animals. The genus is 

comprised of pathogenic and non-pathogenic species as well as those that can be 

opportunistic pathogens. In the developed world, virtually all campylobacteriosis is 

attributed to one species, C. jejuni, and is considered a food-borne illness commonly 

associated with contamination by animals (Blaser, 1997). In the developing world 

Campylobacter infection has a different epidemiology that includes higher 

prevalence and incidence of both symptomatic and asymptomatic infections (Coker 

et al., 2002). Developing world Campylobacter epidemiology is also characterized by 

a younger age-related attack rate peak, widespread adult immunity to infection, and 

a higher proportion of non-jejuni Campylobacter infections, particularly in Africa 

(Oberhelman and Taylor, 2000). Though human-human, and presumably human-

gorilla, transmission is believed to be rare, Campylobacter could serve as useful 

model for molecular investigation in wild gorillas (Wassenaar and Newell, 2006). 
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Previous studies indicate that Campylobacter spp. occurs with sufficient prevalence 

(19%) to warrant molecular investigation (Nizeyi et al., 2001). 

The objective of this project was to expand molecular technologies to detect 

potential zoonoses of concern to wild gorilla populations using a real-time PCR field 

detection system. Specifically we aimed to: 1) assess to the practicality of performing 

real-time PCR in the field in Africa, and 2) determine the prevalence and basic 

epidemiology of Campylobacter spp. in wild gorillas using commercially available 

freeze-dried reagents. 

 

 

MATERIALS AND METHODS 

Sample collection  

Fecal samples were collected non-invasively from human-habituated mountain 

gorillas in the Parc National des Volcans in Rwanda (1˚35’ to 1˚65’ S, 29˚35’ to 

29˚75’ E) between August 2002 and February 2003. Some samples (N=45) were 

collected immediately after observing identified gorillas defecating (“identified” 

samples) while other samples (N=112) were collected from gorilla night nests (“nest” 

samples). Duplicate samples (N=15) were collected from some indentified 

individuals but were avoided in nest collections by only sampling each group once. 

Approximately 100 grams of feces were collected into disposable, sealable, 

polyethylene bags. Most samples (N=112) were measured for maximum width, which 

is known to correlate with gorilla age classes, and GPS coordinates were taken near 
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the collection site of all samples.  Additional samples collected from forest buffalo, 

Syncerus caffer, (N=4) and an unidentified small carnivore (N=1) were incorporated 

into this study to compare Campylobacter PCR positive DNA sequences. 

For identified gorilla samples, individual age and gender data were recorded from 

existing records and assigned to accepted age/sex class by standard definitions. Nest 

samples that retained their shape (97 of 112) were assigned to age classes based on 

maximum lobe width according to previously published methods (McNeilage et al., 

2001). Nest samples were further categorized as silverbacks (adult males over 12 

years of age) when they exceeded the maximum size for adult females (7.0 cm) 

and/or had silver/gray hairs present, or as adult females when nests also contained 

infant-sized feces (<3.0 cm) that normally occur in their shared nests. For 

epidemiologic analysis we used full age classes as well as collapsed classes that 

combined all adults (silverbacks, adult females, unknown adults, and blackbacks) 

and all non-adults (subadult, juvenile, and infant). Group size is well established for 

all these habituated groups, which can be separated into those groups visited by 

tourists (“tourist” groups, N=4) and those visited only by behavioral researchers 

(“research” groups, N=3).  

Fresh human fecal samples were collected voluntarily from over 120 local 

conservation personnel as part of the 2003 Mountain Gorilla Veterinary Project 

(MGVP) employee health program, described elsewhere (MGVP 2002 Employee 

Health Group, 2004). Eighteen of these were selected for inclusion in this study 
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based on their Campylobacter spp. culture results as described below (9 positive, 9 

negative).  

 

Gorilla sample processing  

The majority of gorilla samples (N=104) were processed for total DNA extraction 

within 12 hours of collection while others (N=20) were refrigerated (2-4°C) or frozen 

(-10 to -20°C) for processing within 7 days. A third group of samples (N=33 gorillas 

and 5 other wild animals) were used for DNA extraction after storage in guanidine 

isothiocyante buffer (GT, 4 M guanidine isothiocyanate, 1 M sodium citrate, 0.7% 

beta-mercaptoethanol, 10 mM EDTA, pH 7.2, Gibco BRL, Gaithersburg, MD), which 

we have previously shown can be used for long term storage at ambient temperature 

(Whittier et al., 1999). Total nucleic acids (DNA & RNA) were extracted using a 

commercial fecal DNA extraction kit (QIAamp DNA Stool Mini Kit, QIAGEN Inc., 

Valencia, CA). Extracted DNA was either refrigerated before PCR, for analysis within 

1 week, or frozen if analysis was expected to occur after more than 1 week of storage.  

 

Human sample Campylobacter culture and EIA testing  

The human samples were cultured for bacterial infections in Rwanda within 2 hours 

of collection and subsequently frozen until EIA testing and DNA extraction. Sample 

aliquots were placed in Campylobacter thioglycollate enrichment medium (0.16% 

agar, trimethoprim, vancomycin, polymyxin B, cephalothin and amphotericin B, 

Remel Inc., Lenexa, Kansas) and refrigerated at 2-4°C for 24 hours. Enriched media 
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were plated onto Campylobacter-selective medium (blood agar with same 5 

antibiotics, Remel Inc., Lenexa, Kansas) and incubated in 5% CO2 at 42°C for 48 

hours. The microaerophilic environment was achieved using Pouch-MicroAero gas 

generators in the AnaeroPouchTM System (Remel/Mitsubishi Gas Chemical America 

Inc., New York). Positive identification of Campylobacter spp. was based on colony 

morphology (small, gray to yellowish or pinkish gray and slightly mucoid on selective 

media), characteristic bacterial morphology and Gram negative staining (small, 

curved or seagull-winged gram negative rods), and biochemical characterization 

using API Strips (oxidase and catalase positive). Frozen aliquots from nine culture 

positive and nine culture negative human samples were later tested in the U.S. using 

a commercial enzyme immunosorbent assay (EIA) for Campylobacter spp. 

according to manufacturer’s instructions (ProSpecT® Campylobacter Microplate 

Assay, Alexon-Trend, Ramsey, MN). After thawing, total DNA was also extracted for 

PCR according to the same methods used for the gorilla samples. 

 

Real-time PCR  

DNA extracts were used for analysis in the R.A.P.I.D.™ instrument (Ruggedized 

Advanced Pathogen Identification Device, Idaho Technology Inc., Salt Lake City, UT) 

according to manufacturer’s instructions. This unit is a portable, rapid, forced-air 

thermocycler with an integrated fluorimeter for real-time monitoring of PCR 

reactions. It is designed for field deployment and can be powered by an automobile 

battery, but security and manufacturer’s agreement for the unit used in this study 



 

 99 

restricted its use to the MGVP laboratory in Ruhengeri, Rwanda. The proprietary 

freeze-dried Campylobacter spp., Salmonella spp., Listeria and E.coli O157 reagents 

integrate the reaction mix, primers, and hybridization probes. The standard PCR 

cycle for all assays was denaturation at 94oC for 1 min followed by 35 amplification 

cycles of 95oC denaturation (held for zero sec) and combined annealing and 

extension at 60oC for 20 sec. Melting curves ramping from 50oC to 80oC were 

standard after an initial denaturation at 95oC (for zero sec). Temperature transition 

rates were 20 oC/sec for all steps except the melting curve that changed at 2 oC/sec. 

Generally, 2 or 3 ul of DNA sample were used per 20 ul PCR reaction.  

We attempted to optimize the PCR assay by altering the proportions of template 

DNA to reaction volume. In troubleshooting intermittent cyclic oscillations of the 

fluorescent PCR product growth curve, we discovered that decreasing the reaction 

volume eliminated oscillations in the positive controls (data not shown). This led us 

to deviate from the reagent and instrument instructions and run the later reactions 

at half the normal volume (10 ul). Questions about stability of the freeze dried 

reagents in Rwanda, where we found the laboratory temperature ranged from 13 to 

32oC (~55 to 90oF) and the humidity from 29 to 94% lead us to evaluate the different 

reagent lots and locations where assays were performed. As indicated in Table 1, a 

small number of the samples tested early in the studies were run singly, but the 

majority of samples were assayed in two identical replicates in each instrument run. 

We divided the different combinations of reagents lots and reactions sizes into four 

different protocols as outlined in Table 1.  
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PCR product sequencing 

To confirm their identity, 15 R.A.P.I.D. Campylobacter spp. PCR reaction 

products (2 controls and 13 samples) were electrophoresed in a 2% agarose gel 

(Gibco BRL) containing 0.2 μg ethidium bromide (Gibco BRL)/ml in TBE buffer (40 

mM Tris, 20 mM acetic acid, 1 mM sodium EDTA, Gibco BRL) at 75 or 100 V for 30-

60 minutes.  Target DNA bands were removed and purified with a commercial kit 

(QIAquick Gel Extraction Kit, QIAGEN Inc., Valencia, CA) and, because of the 

proprietary nature of their R.A.P.I.D. products, submitted to Idaho Technology for 

sequencing.  Bidirectional sequences were generated by the University of Utah DNA 

Sequencing Core Facility, Salt Lake City for fifteen products. 

To further identify Campylobacter spp. sequences, selected original sample 

DNA extracts were used as PCR templates for new reactions in a  conventional 

thermocycler (PTC-1160 MJ Research, Cambridge, MA). Published Campylobacter 

genus level primers C412f (5’-GGATGACACTTTTCGGAGC-3’) and C1288r (5’-

CATTGTAGCACGTGTGTC-3’) (Linton et al., 1996) were used to generate a ~726 bp 

product. We were unable to optimize PCR results for all samples but sequenced 

products were derived from 25 ul reactions with 1 ul of DNA extract at either full 

extract concentration, 1:10 dilution, or 1:100 dilutions depending on sample.  In the 

optimization effort a number of different PCR pre-mixtures and individual 

components were used but the standard reaction used ~0.4 μM of each primer in 

commercial PCR reaction mixture for final concentrations of 20 mM Tris-HCl (pH 

8.4), 50 mM KCl, 1.5 mM MgCl2, 200 μM dNTPs, 20 U Taq DNA Polymerase.  The 
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PCR amplification was 36 cycles of 94oC for 1 min, 55oC for 1 min, and 72oC for 1 

min, followed by 72oC for 10 min. PCR products were electrophoresed in a 2% 

agarose (Gibco BRL) gel containing 0.2 μg ethidium bromide (Gibco BRL)/ml in 

TBE buffer (40 mM Tris, 20 mM acetic acid, 1 mM sodium EDTA, Gibco BRL) at 75 

or 100 V for 30-60 minutes.  PCR reactions included positive controls of extracted 

directly from virus cultures and negative controls containing no DNA.  Gels were run 

with appropriate DNA ladders (Gibco BRL) on bench-top apparatuses (Bio-Rad), 

and Polaroid® photographed using UV transilluminators (Fisher Scientific, 

Pittsburgh, PA, and UVP, Upland, CA). Products were purified as per R.A.P.I.D. 

products described above and were sequenced at the Duke University DNA Analysis 

Facility, Durham, NC. 

 

Data analysis 

 To evaluate the R.A.P.I.D.™ instrument, we compared the four different 

protocols and included all results for the 157 gorilla samples, a total of 411 separate 

assays. We considered only the positive/negative results as derived by the 

instrument software (LightCycler® Data Analysis module version 3.5.28.250, Idaho 

Technology), which uses a cut-off value on an assigned score based on the 

differences between the growth and flat phases of the fluorescent PCR product curve.  

For epidemiologic analysis we used the results from 127 samples divided by identified 

(N=25) and nest (N=102) samples. We excluded  the 15 duplicate samples from known 

individuals and 15 negative samples tested only by Protocol 1 because our results from 
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the protocol comparisons indicated that these results could have represented false 

negatives. We visually scored the growth curves and melting peaks of all of the remaining 

results to detect false positive and false negative samples.  

We used both kappa statistics and log odds-ratios to evaluate pairwise agreement of 

replicate samples for each protocol (Dunn and Everitt, 1995). McNemar’s test was used 

to compare paired samples that were tested by two methods with Protocol 4 results 

defined as the gold standard (Motulsky, 1995). The unpaired t-test was used to compare 

melting peak temperatures (Steel and Torrie, 1980). Chi-square tests for association were 

used for univariate analysis of different variables in 2x2 contingency tables (Steel and 

Torrie, 1980). All calculations were performed either with SAS 8 or GraphPad (2002) 

software and p<0.05 was considered significant. 

 

 

RESULTS 

Comparison of different reagent, location and reaction size protocols. 

Summary results for the four different protocols are presented in Table 1. Protocol 2 

was biased because it was used to confirm a small number of suspected positive 

samples from Protocol 1 and is therefore not considered in comparison to the other 

protocols. Protocol 4 had a statistically significant higher proportion of positive 

assays than Protocol 1, (p < 0.0001 for all samples, p = 0.03 for paired samples run 

by both protocols (N=97)). Protocol 4 was also more likely to detect overall positives 
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than Protocol 3 (p = 0.006) including comparisons between paired samples (p= 

0.04). Statistically significant agreement between replicate assays was also found for 

Protocol 4 compared to Protocols 1 and 3 (p < 0.0001 for each). Protocol 4 had the 

highest proportion of overall agreement in positive samples, the only high kappa 

statistic (0.65) signifying good agreement between paired samples, and a highly 

significant p-value (<0.0001) for log odds-ratio of the second replicate agreeing with 

the first. 

EIA, culture, and PCR comparison of human samples. Table 2 shows 

that the EIA test disagreed with one of the nine culture negative samples and three of 

the nine culture positive samples. Overall, there was agreement between the culture 

and EIA in fourteen of the eighteen samples. The seemingly less sensitive PCR 

results from Protocol 3 agreed with ten of fourteen culture results and a different ten 

of fourteen EIA results. Protocol 4, however, detected Campylobacter spp. in most of 

the negative culture (8 of 9), EIA (10 of 11) and Protocol 3 (3 of 5) samples. Protocol 

4 detected Campylobacter spp. in an equal proportion (8 of 9) of the culture 

negative and culture positive samples. 

Melting peak analysis. We found that the melting peaks of positive samples 

fell into one of two groups: those that peaked at a higher temperature around 64.5°C, 

and those that peaked at lower temperature around 59°C (Figure 1). All positive 

controls, the sample seeded with C. jejuni, and most of the positive human sample 

products, melted at the higher temperature while 93% (358/384) of the gorilla 

positives melted at the lower temperature. Using the clear separation at 61-62°C, 
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there were significant differences between mean melting peak temperatures for high 

(>62°C) and low (<61°C ) melting groups of gorilla samples, human samples, and all 

combined samples. No detectable temperature differences were found between 

gorilla and human samples at either the high or low melting temperature. A small 

number of samples (N=6 gorillas and 2 humans) were found to have both low and 

high temperature melting peaks either in single assays or in aggregate of multiple 

assays. The positive human samples showed no association between melting peak 

temperatures and detection by culture or EIA (Table 2). 

Epidemiologic Results. Visually scoring the growth curves and melting 

profiles detected 13 instrument false negatives and no false positives resulting in an 

overall prevalence of Campylobacter spp. in gorilla fecal samples of 86%. We found 

no significant association between positive Campylobacter spp. results and gorilla 

sex, age class, or whether samples were individually or nest collected (Table 3).   

Gorilla group size and geographic location within the park were also not associated 

with different prevalences (data not shown).  In the one gorilla group that had more 

than 15 samples from both nests and identified gorillas, the prevalence in identified 

samples was significantly higher than in nest samples (Fisher’s exact test, p=0.013 

(Steel and Torrie, 1980)).  

Three of the ten gorilla samples that were found to have the high melting peak 

Campylobacter had abnormally soft fecal samples, whereas only three of the 113 

with low melting Campylobacter had abnormal feces. This demonstrates a 

statistically significant association between the high melting Campylobacter and 
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abnormal stools (p = 0.007, Fisher’s exact test, relative risk = 11 (confidence interval 

2.6-49), odds ratio = 15.7 (CI 2.7-93)). 

Sequencing Results. The DNA sequences from 15 different R.A.P.I.D. PCR 

products generally matched a 265 bp sequence of the Campylobacter 16s rRNA gene 

(Table 4). In this highly conserved region, the R.A.P.I.D.™ kit control, the C. jejuni 

seeded product, and the human and gorilla high temperature melting peak products 

all had sequences exactly identical to published sequences for C. jejuni (Table 4). The 

lower melting human and gorilla products, however, were unique sequences that 

most closely resembled a sequence attributed to C. upsaliensis (LMG8853, 

Gorkiewicz et al., 2003).  

DNA sequences from the larger ~726 bp products generated by standard PCR 

from 11 samples mostly followed the same patterns (Figure 5).  The longer sequence 

from one human sample (#01) was identical to C. gracilis, while another human 

positive most closely matched C. hyointestinalis.  Four of the six sequences from 

gorilla samples most closely matched C. upsaliensis but were again consistently 

distinct.  Products from two other gorillas’ samples produced sequences with 

ambiguous bases at many key variable positions. 

Other Assays. Fifty samples (25 from the largest tourist-visited group and 25 

from the largest research group) were tested for Salmonella, Listeria and E. coli 

O157 using freeze-dried reagents from Idaho Technology’s Pathogen Identification 

kits. The Salmonella assay was successfully pretested using a human sample seeded 

with pure Salmonella from culture, while the other assays relied only on the kit 
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positive and negative controls. None of the 50 gorilla samples tested positive for any 

of these agents. 

 

 

DISCUSSION 

It appears that the initial lot of freeze-dried reagents may have begun to degrade 

before their expiration date. Though we continued to experience some inconsistency 

in replicate samples, there was little evidence of degradation with later reagent lots 

that were used within 2-3 months of production. We did, however, experience 

significant oscillations in the PCR product growth curves beyond the normal ranges 

expected for the instrument. This phenomenon sometimes interfered with 

determination of results because the instrument software had difficulty defining a 

flat portion against which to measure the curve’s growth. In troubleshooting this 

problem using the positive control samples, we repeatedly verified that decreasing 

reaction volume decreased, or totally eliminated, the magnitude of oscillations, 

without changing the overall magnitude of the growth curve (data not shown). 

Control reaction compositions were always the same and reaction position within 

instrument did not appear to affect the oscillations. We are unable to explain this 

observation but speculate that it could be a thermodynamic effect related to a more 

rapid thermal equilibration of the smaller reaction size.  

Similarly, our data from Protocol 4 appeared to show that decreasing the reaction 

volume for sample tests increased the assay’s ability to detect Campylobacter spp.. 
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Because reaction proportions did not change in our experiments, the increase in 

sensitivity is not explained by a decrease in template amounts reducing the effects of 

PCR inhibitors in fecal DNA extracts (Wilson, 1997). The possibility that the 

successive increased detection of Campylobacter spp. in Protocols 1, 3, and 4 was 

due to contamination of samples is unlikely because even within protocols, many 

samples tested negative in assays after testing positive, PCR negative controls were 

always negative, and we continued to detect different types of Campylobacter 

throughout the study. 

There was general agreement between culture, EIA and PCR results using 

Protocol 3, but the more sensitive Protocol 4 detected a higher number of positive 

samples. This could be a reflection of the specificity of the different methods. The 

culture protocol and media are fairly selective for C. jejuni and C. coli, and the EIA 

assay detects a Campylobacter specific antigen shared by C. jejuni and C. coli, but 

not most other species. The PCR assay is less specific, detecting Campylobacter at 

the genus level, and is known to detect at least one species that the EIA will not (C. 

lari, manufacturers’ inserts). We recognize that the high sensitivity of PCR can 

obscure a clinically useful result. The R.A.P.I.D.™ instrument, however, uses real-

time PCR that can be validated and calibrated to effectively quantify the amount of 

starting template DNA. These quantitative data have potential to be better correlated 

to clinical infection levels (Al-Robaiy et al., 2001). 

Sample quality affected the results, and this was expected. Nest samples 

collected many hours after defecation had a slightly lower proportion of positives 
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than samples from identified gorillas collected immediately after defecation. 

Campylobacter, an enteric, microaerophilic, and thermophilic bacteria, usually does 

not survive very long outside of the GI tract, is susceptible to desiccation and light, 

and fails to grow below 30°C (Hazelberger et al., 1998). This fragility could affect 

detection of diagnostic nucleic acids. Additionally, retention of PCR inhibitors that 

prevent product formation is also a common problem for fecal DNA extracts 

(Wilson, 1997). Therefore, it is possible that more gorillas shed Campylobacter spp. 

than the 85-88% prevalence we detected.  

Our result is in stark contrast to Campylobacter spp. culture prevalences 

previously reported for wild mountain gorillas in a nearby park (19%, and 8%, 

(Kalema, 1995; Nizeyi et al., 2001)). The higher sensitivity of PCR compared to 

culture likely explains part of this difference, as was demonstrated in the comparison 

of the human samples in this study. It is also possible that the PCR assay is detecting 

types of Campylobacter that are selected against by conventional commercial 

Campylobacter-specific culture media. Species differences in susceptibility to the 

antibiotics used in selective media are documented for Campylobacter species 

(Nachamkin et al., 2000). However, if we consider just the high-melting and mixed 

products, compatible with a diagnosis of C. jejuni, the gorillas sampled in this study 

had an overall prevalence of just 6.3%, which is similar to the prevalence reported in 

previously published studies.  

Sequence analysis of both the R.A.P.I.D. products and the larger products we 

amplified by standard PCR, were mostly consistent in the low melting gorilla positive 
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samples. These sequences were similar but distinct from the closest match, C. 

upsaliensis, and their differences of 3-5% likely represents and novel species of 

Campylobacter (Gorkiewicz, personal communication). Due to starting with mixed 

total DNA extracts (rather than pure bacterial cultures), and having only preserved, 

unculturable samples, we were unable to fully describe this isolate. We speculate that 

the majority of Campylobacter spp. we detected in wild gorillas (the low melting 

peak type) represents normal intestinal flora, and a yet undescribed species that we 

are continuing to investigate. With few apparent co-infections in the R.A.P.I.D. 

results, it appears that this species may even be somewhat protective to gorillas by 

competitively excluding the seemingly more pathogenic high melting C. jejuni or C. 

jejuni-like species, similar to what has been shown with Campylobacter in chickens 

(El-Shibiny et al., 2007).  The larger PCR product sequences showed more cases of 

possible mixed infections (basepair ambiguities at key locations) than were apparent 

from the R.A.P.I.D. products. 

The technical problems with the R.A.P.I.D. outlined above, coupled with 

restrictions of transporting and not being allowed to fully employ the unit in the field 

as designed, were significant inconveniences, but did not negatively affect the 

practicality of using this technology in the field. A drawback typical of DNA detection 

systems is that sample collection and processing does not allow follow-up recovery of 

live organisms to isolate and characterize, as we experienced. However, without the 

technology employed in this study, the low melting Campylobacter may have gone 

undetected, and likely would have been incorrectly combined with the other type(s). 
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This could be particularly important if the lack of distinction confounds the apparent 

underlying difference in pathogenicity between the different types of 

Campylobacter. The ability shown here to rapidly detect and easily distinguish 

between similar types of organisms, in the field, using non-invasively collected 

samples, could greatly expand diagnostic capabilities for many wildlife professionals.  
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FIGURE 1.  Spectrum of melting peak temperatures for R.A.P.I.D.™ replicates from different types of specimens. 
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TABLE 1. Comparison of Real-time PCR protocol methods and results. 

Methods  Results 
Protocol 

name 

Location 
Reagent 

Lot 

Reaction Size 
(ul template/ 

total) 
No. of tests 
performed 

No. of 
samples 
tested 

Overall 
prevalence 

Discordant 
pairs/total 

positive pairs 

Proportion 
of 

agreement 

Kappa statistic 
for  pair 

agreement 

p-value 
for 

log(OR) 
1a Rwanda A 2-3/20 165 138 17% 18/21 14% 0.18 0.048 

2b Rwanda B 3/20 33 25 69% 9/22 59% 0.16 0.418 

3 USA C 1/10 or 3/20 73 32 51% 25/37 32% 0.23 0.055 

4 USA C 2/10 140 111 71% 22/99 78% 0.67 <0.0001 

  

aProtocol 1 included 58 tests done only singly. 

bProtocol 2 was primarily used to confirm suspect positives from Protocol 1 and included 10 single tests. 
cTotal positive pairs include those that were either concordant or discordant with at least one positive.
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TABLE 2. Comparison of bacterial culture, enzyme immunoassay, real-time PCR, 
and PCR product melting peak results for selected human samples. 
 

PCR melting peaka 
Sample Culture EIA 

Protocol 3 Protocol 4 low high 

Human 01 – – ntb +  + 

Human 05 – – + + + + 

Human 07 – – nt –   

Human 08 – – – +  + 

Human 11 – – – +  + 

Human 15 – – nt +  + 

Human 16 – – – –   

Human 18 – + + nt  + 

Human 33 – – nt +  + 

Human 12 + – – +  + 

Human 13 + + + + + + 

Human 14 + – + +  + 

Human 17 + – + +  + 

Human 19 + + + + +  

Human 20 + + + nt  + 

Human 21 + + – –   

Human 22 + + + +  + 

Human 24 + + + nt  + 
alow melting peak = <62°C, high = >62°C; bnt= not tested; bold = PCR products sequenced
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TABLE 3. Mountain gorilla fecal Campylobacter spp. R.A.P.I.D.TM PCR prevalence by stratified sample categories. 

 Individually indentified samples  Nest collected samples 
 No. positive (%)  No. positive (%) 

 
No.       

sampled 

No. 
negative 

(%) 
Total 

positive 
Low 

meltinga 
High 

meltingb Mixedc  
No.       

sampled 

No. 
negative 

(%) 
Total 

positive 
Low 

meltinga 
High 

meltingb Mixedc 

Age class:              

      Silverback 7 1 (14) 6 (86) 5 (71) 1 (14) 0  15 1 (7) 14 (93) 13 (87) 1 (7) 0 

      Adult female 8 2 (25) 6 (75) 5 (63) 0 1 (13)  11 0 11 (100) 9 (82) 0 2 (18) 

      Unknown adultd        28 8 (29) 20 (71) 20 (71) 0 0 

      Blackback 3 0 3 (100) 3 (100) 0 0  1 0 1 (100) 1 (100) 0 0 

      Subadult/Juvenile 4 0 4 (100) 3 (75) 1 (25) 0  26 2 (8) 24 (92) 22 (85) 1 (4) 1 (4) 

      Infant 3 0 3 (100) 3 (100) 0 0  8 1 (12) 7 (88) 7 (88) 0 0 

      Unknown subadultd        13 3 (23) 10 (77) 10 (77) 0 0 

              

Collapsed age class:              

     All adults 18 3 (17) 15 (83) 13 (72) 1 (6) 1 (6)  55 9 (16) 45 (84) 43 (78) 1 (2) 2(4) 

     All subadults 7 0 7 (100) 6 (86) 1 (14) 0  47 6 (13) 41 (87) 39 (83) 1 (2) 1 (2) 

              

Sex:                          

      Male 12 1 (8) 11 (92) 9 (75) 2 (17) 0  16 1 (6) 15 (94) 14 (88) 1 (6) 0 

      Female 12 2 (17) 10 (83) 9 (75) 0 1 (8)  11 0 11 (100) 9 (82) 0 2 (18) 

      Unknown 1 0 1 (100) 1 (100) 0 0  75 14 (19) 61 (81) 59 (79) 1 (1) 1 (1) 

              

Type of Group:                          

      Tourist 5 1 (20) 4 (80) 2 (40) 2 (40) 0  53 9 (17) 44 (83) 44 (83) 0 0 

      Research 20 2 (10) 18 (90) 17 (85) 0 1 (5)  49 6 (12) 43 (88) 38 (78) 2 (4) 3 (6) 

                           

All samples  25 3 (12) 22 (88) 19 (76) 2 (8) 1 (4)  102 15 (15) 87 (85) 82 (80) 2 (2) 3 (3) 
 

aPCR product melting peak <62°C; bPCR product melting peak >62°C; cPCR product melting peaks mixed; dUnknown age classes only used 
for nest collected samples. 
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TABLE 4. Sequence differences at variable positions among Campylobacter 265 bp R.A.P.I.D.TM  
PCR products amplified from different samples. 
 

  Basepair positiona 

Sequence 
Identification 

Meltb 

4
6

6
 

5
6

5
 

5
6

8
 

5
9

0
 

5
9

1 

5
9

2
 

6
0

0
 

6
0

1 

6
0

2
 

6
2

5
 

6
2

6
 

6
3

6
 

C. jejunia  T A A A T G C A T G T A 

C. jejuni seed control 64.05c . . . . . . . . . . . . 

Positive kit control 63.98 . . . . . . . . . . . . 

Gorilla 3 64.93 . . . . . . . . . . . . 

Gorilla 4 64.28c . . . . . . . . . . . . 

Gorilla 5 64.40c . . . . . . . . . . . . 

Human 01 64.47 . . . . . . . . . . . . 

Buffalo 1 64.39 . . . . . . . . . . . . 

Buffalo 2 64.33 . . . . . . . . . . . . 

Buffalo 3 64.94 . . . . . . . . . . . . 

Buffalo 4 64.33 . . . . . . . . . . . . 

unknown carnivore 62.18 A . . . . . . . . . . . 
C. upsaliensisd  . . . G G A T T C A . G 

Gorilla 1 59.11c A C G G A A T T C . G G 

Gorilla 2 59.02c A C G G A A T T C . G G 

Gorilla 6 58.54c A C G G A A T T C . G G 

Human 19 58.77 A . . G G A n T C n . n 
aPositions and sequence from Campylobacter jejuni strain RM1221 (GenBank accession CP000025 region 37396-38908); 
bmelting peak temperature (°C);  caverage of two reactions; dGenBank accession AF550641.1; 
Underlined italics = reference sequences; ‘.’ = base identical to C. jejuni reference; n = indeterminate base. 
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TABLE 5. Sequence differences among Campylobacter 726 bp PCR products amplified from different samples. 
 

Sequence indentification 46
6

46
9

48
9

55
3

56
5

56
8

57
7

58
8

59
0

59
1

59
2

60
0

60
1

60
2

60
3

60
4

61
4

62
3

62
5

62
6

63
4

63
5

65
3

65
5

65
6

68
1

68
6

68
7

69
7

71
7

72
3

73
6

74
0

79
8

80
0

80
1

80
3

80
4

81
2

81
3

81
4

81
5

81
6

81
9

82
2

82
3

82
4

82
5

82
6

83
4

83
7

84
4

C. jejuni a T G C G A A C T A T G C A T T A G T G T G A T G G T C C C G C G C T C A T A G G G T G A C A T C T G G C
C. jejuni  seed control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Human 18 . . . - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
C. hyoinstestinalis lawsonii b . . . A . . T . . . . . . . . . A . A . . . C . . G . . . A . T T C T . . C C T C . . . . . G G G T . .
Human 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T T . C T . . C C T C . A . T . G G G T . .
C. upsaliensis H53 c A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T G . . . . . . . . . . . . . . . .
C. upsaliensis LMG 8853 d . . . . . . . . G G A T T C . . . . A . . G . . . . . . . . . . . T G . . . . . . . . . . . . . . . .
Gorilla 1 A . . . C G . . G A A T T C . . . . . G . G . . . . . . . . T T . . T G . . . . . . . . . . . . C . . .
Gorilla 5 A . . . C G . . G A A T T C . . . . . G . G . . . . . . . . T T . . T G . . . . . . . . . . . . C . . .
Gorilla 6 A . . . . . . . G G A T C C . . . C A . A . . . . . . n . A T T . . T G . . . . n . . . . . . . C . . .
Gorilla 7 A . . . C G . . G A A T T C . . . . . G . G . . . . . . . . T T . . T G . . . . . . . . . . . . C . . .
Human 19 A . . . . . . . G G A T T C . . . . A . . G . . . . . . . . T T . . T G . . . . . . . . . . . . T . . .
C. gracilis e . C . A . . . . . C . . G . . . . . A . A . . C T . A G T . T T T . T . C G C T . . . . . . C G C C C G
Human 01 . C . A . . . . . C . . G . . . . . A . A . . C T . A G T . T T T . T . C G C T . . . . . . C G C C C G
Gorilla 2 . C T A . G . C . . . n n . A G . C A . . . C n T . A n . A n T T C T . . . n T . C . n . n . A n . C n
Gorilla 4 . . T n . G . . n n n . . . . . . . n n . . . . n . n n . n T T n . T n . . . n . . . G . G . A n . n .

Sequence indentification 85
1

85
2

85
4

88
8

96
2

96
3

96
5

97
6

97
8

97
9

98
2

98
3

98
4

98
5

98
6

98
7

99
1

99
4

99
5

99
6

99
7

99
8

99
9

10
03

10
04

10
05

10
12

10
13

10
14

10
17

10
18

10
20

10
21

10
67

10
78

10
95

10
96

10
99

11
00

11
11

11
13

11
14

11
17

11
20

11
21

11
33

11
34

11
36

11
44

11
47

11
63

11
71

C. jejuni a T G A C T G G T A G C C T T T T G A A G A G G T T A T A G C T A G G C A C A T A G G C C C A T G T T T C
C. jejuni  seed control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Human 18 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
C. hyoinstestinalis lawsonii b . A G . . A . . . . . . . C . . . . . . . . . . . . . . . T G T . C G . . . . . A . T . T . . T . . . .
Human 20 . A G . . A . . . . . . . C . . . . . . . . . . . . . . . T G T . C G . . . . G A . . . T . . T . . . .
C. upsaliensis H53 c C A . . . A . A C A T T C . G . . . C . . A A . . . . . . T G T . . . T . C C . . A . C . G G . . . G .
C. upsaliensis LMG 8853 d C A . . . A . A C A T T C . G . . . C . . A A . . . . . . T G T . . . T . C C . . A . C . G G . . . G .
Gorilla 1 C A . . . A . A C A T . C G . . . . . T G . A . . . . . . T G T . . . T . C C . A . . . T G G . . . G T
Gorilla 5 C A . . . A . A C A T . C G . . . . . T G . A . . . . . . T G T . . . T . C C . A . . . T G G . . . G T
Gorilla 6 C A . . . n . A C A T . n n . . . . . T A . A . . . . . . T G T . . . T . C C . A . A . T G G . . . G .
Gorilla 7 C A . . . A . A C A T . C G . . . . . T G . A . . . . . . T G T . . . T . C C . A . . . T G G . . . G T
Human 19 C A . T . A . A C A T . C A . . . . G T G . A . . . . . . T G T . . . T . C C . A . . . T G G . . . G T
C. gracilis e . A . . C . A A C A T . A . C C . G G A . . A T C T A G A T G T A . . . . C A . . . . . . T G . . . . .
Human 01 . A . . C . A A C A T . A . C C . G G A . . A T C T A G A T G T A . . . . C A . . . . . . T G . . . . .
Gorilla 2 C A G . . A n A C A T . T G n . A . n T G . A . . . . . . T G T . . . n T C C . . . . . T . . . G C G .
Gorilla 4 n A n . . A . A C A T . C G . . n . . T G . A . . . . . . T G T . . . T T C . . . . . . T n . . . . G n
ªPositions and sequence from Campylobacter jejuni strain RM1221 (GenBank CP000025 Region 37396-38908); bGenBank AB301965.1; cGenBank AF550644.1; dGenBank AF550641.1; eGenBank AF550658.1; 
Bold sequence identifications = R.A.P.I.D. products sequences in Table 5; Bold base pairs = same locations reported in Table 5; Underlined italics  = GenBank reference sequences;   
 "." = base identical to C. jejuni  reference; n = inderminate base; shaded = discrepancy with sequence from same sample by R.A.P.I.D. 

Basepair positiona

overlapping with R.A.P.I.D. product
Basepair positiona
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ABSTRACT 

Law enforcement authorities in the Virunga region of east-central Africa occasionally 

confiscate illegally held primates that result from the bushmeat and pet trades.  The 

management of animals that reach proper care facilities poses a growing, complex 

problem for conservationists.  Between 2002 and 2008 serum samples (N= 70) were 

collected from 31 individual primates representing eight species and four genera 

(Gorilla, Pan, Cercopithecus, and Chlorocebus).  Serum was also collected from 

humans (N= 16) with histories of close contact with the sampled animals.  Samples 

were tested at a commercial laboratory for reactivity to a panel of up to 37 different 

pathogens by dot blot or enzyme linked immunoassay.  Prevalences varied by 

species, but antibodies or antigens were detected for influenza A and B, 

parainfluenza 1, 2, and 3, herpes simplex-1, Epstein-Barr virus, human varicella 

zoster, simian T-cell leukemia virus, foamyvirus, chimpanzee cytomegalovirus, 

encephalomyocarditis virus, lymphocytic choriomeningitis virus, Ebola/filovirus, 

reovirus, mumps virus, adenovirus, hepatitis A, and B, rotavirus, and Q fever.  

Antibodies to measles virus were only detected in vaccinated individuals.  All 

nonhuman primates were seronegative for herpes simplex-2, simian agent 8/herpes 

papionis, human immunodeficiency virus-1, simian immunodeficiency virus, simian 

retrovirus D, simian hemorrhagic fever, monkeypox, hepatitis C virus, eastern 

equine encephalitis, western equine encephalitis, St. Louis encephalitis, and 

California encephalitis.  Serial sampling revealed that nonhuman primates 

seroconverted to at least 16 different agents during captivity. 
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INTRODUCTION 

Live non-human primates (NHP) are confiscated by law enforcement authorities 

combating the bushmeat and pet trades.  Confiscated animals are usually neonates 

or infants that are orphaned when their families are killed either to facilitate their 

capture or to be eaten.  Because of their age and intensive care requirements, they 

present a complicated management problem for wildlife authorities and 

conservationists.  Reintroduction is one possibility and may be particularly 

important for the conservation of threatened and endangered species, but is typically 

not an immediate option (Beck et al., 2007; Farmer and Courage, 2007).  Young 

NHPs, particularly great apes, are maternally dependent for long infancy periods 

when they learn and develop social and survival skills.  They may be physically and 

psychologically traumatized by poaching and subsequent captivity, and thus require 

significant rehabilitation.  The exact origins of specific individuals and therefore 

their genetic lineages may not be known, which limits their potential return to the 

wild.  Time in captivity also increases the risk that confiscated NHPs will be exposed 

to pathogens that could be introduced into wild populations. 
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The Mountain Gorilla Veterinary Project (MGVP) works closely with the national 

parks authorities in the Democratic Republic of Congo (DRC), Rwanda, and Uganda 

to provide emergency veterinary care primarily to the populations of wild mountain 

gorillas (MGVP Inc. and WCS, 2007).  In addition, MGVP has been responsible for 

the veterinary care and management of many NHPs confiscated or otherwise 

acquired by wildlife authorities.  Since 2002, MGVP and their conservation partners 

have provided care for captive mountain gorillas, Grauer’s gorillas, chimpanzees, and 

cercopithecine monkeys.   

 

Though the confiscated great apes are maintained in restricted areas, human 

caregivers have direct physical contact to simulate the apes’ normal social activities, 

particularly for neonates and infants prior to their introduction to other apes.  

Monitoring and comparing the serology of these individual apes over time can help 

provide insight into local disease exposure and basic health information of 

endangered wild apes and monkeys, particularly the poorly studied Grauer’s gorillas. 

  

This survey describes the basic serologic patterns in confiscated mountain gorillas 

and golden monkeys endemic to the Virunga Volcanoes region of Rwanda, Uganda, 

and the Democratic Republic of Congo.  It also provides comparative data from other 

local captive confiscated great apes, monkeys, and local humans.  
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MATERIALS AND METHODS 

Survey area- The sampled Virunga mountain gorillas (Gorilla beringei beringei) 

and golden monkeys (Cercopithecus mitis kandti) originated in the 160 km2 Virunga 

conservation area (1˚35’ to 1˚65’ S, 29˚35’ to 29˚75’ E), which is comprised of the 

Volcanoes National Park (PNVo) in northwestern Rwanda, Virunga National Park 

(PNVi) in eastern Democratic Republic of Congo (DRC), and Mgahinga Gorilla 

National Park (MGNP) in southwestern Uganda.  Mountain gorillas and golden 

monkeys are the only resident NHPs in this habitat, and range in vegetation zones at 

elevations of ~2000 to 3500 m.  Both species leave the protected area to travel, 

forage, and sometimes raid crops in adjacent agricultural land.  The exact origins of 

the other confiscated primates sampled for this survey are unknown but based on 

their native habitats and known animal trafficking routes, they are all suspected by 

the authors of having been originally captured in eastern DRC.  All of the subject 

NHPs were recovered, examined, and housed in or near Ruhengeri/Musanze, 

Rwanda or Goma, DRC. 

 

Nonhuman primates sampled- The animals included in this survey are listed in 

Table 1.  The chimpanzees are all likely the eastern subspecies, P. t. schweinfurthii, 

while the red-tailed monkey’s appearance most resembled the coloring for the C. a. 

katangae subspecies.  Details of each NHP’s history (e.g. duration of captivity) 

before confiscation or acquisition are unknown with the exception of some of the 

mountain gorillas and golden monkeys that were known to have been recently 
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removed from the Virunga parks.  After acquisition, all of the gorillas and most of the 

other primates were maintained in quarantine from other NHPs.  Only the infant 

apes were offered constant direct human contact.  Following quarantine and 

depending on acquisition locations, age, species, and other logistics, most of the 

NHPs were housed in different groups.  The gorillas were the only species extensively 

serially sampled.  The gorillas’ individual housing arrangements are presented in 

Table 2.  One chimpanzee had contact with the DeBrazza’s monkey when 

confiscated, more than two years prior to the time either individual was sampled for 

this study.  The gorillas had no direct contact with the chimpanzees or monkeys, 

though gorilla Gbb2 and groups 4, 5, and 6 (Table 2) were housed on the same site 

with most of the monkeys.  Because of occasional escapes and animal movements 

within that facility, rare contact was possible.  One chimpanzee and one gorilla also 

had contact with pet domestic dogs (Canis familiaris).  Most animals were 

vaccinated at the appropriate ages according to current zoo guidelines (Loomis, 

1990) against tetanus, rabies, polio and measles. 

 

Human data and blood samples- In 2001 samples were collected, with informed 

consent, from 12 people involved with mountain gorilla Gbb1.  This group consisted 

of four arrested poachers, four local Rwandan workers who had only indirect contact 

with the gorilla, and four gorilla caretakers, three of whom were western expatriates 

that had different vaccination histories and more complete historical medical 

records.  Six samples were collected in 2008 from four additional conservation 
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personnel, three of whom had occasional direct contact with most of the NHPs, and 

two which were expatriates.  Individual vaccination histories were not available for 

most participants but assays potentially affected by vaccination are noted in Table 4.  

 

Sample collection and handling- Blood samples were collected from NHPs under 

general anesthesia during routine or emergency examinations conducted by MGVP 

between 2002 and 2008.  Samples were usually collected from the femoral vein, 

though some samples were collected from caudal saphenous veins, femoral arteries, 

and some collection sites were not recorded.  Human blood was collected from 

cephalic veins by human health professionals.  Whole blood samples were collected 

directly into sterile tubes and centrifuged to separate serum.  Serum was then frozen 

within 6 hours at -20˚C before cold shipment (dry ice or ice packs) to the US where it 

was stored at -80˚C before analysis.  Ten individuals were sampled more than once 

(Table 4). 

 

Serologic tests and data analysis- Serum samples were analyzed at the Simian 

Diagnostic Laboratory of the Virus Reference Laboratory (VRL) in San Antonio, 

Texas, by rapid dot immunobinding assay or fluorescent immunobinding assay 

(Kalter and Heberling, 1971; Kalter et al., 1997) for the presence of antibodies or 

pathogen antigens as detailed in Table 3.  Sera were diluted prior to testing (1:10 for 

gorillas and humans, and 1:5 for monkeys) in phosphate-buffered saline (pH 7.4) 

according to standard VRL protocols.  Results were reported as either positive or 

negative according to the laboratory protocols, and actual titers are not available.  In 
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the species summary data (Table 4), for individuals sampled more than once (N 

=17), any assay that had a mixture of positive and negative results was reported as 

positive, and any assay that became positive after being negative on the initial 

sample is reported as seroconversion even if any subsequent samples were negative.  

Because of sample size limitations, test availability, and changing panel 

compositions, not all samples were tested for all agents.  The human samples were 

tested using NHP assays, some of which use reagents not validated for humans (A. 

Cooke, personal communication).  Two gorilla samples were analyzed twice, which 

provided a check of laboratory consistency. 

 

Results are reported as period prevalences over the whole period of collection, with 

associated binomial exact two-sided 95% confidence intervals.  Fischer’s exact test 

for association was used for univariate analysis in 2 x 2 contingency tables where 

appropriate.  Calculations were performed with StatsDirect version 2.6.6 (2008, 

StatsDirect Ltd, Cheshire, UK) or GraphPad (2002-5, GraphPad Software, LaJolla, 

CA) software and p < 0.05 was considered statistically significant. 

 

 

RESULTS 

Prevalences are reported by species categories in Table 4.  As no individuals of any 

species had positive results for herpes simplex-2, herpes papionis, simian retrovirus 

D, foamyvirus, simian hemorrhagic fever, monkeypox, hepatits C virus, or California 
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encephalitis, these pathogens are omitted from Table 4.  The highest prevalences 

across all NHPs were for Epstein-Barr virus (EBV, 30/31 = 97%), adenovirus (AdV, 

28/31 = 90%), chimpanzee cytomegalovirus (CCMV, 22/31 = 71%), hepatitis A virus 

(HAV, 18/31 = 58%), and influenza A virus (FLUAV, 18/31 = 58%).   

 

Human samples were positive for every assay in Table 4 except simian T-cell 

leukemia  virus (STLV-1), foamyvirus (FV), lymphocytic choriomeningitis virus 

(LCMV), encephalomyocarditis virus (EMCV), and Q fever (QF).  All humans tested 

were positive for EBV, AdV, HAV, and measles virus (MeV).  They were also the only 

species sampled with any positive results for simian or human immunodefiency 

viruses (SIV and HIV-1), and St. Louis, eastern equine, or western equine 

encephalitis viruses (SLEV, EEEV, and WEEV).  Cross reactivity between some SIV 

and HIV strains led to retesting the two SIV positives at other reference laboratories, 

which confirmed that only one sample was HIV-1 positive.  Though only two humans 

were resampled, seroconversion was seen for FLUAV and FLUBV, PIV-1 and PIV-3, 

respiratory syncytial virus (RSV), and MeV over a one month sampling period.  Four 

of four humans tested in 2008, but none of the twelve humans sampled in 2001, 

were seropositive for human varicella zoster virus (HVZV). 

 

All chimpanzees were positive for antibodies to EBV and AdV.  Chimpanzees also 

had a high prevalence for CCMV and FLUAV (75%, 63%, respectively).   They were 

positive for more assays (20/37) than any other nonhuman primate species and were 
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the only NHP with a positive result for LCMV (N=1).  Chimpanzees were the only 

species (including humans) positive for filovirus/Ebola (EVOB, N=1) or reovirus 

(ReoV, N=1).  The case of ReoV was from a chimpanzee that seroconverted to ReoV 

along with mumps virus (MuV), HSV-1, and LCMV during his captivity. 

 

Golden monkeys showed exposure and high prevalence (>50%) for only FLUAV, 

EBV, CCMV, AdV, FV, and HAV.  A golden monkey was the only individual of any 

species positive for simian T-lymphotrophic virus (STLV-1).  The other 

cercopithecine monkeys had positive titers to FLUAV (including one 

seroconversion), PIV-2, MuV, HSV-1, CCMV, EBV, and AdV, with single cases of 

PIV-1 and -3, EMC, LCM, and MeV.  Seroconversion to FLUAV and PI-2 were 

documented in one L’Hoest’s monkey. 

 

Both gorilla subspecies had individuals positive for FLUAV, PIV-3, HSV-1, EBV, 

CCMV, AdV, and HAV.  They differed in that only a single mountain gorilla had a 

positive result for hepatitis B virus surface antigens (HBVsag), whereas only Grauer’s 

orphans were seropositive for antibodies against hepatitis B virus (HBV,), RSV, PIV-

1, foamyvirus (FV), HVZV, along with single cases of FLUBV, PIV-2, MuV, simian 

rotavirus (SA11), EMCV, and QF.  The two subspecies had significantly different 

seroprevalences of RSV (p = 0.028) and HBV (p = 0.015) with both being higher in 

Grauer’s gorilla orphans. 
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Table 5 shows the serial results for individual gorillas of both subspecies along with 

sampling dates, time captive, and what groupings, if any, gorillas were kept in 

immediately prior to sampling.  Mountain gorillas demonstrated captive exposure to 

FLUAV (2/4), PIV-3 (2/4), HAV (2/4) and, after vaccination, to measles (1/4).  

Conversely, there were cases of lost or fluctuating seropositivity for FLUAV (2/4), 

CCMV (2/4), and AdV(1/4) among mountain gorillas.  Grauer’s orphans showed at 

least temporary seroconverison to FLUAV (4/6), FLUBV (1/6), PIV-1 (2/6), PIV-2 

(1/6), PIV-3 (4/6), RSV (5/6), HSV-1 (6/6), HVZV (2/6), CCMV (3/6), AdV (1/6), 

SA11 (1/6), HAV (5/6), HBV (3/6), FV (3/6), EMC (1/6) and QF (1/6).  All Grauer’s 

gorillas sampled post-vaccination (5/5) seroconverted to measles virus, though two 

did not maintain a consistently positive titer.  Individual Grauer’s also had transient 

positive results for FLUAV, FLUBV, PIV-1, PIV-3, RSV, HVZV, SA11, HBV, FV, 

EMCV and QF.  One Grauer’s orphan (Gbg1) lost an initially and repeatedly positive 

titer for MuV.  Another Grauer’s gorilla (Gbg5) seroconverted to SA11 after an 

episode of diarrhea consistent with rotavirus enteritis. 

 

  

DISCUSSION 

Nearly all individuals tested, of all species including humans, had positive results for 

Epstein-Barr virus (EBV) and adenovirus (AdV).  The high level of EBV 

seropositivity most likely represents cross reaction with either known, related 

viruses like the western lowland gorilla virus, Pongine herpesvirus 3/Herpesvirus 
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gorilla, or similar uncatalogued viruses unique to each species.  EBV-like, or 

lymphocryptoviruses, are believed to be common in wild Old World primates and to 

cause only mild clinical disease, if any (Mansfield and King, 1998).  Wild and semi-

captive orangutans have been found to have a similar EBV prevalence (Kilbourn et 

al., 2003) as have captive and wild gorillas (Fellinger et al., 1996; Kalter et al., 1997; 

Whittier et al., 2009b; Wright et al., 1982).  Adenoviruses are also ubiquitous and 

only slightly more likely to cause clinical disease of the respiratory or gastrointestinal 

tract (Mansfield and King, 1998).   Therefore, high prevalence of AdV positives 

probably represents exposure to endogenous and/or nonpathogenic adenoviruses in 

each species.   

 

The chimpanzee cytomegalovirus (CCMV) assay was changed over the time of this 

study, making overall interpretation difficult (Whittier et al., 2009b).  However, the 

apparent high prevalence of antibodies to this agent in most of the primate species 

tested, in addition to positive samples from humans, with no obvious pathology, 

suggests we were measuring exposures to a third, unidentified endogenous virus, or 

group of viruses.  The cytomegaloviruses cause little if any clinical illness in most 

primates (Mansfield and King, 1998).   

 

Other problematic results raised more significant questions.  Possible false positives 

(see Table 5) included the transient positive cases of EMC (Gbg 5) and QF (Gbg 1), as 

well as four Grauer’s gorilla positives for FV in one batched set of samples, but no 
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prior or later samples.  The finding that duplicate assays of the same sample 

produced different results for FLUAV and FLUBV in one gorilla may reflect a 

borderline titer in that sample, but are a strong reminder of the limitations of 

serologic tests, especially when reported only as positive or negative.  Likewise, the 

negative results in humans, and inconsistent results in gorillas, for MeV may also 

have been caused by fluctuating titers, but the inconsistent results raise concerns 

about verifying vaccinations and monitoring the serostatus of both species.   

 

We cannot explain the lack of HVZV in all 12 human samples tested in 2002, when 

all of the more recently tested humans (4/4) and all of those tested in a related 

survey of the local population (125/125) showed positive titers to this ubiquitous 

human virus (MGVP 2002 Employee Health Group, 2004).  Otherwise, the human 

data were fairly unremarkable and consistent with our previous results and 

expectations for the region (MGVP 2002 Employee Health Group, 2004).  Lacking 

individual vaccination histories, results for MeV, MuV, HAV and HBV assays are 

difficult to interpret, but nonetheless fit the expected high prevalence patterns.  

Excluding the suspicious CCMV, HVZV and QF results, humans had the highest 

prevalence for 17 of 26 assays for which any individuals were positive and were 

lacking evidence of exposure to only 7 agents.    

 

The chimpanzee results in this survey varied with mostly either high (>75%) or low 

(<25%) prevalence of positives and few assays with intermediate prevalence.  
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Overall, they had similar serologic patterns to the gorillas and humans but they had 

the only cases positive for reovirus (ReoV) or filovirus/Ebola (EBOV), both in the 

same chimpanzee.  There is little published information on NHP reoviruses with the 

exception of rotaviruses, for which this individual was negative.  Reoviruses can 

cause disease in NHPs but are believed to be mostly non-pathogenic (Duncan et al., 

1995).  Ebolaviruses (EBOV), however, are known as some of the most devastating 

pathogens of African apes (Leroy et al., 2004a; Walsh et al., 2003).  The detection of 

antibodies to EBOV in one chimpanzee (from 2/6 different samplings) was 

surprising, especially from an individual presumed to have originated in east-central 

Africa.  In west Africa, where human and great ape Ebola virus outbreaks are more 

common, healthy wild-born chimpanzees have been found to have seroprevalences 

>10% in one survey (Leroy et al., 2004b).  Some of those chimpanzees, like the one 

we sampled (presumably), were not from areas with known Ebola outbreaks.  

Though it is only one individual, our result suggests that Ebola is circulating in 

chimpanzees in several parts of Africa.   

 

Even though, in general, the chimpanzees in this study were suspected of having 

longer past human contact than the gorillas, they tended towards the lowest 

prevalences for common human pathogens including FLUBV, PIV-1, 2, and 3, HSV-

1, and HAV.  These difference were not statistically significant but, if real, could 

reflect the more limited human contact generally given to the more aggressive and 

independent chimpanzees. The oldest and longest kept of the chimpanzees was the 
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one individual responsible for many of the singly positive chimpanzee assays.  He 

was positive for ReoV, EBOV, FLUBV, PIV-1 and 2, RSV, and QF from his first 

sampling but after confiscation he seroconverted to HSV-1, FV, LCMV, and MuV. 

 

The golden monkeys were seropositive for the fewest agents (seven) but as a group 

were somewhat more consistent than the other species in that seroprevalence was > 

50% for all but one assay (STLV-1, 17%).  That homogeneity and low number of 

agents for which they were positive is consistent with their relative isolation from 

other species.  Even though they share the Virunga forest with mountain gorillas and 

are known to raid agricultural fields outside the park, they are the only resident 

monkeys, are mostly arboreal, and have very little close contact with gorillas, 

humans and other animals.  Two of the three that were positive for exposure to 

FLUAV had been kept captive for at least three months and one was documented to 

seroconvert during captivity.  Their otherwise apparent lack of exposure to any of the 

known human respiratory viruses is especially noteworthy as human-habituated 

groups of these monkeys are being increasingly visited by tourists and behavioral 

researchers.  Possible evidence of the risks of exposure to human pathogens was 

evident in the other cercopithecine monkeys who had cases of seroconversion to 

FLUAV, PIV-2, and PIV-3 as well as other viruses. 

 

One of the more conspicuous findings was the presence of antibodies to the 

retroviruses STLV-1 and foamyvirus (FV) in golden monkeys.  The STLV-1 positive 
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golden monkey was an individual that died with severe systemic pathology including 

widely disseminated anaplastic B-cell lymphoma.  STLVs are poorly understood, but 

have been associated with lymphoma and other diseases in many species of 

primates, including a captive western lowland gorillas (misidentified in some 

literature as an eastern lowland) (Kirchshofer, 1988; Lowenstine, 1993b; Srivastava 

et al., 1986).  The foamyviruses are even less well understood, but have yet to be 

convincingly associated with clinical disease in apes.  Interspecies transmission of 

these viruses may be easier than assumed, making the positive results for golden 

monkeys and possibly captive apes worth monitoring for further investigation (Wolfe 

et al., 2004). 

 

The survey of captive gorillas was more comprehensive than the other species 

because of serial sampling.  It showed that the number of positive assays for each 

gorilla increased over time (Figure 1).   As a group, the Grauer’s orphans had been 

captive longer than the mountain gorillas (Table 5), which was apparently reflected 

in the higher number of viruses for which they had positive results.  The Grauer’s 

orphans seroconverted to 6 of 8 Othomyxoviruses and Paramyxoviruses assayed 

(FLUAV, FLUBV, PIV-1, 2 ,3, and RSV), and were either vaccinated or arrived with a 

positive case for the other two (MeV and MuV).  Fluctuations in these results, with 

some gorillas losing apparent positivity to some viruses (e.g. FLUAV) as little as 2 

months after testing positive (Gbb1, Table 5), might suggest frequent and repeated 

exposure, if not due to lab error or poor virus immunogenecity.  Cases are 
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documented here where gorillas seroconverted to FLUAV, FLUBV, PIV-1, 2 and 3, 

RSV (as well as HVZV) with post-confiscation exposure only to humans or to 

previously seronegative gorillas.  Combined with the high seroprevalence of these 

viruses in local humans, these cases lend strong evidence to gorillas being infected 

from humans. 

 

Respiratory syncytial virus, in particular, is highly contagious and presumed to be 

easily transmitted from humans to apes (Mansfield and King, 1998).  RSV 

seropositivity has been documented in wild and captive orangutans (Kilbourn et al., 

2003), wild chimpanzees (Kalter et al., 1997), and captive gorillas, many of which 

seroconverted in captivity (Kalter et al., 1997; Richardson-Wyatt et al., 1981).  Five of 

six Grauer’s gorillas, but no mountain gorillas, seroconverted to RSV during 

captivity.  Though interpretation of this result is limited by the small numbers and by 

individual differences in duration of captivity, this may suggest a possibility of a 

subspecies difference in susceptibility.  

 

Along with the near universal prevalence of EBV, there were also cases of 

seroconversion among two of the other Herpesviruses, HSV-1 in six gorillas and 

HVZV in two gorillas, all Grauer’s.  Both of these viruses are known to be prevalent 

in human populations and to be transmissible to NHPs (Mansfield and King, 1998; 

MGVP 2002 Employee Health Group, 2004).  Though there was one case of 

seroconversion to HSV-1 without history of exposure to other seropositive gorillas 
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(Gbg2), the majority of HSV-1 positive gorilla orphans (5/7) seroconverted only after 

exposure to the one gorilla that was always positive (Gbb2).  After these gorillas were 

comingled, they suffered an obvious outbreak that presented with oral ulcers.  

Further work-up confirmed HSV-1 DNA matching human strains in biopsies of those 

lesions (Linda Lowenstine, personal communication).  Whether gorillas were 

infected from humans or from previously positive gorillas cannot be determined, but 

the origin of the specific virus appears to be human. 

  

Hepatitis A, B, and C are unrelated groups of viruses transmitted via different routes.  

Though historical cases of zoonotic transmission have been reported, and 

experimental infection of apes with human viruses has been demonstrated 

(Mansfield and King, 1998), recent investigations indicate that many wild primates 

harbor endogenous hepatitis viruses of each type (Robertson, 2001).  Evidence of 

circulating HAV is suggested by the human prevalence shown here (16/16 = 100%) 

and in our previous studies (120/125 = 96%) of local gorilla conservation personnel 

(MGVP 2002 Employee Health Group, 2004).  Exposure to human HAV and other 

fecal-orally transmitted viruses is possible for both wild gorillas and golden 

monkeys, as both species routinely travel and forage in cultivated fields around the 

parks where human waste is present and sometimes used as fertilizer.  This survey 

showed that three of the gorillas were initially positive and another seven 

seroconverted to HAV during captivity.  The golden monkeys had significantly higher 

prevalence (5/6 = 83%, p = 0.015) of HAV exposure compared to the other 
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cercopithecine monkeys, which showed no evidence of exposure (0/5) even in 

individuals sampled after more than 3 years of captivity.  Endogenous virus exposure 

could be complicating this pattern, but it appears the golden monkeys were exposed 

to HAV prior to their captivity (perhaps from crop raiding), that the gorillas were 

mostly exposed in captivity (where they had extensive human contact), and that the 

other monkeys were comparatively unexposed even in captivity (where they had 

limited human contact compared to the gorillas).   

 

The seroprevalence of hepatitis B virus (HBV) in Grauer’s orphans (86%) was 

significantly higher (p = 0.015) than in mountain gorilla orphans (0%).  Four of the 

Grauer’s gorilla orphans were positive on initial samples and two others 

seroconverted after exposure to one of the HBV positive individuals.  Neither of the 

two mountain gorillas, however, showed evidence of HBV exposure even after nearly 

two years of being comingled with five seropositive Grauer’s orphans.  This suggests 

a subspecific nature of infection with HBV in eastern gorillas, similar to the 

difference seen in exposure to RSV discussed above.  Both of these viruses were 

prevalent in Grauer’s orphans, many of which seroconverted during captivity, but 

not mountain gorillas.  If born out by future data, this subspecies difference in viral 

prevalence may indicate a wider physiologic separation between these two gorilla 

subspecies, either in terms of their susceptibility to certain viruses, or possibly in 

how antibodies to their endogenous viruses react to available assays. 
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Serology can be a useful tool to help identify and manage potential disease risks 

because it shows exposure to specific pathogens.  Monitoring the serology of 

individual primates is important for clinical management of specific cases of illness, 

while monitoring populations (wild or captive) can help investigate larger 

transmission patterns.  This population level study was retrospective and used 

samples collected both for clinical cases and as part of regular health monitoring of 

captive primates.  It could have benefitted from additional samples from each 

animal, especially samples taken immediately after acquisition.  However, because 

the history of each individual prior to acquisition was largely unknown, and 

extensive contact with humans and other animals was possible prior to confiscation, 

additional data-points might not have been very informative.   

 

The risk of pathogen transmission from humans to other primates, especially wild 

primates, is difficult to document or quantify.  Captive primates can provide useful 

data in this regard because their contact with humans is known, they normally have 

no contact with any other species, and they can be sampled more easily and 

repeatedly than wild primates.  Confiscated orphan gorillas, and to a lesser extent 

chimpanzees, in this survey were maintained in close and constant contact with their 

human caregivers.  This was necessary to ensure their physical and psychological 

well-being.  While much more intensive than the human contact wild gorillas 

experience, this contact was also strictly controlled by allowing only health-screened 

and health-monitored caregivers who followed strict health and hygiene protocols 
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when interacting with the quarantined gorillas.  However, even in this controlled 

setting, this survey suggests that in the Virunga region, NHPs may be exposed to a 

number of infectious agents.  These include pathogenic viruses potentially 

transmitted from humans, including FLUAV and FLBV, PIV-1, 2 and 3, RSV, HVZV, 

HSV-1, HAV, and rotavirus.  We found evidence, through seroconversion, of 

exposure to each of these agents in captive gorillas that had contact only with 

humans, or only with previously seronegative gorillas.  Additionally, the evidence of 

retroviruses STLV-1 and FV in newly captive golden monkeys may indicate a 

previously unknown risk to the wild mountain gorillas that share their habitat.   
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TABLE 1. Description of primates sampled. 

____________________________________________________________________________ 
Common name   Species        Numbera Age rangeb Statusc      

human     Homo sapiens     12.4  25-45 yrs  least concern 
mountain gorilla   Gorilla beringei beringei  1.4   6 mos – 6 yrs critically endangered 
Grauer’s gorilla   Gorilla beringei graueri   1.6   6 mos – 6 yrs endangered 
chimpanzee    Pan troglodytes     5.3   1-7 yrs   endangered 
golden monkey   Cercopithecus mitis kandti  4.2   1-adult   endangered 
L’Hoest’s monkey  Cercopithecus lhoesti   1.1   6 mos – 4 yrs vulnerable 
red-tailed monkey  Cercopithecus ascanius    0.1   adult   least concern 
DeBrazza’s monkey  Cercopithecus neglectus   1.0   6 mos – 3 yrs least concern 
vervet monkey   Chlorocebus aethiops   0.1   6 mos   least concern 
____________________________________________           ________________  
 amale.female; bestimated; cbased on 2008 IUCN Red List 
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TABLE 2. Description of gorillas sampled with timing and arrangement of gorilla groupings.  
 

 Mountain gorillas (G. b. beringei) Grauer’s gorillas (G. b. graueri) 

Gorilla ID Gbb1 Gbb2 Gbb3 Gbb4 Gbb5 Gbg1 Gbg2 Gbg3 Gbg4 Gbg5 Gbg6 Gbg7 
sex female female male female female male female female female female female female 

taken into 
care 

10/4/02 12/18/04 3/18/07 6/9/07 7/26/07 11/4/03 7/4/04 10/10/05 11/17/05 3/7/06 5/20/06 1/14/08 

DOBa 6/00 12/02 6/04 4/15/07 2/17/07 1/03 7/03 10/02 5/03 9/05 2/06 4/05 
Date changes and additions to gorilla groupings 

alone    
2002-05 

alone  

11/17/05 group 1  

12/30/05 

 

3/7/06 
group 2 

 

6/1/06 

alone alone 
 

alone 

9/8/06 group 4 group 4 
group 3 

group 4 
group 3 

12/19/06  

3/18/07 

 

6/8/07 alone  

8/31/07 

group 5 
alone 

group 5 

9/14/07  

1/14/08 

 

group 7 
group 6 

group 7 
alone  

adate of birth estimated unless day is given. 
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TABLE 3. Panel of assays used for sample screening. 

Assay  Abbrev.  
assay details or 

synonyms 
 Type 

Influenza A virus  FLUAV  -  DIAa 
Influenza B virus  FLUBV  -  DIA 
Parainfluenza virus type 1   PIV-1  -  DIA 
Parainfluenza virus type 2  PIV-2  -  DIA 
Parainfluenza virus type 3  PIV-3  -  DIA 
Respiratory syncytial virus  RSV  -  DIA 
Measles virus   MeV  Rubeola  DIA 
Mumps virus  MuV  -  IFAb 
Herpes simplex virus-1  HSV-1  -  DIA 
Herpes simplex virus-2  HSV-2  -  DIA 
Epstein-Barr virus  EBV  -  IFA 
Human varicella zoster virus  HVZ  Chicken pox  DIA 
Herpes papionis  SA8  African monkey  DIA 
Chimpanzee cytomegalovirus  CCMV  -  DIA 
Adenovirus  AdV  group specific antibody  DIA 
Rotavirus   SA11  Simian agent 11  DIA 
Hepatitis A virus  HAV  total antibody  DIA 
Hepatitis A virus IgM  HAV-IgM  IgM antibody  DIA 
Hepatitis B virus  HBV  surface antibody  DIA 
Hepatitis B virus surface antigen  HBVsag  surface antigen  DIA 
Hepatitis C virus  HCV  -  DIA 
Simian retrovirus type D  SRV  group specific antibody  DIA 
Simian immunodeficiency virus  SIV  -  DIA 
Human immunodeficiency virus-1  HIV-1  -  DIA 
Simian T-cell leukemia virus-1  STLV-1  -  DIA 
Simian hemorrhagic fever  SHFV  -  DIA 
Foamyvirus  FV  group specific antibody  DIA 
Monkeypox virus  MPXV  Copenhagen strain  DIA 
Lymphocytic choriomeningitis v.  LCMV  -  DIA 
Encephalomyocarditis virus  EMCV  -  DIA 
Filovirus-Ebola-like  EBOV  Reston strain  DIA 
Reovirus  ReoV  group specific antibody  DIA 
Q fever   QF  Coxiella burnetii  IFA 
California encephalitis virus  CEV  -  IFA 
St. Louis encephalitis virus  SLEV  -  IFA 
Western equine encephalitis virus  WEEV  -  IFA 
Eastern equine encephalitis virus  EEEV  -  IFA 
aDot immunobinding assay, Veterinary Reference Laboratory (VRL), Simian Diagnostic Laboratory, 
San Antonio, Texas, USA; bImmunofluorescent assay, VRL Diagnostic Laboratory, San Antonio, 
Texas, USA. 
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TABLE 4. Summary aggregate serology results by primates sampled in Central Africa.  Repeated samples with mixed results were counted as 
positive.  Eight assays that were negative for all individuals are excluded (see text). 

             

  
G. b. beringei  G. b. graueri  Pan troglodytes  Homo sapiens  C. mitis kandti  

other 
Cercopithecinae 

no. indivs. 5  7  8  16  6  5 
no. resampled 4  6  2  2  1  2 

Assay  
Pos./ 
tested 

Prev. % 
(95% CI)  

Pos./ 
tested 

Prev. % 
(95% CI)  

Pos./ 
tested 

Prev. % 
(95% CI)  

Pos./ 
tested 

Prev. % 
(95% CI) 

 Pos./ 
tested 

Prev. % 
(95% CI)  

Pos./ 
tested 

Prev. % 
(95% CI) 

FLUAV  2/5 40 (12-77)  4/7 57 (25-84)  6/8 63 (30-87)  13/16 81 (56-94)  3/6 50 (19-81)  3/5 60 (23-88) 
FLUBV  0/5 0  1/7 14 (1-53)  1/8 13 (0-50)  5/16 31 (14-56)  0/6 0  0/5 0 
PIV-1  0/5 0  4/7 57 (25-84)  1/8 13 (0-50)  4/16 25 (10-50)  0/6 0  1/5 20 (2-64) 
PIV-2  0/5 0  1/7 14 (1-53)  1/8 13 (0-50)  15/16 94 (70-100)  0/6 0  3/5 60 (23-88) 
PIV-3  2/5 40 (12-77)  5/7 71 (35-92)  2/8 25 (6-60)  14/16 88 (63-98)  0/6 0  1/5 20 (2-64) 
RSV  0/5 0  5/7 71 (35-92)  2/8 13 (0-50)  9/16 56 (33-77)  0/6 0  0/5 0 
MeV  1/5* 20 (2-64)  6/7* 86 (47-99)  1/8* 13 (0-50)  16/16* 100 (77-100)  0/6 0  1/5* 20 (2-64) 
MuV  0/5 0  1/7 14 (1-53)  1/7 14 (1-53)  15/16* 94 (70-100)  0/2 0  2/5 40 (12-77) 
HSV-1  1/5 20 (2-64)  6/7 86 (47-99)  1/8 13 (0-50)  14/16 88 (63-98)  0/6 0  3/5 60 (23-88) 
EBV  4/5 80 (36-98)  7/7 100 (60-100)  8/8 100 (63-100)  16/16 100 (77-100)  6/6 100 (56-100)  5/5 100 (51-100) 
HVZ  0/5 0  2/7 29 (8-65)  1/8 13 (0-50)  4/16 25 (10-50)  0/6 0  0/5 0 
CCMVa  3/5 60 (23-88)  7/7 100 (60-100)  6/8 75 (40-94)  3/16 19 (6-44)  4/6 67 (30-91)  2/5 40 (12-77) 
AdV  4/5 80 (36-98)  7/7 100 (60-100)  8/8 100 (63-100)  4/4 100 (45-100)  5/6 83 (42-99)  4/5 80 (36-98) 
SA11  0/5 0  1/7 14 (1-53)  0/8 0  6/16 38 (18-61)  0/6 0  0/5 0 
HAV  3/5 60 (23-88)  6/7 86 (47-99)  4/8 50 (21-79)  16/16* 100 (77-100)  5/6 83 (42-99)  0/5 0 
HBV  0/5 0  6/7 86 (47-99)  1/8 13 (0-50)  6/16* 38 (18-61)  0/4 0  0/5 0 
HBVsag  1/5 20 (2-64)  0/7 0  0/1 0  1/5 20 (2-64)  0/3 0  0/1 0 
SIV  0/5 0  0/7 0  0/8 0  2/16 13 (2-37)  0/6 0  0/5 0 
HIV-1  0/4 0  0/6 0  0/8 0  1/2b 50 (9-91)  0/3 0  0/5 0 
STLV-1  0/5 0  0/7 0  0/8 0  0/16 0  1/6 17 (1-58)  0/5 0 
EBOV  0/5 0  0/7 0  1/8 13 (0-50)  0/4 0  0/6 0  0/5 0 
ReoV  0/5 0  0/7 0  1/8 13 (0-50)  0/16 0  0/6 0  0/5 0 
FV  0/5 0  4/7 57 (25-84)  1/8 13 (0-50)  0/16 0  4/6 67 (30-91)  0/5 0 
LCMV  0/5 0  0/7 0  1/8 13 (0-50)  0/16 0  0/6 0  1/5 20 (2-64) 
EMCV  0/5 0  1/7 14 (1-53)  0/8 0  0/16 0  0/6 0  1/5 20 (2-64) 
QF  0/3 0  1/6 17 (1-58)  1/6 17 (1-58)  0/12 0  0/1 0  0/5 0 
SLEV  0/3 0  0/6 0  0/6 0  1/12 8 (0-38)  0/1 0  0/5 0 
WEEV  0/3 0  0/6 0  0/6 0  1/12 8 (0-38)  0/1 0  0/5 0 
EEEV  0/3 0  0/6 0  0/6 0  1/12 8 (0-38)  0/1 0  0/5 0  

bold = evidence of seroconversion in at least one individual; italics= suspect at least one false result; *affected by vaccination; aconsistency problems detected with this assay; 
bfollow-up testing and result from different laboratory. 
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TABLE 5. Results of viral serology for confiscated gorillas in central Africa. 

Gorilla 
ID 

Date    
sampled 

Time since 
confiscated 

Gorilla 
contacts   F

L
U

A
V

 

 F
L

U
B

V
 

 P
IV

-1
 

 P
IV

-2
 

 P
IV

-3
 

 R
SV

 

 M
eV

 

 M
uV

 

 H
SV

-1
 

 E
B

V
 

 H
V

Z
V

 

 C
C

M
V

a  

 A
dV

 

 S
A

11
 

 H
A

V
 

 H
B

V
 

 H
B

V
sa

g 

 F
V

 

 E
M

C
V

 

 Q
F

 

 Mountain gorillas (G. b. beringei) 
10/7/2002 4 days none - - - - - - - - - + - - nt - - - nt - - - 
10/17/2002 14 days none + - - - - - - - - + - - + - - - nt - - - 
12/2/2002 2 mos. none - - - - - - - - - + - - + - - - nt - - - 

Gbb1 

1/23/2003b 3.5 mos. none + - - - - - - - - + - - + - - - nt - nt - 
12/23/2004 5 days none - - - - - - - - + + - + + - - - nt - - - 

1/6/2005 1 mo. none - - - - - - - - + + - - + - - - nt - - - 
8/6/2006c 1.6 years none - - - - + - - - + + - + + - - - nt - - - 
4/23/2007 2.3 years group 5 + - - - - - +d nt + + - + + - - - nt - - nt 

Gbb2 

6/24/2008 3.5 years group 7 - - - - + - + - + + - + + - + - - - - nt 
3/18/2007 1 day none - - - - - - - - - + - + + - + - nt - - - 
4/30/2007 ~1 mo. none - - - - - - - nt - + - + + - + - nt - - nt Gbb3 
6/12/2008 15 mos. group 7 - - - - + - - - - + - + + - + - - - - nt 
6/14/2007 5 days none - - - - - - - nt - + - + + - - - nt - - nt 

Gbb4 
6/19/2007 10 days none - - - - - - - - - + - - - - + - + - - nt 

Gbb5 8/4/2007 ~1 mo. none - - - - - - - nt - - - - - - + - nt - - nt 

Grauer’s gorillas (G. b. graueri) 
4/2/2004 6 mos. none - - + - + - - + - + - - + - - + - - - nt 
8/17/2004 10 mos. none - + - - + - - + - + - - + - - + - - - nt 
3/24/2005 1.4 years none - - - - + - +d + - + - - + - - - nt - - +e 
8/6/2006c 2.8 years none - - - + + + + - - + - - + - - + nt - - - 
3/25/2007 3.4 years group 5 - - - + - - + nt - + - + + - - + nt - - nt 

Gbg1 

7/8/2008 4.7 years group 7 - - - + + + + - + + - + + - + - - - - nt 
8/19/2004 ~1 mo. none - - - - - - - nt - + - - + - - - - - - nt 
11/7/2006 2.3 years group 3 - - - - - - +d - + + - - + - - + nt - - nt 

12/19/2006 2.5 years group 3 - - - - - + + - + + - + + - - + nt +e - - 
Gbg 2 

6/23/2008 4 years group 7 - - - - - - + - + + - + + - + - - - - nt 
10/14/2005 4 days none - - - - - - - nt - + - + + - + + - - - nt 
11/7/2006 1 year group 3 - - - - - - +d - - + - + + - + + nt - - - 

12/19/2006 1.2 years group 3 + - + - + + + nt - + + + + - + + nt +e - nt 
Gbg 3 

7/9/2008 2.8 years group 7 - - + - + + + - + + - + + - + + - - - nt 
11/21/2005 4 days none - - - - - - - nt - + - + + - - - - - - nt 
12/9/2005 1 mo. group 2 + - - - - - - - - + - + + - - - nt - - - 
11/7/2006 1 year group 3 - - - - - - +d - - + - + + - - + nt - - - 

12/19/2006 1.1 years group 3 - - + - - - - - - + - + + - - + nt +e - - 
4/23/2007 1.4 years group 5 - - - - - - - nt - + - + + - - + nt - - nt 

Gbg 4 

6/23/2008 2.6 years group 7 + - + - + + + - + + + + + - + - - - - nt 
7/18/2006 4 mos. none - - - - - - - - - + - + + - - + nt - - - 
4/23/2007 1.1 years group 5 + - + - + - +d nt - + - + + + - + nt - +e nt 
7/9/2008 2.3 years group 7 - - - - + - + - - + - + + - + - - - - nt 

Gbg 5 

10/7/2008 2.6 years group 7 - - - - - - - - + + - + + - + - - - - nt 
11/7/2006 6 mos. group 3 - - - - - - - - - + - - - - - + nt - - - 

12/19/2006 7 mos. group 3 - - - - - + - - - + - - + - - + nt +e - - Gbg 6 
7/30/2008 2.2 years group 7 - - - - + - + - + + - + + - + - - - - nt 

Gbg7  3/18/2008 2 mos. none - - - - - - - - - + - + + - - - - - - nt 
 

aproblems detected with consistency in this assay over time; bsample collected post-mortem; 

csample was analyzed twice and any differences between runs are shown; dstarted vaccination 
regimen; esuspicious result (see text).
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Positive assays for captive gorillas
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Figure 1. Number of positive assays for captive gorillas at different times in 
captivity. 
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ABSTRACT 

Mountain gorillas (Gorilla beringei beringei) are subjected to intense human contact 

because they are habituated to human presence for tourism and research programs.  

Habituation facilitates the provision of emergency veterinary care and the collection 

of biological samples for individual and population health assessments, but also may 

increase the risk of disease transmission between humans and gorillas.  Between 

1995 and 2008 opportunistically collected serum samples from wild gorillas (N=57) 

were analyzed for exposure to up to 37 infectious agents by dot blot immunoassay 

and immunofluorescent assay.  Antibodies were detected against 19 different 

potential pathogens including Epstein-Barr virus, adenovirus, chimpanzee 

cytomegalovirus, herpes simplex-1, hepatitis A, B, and C, parainfluenza 1, 2, and 3, 

influenza A and B, respiratory syncytial virus, mumps virus, rotavirus, human 

varicella zoster, simian T-cell leukemia virus, and Q fever.  Two previously 

vaccinated gorillas also maintained antibodies to measles up to 14 years post-

vaccination.  No gorillas had titers for herpes simplex-2, human immunodeficiency 

virus-1, simian immunodeficiency virus, simian retrovirus D, herpes 

papionis/simian agent 8, foamyvirus, encephalomyocarditis virus, lymphocytic 

choriomeningitis virus, simian hemorrhagic fever, filovirus/Ebola, monkeypox, 

reovirus, eastern equine encephalitis, western equine encephalitis, St. Louis 

encephalitis, or California encephalitis.  The highest seroprevalences were for 

Epstein-Barr virus and adenovirus, against which nearly all gorillas had antibodies.   

Keywords: Gorilla beringei, serology, virus, zoonoses 
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INTRODUCTION 

Two separate populations, each with fewer than 400 individual mountain gorillas 

(Gorilla beringei beringei), exist in the Bwindi forest of Uganda and the tri-national 

Virunga park system of the Democratic Republic of Congo, Rwanda, and Uganda.  

Along with habitat destruction and the bushmeat trade, infectious diseases are 

considered the third major threat to existing populations of wild apes (Butynksi, 

2001).  Infectious agents transmitted from humans to wild apes are of particular 

concern because the small populations of mountain gorilla are regularly exposed to 

humans by tourism and research activities (Cleaveland et al., 2001; Cranfield, 2008; 

Woodford et al., 2002).  Human habituated gorilla groups comprise ~70% of the 

Virunga population and about 25% of the Bwindi population and are visited and 

monitored every day (Gray et al., 2005; Guschanski et al., 2009).  Accounting for all 

potential visitors (guides, researchers, tourists, veterinarians, guards, and sometimes 

porters and military personnel) gorillas in any habituated group typically average 8-

12 person-hours of contact each day.  That adds up to thousands of human contact 

hours per year, most within 5-10 meters (Homsy, 1999).  Mountain gorillas 

periodically suffer from illnesses and especially respiratory infections, some of which 

are suspected of being caused by pathogens shared with humans and other species 

(MGVP Inc. and WCS, 2007). 

  

Pathogen transmission between great apes and humans is known to occur from 

laboratory settings and is presumed to occur in the wild.  Efforts to demonstrate 
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transmission of infectious agents between humans and free living apes have 

increased in recent years (Garber, 2008; Kondgen et al., 2008; Leendertz, 2006).  

However, evidence remains largely anecdotal or circumstantial without 

documentation of direct transmission of an agent to a known naïve ape from a 

known infected human.  Serologic data are no more conclusive.  The limitations of 

serologic data in the study of disease transmission are well documented (Fierz, 

1999).  However, serosurveys can contribute to our understanding of overall patterns 

of pathogen exposure at a population level, especially with populations whose 

individuals and demography are well studied (Travis et al., 2008; Walsh, 2008).  

Serologic research on wild African apes has largely been restricted to small numbers 

of samples from recently captured or imported individuals (See Chapter 5), and 

occasional case reports usually focused on one or two specific viruses (Formenty et 

al., 1999; Leendertz et al., 2004) (Eberle, 1992; Hastings, 1991; Hastings et al., 1991).  

Descriptions of zoo and, formerly, laboratory gorilla serology are more numerous but 

are almost exclusively limited to the western species, Gorilla gorilla (Kalter and 

Heberling, 1971; Kalter et al., 1997).  Human contact for gorillas in captive situations 

is also quite different in nature and extent than human-gorilla contact in the wild, 

hence, the relevance of captive gorilla findings to wild gorillas is unknown. 

 

This study uses opportunistically collected samples obtained during responses to 

health intervention procedures conducted by the Mountain Gorilla Veterinary 

Project (MGVP) to describe basic patterns of serum antibodies to a broad array of 
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potential pathogens in wild mountain gorillas.  The main objective is to identify what 

potential pathogens known to infect humans might pose health risks to wild 

mountain gorillas in the hope of aiding future gorilla health management decisions.  

 

 

MATERIALS AND METHODS 

Study area- Mountain gorilla samples and data were collected from both the 

Virunga (N=50) and Bwindi (N=7) populations as described in Table 1.  The 447 km2 

Virunga conservation area (1˚35’ to 1˚65’ S, 29˚35’ to 29˚75’ E) is comprised of the 

Volcanoes National Park (PNVo) in northwestern Rwanda, Virunga National Park 

(PNVi) in eastern Democratic Republic of Congo, and Mgahinga Gorilla National 

Park (MGNP) in southwestern Uganda.  Gorillas in this area range in different 

vegetation zones, and from ~2500-3500 m elevation.  In the 331 km2 Bwindi 

Impenetrable National Park (BINP) in southeastern Uganda (0° 53’- 1° 08’S, 29° 35’- 

29° 50’E) gorillas range throughout the park’s vegetation zones and elevations of 

1160 to 2600 m.   

 

Gorilla data and blood samples- Gorilla blood samples were collected 

opportunistically during emergency procedures conducted by MGVP, with their 

conservation partners, between 1995 and 2008.  Two gorillas were sampled twice but 

only results from the most recent samples are included in the prevalence totals.  The 

dataset includes six mother-infant pairs, each pair sampled at the same time.  
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Samples were collected in the field from identified, habituated individuals 

immobilized mostly by remote injection.  Young infants and one moribund adult 

were hand injected though some infants required no anesthesia. Individual age, 

gender, group, and related data were recorded from existing records.  Blood was 

normally collected from the femoral vein, though some samples were collected from 

caudal saphenous veins, femoral arteries, and some collection sites were not 

recorded.  Whole blood samples were collected directly into sterile tubes and 

centrifuged to collect serum that was frozen at -20˚C before cold shipment on either 

dry ice or ice packs to the US, where they were stored at -80˚C before analysis. 

 

Serologic Tests and Data Analysis- Serum samples were sent to the Simian 

Diagnostic Laboratory of the Virus Reference Laboratory (VRL) in San Antonio, 

Texas, and analyzed by rapid dot immunobinding assay or fluorescent 

immunobinding assay for the presence of immunoglobulin antibodies and in some 

cases pathogen antigens (Kalter and Heberling, 1971; Kalter et al., 1997).  Prior to 

testing, sera were diluted 1:10 in phosphate-buffered saline (pH 7.4).  Results are 

indicated as either positive or negative according to the laboratory protocols; exact 

dilution titrations were not reported by the laboratory.  Because of sample size 

limitations, test availability, and changing panel compositions, not all samples were 

tested for all agents, so denominators for each assay varied.  A change in the trend 

for results in the assay for chimpanzee cytomegalovirus (CCMV) starting in 2005 
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(from predominantly negative to predominantly positive) resulted in retesting nine 

samples for CCMV and other assays totaling 43 individual assays. 

 

Results are reported as period prevalences from 1995-2008, with associated 

binomial exact two-sided 95% confidence intervals and no finite population 

corrections.  Fischer’s exact test for association was used for univariate analysis in 2 

x 2 contingency tables (Motulsky, 1995).  All calculations were performed with 

StatsDirect (version 2.6.6, 2008, StatsDirect Ltd, Cheshire, UK) or GraphPad (2002-

5, GraphPad Software, LaJolla, CA) software and p<0.05 was considered statistically 

significant. 

 

For epidemiologic analysis we compared age classes as well as collapsed classes that 

combined all adults (silverback males, adult females, and blackback males >10 years 

old) and all subadults (subadult females, blackback males <10 years old,  juveniles, 

and infants). Grouping by human exposure type is well established for all these 

habituated groups and is divided into those groups visited by tourists (with trackers, 

tourist guides, and sometimes veterinarians) and those visited only by behavioral 

researchers (and trackers and sometimes veterinarians). 
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RESULTS 

Population prevalences with 95% confidence intervals for each assay are reported in 

Table 2.  Samples were positive for 19 agents, with the highest prevalences for 

Ebstein-Barr virus (EBV, 98%), Adenovirus (AdV, 96%), and CCMV (85%).  Only 

single individuals were positive for Q fever (QF, 1/28 or ~4%), Simian T-cell 

leukemia virus type 1 (STLV-1, 1/54 or ~2%), and human varicella zoster virus (HVZ, 

1/55 ~2%), while no individuals were positive for 18 of the 37 assays. 

 

No statistically significant differences in prevalences were detectible between sexes 

or between gorillas from research or tourist-visited groups, with or without being 

stratified by age or park.  Only gorillas from designated tourist-visited groups were 

positive for influenza B (FLUBV, N=2), parainfluenza-2 (PIV-3, N=2), respiratory 

syncytial virus (RSV, N=4), mumps (MuV, N=2), hepatitis C virus (HCV, N=2), HVZ 

(N=1) or STLV-1 (N=1).  Two measles virus (MeV) positives (and a single false 

positive for Q fever) were found in two gorillas from research groups that had been 

vaccinated against measles.  The only detectible age class difference was that adults 

showed a higher prevalence (47%) of positive titers to parainfluenza type 3 (PIV-3) 

than subadults (19%, p = 0.02).  Within the Virunga subpopulation, a higher 

prevalence of positive titers to human herpes simplex-1 (HSV-1, p = 0.01) was 

detected in gorillas residing in PNVi, DRC (69%) compared to gorillas in PNVo, RW 

(20%).  No other significant difference were detected between the different parks or 

between the populations in the Virungas compared to Bwindi.  
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The mother-infant pairs showed no associations different from the general 

population (Table 3).  For assays for which either individual was positive (37/181), 

there were 20 concordant pairs and 17 discordant pairs.  Only in one case was an 

infant positive (against influenza A, FLUAV) when its mother was negative.  Among 

the influenza or parainfluenza viruses, only one infant shared its mother’s positive 

titer for any of the nine positive results.  The two youngest infants (less than two 

months old) were the only gorillas in the dataset without titers to adenovirus. 

 

Results of the nine samples retested for CCMV confirmed two that were initially 

positive (and remained positive) and one that was initially negative (and remained 

negative) while six others changed from initially negative to positive.  That change to 

positive was confirmed on a second retesting of those samples.  Of the total 43 

retested assay results, only 32 (75%) confirmed the initial test result.   

 

 

DISCUSSION 

Nearly all wild gorillas tested positive for exposure to Epstein-Barr virus (EBV) and 

adenovirus.  The high level of EBV seropositivity most likely represents cross 

reaction with either the known, related western lowland gorilla virus, Pongine 

herpesvirus 3/Herpesvirus gorilla, or a similar unnamed virus unique to mountain 

gorillas.  EBV-like, or lymphocryptoviruses, are believed to be common in wild apes 

and to cause only mild clinical disease, if any.  Wild and semi-captive orangutans, 
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captive gorillas, and local central African primates have all been found to have a 

similarly high prevalence (Fellinger et al., 1996; Kalter et al., 1997; Kilbourn et al., 

2003; Whittier et al., 2009a). 

 

Adenoviruses are also ubiquitous and only slightly more likely to cause clinical 

respiratory or gastrointestinal disease (Mansfield and King, 1998).  The high 

prevalence of mountain gorilla exposure is most likely evidence of an endogenous 

mountain gorilla adenovirus.  A high prevalence was seen in all other primates 

surveyed locally (Whittier et al., 2009) 

 

The results of tests for antibodies to chimpanzee cytomegalovirus (CCMV) proved 

problematic in this study.  Until 2005, nearly all samples from the Virunga Massif 

were negative in contrast to samples from Bwindi, which were mostly positive.  The 

distribution correlated well with the fact that wild chimpanzees inhabited Bwindi but 

not the Virungas.  These results started to change, however, in 2005 when virtually 

all the Virunga samples, including retests of the originally negative samples, tested 

positive for antibodies to CCMV.  Troubleshooting with the laboratory and retesting 

samples did not explain the discrepancy, but did confirm an unindentified change in 

the assay and the positive results of most samples by the current assay.  The high 

prevalence of exposure to this agent likely represents a third endogenous virus in 

mountain gorillas that causes little if any clinical illness, as is the case with 

cytomegaloviruses in most primates (Mansfield and King, 1998). 
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More than one-third of gorillas showed evidence of exposure to herpes simplex-1 

(HSV-1), but all gorillas were reported as negative for HSV-2 and the closely related 

simian agent 8 (SA 8).  This result is at odds with previous analyses that suggested 

mountain gorillas harbor their own virus closely related to HSV-2 (Eberle, 1992).  

This discrepancy led to further inquiry with the analytical protocols used in this 

study.  The laboratory explained that because most investigators are only interested 

in distinguishing between HSV-1 and HSV-2 (or SA 8 in macaques), they only report 

the strongest reaction for these three assays, unless more than one gives very strong 

or equal reaction.  Therefore, it is possible that all gorillas with titers to HSV-1 may 

have also had weak positive results for HSV-2 and/or SA 8.  This possibility is being 

pursued with additional diagnostics. 

 

The high seroprevalence of HSV-1 antibodies in wild gorillas may indicate that, in at 

least some cases, the virus is being transmitted from humans as is thought to be the 

case in captive gorillas (Eberle and Hilliard, 1989).  Even though our sample was 

small, HSV-1 was the only virus for which we were able to detect statistically 

significant differences in seroprevalence between gorillas that share the same habitat 

but are primarily exposed to two separate groups of humans in the different parks 

and countries where they normally reside.  Though gorilla infections with human 

HSV-1 are generally believed to be self-limiting, as they are in humans, there are 

cases of clinical disease in all great apes with some leading to death (Kik et al., 

2005).  
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The Orthomyxoviruses (influenza) and Paramyxoviruses  (PIV, RSV, and measles) 

are two important families that include highly contagious viruses known to cause 

significant respiratory disease in primates.  Wild mountain gorillas showed a range 

of exposure to these viruses, with higher prevalences for PIV-3 (33%) and FLUAV 

(25%) than for PIV-1 (13%), RSV (7%), PIV-2 (4%) or FLUBV (4%).  The important 

human metapneumoviruses that have been linked to wild chimpanzee deaths were 

not evaluated because of the lack of commercially available assays  (Kondgen et al., 

2008).   

 

Only previously vaccinated gorillas were positive for measles virus (MeV, N=2, ~4%).  

We were able to confirm that 5 of the wild gorillas sampled were vaccinated against 

MeV in 1988.  The only strongly positive sample was collected 7 years post-

vaccination and tested after almost 13 years of banking.  A second sample collected 

more than 17 years post-vaccination (and banked for 8 months) was positive once 

but was not confirmed on a second test, suggesting the titer could have been 

borderline (or laboratory error).  Three additional samples collected 14-18 years 

post-vaccination were all negative, suggesting that unlike humans, most wild 

mountain gorillas do not maintain protective MeV titers for more than 25 years with 

single vaccination (Dine et al., 2004).  While the timeframes are unequal, our results 

are in basic agreement with the findings that captive western lowland gorillas, some 

vaccinated only once, maintained MeV titers for at least 11 years (Blasier et al., 

2005).  There are no available data on what proportion of vaccinated zoo gorillas 
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maintain titers over a longer period.  The near complete absence of antibodies to 

MeV in this sampling of the mountain gorilla population suggests a current 

susceptibility and the potential for future epidemics similar to the one described in 

1988 (Hastings et al., 1991).   

 

The relatively low prevalence of antibodies for respiratory syncytial virus (RSV, 7%) 

is surprising.  This common human pathogen is presumed to be easily transmitted 

from humans to apes by close contact, and seropositivity has been documented in 

wild orangutans and chimpanzees as well as captive apes including gorillas, many of 

which seroconverted in captivity (Kalter et al., 1997; Kilbourn et al., 2003; 

Richardson-Wyatt et al., 1981; Whittier et al., 2009a).  The high local human 

prevalence (56%) indicates RSV is circulating and being spread by the local human 

population, yet there is little evidence of exposure to this virus in the gorillas. 

 

The positive titers to RSV, FLUAV and FLUBV, and PIV-1, 2, and 3 may represent 

some of the best evidence of pathogen transmission from humans to wild mountain 

gorillas.  These groups of viruses have a global distribution in a wide variety of 

species, including those that share the gorilla’s habitat (e.g. buffalo, bushpig, duiker) 

but the mountain gorillas have little close contact with any other animals except 

humans.  Seroconversion to most of these viruses was shown in our companion 

study of captive eastern gorillas (Whittier et al., 2009b), and has been reported for 

PIV-3 in captive western gorillas (Kalter and Heberling, 1971).  PIV-3 was the only 
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virus showing higher prevalence of exposure among adults compared to subadults, 

which may indicate lack of exposure of young animals.  However, this would not be 

expected with a normally circulating endogenous virus, or one that was widespread 

in the environment.  The pattern of higher adult prevalence suggests cumulative 

exposure over time to a reservoir population, which in the case of PIV-3 is probably 

humans (Jones-Engel et al., 2001).   

 

Unlike the viruses more easily transmitted through respiratory secretions, gorillas 

should be better protected from fecal-orally transmitted human viruses because of 

park regulations for burying human waste.  Unfortunately, not all entrants to the 

park follow those rules, and outside the park, where gorillas sometimes venture, 

exposed human (and domestic animal) waste is more common.  The low prevalence 

(4%) of antibodies to rotavirus (SA11) agrees with our previous difficulty in 

demonstrating rotavirus RNA positive fecal samples using our own validated 

methods (Whittier et al., 2004; Whittier and Stoskopf, 2009).  Overall, however, 

rotavirus exposure appears low and might also be seasonal or episodic (Kiulia et al., 

2008): data from other workers showed a high point prevalence of wild mountain 

gorilla exposure to rotavirus, 4/4 positive, (Hastings et al., 1991), and the only 

positive samples we detected were all collected within a 5 month period, though from 

two different groups. 
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Hepatitis A, B, and C are unrelated groups of viruses transmitted in different ways.  

Though historical cases of zoonotic transmission of these viruses have been reported, 

and experimental infection of apes with human viruses has been demonstrated, 

recent investigations suggest that many wild primates harbor endogenous hepatitis 

viruses of each type (Robertson, 2001).  As shown in Table 2, high prevalence of 

circulating HAV in humans has been demonstarted in our previous studies, where 

96% of local gorilla conservation personnel had titers for HAV even though the vast 

majority had no access to vaccines (MGVP 2002 Employee Health Group, 2004).  

We have also detected evidence of HAV exposure in carefully managed orphan 

gorillas lending weight to the possibility that some level of local human transmission 

of HAV to gorillas is occurring (Whittier et al., 2009a). 

 

The two gorillas seropositive for HCV were adult females, one each from the Bwindi 

and Virunga populations.  Anecdotally, the older of these gorillas had significant 

chronic illness manifested as alopecia, muscle wasting, and suspected poor milk 

production that has led to repeated loss of nursing infants.  These symptoms are only 

partially consistent with the human manifestation of HCV related disease, but HCV 

infection in NHPs is poorly characterized and mostly limited to experimental 

infections (Brady and Morton, 1998; Kremsdorf, 2007).  These cases may represent 

evidence of HCV or HCV-like infection in gorillas and if so are important evidence of 

spontaneous HCV infection in a wild primate. 
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Another surprising result was the presence of antibodies to the retrovirus STLV-1 in 

one dominant silverback.  The human and simian TLV viruses are known to cause 

disease in primates, including gorillas (Blakeslee et al., 1987; Srivastava et al., 1986).  

Evidence of exposure has been found in wild chimpanzees, western gorillas, and 

orangutans (Leendertz et al., 2004; Nerrienet et al., 2004; Verschoor et al., 1998).  

No evidence of exposure to these viruses has been found in local human populations, 

but antibodies have been detected in a golden monkey from the Virungas (MGVP 

2002 Employee Health Group, 2004; Whittier et al., 2009a).  Alternatively, there 

may be an endogenous mountain gorilla STLV, and if so this study suggests that 

prevalence and transmission of this STLV are rare. 

 

It must be noted that the inability to collect samples in a systematic fashion meant 

this study suffered from nonrandom sampling, lack of paired samples, and no means 

to properly describe either a true point prevalence or a measure of incidence.  

Laboratory quality control issues were also evident in this study and highlight the 

caution that must accompany evaluation of any serology results.  Nonetheless, 

because no anesthetic deaths occurred, this study further confirms that wild gorillas 

can be safely handled in significant numbers to provide important invasive samples 

for research (MGVP Inc., unpublished data; Sleeman et al., 2000). 

 

Wild mountain gorillas show evidence of exposure to a number of potential disease 

causing pathogens prevalent in local humans, including Flu A and B,  PIV-1, 2, and 3, 
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HSV-1, RSV, HVZ, HAV, and rotavirus.  On the other hand, the surprising apparent 

lack of measureable exposure to measles and to a lesser extent the low exposure to 

mumps, RSV, and HVZ may indicate that these populations are susceptible to 

epidemics from these viruses that may be circulating in local human populations.  

The data reported here should help guide future efforts to more systematically study 

mountain gorilla pathogens.  It also provides objective data that can improve health 

risk assessment and ultimately help conserve wild mountain gorillas.
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TABLE 1. Description of 57 wild gorillas sampled. 

  Male  Female   
  Adult Subadult Adult Subadult Total 
Virunga gorillas           
     Volcanoes NP, Rwanda           
               tourist groups  1  3  10  7  21 
               research groups  3  2  8  2  15 
     Virunga NP, DR Congoa  0  4  4  2  10 
     Mgahinga NP, Ugandaa  0  2  1  1  4 

Virunga Subtotal  4  11  23  14  50 
Bwindi gorillas           
     Bwindi Impenetrable NP, 
Ugandaa  

 0  3  3  1  7 

Total  4  14  26  15  57 
 

aall gorillas sampled were from tourist visited groups though one gorilla from Bwindi was sampled 
during the habituation phase before contact with tourists.



  

 179 

TABLE 2. Results of viral serology for 57 wild mountain gorillas compared to data 
from local humans. 

  Wild mountain gorillas  Local humans 

Assaya 
 positive 

/tested 

 prevalence  

(95% CI) 

 prevalence  

(95% CI) 

Ebstein-Barr virus  56/57  98 (90-100)  97 (92-99)b 
Adenovirus  51/53  96 (87-100)  100 (45-100)c 
Chimpanzee cytomegalovirus  47/55  85 (73-93)  19 (6-44)c 
Herpes simplex virus-1  22/56  39 (28-52)  97 (92-99)b 
Hepatitis A virus  19/52  37 (25-50)  96 (91-99)b,e 
Parainfluenza-3  19/57  33 (22-46)  88 (63-98)c 
Influenza A  14/57  25 (15-37)  81 (56-95)c 
Parainfluenza-1  7/56  13 (6-24)  25 (10-50)c 
Respiratory syncytial virus  4/55  7 (2-18)  56 (33-77)c 
Hepatitis B virus  3/51  6 (1-17)  70 (61-77)b,e 
Mumpsvirusd  2/38  5 (1-18)  94 (70-100)c,e 
Hepatitis C virus  2/50  4 (0-14)  0c 
Rotavirus/simian agent 11  2/51  4 (0-14)  38 (18-61)c 
Measles virus  2e/56  4  (0-13)e  81 (71-89)b,e 
Parainfluenza-2  2/56  4  (0-13)  94 (70-100)c 
Influenza B  2/57  4 (0-13)  31 (14-56)c 
Q feverd  1/28f  4 (0-19)f  0c 
Simian T-cell leukemia virus-1  1/54  2 (0-11)  0b 
Human varicella zoster  1/55  2 (0-11)  100 (96-100)b 
Herpes simplex-2  0/56  0  88 (63-98)c 
Herpes papionis/simian agent 8  0/55  0  0c 
Encephalomyocarditis  0/52  0  0c 
Lymphocytic choriomeningitis  0/52  0  0c 
Foamyvirus  0/52  0  0b 
Filovirus/Ebola virus  0/51  0  0c 
Reovirus  0/50  0  0c 
Simian retrovirus  0/48  0  0b 
Simian immunodeficiency virus  0/48  0  8.8 (5-15)b 
Monkeypox virus  0/45  0  0c 
Hepatitis A IgM  0/42  0  0c 
Human immunodeficiency virus-1  0/38  0  8.8 (5-15)b 
California encephalitisd  0/29  0  0c 
St. Louis encephalitisd  0/29  0  8 (0-38)c 
Eastern equine encephalitisd  0/29  0  8 (0-38)c 
Western equine encephalitisd  0/29  0  8 (0-38)c 
Simian hemorrhagic fever  0/25  0  0c 
Hepatitis B surface antigen  0/14  0  20 (2-64)c 

 
adot blot immunoassay unless otherwise noted; bfrom ‘2002 Employee Health Writing Group’, 2004; cfrom Whittier et al. 2009a; 
dimmunofluorescent assay; eaffected by vaccination; fpositive result was deemed a false positive based on evidence of assay contamination 
by adjacent positive wells; bold= highlights assays with prevalence > 50%. 
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TABLE 3.  Serology result for six mother-infant pairs. 

 Concordant pairs Discordant pairs 

Assay  mother- 

infant- 
 

mother+ 

infant+ 

 mother+ 

infant- 
 

mother- 

infant+ 

Influenza A  2  0  3  1 
Parainfluenza-1  5  0  1  0 
Parainfluenza-2  5  0  1  0 
Parainfluenza-3  2  1  3  0 
Respiratory syncytial virus  5  1  0  0 
Herpes simplex virus-1  3  2  1  0 
Chimpanzee cytomegalovirus  0  4  2  0 
Ebstein-Barr virus  0  6  0  0 
Adenovirus  0  4  2  0 
Mumps virus  3  0  1  0 
Hepatitis A virus  3  2  0  0 
Hepatitis B virus  4  0  1  0 
Hepatitis C virus  4  0  1  0 
all other assays  103  0  0  0 

Total  145  20  16  1  
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ABSTRACT 

Infectious diseases have become a major conservation concern for populations of 

wild apes.  The endangered mountain gorillas (Gorilla beringei beringei) of the 

Virunga massif in east-central Africa suffer periodic disease outbreaks and are 

believed to be exposed to and to have suffered infection from exogenous pathogens 

(MGVP Inc. and WCS, 2007).  However, even in this well studied population the 

spread and ultimate impact of an introduced infection is very difficult to quantify.  

Here we present and evaluate an individual-based, stochastic, discrete time disease 

transmission model to predict epidemic outcomes and better understand health 

risks to the mountain gorilla population.  Modeling the gorilla population as a 

realistic network of interconnected groups is shown to be an essential element of 

outbreak outcome.  The model predicts that in the absence of humans, gorilla group 

dispersal and limited group interactions are strong factors in preventing widespread 

population level outbreaks of infectious disease.  Model outbreak severity from a 

point source infection is dependent on the number of gorillas in the initially infected 

group and in their neighboring groups.  The relative influence of either depends 

upon the magnitude of model parameters for gorilla interaction, migration, and 

pathogen transmission.  The model also suggests that even a small group of regular 

human visitors can potentially have a dramatic effect on spreading infection 

throughout the gorilla population.  

KEY WORDS: Epidemiological modeling, disease invasion, simulation, gorilla, 

Gorilla beringei
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INTRODUCTION  

Wild apes are most threatened by habitat loss, poaching, and infectious diseases 

(Butynksi, 2001; Woodford et al., 2002).  The disease threat has two components: 

the risk of infections being introduced into ape populations; and the risk of infection 

spreading through and impacting the population after it enters.  The introduction 

risk derives from many different pathogen sources including other wildlife, 

livestock, and sources that remain elusive (Graczyk et al., 2001; Rouquet et al., 

2005).  For the small populations of apes habituated to human presence, like 

mountain gorillas (Gorilla beringei beringei), a clear potential source of infection is 

humans (Graczyk et al., 2001; Homsy, 1999; Wallis and Lee, 1999).  While evidence 

of human-sourced pathogens has been found in wild apes, the actual introduction 

risk to wild populations remains poorly understood and largely unquantifiable 

(Graczyk et al., 2002; Kondgen et al., 2008; Leendertz, 2006; Whittier et al., 2009).  

Likewise the impact of disease spread has proven devastating in some cases and 

remains a huge concern, but with little understanding of what factors affect or could 

control the ultimate outcome (Bermejo et al., 2006; Boesch, 2008; Hastings et al., 

1991; Levrero et al., 2007). 

 

Even in the few field sites where long term studies and significant health 

interventions have taken place, the introduction risk and impact of exogenous 

pathogens to wild apes remains subjective and speculative (Cranfield, 2008; 

Decision Tree Writing Group, 2006; Lukasik-Braum and Spelman, 2008; Pusey et 
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al., 2008).  Methodical risk analyses to help evaluate disease threats to mountain 

gorillas have been advocated, but the seemingly straightforward first step of specific 

pathogen risk identification can be problematic (Jones-Engel and Engel, 2006; 

Travis et al., 2006; Travis et al., 2008).  The list of pathogens that wild apes might 

be exposed to includes hundreds of pathogens when one considers local human 

populations, their livestock, visiting international tourists and researchers, and the 

known and unknown sources of infection in a tropical forest.  Even after identifying 

long lists of potential infectious disease risks, assessments have had to settle for 

subjective measures of the seriousness of those threats both in terms of introduction 

risk and potential impact (Beck et al., 2007; Decision Tree Writing Group, 2006; 

Homsy, 1999). These issues have recently lead some authorities to call for 

alternative and more multidisciplinary approaches to studying great ape health and 

disease in the wild (Garber, 2008; Leendertz, 2008; Walsh, 2008). 

 

Computer modeling has been applied to demographic and population viability 

studies of wild ape populations including mountain gorillas (Harcourt, 1995; 

Harcourt and Greenberg, 2001; Robbins and Robbins, 2004; Werikhe et al., 1998).  

Inclusion of a disease component into these models has been rare and is best 

explored in the 1997 mountain gorilla population and habitat viability assessment 

and subsequent exercises by the Conservation Breeding Specialist Group 

(Armstrong et al., 2003; Werikhe et al., 1998).  The VORTEX-based modeling 

approach only treats disease as a catastrophic event that affects the entire 
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population, with different levels of initial probability of occurrence, a decrease in 

survival, and a decrease in reproduction (Miller, 2007; Werikhe et al., 1998).  While 

useful as part of a general population assessment, this approach is limited when 

applied to predicting the nature of disease spread within a complex population. 

 

Specific epidemic or disease models also have problems including the frequent 

assumption of a homogeneous and equally mixing population.  This assumption 

may reasonably apply to large populations, whose individuals or groups come into 

frequent contact, but has limited applicability to more dispersed or networked 

populations (Keeling, 2005; Keeling and Eames, 2005).  Specifically, homogeneous 

mixing may be suitable to large-scale models of western lowland gorillas (Gorilla 

gorilla), but seems inappropriate for mountain gorillas whose groups have only rare 

contact with each other (Caillaud et al., 2006; Rizkalla, 2007; Sicotte, 1993).  

Simplified approaches, while potentially helpful in broad planning, do not 

necessarily reflect realistic disease transmission within the population and could 

lead to support of ineffective and potentially deleterious management approaches to 

avoid or control disease outbreaks.  For example, subjecting animals to the risk of 

vaccination (darting, behavioral disturbance, vaccine reactions, etc.) to achieve herd 

immunity might be more justifiable in homogenously mixing populations where the 

population functions as single unit, but not in heterogeneously mixing populations 

such as mountain gorillas. 
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Though specific pathogen abundance, transmission, host immunity, and related 

data may be sparse, computer models incorporating the extensive demographic data 

that has been compiled for many great ape populations should provide more refined 

predictions of disease outbreak dynamics (Cross, 2004).  In most well-studied wild 

apes populations these data include population size and structure, birth and death 

rates, and especially individual and group contact and social network data.  

Additionally, population level studies of pathogen presence and exposure, coupled 

with existing mortality data for some populations could immediately inform these 

models and improve risk analysis. 

 

Epidemic models using more realistic heterogeneous gorilla populations have been 

explored for high mortality infections such as Ebola virus (Caillaud et al., 2006; 

Nunn et al., 2008).  One model compartmentalized an approximation of the entire 

western lowland gorilla population (N= 100,000 gorillas) into group-living versus 

solitary gorillas to show the higher disease risk of sociality (Caillaud et al., 2006).  

The other study used an individual-based, stochastic simulation model to 

investigate the effect of disease-related mortality on pathogen spread through the 

dispersal of surviving individuals (Nunn et al., 2008).  A major finding suggested by 

that model was that social sub-structuring of gorilla populations may limit the 

extent of disease outbreaks. 
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Other epidemic models have specifically shown that fluctuations in two levels of 

individual contact (e.g. within group compared to outside group or with the greater 

population) can greatly affect disease spread (Cross et al., 2005; Webb et al., 2007).  

A population with isolated groups (or “households”) that have relatively little 

contact with each other is not likely to suffer major population-wide epidemics after 

point source disease introduction because the rarity of intergroup contact limits 

disease spread between groups (Ball et al., 1997; Hess, 1996).  This fundamental 

concept of isolation preventing disease spread is the basis for long practiced 

quarantine and social distancing methods used to manage pathogen spread 

(Germann et al., 2006).  

 

Mountain gorilla populations fit well into a two-level contact model.  Within a 

group, mountain gorillas generally have close contact with all group members on a 

daily basis, either directly or through their social connections (Harcourt, 1978a; 

Watts, 2003).  At the population level, however, contact between groups is rare 

(averaging less than once per month per group) and even more rarely involves the 

close physical proximity or contact usually required for transmission of contagious 

infections (Robbins, 2007).  The movement of individuals- and their potential 

pathogens- between groups is even rarer.  Generally only sexually mature females 

without infants transfer between groups, and they do so only about once each per 20 

years (Sicotte, 1993; Sicotte, 2001).  
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Mountain gorilla groups are, however, secondarily connected by human activity.  

Park rangers, guides, or tourists may visit different gorilla groups on consecutive 

days.  This is the standard operating procedure for many gorilla behavioral 

researchers and veterinarians.  On infrequent occasions people might even have 

contact with different gorilla groups on the same day.  Modern animal agriculture 

recognizes such activity as a high risk behavior and often disallows it, for example 

by preventing anyone from visiting different farms within a certain interval (Amass 

and Clark, 1999).  Less stringent rules are specifically in place to minimize the risk 

of disease transmission between gorillas and humans, including burying human 

waste anywhere in the park, covering one’s face or turning away when coughing or 

sneezing during gorilla visits, and always staying at least 7 m away from gorillas.  

These rules are not always followed because of gorilla movement, tourist behavior, 

guide incentive to please visitors, dense vegetation limiting viewing, the observation 

needs of researchers and veterinarians, rare veterinary procedures, and other 

factors (Homsy, 1999; MGVP Inc. and WCS, 2007; Wallis and Lee, 1999; Woodford 

et al., 2002).  The ultimate role of human contact for the introduction and spread of 

infection in the gorilla populations is highly feared but poorly understood.  

 

Here we investigate what factors are be important for better modeling the spread of 

infectious disease in mountain gorillas, and what outcomes are likely after infections 

are initiated.  We propose a model that incorporates a realistic population network, 

two levels of gorilla contact (inter- and intragroup), gorilla migration between 



 189 

groups, and human contact.  We hypothesize that how the gorilla population is 

specifically modeled is important for predicting outbreak outcomes.  We further 

hypothesize that relative lack of interaction among different gorilla groups may 

serve to extinguish spread of most contagious infections, but that regular human 

contact has the potential to bypass the protective isolation between groups and alter 

natural disease spread in the gorilla population.   

 

To test these hypotheses we developed and parameterized a model and tested it with 

following questions:   

1) Are model disease parameters realistic?  Namely, can the model be 

parameterized for acute infection transmission and recovery to accurately 

represent a documented clinical outbreak in a single mountain gorilla group? 

2) Does population structure matter?  Specifically does a realistic, divided, 

heterogeneous depiction of the population network incorporating known 

intergroup interaction and migration rates result in different outbreak 

outcomes compared to more simplified designs? 

3) Does it matter where infection starts?  In a controlled population of 

different sized groups, does outbreak outcome level depend on the size of the 

initial group where infection starts and/or the size of the neighboring gorilla 

groups? 

4) Can epidemics occur?  In a representation of the actual mountain gorilla 

population what parameters are required for population level epidemics?  
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Additionally, does outbreak outcome vary depending on the group in which 

infection is initiated?  

5) Do people matter?  Can a small population of regularly interacting humans 

have an effect on the dynamics of an outbreak by facilitating the spread of an 

existing infection in the gorilla population? 

6) What parameters are important?  In addition to population structure and 

the nature of the initial group, what other model parameters is the model 

sensitive to? 

 

Our ultimate aims are to create a realistic gorilla epidemic model, to better 

understand how normal gorilla social structure and behavior affect outbreak 

outcomes, and to investigate the potential influence of human interactions on 

disease spread in the gorilla population.  An epidemic model that captures these 

dynamics can be an important tool for predicting epidemic outcomes and assessing 

disease risks, both of which will help inform managers and protect wild gorillas.   

 

 

METHODS 

1. BASIC MODEL DESIGN 

We developed an individual based, stochastic, discrete-time susceptible-

infected/infectious-recovered (SIR) model based on the work of Cross et al. (2005 

and 2007) and programmed in MATLAB® (Version 7.6.0.324, R2008a, The 
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MathWorks, Inc., Natick, MA).  The model simulates disease spread in a population 

by tracking each individual’s spatial state (residence group) and disease state 

(susceptible, infected, or recovered).  Because we were mostly interested in discrete, 

short-term epidemic outbreaks, we did not include births, deaths, or the return of 

recovered individuals to susceptible status.  Similarly, the model easily 

accommodates immune individuals (by starting them in the recovered state) and 

though we verified the model’s sensitivity to immunity levels and included it to our 

single group validation, we otherwise modeled the population as completely 

susceptible to create the most extensive possible outbreaks.   

 

The model incorporates two levels of intergroup gorilla behavior to reflect normal 

mountain gorilla dynamics.  During intergroup interactions infected gorillas can 

spread disease to susceptible individuals in neighboring groups.  Individual gorillas 

can also migrate between groups, thereby potentially spreading infection from the 

source group to susceptible individuals in the new resident group. Four processes 

occur in the model: infection of susceptible individuals from exposure to infected 

individuals in their own group; infection from exposure to infected neighboring 

groups (potentially including humans); recovery of infected individuals to recovered 

(but not back to susceptible) status; and migration of gorillas to new resident 

groups. 
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Pathogen transmission is modeled as frequency rather than density dependent with 

contact rates between individuals assumed to be constant regardless of group size 

(Getz and Pickering, 1983).  Acquiring infection is related to the infection 

transmission coefficient, β, which represents a combination of intragroup 

individual contact rates and the probability of becoming infected given sufficient 

contact with an infected individual.  With frequency dependent transmission the 

probability of a susceptible individual acquiring infection from within their own 

group per time step is also related to the proportion of infected individuals, I, within 

the total group, N, according the following expression (Cross et al., 2005): 
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In our model each gorilla is potentially exposed to both intragroup infectious 

individuals (Ii) and infectious individuals in other groups (Ij) during simulated 

interactions.  The total probability therefore has both the simple intragroup 

component expressed above, as well as an additional small risk from potential 

intergroup interactions.  With multiple potential interacting groups this additional 

risk is represented by a summation of probabilities of acquiring infection from each 

interacting group.  To adjust for the frequency of interactions and for the lower 

intensity of individual gorilla contact between groups during interactions (compared 

to intragroup contact), the summation incorporates the intergroup interaction 
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factor (ε) described in the next section.  The resulting total probability for each 

susceptible individual becoming infected per time step, then, is given by the 

expression: 
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Recovery of infected/infectious individuals to recovered (but not susceptible) status 

occurs at the daily per capita recovery rate γ. 

 

For simplicity, the model assumes all individuals to be equal and does not 

incorporate age, sex, or any other demographic factors.  Therefore, every individual 

has equal chance of transferring to a new group, unlike the real situation where only 

mature females normally transfer (Robbins et al., 2009b).  In the model, the 

probability of each gorilla moving to a new group per time step is defined by the 

migration rate μ, which is divided equally among neighboring groups. 

 

To evaluate model simulation outcomes, we focused on an endpoint variable, 

outbreak level, which is the percentage of a population ultimately affected after 

introducing infection to one individual.  Epidemic curves plotting percentage of 

infected individuals (either total or cumulative) over time were the basic model 

output.  Unless otherwise noted, results are presented as sets or averages of 500 
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simulations (only 200 for illustration clarity in Figures 4 and 5), which proved 

enough simulations to generate stable and repeatable outcomes.  After introducing 

infections, simulations ran for 200 days with acute disease scenarios or 1500 days 

for chronic disease to allow recovery of infected individuals and leveling off of 

outbreak levels (see Figures 4 and 5).  We set an objective epidemic threshold for 

any disease outbreak to be one that infected a cumulative total of 25% of the 

individuals in the population.  Though lower than the thresholds used in some 

epidemic models, 25% represents a severe level of concern for any contagious 

disease in a small, isolated population.   

 

2. MODEL POPULATION AND PARAMETER ESTIMATION 

2.1 Disease parameters (β and γ) 

Transmission coefficient, β, and the recovery rate, γ, are not based on any specific 

disease parameters, but for acute disease levels were tested against real mountain 

gorilla outbreak data as described in the following section.  Initially we started with 

ranges of these parameters similar to those used by Cross et al (2005), β ranging 

from 0.1 – 10, and γ being either the equivalent of an acute disease daily recovery 

rate (γ = 0.1) corresponding to an average of a 10 day infectious period, or a chronic 

disease rate (γ = 0.01) corresponding to an average 100 day infectious period.  By 

pairing the acute disease rate with β = 1 and the chronic rate with β = 0.1,  we kept a 

consistent estimate of the basic reproductive number (R0 = β/γ = 10) (McCallum et 

al., 2001) to avoid confounding acute versus chronic outbreak outcomes with 
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different pathogen properties (i.e. different R0s).  But for some simulations 

transmission was independently increased up to a thousand-fold (β=100) in both 

acute and chronic scenarios to represent more contagious pathogens. 

 

2.2 Population structure 

The most recent published census data for the Virunga mountain gorilla population 

is from the 2003 census, which served as the basis for the specifically structured 

actual population design we used throughout this investigation (Gray et al., 2005).  

That census estimated the total population to be approximately 380 gorillas in 44 

groups, when considering each of 11 lone silverbacks as a “group.”  Group size in the 

census ranged from 1 to 52 gorillas (mean of 11.4 and median of 7.5 gorillas per 

group).  The known inability to detect all infant gorillas with the night-nest fecal 

counting method caused the census to add a small correction of 4 individuals.  But 

because those 4 were not assigned to any group we restricted our actual population 

design to the total of 376 gorillas in specific groups.  We assumed that gorilla census 

overestimate issues recently uncovered through genetic studies in the separate 

Bwindi mountain gorilla population did not significantly affect the 2003 Virunga 

census, in part because counts are more precise and more easily validated in the 

Virunga population due to their much higher level of human habituation (~71% 

versus ~22% at Bwindi) that allows most groups to be counted exactly (Gray et al., 

2005; Guschanski et al., 2009).  We chose to include dependent infants that would 

not have migration autonomy because they could be important for maintaining 
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infections and they could not be individually separated from independent infants 

with the census data.  The percentage of adult female gorillas (34%) in the well-

studied human-habituated population was used for calculating population level 

migration rates from female specific data as described below.   

 

Gorilla groups actually occupy and move around in different sized spatial ranges.  As 

a simplification, the specific locations attributed to each gorilla group at the time of 

the 2003 census were used to assign each group’s nearest neighbors for migration 

and interaction activities in the actual population design.  To keep the easternmost 

groups connected to the rest of the population, and to capture the known 

interactions between some human-habituated groups, each group was connected to 

a minimum of its nearest five neighboring groups, as shown in Figure 1.  The overall 

spatial relationships meant some groups were counted among the closest neighbors 

to more than five other groups, and all such connections were permitted.  The 

resulting range of 5 to 9 (mean of 5.9, median of 6) interacting groups was 

consistent with published data that showed 6 monitored behavioral research groups 

interacting with 1 to 11 (mean of 6.2, median of 8) other groups (Sicotte, 1993).  

Because those data were collected over an eight year observation period where 

interacting groups may have been transitory but were aggregated, and our model 

considers shorter durations, the number of intergroup connections in our actual 

population design meets the expectation of being lower but could still be an 

overestimate.   
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2.3 Gorilla interaction and migration rates 

Virunga mountain gorilla group interaction and migration data is scattered in a few 

published studies focused on the subpopulation of “research” gorilla groups 

traditionally visited only by behavioral researchers (Harcourt, 1978b; Robbins et al., 

2009a; Robbins et al., 2009b; Sicotte, 1993; Sicotte, 2001).  Recalling that only 

sexually mature females normally transfer, the largest dataset reported 52 

immigrations and 61 emigrations among a total subpopulation of 12 research gorilla 

groups during a 38 year period (Robbins et al., 2009b).  Considering that within the 

total population (as opposed to the sampled research subpopulation that lost 9 

females to non-research groups) every immigration has an associated emigration we 

used the mean to 57 gorilla migrations during Robbins et al.’s reported total of 929 

female gorilla-years to get a per gorilla transfer rate per day.  The population 

composition conversion of 34% female, or 3.0 gorillas per adult female, helped 

derive our standard migration rate: μ = (57 migrations/(929 female gorilla years * 

3.0 total gorillas per female)/365 days per year = ~ 0.00006 chance of any gorilla 

emigrating to a new group each day.  Note that this rate is nearly three orders of 

magnitude smaller than the 0.01 rate used by Cross et al (2005), but represents a 

realistic ~8 gorilla transfers in the whole population each year (Robbins et al., 

2009b; Sicotte, 1993).  Its magnitude is further confirmed by the independent 

derivation of Nunn et al. (2008) who used an adult female dispersal rate of 0.0002 

transfers per day, matching to our 0.00006 rate when corrected for our population 

of 34% adult females (0.0006/0.34 = ~0.0002).   
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The interaction factor, ε, introduced in equation 2 is a parameter that modifies 

pathogen transmission from neighboring groups.  One component of this factor 

must incorporate the frequency of intergroup interactions because gorillas are not 

interacting with members of other groups everyday as they normally are with their 

own group members.  Because gorilla migrations generally only occur during 

interactions, we first determined the rate of interactions compared to migrations 

and found nearly identical ratios of ~13 interactions per migration (171/13 and 

733/56.5) from two published studies (Robbins et al., 2009b; Sicotte, 1993).  

Therefore our per gorilla daily interaction frequency is expected to be about 13 times 

our migration factor or ~0.00078.  Because interactions can last from hours to 

weeks but generally occur over parts of a few days (Robbins, 2007; Sicotte, 1993), 

we did not modify by any proportion of the day and assumed that interactions last 

exactly one full day.  But the transmission of infection between groups is dependent 

not only of the frequency but also on the intensity of intergroup interactions.  The 

model uses a single pathogen transmission factor β that incorporates individual 

contact levels, which would be expected to be less intense (or lower) for intergroup 

contacts compared to intragroup contacts.  The interaction factor ε must therefore 

modify transmission according to differences between intergroup versus intragroup 

contact. 

 

Intergroup gorilla encounters are complex social events with various levels of 

individual mixing and/or aggression depending on many theorized factors 
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(Robbins, 2007; Sicotte, 1993).  As described by Sicotte and Sicotte (1993), Virunga 

gorilla encounter intensity can be classified into four levels: ‘distant’ (28%)- with 

auditory contact but no group to group meeting; ‘mingling’ (7%)- groups 

overlapping with no aggression; ‘display’ (48%)- mostly adult male non-contact 

aggression at very close range; and ‘contact’ (17%)- where fights and other physical 

contact occur, predominantly amongst adult males.   

 

We further modified the interaction factor for intensity by using this encounter data 

with the 2003 census to make the following assumptions: 1) no contact close enough 

for direct pathogen transmission occurs during ‘distant’ encounters; 2) during 

‘mingling’ encounters, all gorillas from both groups have normal intragroup level 

individual contact with each other; 3) during ‘display’ and ‘contact’ ooencounters 

only adult males, which compose ~15% of the population, have normal intragroup 

levels of contact.  This results in a modification of (0.07 x 1.0) + ((0.48 + 0.17) x 

0.15) = 0.17 and translates into an approximately 17% chance of any individual 

having normal intragroup level contact with an individual from the other group 

during any intergroup encounter.  We believe the assumed complete mixing 

between groups during mingling interactions is an overestimate of individual 

contact (not all gorillas will mix), while our adult male limitation of display and 

contact interactions might be an underestimate (some females and subadults might 

have close contact) but that these two effects moderate each other.  With these 

estimates, our final standard interaction factor in this model is ε = 0.00078 * 0.17 



 200 

= ~0.00013 which we have rounded to 0.0001.  This means that, given equal 

prevalence of the same pathogen in its own group, and in any neighboring group, 

any gorilla has only 1/100th the daily risk of acquiring infection from a neighbor 

compared to a member of its own group.  Like the migration rate, the interaction 

factor is equally divided among neighboring groups so that εij in equation (2) is 

specific for each intergroup pairing and dependent on the total number of groups 

neighboring the exposed gorilla group (e.g. εij = 0.0001/number of groups 

neighboring group i).  In effect the interaction rate is divided amongst neighboring 

groups and each gorilla has the same total risk (depending on how many neighbors 

are infected) distributed amongst its neighbors.  Table 1 summarizes the main 

model parameters and their standard values. 

 

Recognizing the imprecision in estimates of the model coefficients for gorilla 

migration (μ) and interaction (ε), and to investigate the potential for more severe 

outbreaks if these parameters were underestimated, model simulations were run 

with our standard parameters and with tenfold increases in each.  These increases 

could also represent natural changes, for example with increased population density 

causing increased interactions and migrations between groups.  Because gorillas 

typically transfer only during interactions, (they do not simply wander away from 

their group) an increase in gorilla migrations was only realistic with a concurrent 

increase in group interactions, otherwise migrations could outpace interactions 

(Robbins et al., 2009b; Sicotte, 2001). Therefore migrations were increased tenfold 
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only with a corresponding tenfold increase in interactions (except in our sensitivity 

analysis described below).   

 

2.4 Human-gorilla interaction 

We extended the model to evaluate the possible effects of human contact.  To 

modify the underlying infection equation (2) with an additional probability of 

becoming infected through interspecies transmission, we incorporated a new 

human-gorilla interaction factor, δ, to represent the contact between gorilla groups 

and the human group:   
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To estimate the modification factor δ we compared human-gorilla contact to 

intragroup gorilla-gorilla contact.  Typically, the gorilla groups that are human-

habituated are visited and/or monitored everyday and experience an average of one 

hour of intensive human contact per day, compared to the relatively constant 

association a gorilla has with members of its own group.  Therefore based on the 

duration of human-gorilla contact, δ modifies pathogen transmission (β) such that 

the risk from one hour of human-gorilla contact is 1/24 (or 0.04) the risk during 

daily gorilla-gorilla contact.  This is a high estimate of the difference in contact 
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because it assumes all gorillas in a group have equally close contact throughout a 24 

hour day, which is not the case (Harcourt, 1978a). 

 

Comparing the intensity of human-gorilla contact to intragroup gorilla-gorilla 

contact is more problematic.  Though difficult to enforce, rules in place to restrict 

the proximity of human visitors to gorillas are specifically aimed at preventing the 

spread of infectious agents (Homsy, 1999).  But even with these rules, human-

gorilla contact can actually be more intense than certain gorilla-gorilla contact.  For 

example, a gorilla may have physical contact with one or more human visitors 

whereas that same gorilla may never have direct or even proximate contact with all 

of its own group members over the course of the day, especially in the large gorilla 

groups.  For this study we estimated that human-gorilla contact during visits is 

approximately one quarter of normal hourly gorilla-gorilla intragroup contact, 

further modifying the estimate of δ = 0.04/4 = 0.01.   

 

Unlike contact with their own or other gorilla group members, we factored that 

gorillas would only be mixing with a fraction of any total human population 

included in the model, those visiting the gorilla group on a given day.  Human 

visitors vary in number depending on visitation rules, and the size and type of 

gorilla groups (“tourist” or “research” group).  The total number of daily human 

contacts to any gorilla group can be extensive but can be categorized into three 

major groups: conservation staff that visit many times per week and get very close to 
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gorillas during their visits (e.g. tourist guides, researchers, and veterinarians); staff 

and partners who also visit regularly but usually do not have extended close 

proximity (e.g. gorilla trackers, guards, porters, and military personnel); and 

tourists who have close contact but who each rarely visit for more than 1 or 2 days.   

 

For this investigation we were concerned with humans facilitating disease spread 

(as opposed to introducing initial infections) so we only considered the first category 

of the small group of resident people that regularly visit different gorilla groups on 

different days.  Though even that number is inexact and can range from 0 to ~6 

visitors to any gorilla group on any given day, we conservatively chose 2 human 

visitors to represent the typical number of tourist guides or behavioral researchers.  

For refining the human-gorilla interaction factor we considered a total pool of 20 

regular visitors (about 12-14 guides, 4-5 researchers and 2-3 veterinarians) that 

would make up the full human group that regularly visits any of the same gorilla 

groups, for example in any of the three countries among which the Virunga gorilla 

population is divided.  Therefore the daily fraction visiting any one group or gorilla 

would be 2/20, further dividing the human-gorilla interaction factor to δ = 0.001.  

This value would mean that in this model, given equal prevalence of the same 

pathogen in its own group, and in the total regularly visiting human pool, and 

assuming gorillas and humans are equally susceptible to the same pathogen, any 

gorilla has only 1/1000th the daily risk of acquiring infection from a human 
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compared to a member of its own group.  We believe this is a very conservative 

estimate the represents a minimal measure of the real comparable risk. 

 

3. MODELING QUESTIONS 

3.1 Are model disease parameters realistic? 

To test the applicability of the pathogen transmission β and recovery γ rates we 

visually compared the outcome of model simulations to field data from a monitored 

acute respiratory disease outbreak in a single large gorilla group (N = 37) from 

2004.  During this outbreak, which never spread to other groups, trained veterinary 

personnel made repeated monitoring visits to specifically record a number of 

defined clinical symptoms in each gorilla observed (Decision Tree Writing Group, 

2006).  “Cases” were defined as any gorillas showing signs of respiratory infection 

(abnormal coughing, sneezing, or nasal discharge).  This dataset provided the daily 

number of new cases, total cases, cumulative cases, asymptomatic animals, and 

individuals not observed or not well observed.  These numbers allowed calculation 

of maximum possible number of cases (actual cases + unobserved gorillas) and a 

projection of likely cases (actual cases + daily prevalence*unobserved gorillas) as 

shown in Figure 3a.  Because some gorillas never became ill during this outbreak we 

ran simulations of the model with and without immunity, and with different levels 

of symptomology (60-100% showing illness).  No particular pathogen was ever 

diagnosed, therefore along with zero immunity, 10%, 20%, and 30% immunity 

levels were used- consistent with the measured 12-32% population prevalences for 
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antibodies against the respiratory pathogens parainfluenza-3, influenza A, and 

parainfluenza-1 (see preceding chapter). 

 

3.2 Does population structure matter? 

Before fully investigating epidemics in a model of the actual population, we first 

investigated if division of the overall gorilla population into any subgroups was a 

critical component of the model.  We tested this using simulated acute and chronic 

infections introduced into a number of different population structures as described 

in Table 2.  The simplest and most traditionally modeled population design is 

referred to as the mean field situation, which simply constitutes a single population 

of equally intermixing individuals (one group of 376 gorillas). Other test population 

totals were chosen to approximate the known gorilla population size but also have a 

square total number of groups (e.g. 9, 25, 36 groups) to fit them into a square toroid 

configuration.  This mathematically convenient layout wraps the population edges 

together to eliminate any border effects and make all groups equal.  In this case 

every group has exactly 4 neighboring groups.  The population size closest to the 

known gorilla population that could best be divided into a square number of large 

and small groups was 396 gorillas, which provided a large groups design (9 groups 

of 44), and a small groups design (36 groups of 11).  We also wanted to test a 

population with “evenly unequal” or incremental group sizes (e.g. one group each of 

1, 2, 3,….24, 25 gorillas).  The square population with incremental group sizes 

closest in total to the known mountain gorilla population was 25 groups (of 1-25 
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gorillas) for a total population of 325 gorillas.  As summarized in Table 2, these four 

designs were used along with our actual population design to test population 

structure.  We compensated for the differences between our total actual population 

of 376 and the more mathematically constrained test populations of 325 or 396 by 

reporting outputs as percentage of the population throughout this study.  

 

To evenly disperse the 25 different sized groups in the incremental population 

design, we used an additional mathematical device, a 5x5 “magic square” wherein 

groups are distributed so that the total number of gorillas in all rows, columns, and 

main diagonals sum to 65 (Figure 2a).  In this design the group of 20 was chosen for 

initial infection for a combination of reasons: it was intermediate to the sizes of 11 

and 44 in the other designs; it was towards the high end of group size but was not 

the largest; and with 70 total immediate neighbors it had the maximum total of 

gorillas plus neighbors and was therefore expected to permit the most severe 

outbreaks (most individuals infected).  We explored this assumption of initial group 

and neighbor size affecting outbreak levels more methodically in the following 

section (3.3).  Likewise, in the actual population design, initiating infection in each 

specific gorilla group was later evaluated (see section 3.4) but here we present only 

the data from starting the infection in the largest group (N=52 gorillas), which we 

subsequently show is the worst case scenario (most individuals ultimately infected) 

for all the parameter combinations used in this exercise.   
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3.3 Does it matter where infection starts? 

With a population of mixed unequal group sizes, outbreak outcome could feasibly 

depend on the size of the group where the first infection is initiated.  Before testing 

this question on the actual population design, we first used the uniformly 

incremental population where we could manipulate neighboring groups.  We tested 

the expectation that initiating infection in a larger group would cause higher 

outbreak levels (more gorillas infected) by looking at scenarios where the infection 

started in either the 25 member group or the 5 member group.  Because disease 

spread is also affected by secondary contacts we additionally varied the total size of 

the neighboring groups in both a centrally “sparse” and a centrally “dense” 

configuration as depicted in Figure 2.  The group of 25 was chosen because it was 

the largest possible group but was still smaller than many of the actual gorilla 

groups and had nearly the maximum number of neighbors (90 v. 94).  The group of 

5 was chosen because it was comparable to the smaller non-lone silverback groups, 

would allow some intragroup disease spread, and had the fewest possible neighbors 

(10).  Along with the mean field design (here one group of 325), an evenly divided 

population with 25 equal groups of 13 gorillas was included for comparison. 

 

3.4 Can epidemics occur? 

Knowing (from the work of section 3.3) the general effects of initial infection group 

size and neighbor density in a controlled population structure, we next used the 

actual gorilla population design to investigate the disease and population 



 208 

parameters required for population wide epidemics to occur.  We ran simulations 

where infection was initiated in each of the 44 groups under the standard 

parameters and then increased the interaction (ε), migration (μ) plus interaction, 

and transmission (β) coefficients to investigate outbreak outcomes.  We again 

included the mean field situation with one group of 376 gorillas for comparison. 

 

3.5 Do people matter? 

We extended the model to include a human group to evaluate the possible effects of 

different levels of human contact.  To achieve this within the constraints of the 

model structure, our standard scenario created an additional group to represent the 

previously described 20 humans who regularly visit gorilla groups (guides, 

researchers, veterinarians).  This group simulated daily gorilla visits through the 

human-gorilla interaction factor, δ, in equation 3, but did not experience migration 

(i.e. humans did not join gorilla groups and vice versa).  Although members of the 

simulated human group would not regularly visit all gorilla groups in the population 

(i.e. guides and researchers typically work in only one country) we tested the 

model’s sensitivity to human contact in scenarios with those humans having contact 

with all habituated groups (N=20 in 2003) or restricted to the habituated groups 

visited by the national park staff and partners in one country (N=8 in Rwanda in 

2003), and the subsets of those eight (3 research groups or 5 tourist groups).  For 

this section we initiated the infections in 4 different groups.  For the overall model 

sensitivity analysis we used the largest group of 52 gorillas (which was an 
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habituated research group in Rwanda) to simulate the worst outbreaks, along with 

smallest group with the fewest neighbors (Group/lone silverback 1j).  We also tested 

initializing infection in the largest tourists group (N=35) and the human group.  

Although this extension of the model was aimed at assessing the influence of 

humans on spreading infections already in the gorilla population, testing the 

possibility of humans introducing infections into the gorilla population was an 

obvious question that was easily answered with the result intended to provide 

insight for future expansion of the model to more rigidly assess that risk. 

 

Additionally, because the human “group” in this model is not a cohesive and 

intermixing family unit like a gorilla group, but must experience the same 

intragroup disease transmission within the model, we tried limiting the spread of 

infection between humans by adding different numbers of humans (N= 0, 20, 100, 

1000) to the recovered (equivalent of vaccinated) class.  Finally, speculating that our 

human-gorilla interaction factor was a very conservative estimate as described 

above, we tested upwardly higher human interaction risks by increasing δ two-, five-

, and tenfold.   

 

3.6 What parameters are important? 

To evaluate the model’s overall sensitivity to each different parameter, in addition to 

the previous exercises, we ran a number of specific simulations with a range of 

parameter values (Table 4).  These simulations were run only on our actual 
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population design, with and without human contact with 8 gorillas groups as 

described above.  Parameter values ranged from a tenfold decrease to a 100 fold 

increase although not all values were possible nor realistic for each parameter (for 

example recovery rates > 1 are theoretically all the same).  We tested sensitivity to 

the basic parameters (transmission β, recovery γ, gorilla interaction ε, gorilla 

migration μ (here separated from interaction), and human-gorilla interaction δ) 

along with increasing the total gorilla population (by increasing the size of each 

existing group), the total human group size, and the total number of initial 

infections.  In addition we investigated the effect of different levels of immunity in 

the gorilla population (with and without humans), in the human group, and in both 

species together.  For this sensitivity analysis we initialized infection in either the 

largest gorilla group (52) or the smallest group (1j) with the fewest neighbors 

(N=25).  The large group had direct contact with the human group but the small 

group did not.   

 

 

RESULTS 

4.1 Acute disease parameters are realistic 

The epidemic curves from the observed gorilla group respiratory disease outbreak 

were uneven but did provide a fairly smooth cumulative growth curve (Figure 3a), 

which grew from 5 to 24 cases over the course of ~8 days, and then leveled off.  The 

standard acute disease parameters from the model (β = 1, γ = 0.1) with no immunity 
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generated a similar shaped cumulative growth curve that differed mostly in leveling 

off at a higher amplitude of ~34 gorillas on an average of 500 simulations (Figure 

3b).  Applying a ~10-40% immunity to the model group, or 60-90% of the infected 

gorillas showing clinical illness flattened and/or elongated the standard acute 

disease growth curve in an expected fashion (Figure 3c).  Depending on the 

percentage of infected gorillas displaying detectible clinical signs and/or the level of 

immunity during the real outbreak (neither of which could be specifically measured 

for this outbreak), standard acute disease parameters (β = 1, γ = 0.1) in the 

simulation model resulted in similar outbreak levels. 

 

4.2 Population structure does matter 

The model demonstrated that outbreak outcome (as percentage of total population 

infected) under both acute and chronic scenarios depends on population structure 

and is not accurately modeled by the mean field situation of one large group 

(Figures 4 and 5).  With all of the parameter scenarios, dividing the population into 

any of the configurations tested dramatically reduced outbreak outcomes compared 

to the mean field situation.  The population design with larger numbers of smaller 

groups (36 groups of 11) had the lowest outbreak levels in all cases.  The outbreak 

level of the actual population design was nearly identical to the 9 large groups of 44 

design under the standard parameters (Figure 4a and 5a) but did not increase as 

much as the 9 large groups design under the scenarios with increased parameters 

(Figure 4b-d and 5 b-d). 
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In all acute disease scenarios (Figure 4) a point-source infection caused population 

epidemics approaching 100% cumulative infections in the mean field situation.  The 

subdivided populations never exceeded our designated 25% epidemic level.  With 

chronic disease simulations (Figure 5) outbreak levels changed only slightly for all 

population designs under most parameters sets.  The largest exception was an 

increase from ~23% to ~80% of the population infected in the 9 large groups of 44 

design after a tenfold increase in gorilla migrations with the accompanying tenfold 

increase in interactions (Figure 5c).  A smaller increase in the outbreak outcome of 

the 9 large groups design was seen with the tenfold increase in infection 

transmission, which also exceeded the 25% epidemic threshold (Figure 5d).  No 

other divided designs, including the actual population design, exceeded the 25% 

level. 

 

Overall, outbreak levels in the actual population were closest to the levels from the 9 

large groups of 44 design with half (4/8) of the parameter sets.  In all parameter 

scenarios outbreak levels in the test populations directly followed the size of the 

groups where infection was initiated with 396 >>44>20>11 (Figures 4 and 5).  That 

relationship did not hold true with the actual population design where even with the 

set initial group of 52 individuals, outbreak levels in this design were below the large 

groups of 44 design in all but the acute standard parameter scenario.  However, 

when considering the number of gorilla neighbors, the actual design with 101 did 
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fall in the expected place between the 9 large groups design with 176 neighbors and 

the incremental design with 70 neighbors, which was followed by the 36 small 

groups with 44 neighbors.  

 

4.3 Where infection starts is important  

In the incremental test population under standard parameters, outbreak level was 

mostly dependent on the initially infected group size rather than the total number of 

immediate gorilla neighbors (Figures 6a and 7a).  With increasing migration plus 

interaction (recalling the compensatory increase in interaction with migration), or 

transmission, the number of neighboring gorillas became more important (Figures 

6c-d and 7c-d).  This effect was more pronounced in the chronic scenario where 

starting infection in a group of 5 with 90 neighbors lead to higher outbreak levels 

than starting infection either in a group of 13 with 52 neighbors (evenly divided 

groups) or in a group of 25 with 10 neighbors when migrations and interactions 

were increased tenfold (Figure 7c).   

  

4.4 Epidemics are naturally rare  

When fully testing the actual population design, the specific gorilla group where 

infection was initiated had a strong effect on ultimate outbreak level (Table 3).  The 

influences of initially infected group size and number of neighbors were difficult to 

separate in the actual population because some of the largest groups are 

geographically close together (Figure 1 and Table 3, columns 1-2).  In both acute and 
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chronic disease scenarios outbreak levels with the standard parameters were low 

(0.3 - 14%) and reflected the initially infected group size influence as predicted from 

the previous section (Table 3, columns 3 and 8). 

 

Tenfold increases in transmission, interaction, or migration plus interaction above 

the standard parameters only moderately increased outbreak levels (0.4 – 16%, 

Table 3).  With these increases in any of the parameters above the standard levels, 

the number of neighboring individuals affected outbreak levels.  In pair-wise group 

comparisons under conditions with a tenfold (or greater) infections starting in 

smaller groups with higher neighboring gorilla numbers often led to higher 

population outbreak levels.  At exceptionally high disease transmission levels (β > 

100) starting infections in some of the smallest gorilla groups, including lone 

silverbacks, resulted in the most serious outbreaks (Figure 8 and Table 3 columns 5 

and 10).   

 

Regardless of the group in which infection was started, tenfold increases in the 

parameters did not result in any outbreaks reaching our defined epidemic levels 

(>25% infected).  Holding the other parameters to the standard coefficients, 

epidemic levels were reached only when the transmission coefficient approached β 

= 100.  Even then only eight (with acute disease) or nine (chronic) groups reached 

epidemic levels (Table 3, columns 5 and 10).  The transmission coefficient had to be 

in the range of β = ~250 for more than a half the groups to reach epidemic levels, 
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and needed to approach β = 500 for all of the groups to reach epidemic levels when 

infection was initiated in any group. 

 

4.5 Human contact can have a strong influence 

Using the estimated baseline gorilla-human interaction factor of δ = 0.001, the 

incorporation of a small group of humans had an effect on gorilla outbreaks after 

infection was initiated in the largest gorilla groups (N=52, Table4; N=35, Figure 9).  

When allowed contact with all 44 gorilla groups (Figure 9a), including those 

unhabituated, the inclusion of humans increased the baseline outbreak level from 

~9% without humans to between ~16% (δ = 0.001, the standard estimate) to nearly 

80% (δ =0.01) after initiating infection in the largest tourist group (N=35).  

Outbreak levels increased from 9% to a range of ~16 - 60% ( with δ = 0.001 – 0.01) 

when humans were limited to contact with only the 20 habituated groups in the 

whole population (Figure 9b), and a range of ~14 to ~42% when limited to contact 

with the 8 habituated gorilla groups in the one national park (Figure 9c).  If human 

contact was restricted to only the 4 other tourist groups in the park, outbreaks only 

increased from 9% to a maximum of 17% of the gorilla population.  In the model 

scenario that served as the basis for our calculations, human contact with the 8 

habituated groups (Figure 9c), using the standard value for the human-gorilla 

interaction, δ, humans only had a small effect on spreading infections and 

increasing final outbreak outcomes in the gorillas population (~5% increase).  But 

higher human interaction factors had a strong effect, approximately doubling 
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outbreak outcomes with a twofold increase in δ, and more than tripling the effect to 

above epidemic levels (~36% population infected) with a fivefold increase.  

Initiating infections in the human group while holding δ = 0.001 caused infections 

to spread into the gorilla populations and resulted in higher outbreak levels than 

infections initiated in the largest tourist group (Figure 10.) 

 

4.6 Most parameters are important. 

Results of the general model sensitivity analysis are presented in Table 4.  When 

initiating infection in the lone silverback with few neighbors, infection rarely spread 

past that one gorilla with even tenfold increases in any of the parameters.  

Hundredfold increases only lead to a few more gorillas, on average, ever becoming 

infected and outbreak levels never exceeded 3% of the population.  In general the 

model was insensitive to any parameter changes when infection was initiated with 

this very isolated gorilla. 

 

Initiating infection in the largest group was more informative and demonstrated the 

model’s sensitivity to all parameters.  In the absence of human contact, the model 

was most sensitive to changes in the transmission, β, and recovery, γ, parameters.  

With human contact the model had increased sensitivity to changes in all the major 

parameters compared to the absence of humans.  The model was particularly 

sensitive to changes in pathogen transmission, β, when humans were included, 

whereas it was less sensitive to changes in gorilla migration.   Changes in the 
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human-gorilla interaction factor, δ, effected the model outcome at levels similar to 

changes in transmission, recovery, and gorilla interaction.  Initiating infection in the 

large group also showed the model’s moderate sensitivity to changes in gorilla 

immunity.  

 

 

DISCUSSION 

Infectious disease models are inherently biased because of the assumptions required 

to simplify any biological system, much less one involving complex interspecies 

interactions at both the host and disease transmission levels.  Here we have 

assumed all gorillas are equal and have included dependent infants in our total 

count.  Though we have adjusted model rates and probabilities accordingly, the 

simplification of treating mothers with dependent infants as two units instead of 

one results in two important model biases.  The model effectively has more gorillas 

and more autonomous gorillas than is the case in reality, which increases mixing 

and allows easier disease spread.  In this regard the model will overestimate the 

level of outbreaks.  This decision was made in part because of our field experience 

seeing dependent infants regularly having a role and often the first victims of 

respiratory outbreaks, but also because our aim was to look at the worst outbreaks 

that could happen.  In that regard we also allowed the possible bias of extra group-

group connections that would also facilitate the spread of infection and cause more 

serious outbreaks.  We know from the sensitivity analysis that any minor 
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overestimation of population size such as (<10% for this situation) or gorilla 

interaction has very little effect on the predictions made by the model.   

 

This model is intended for investigating a broad array of pathogens but is well 

suited for respiratory infections because it assumes direct pathogen transmission.  

Respiratory pathogens frequently affect mountain gorillas are responsible for many 

disease outbreaks (Foster, 1992; MGVP Inc. and WCS, 2007; Watts, 1998).  Our 

comparison of data from a real single group respiratory outbreak to model 

simulations for one group served as a coarse verification of the model acute disease 

parameters (β and γ) isolated from the population network effects (e.g. migration 

and interaction).  The outbreak data was imperfect because not all gorillas were well 

observed everyday, likely creating an undercount of cases.  This is an expected 

challenge with field data during a disease outbreak (Deem, 2001).  The intensive 

routine monitoring of mountain gorillas, their large size and the involvement of 

trained veterinary field personnel likely resulted in a more complete data set than 

would routinely be expected in a wildlife disease outbreak.  

 

The real outbreak data is particularly useful because it includes asymptomatic or 

‘normal’ individuals permitting calculation of apparent incidence and prevalence, a 

practice often overlooked in wildlife health monitoring (Decision Tree Writing 

Group, 2006).  These data show that many well-observed gorillas (13/37) never 

showed clinical signs of illness as infection spread through their group.  Assuming 
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symptoms were not missed because of sampling error, it could be that 

asymptomatic individuals were never exposed, were immune to infection, or were 

infected but did not show clinical signs.  With the exception of some young adult 

males that normally reside at the periphery of their group, most gorillas would be 

unlikely to have completely avoided exposure to infected individuals over the entire 

course of this outbreak because of the extent of normal gorilla social interaction 

(Harcourt, 1978a).  Therefore asymptomatic cases were most likely either immune 

to the unknown pathogen, or able to combat their infection without showing clinical 

signs.  Either pattern, or a mixture of both, could fit with our model outcome and 

some approximation of the standard acute disease parameters.  With no practical 

means of estimating asymptomatic infections during this outbreak, or of knowing 

this group’s immunity level to the unknown pathogen(s) we cannot further improve 

the fit of the model infection parameters (β and γ) to better validate how well they 

reflect real mountain gorilla infections.  We interpret however, from the similar 

outbreak curves that the standard acute disease parameters (β = 1 and γ =0.1) are 

reasonable approximations of at least some observed gorilla outbreaks.   

 

Identification of specific pathogens could narrow estimation of disease transmission 

and recovery parameters, population immunity, and or asymptomatic cases levels 

by using existing data for mountain gorillas (e.g. serology) or extrapolating from 

human or laboratory primate research.  In a few other mountain gorilla outbreaks 

specific pathogens have been diagnosed.  Culture swabs have identified specific 
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bacteria (e.g. Pasteurella, Hemophilus, Streptococcus), serological evidence has 

shown rising antibodies against specific pathogens (e.g. Morbillivirus), and biopsies 

and post-mortem tissues samples have helped make viral and other diagnoses (e.g. 

Herpesvirus simplex, Morbillivirus).  Unfortunately the outbreaks with the best 

diagnoses have usually not been paired with monitoring data as complete as the real 

data we used.  Veterinarians and conservation personnel work to improve and better 

join all these efforts but managers could improve the ability to predict expected 

outbreak outcomes by allowing more widespread sampling, a standard procedure 

during outbreaks for most other wildlife populations.  Enumeration of 

asymptomatic cases is requires sampling both clinically ill and clinically normal 

individuals.  

 

With the model expanded to the full population a main result of our study was the 

inadequacy of modeling a dispersed population of animals such as mountain gorillas 

as a homogeneously mixed population.  The mean field design of a single mixed 

population resulted rapid whole population level epidemics, with greater than 90% 

of gorillas always becoming infected after pathogen introduction.  As expected, any 

division of the population with restricted contact between groups resulted in greatly 

reduced disease through the population.  Failure to account for group interaction 

variability by positing a uniform population interaction, as in the mean field 

situation, results in a gross overestimation of population level epidemics.  In 

addition to misinforming management decision making by overestimating potential 
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disease impacts, this simplification would also hide the potential for controlling 

disease spread with interventions at the group level. 

 

When comparing the different population structures, outbreak outcomes in the 

actual population design generally followed the same patterns as all of the divided 

test population across the range of parameters tested.  Essentially, because of the 

limited contact between groups, outbreak levels depended almost exclusively only 

on initial group size, as they would have if those groups were totally isolated.  If the 

contact between groups (through migration or interaction) was increased much 

higher than we estimated, or an unrealistically high infection transmission factor 

was used, then intergroup contact levels started to affect the model and the number 

of susceptible gorillas in neighboring groups had permitted disease to spread to a 

larger part of the population.  The outbreak levels in the actual population were 

closest to the levels from the 9 large groups of 44 design with half (4/8) of the acute 

and chronic parameter sets we tested.  This correlation was because the initial 

infection was always started in the largest actual gorilla group (N=52), which was 

closest to the group size of 44 rather than the 11 or 20 gorilla in the initial groups of 

the other designs.  But the design with 9 groups of 44 always experienced equal or 

higher outbreak levels than the actual design where infection started in a larger a 

group, therefore there was clearly an effect of the number of susceptible gorillas in 

neighboring groups along with those in the initial group.  With increased 

parameters, the 9 large groups design caused worse outbreaks because each group 
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had 176 gorilla neighbors whereas there were only 101 surrounding the group of 52 

which served as the worst case scenario for initiating infection in the actual 

population design.  The same effect was shown more clearly in the manipulated 

incremental population.  The importance of these manipulations was showing that a 

population of extremely variable group sizes can not be well modeled by any 

simplified, evenly divided population because those designs inherently overlook the 

underlying and clearly important aspects of initial group and neighboring group 

size. 

 

The least divided test design with 9 large groups of 44 gorillas may seem the least 

appropriate design to model the real population, which is comprised of 44 groups of 

1-52 gorillas (mean 11.4, median of 7.5).  A less divided representation of the 

population could, however, be consistent with an underlying regionalism in the 

gorilla population (Kalpers, 2003).  This is suggested by the actual geography of 

population structure that we have tried to capture (Figure 1) and possibly results 

from a moderate barrier effect of some of the higher volcanic peaks that the gorillas 

rarely climb.  In addition, the gorilla population could be broadly segmented into 

only five major populations based on the groups of people with whom they primarily 

interact: three segments that interact mostly with the three different national parks 

staffs and their tourists; one segment that interacts primarily with the staff of a 

behavioral research organization; and one segment of unhabituated gorilla groups 

that does not regularly interact with any people.  Though human interactions would 
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not be expected to limit gorilla intergroup interactions, they may instead act as a 

layer of connectivity, effectively and indirectly increasing some intergroup 

interactions rather than restricting others. 

 

Lacking any human or other added connectivity, the naturally low migration and 

interaction levels of mountain gorillas reduces the potential for chronic infections to 

eventually spread and cause higher outbreak levels than acute infections as 

predicted by other models (Cross et. al., 2005).  This was apparent in all of our 

exercises where, regardless of parameter scenarios, the acute versus chronic 

infection outcomes in almost any population differed mainly in time course (as 

would be expected by definition), and only subtly in ultimate levels of the 

population affected.  There was a marked difference between acute and chronic 

disease outbreak levels for only some of the test population design and then only 

with the tenfold increase in both gorilla migrations and interactions.  Although we 

found little importance of disease duration it is important to note that our chronic 

disease scenario had only an average duration of 100 days and no pre-patent or 

incubation period, whereas there is a wide range of disease courses among real 

pathogens.  Our sensitivity analysis also showed that recovery rates have a relatively 

strong effect on model outcome, especially when humans are included in the model. 

With a long duration of infectivity or enough gorilla contact chronic infection could 

have a much more devastating impact, a reminder of the importance of evaluating 

chronic diseases like tuberculosis differently than acute diseases like influenza. 
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The results of initializing infections in different gorilla groups in our actual 

population design followed the same pattern we found in the different population 

comparisons and in the tests on initializing infections in a controlled incremental 

population.  Namely that outbreak outcome was well predicted by size of the initial 

infected group under the standard parameter scenario where groups were effectively 

in isolation from each other because of their low interaction rates.  Tenfold 

increases in transmission, interaction, or migration plus interaction raised the 

importance of neighboring individuals, as it did in the incremental test population, 

and in some cases allowed groups of 1 to initiate larger outbreaks than groups of 11.  

In essence highly contagious pathogen or dramatically increased gorilla contact 

allowed infection to spread beyond the initial group and were mostly limited by the 

number of susceptible gorillas in the neighboring groups.   

 

Though group size is the most important predictor of outbreak outcome with our 

standard model parameters, underestimation of those numbers, perturbation of the 

population leading to increased interactions or migrations, or highly infectious 

disease could dramatically raise the importance of neighboring population size as 

we have shown here.  If it is necessary to expose gorillas to increased infectious 

disease threat, for example by habituating them to humans or placing with them a 

previously captive orphan that potentially harbors an unknown infection, then our 

model confirms that the most cautious approach would be to choose a small group 
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that is relatively isolated from large groups.  Though group size is the most 

important predictor of outbreak outcome with our standard model parameters, 

underestimation of those numbers, perturbation of the population creating 

increased interactions or migrations, or highly infectious diseases could raise the 

importance of neighboring population size as we have shown here.   

 

The theoretically comforting result from this model is that the high level of 

transmission (β approaching 100) required to elicit severe outbreak levels (>25% of 

the total population) after starting infection in any size group is probably unrealistic 

in the mountain gorilla population.  Even in the acute disease scenario, a 

transmission coefficient of 100 theoretically correlates to an infection with basic 

reproductive rate or R0 = β/γ = 1000 (Anderson and May, 1991).  That translates to 

the equivalent of an infectious individual passing infection to 1000 others in a 

totally susceptible population, and far exceeds actual R0 estimates for even very 

highly infectious diseases such as measles or Ebola by a factor of 50 or more 

(Anderson and May, 1991; Chowell et al., 2004).  With our standard parameter 

estimates severe, multi-group epidemics should not regularly occur in the gorilla 

population.  The normal dispersal of gorilla groups and the resultant limited 

intergroup contact restricts contagious infections from spreading naturally through 

the population.  Anecdotally, that has also been the experience of the authors in 

monitoring numerous respiratory outbreaks in this population that have only rarely 

been successive (and never coincident) in neighboring groups.   
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One behavioral aspect our model does not capture and that is known from field 

observations is the expected likelihood of gorillas being forced to disperse during 

high mortality events.  Poaching episodes and other cases where dominant 

silverbacks die often force remaining gorillas from that group to seek new groups.  

This type of forced dispersal could be a particularly important mode of spreading 

infections during devastating disease outbreaks, as has been shown in other models 

(Nunn et al., 2008).  While that study used parameters based on data from the 

mountain gorilla population, the model differs from ours in five important ways: it 

focused on the effect of gorilla dispersal only during highly virulent epidemics; it 

assumed no intergroup disease spread without gorilla migration; migrating gorillas 

were isolated for at least two days of wandering; density rather than frequency 

drove disease transmission; and the populations suffered very high mortality.  

Lastly, Nunn’s model simulated the population structure by randomly generating 

groups of weaned individuals based on known population parameters and randomly 

placed them on a square grid.  Nonetheless, even with these different assumptions, 

dynamics, and aims, both the Nunn model and ours concur that severe epidemics 

are expected to be rare in the mountain gorilla population because of division and 

dispersal of gorilla groups.   

 

Our model further suggests that a human role in spreading infection between 

groups could change that expectation.  Our human-adjusted model simplifies the 

relatively complex and varied dynamics of gorilla-human contact, and also assumes 
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infected humans are able to bypass current protocols that strictly prohibit clinically 

ill people from visiting gorillas.  Such lapses do occur as a result of human behavior 

(lack of policing or self reporting) and or pathogen behavior (infectiousness prior to 

illness or humans acting only as fomites).  The model shows that even a small group 

of regular human contacts, interacting with only a fraction of the contact that 

gorillas share with each other, can potentially double or triple the outbreak levels in 

the whole gorilla population by facilitating the spread of disease between groups.  

This is one possible explanation for how respiratory disease affected distant gorilla 

groups during a 1989 mountain gorilla outbreak, and stimulated measures for 

minimizing additional human facilitated spread (Hastings et al., 1991).  The model 

provides a clear illustration of how minimizing the contact individual humans have 

with different groups can be critical in preventing disease spread.  Activities as 

simple as assigning tourist guides to a rotation of different groups rather a single 

regular group, or wearing the same field clothes or unclean boots to different groups 

on consecutive days pose obvious risks that would be never be permitted in 

laboratories, zoos, or even most well managed farms.  The potential for humans 

spreading disease is a sharp reminder that any increase in human contact (e.g. 

number or duration of visits or visitors) can have severe consequences for gorilla 

health. 

 

A possible consequence of increased humans contact is the risk of initial pathogen 

introduction into gorilla populations from humans.  Though we showed how easily 
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an infection starting in the human contact group can spread to the gorillas (and 

actually poses a more serious outbreak threat in that scenario) this exercise was not 

aimed at evaluating that risk of human pathogen introduction.  For that effort to be 

meaningful it must first incorporate data on the nature of infections prevalent in the 

wide variety of people who visit or work with gorillas. But one of our main hopes is 

that future extensions of this model could facilitate that effort by utilizing the 

growing body of local human health data in conjunction with known specific 

pathogen properties for more objective risk analysis on the introduction of human 

pathogens (Ali et al., 2004; MGVP 2002 Employee Health Group, 2004; Whittier et 

al., 2009).  An important component of such an analysis will be the population-level 

impact of any introduced infection, which this model provides.  Introduction of a 

highly virulent pathogen may be what is most feared; but if that pathogen is unlikely 

to spread beyond the initially infected group it may ultimately be much less 

devastating than less virulent pathogens that are more likely to spread because of 

prolonged incubation or infectious stages (e.g. longer than our chronic scenario), 

prolonged survival in the environment, or similar mechanisms increasing their 

possibility for dispersal.   

 

We would be remiss not to note that all risks associated with human contact come 

with considerable benefits to wild gorillas that must not be overlooked, especially 

because infectious disease is only one gorilla health risk.  Historical studies indicate 

that infectious diseases have caused fewer deaths in mountain gorillas than trauma, 
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mostly from poaching (MGVP Inc. and WCS, 2007; Nutter et al., 2005).  Properly 

managed human contact can minimize the impact of poaching and other hazards by 

allowing monitoring, protection, research, and veterinary care (McNeilage, 1996).  

These efforts have proven effective as ingredients for the conservation of mountain 

gorillas, the only great apes whose population is increasing (Gray et al., 2005).  Still, 

mountain gorillas remain a critically endangered species, so while human contact 

must continue to take place, it must also continue to be strictly managed and limited 

to ensure gorilla protection.  

 

Mountain gorillas are a wildlife icon, a conservation success story, and a highly 

lucrative natural resource generating millions of important tourism dollars in range 

countries- three things that are all related.  Their status and importance on many 

different levels affords them a unique position wherein they receive visitors from 

around the world, serve as wildlife ambassadors, unite governments across borders, 

stimulate hundreds of articles, research papers and dissertations, and even have 

their own dedicated veterinary care.  One thing they have lacked is a useful 

infectious disease model.  We expect that our model, like most, will improve as 

better data become available and specific questions are asked of it, but the model 

greatly benefits from the rich body of literature existing for mountain gorillas.  

Unlike virtually any other wildlife population, mountain gorillas have been well 

studied continuously for over 40 years, which allows accurate estimation of even 

very infrequent interaction and migration rates that we have shown are imperative 
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to modeling disease spread.  Still, the model has identified areas for improvement.  

There is a relatively recent focus on the impact of human contact on gorilla 

behavior, but the focus has been on the resultant affect on gorillas rather the 

enumeration of the contact dynamics (e.g. duration, proximity, movement of people 

after visits, etc) that could improve this model (Karisoke Research Center, 

unpublished data; Litchfield, 2007).  Additionally, the extracting relevant gorilla 

contact and interaction information for the model from the extensive existing data 

can be problematic because of frequently missing or unclear information (e.g. how 

research group number and rates relate to the greater population at any given time; 

how well mixed- in terms of individual contact- gorilla groups actually are).  

Additionally the model could benefit from more specific health information from 

monitored outbreaks including related clinical pathology, data that is now being 

more systematically collected.   

 

Even with those potential avenues for additional refinement, this model has used 

the rich base of information on mountain gorillas to capture many of the important 

elements of their behavior, dynamics, and social structure.  This information has 

helped create a useful tool that can aid in their conservation, and that can be used 

for similar species and other populations as well.  The model presents a method for 

better understanding and predicting the spread and impact of infectious disease in 

the population and shows the critical role humans can have. 
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TABLE 1.  Description of major input parameters used in the model (see text for numerical calculations, explanations, 

and use in model equations). 

 
Parameter name (symbol) Standard coefficient Translation      
infection transmission coefficient (β) 1.0 acute/0.1 chronica parameter that relates prevalence of infectiousness 
    to the  per capita daily rate of infection 
 
disease recovery rate (γ)    0.1 acute/0.01 chronica per capitab daily rate of moving from infected to 

   recovered class 
  
gorilla migration rate (μ)  0.00006 per gorillab daily rate of emigrating to a neighboring 
    gorilla group 
 
gorilla intergroup interaction factor (ε) 0.0001 infection transmission adjustment factor combining 
    frequency and intensity of individual gorilla  
    intergroup contact compared to normal gorilla  
    intragroup levels 
 
human-gorilla interaction factor (δ) 0.001 infection transmission adjustment factor combining  
    frequency and intensity of individual gorilla-human 
    (and human-gorilla) intergroup contact intergroup 
    contact contact compared to normal gorilla  
    intragroup levels 
            
aratio of β:γ held at 10:1 to reflect equal basic reproductive rate for frequency dependent transmission (R0 = β/γ = 10). 
bcapita referring to gorillas or humans for β or γ, whereas μ only relates to gorillas. 
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TABLE 2.  Population designs used for different investigations within this study. 

Investigation Restrictionsa 
Total 

population 
No. 

groups 
No. indivs. 
per group 

Seed 
gp size 

Seed 
Neighbors Descriptor 

Real outbreak 
 

None (single group) 37 1 37 
 

na na single group 

Population 
structure 

None (single group) 
 

376 
 

1 
 

396 
 

396 
 

na 
 

mean field 
 

 Square toroid 396 9 
36 

44 
11 
 

44 
11 

176 
44 

9 groups of 44 
36 groups of 11 

 Special contact matrixb 376 44 1-52 52 101 
 

actual 
population 

 
 Square toroid and 

triangular number 
series 
 

325 25 1 each 1-25 20 70 incremental 

Infection 
initiation 

Square toroid and 
triangular number 
series 
 
 

325 25 1 each 1-25 5 
5 

25 
25 

10 
90 
10 
90 

5 seed/sparse 
5 seed/dense 

25 seed/sparse 
25 seed/dense 

  
 

325 25 13 13 52 25 groups of 13 

 None (single group) 
 

325 1 325 325 na mean field 

Actual population 
epidemic outcome 
 

Special contact matrixb 
 
None 
 

376 
 

376 

44 
 
1 

1-52 
 

376 

1-52a 
 

376 

19-141c 
 

na 

actual 
population 

 
mean field 

Human influence 
and model 
sensitivity 
analysis 

Special contact matrix 
 
 
None (single group) 
 

376 
+20 humans 

 
376 

44 
1 
 
1 

1-52 
20 

 
376 

35 
 
 

376 

61 
 
 

na 

actual 
population with 

humans 
 

mean field 
 

aDesign restrictions on population layout and group structure; bActual population design used heterogeneous population and specific group-group contact 
matrix;  cSee Table 3 for specific group sizes and neighboring gorilla numbers.
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FIGURE 1. Actual population network.  Virunga gorilla group locations were defined 
from the 2003 census report, and then used to connect each group to the nearest five 
neighbors to create the network depicted (some group locations have been slightly 
adjusted for illustration clarity).  Because most groups were recipients of additional 
connections, each group had a total ranging from five to nine intergroup connections.  To 
incorporate the effect of group interactions and migrations in the model, all connections 
are bidirectional.  Numbers represent individual gorillas in each group with subscripts to 
distinguish groups of the same size.  The twenty habituated groups that had human 
contact for some exercises are shaded gray with the subset of 8 habituated groups in 
Rwanda shaded black. 

Gorilla group 

# of gorillas 

subscript designation 

Habituated group 

Group connection 

5 
b 
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(a)             

24 1 8 15 17 

5 7 14 16 23 

6 13 20 22 4 

12 19 21 3 10 

18 25 2 9 11 

 

(b)             (c) 

25* 14 13 16 23  25* 12 13 10 2 

15 9 1 8 17  11 17 24 18 9 

11 3 5* 4 10  15 22 5* 21 16 

19 7 2 6 21  7 19 23 20 4 

24 18 12 20 22  1 8 14 6 3 

 

FIGURE 2.  Incremental population structure layouts.  Diagram of the normal 
magic square used to define the distribution of incremental groups (a).  To test the affect 
of seeding different sized groups with different neighbor densities in an incremental 
population two layouts were used.  Twenty five groups of size 1-25 were arranged in 
either a centrally sparse layout (b) where the seed cell (shaded) has 10 total primary 
neighbors, or centrally dense layout that has 90 neighbors (c).  Only seed groups of size 
5 or 25 (*s) were tested by swapping the central seed cell and the upper left cell (dashed 
border) in each layout.  Every cell has equal contact and transfer rate between its four 
adjacent neighbor cells, and edge effects are avoided by setting the layout onto a square 
toroid where every group has exactly four neighbors.   
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FIGURE 3. Comparison of real and simulated outbreak cumulative growth curves.  The 
cumulative case growth curve from a real respiratory disease outbreak in a group of gorillas (a, thick 
black line) was similar to simulated curves with the values around the standard model parameters 
(b).  The leveling off of the real outbreak curve at only 24 gorillas (among a total of 37) could be 
attributed to either immunity or asymptomatic cases as shown in c where different combinations 
replicate similar shaped curves with standard disease values (β =1, γ =0.1) (Curves are scaled and 
aligned for comparison but simulated curves ran for more days to level off)

(a) Actual outbreak data 
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FIGURE 4.  Population structure in acute disease (γ = 0.1) strongly influences 
outbreak outcome.  Dots represent proportion of population infected on each day for 
each of 200 simulations; dashed lines are the average number of infections for those 200 
simulations; and solid lines represent average cumulative totals.  In the standard 
parameter scenario (a) none of divided population designs approximate the mean field 
situation or reach the 25% population level epidemic.  A tenfold increase of the 
interactions (b), migrations plus interactions (c), or transmission (d) increases the 
outbreak level, especially in the 9 large groups of 44 design, but only the mean field 
design causes population level epidemics in all scenarios. 

β = 1  
γ = 0.1 
μ = 0.00006  
ε = 0.001 

β = 1  
γ = 0.1 
μ = 0.00006  
ε = 0.0001 

β = 1  
γ = 0.1 
μ = 0.0006  
ε = 0.001 

β = 10  
γ = 0.1 
μ = 0.00006  
ε = 0.0001 

(c) 10x migrations & interactions

(b) 10x interactions 

(d) 10x transmission

(a) Standard parameters
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FIGURE 5.  Population structure with chronic disease (γ=0.01) strongly 
influences outbreak outcome.  Dots represent proportion of infections each day for 
each of 200 simulations, dashed lines are the average number of infections for those 200 
simulations, and solid lines represent average cumulative totals.  A tenfold increase of 
the interaction factor (b), or transmission coefficient (d) increases the outbreak levels 
above those for the standard parameters (a), especially in the 9 large groups of 44 
design.  A tenfold increase in migrations plus interactions caused (c) a large increase in 
outbreak level for the 9 large groups design to nearly equal the mean field situation.  

β = 0.1  
γ = 0.01 
μ = 0.00006  
ε = 0.001 

β = 0.1  
γ = 0.01 
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μ = 0.0006  
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β = 1  
γ = 0.01 
μ = 0.00006  
ε = 0.0001 

(c) 10x migrations & interactions (d) 10x transmission

(b) 10x interactions (a) Standard parameters



 247 

0 10 20 30 40 50 60 70
0

0.05

0.1

0.15

0.2

0.25

Time

Pr
op

or
tio

n 
In

di
vi

du
al

s 
In

fe
ct

ed

(a) Standard parameters

 

 
Mean field
25 groups of 13
seed 5 sparse
seed 25 sparse
seed 5 dense
seed 25 dense

0 10 20 30 40 50 60 70
0

0.05

0.1

0.15

0.2

0.25

Time

Pr
op

or
tio

n 
In

di
vi

du
al

s 
In

fe
ct

ed

(b) 10x interactions

 

 
Mean field
25 groups of 13
seed 5 sparse
seed 25 sparse
seed 5 dense
seed 25 dense

0 10 20 30 40 50 60 70
0

0.05

0.1

0.15

0.2

0.25

Time

Pr
op

or
tio

n 
In

di
vi

du
al

s 
In

fe
ct

ed

(c) 10x migrations

 

 
Mean field
25 groups of 13
seed 5 sparse
seed 25 sparse
seed 5 dense
seed 25 dense

0 10 20 30 40 50 60 70
0

0.05

0.1

0.15

0.2

0.25

Time
Pr

op
or

tio
n 

In
di

vi
du

al
s 

In
fe

ct
ed

(d) 10x transmission

 

 
Mean field
25 groups of 13
seed 5 sparse
seed 25 sparse
seed 5 dense
seed 25 dense

 
 
FIGURE 6.  Effect of initial group size and neighbor density in an incremental 
population during acute outbreaks.  Epidemic outcomes were determined by 
average cumulative proportion of infections from 500 simulations with different initial 
infection group sizes and neighbor densities.  With standard parameters (a) and 10x 
interactions (b) initial group size had the strongest effect on outbreak level.  Increasing 
the migration plus interaction (c) or the transmission (d) revealed the moderate effect 
of neighbor density. 
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FIGURE 7. Effect of initial group size and neighbor density in an incremental 
population during chronic outbreaks.  Epidemic outcomes were determined by 
average cumulative proportion of infections from 500 simulations with different initial 
infection group sizes and neighbor densities.  With standard parameters (a) and 10x 
interactions (b) initial group size had a stronger affect on epidemic level than neighbor 
density.  Increasing migrations plus interactions (c) made the effect of neighbor density 
predominate and caused a population level epidemic (>25% of the population infected) 
after starting infection in the large group with dense neighbors.  This scenario also raised 
the outbreak level after starting infection in the small group with dense neighbors to a 
level above that of the 25 even groups of 13 design.  Increasing only the transmission 
coefficient (d) revealed the moderate affect of neighbor density similar to the acute 
disease scenario (Figure 6d). 
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TABLE 3. Actual population design outbreak levels under parameter sets 
after starting infections in each group.  Cumulative total percent of the population 
infected (as an average of 500 simulations) when initiating infection in each group under 
different parameter conditions.  The ten highest percentages (and ties) for each column 
are shown in bold, and outbreaks reaching epidemic levels (>25%) are underlined.   
 

 Acute (γ= 0.1)  Chronic (γ= 0.01) 

 standard ε, μ  10x ε 10x μ+ε standard ε, μ  10x ε     10x μ+εGroup 
ID/size 

neighbor 
indivs 

(groups)  β=1 β=10 β=10  β=1  β=1  β=0.1 β=1 β=10  β=1  β=1 

mean field na  93.4 100 100  92.6  96.8  90.6 99.6 100  93.0  94.4 

     52  101 (8)   13.1 14.9 27.4  14.2  15.1  13.7 16.1 30.
 

 14.2  15.2 
     35 61 (5)  8.9  10. 27.  10.  11.4   9.2  11.8  29.  10.3   11.1  
     34 51 (9)  8.5  9.2  12.3   8.6   8.8   8.4  9.6  12.5   8.8   9.1  
     25a 103 (6)  6.6  9.3  29.  7.9   9.4   6.8  10. 31.8   7.8   9.0  
     25b 96 (5)  6.4  9.4  30.  8.5   9.4   6.8  10. 32.  8.8   9.1  
     14 21 (5)  3.5  3.8  5.1   3.6   3.7   3.4  3.9  5.5   3.5   3.7  
     13 83 (7)  3.2  4.4  23.1   4.1   4.7   3.5  4.9  26.  4.3   4.6  
     12 41 (5)  3.0  3.9  10.9   3.7   3.9   3.2  4.3  11.9   3.9   4.0  
     11a 20 (6)  2.7  3.0  3.7   2.8   2.8   2.7  3.0  3.6   2.8   2.8  
     11b 58 (7)  2.8  3.4  10.0   3.3   3.6   2.8  4.0  11.0   3.3   3.3  
     10 26 (6)  2.5  2.8  4.5   2.6   2.7   2.5  2.9  4.5   2.6   2.7  
       9a 35 (6)  2.3  2.6  9.2   2.4   2.5   2.3  2.6  10.3   2.3   2.4  
       9b 19 (5)  2.2  2.4  4.3   2.3   2.4   2.2  2.5  5.4   2.3   2.4  
       9c 59 (6)  2.3  3.1  11.1   2.6   3.0   2.4  3.5  13.6   3.0   2.9  
       9d 64 (6)  2.3  3.2  11.0   3.0   3.2   2.4  3.3  11.3   3.0   3.2  
       8 55 (7)  2.0  2.4  13.3   2.3   2.3   2.0  2.6  14.2   2.1   2.4  
       7a 46 (6)  1.8  2.2  16.0   2.0   2.1   1.8  2.3  16.2   2.0   2.3  
       7b 75 (7)  1.7  2.8  20.5   2.3   2.4   1.8  2.6  20.6   2.1   2.5  
       7c 35 (6)  1.7  2.1  7.8   1.8   1.9   1.7  2.2  12.3   1.8   1.9  
       6a 65 (7)  1.6  2.2  11.8   2.0   2.2   1.5  2.6  11.4   2.3   2.3  
       6b 29 (5)  1.5  1.9  4.3   1.6   1.7   1.5  1.9  4.4   1.7   1.8  
       6c 51 (7)  1.5  1.9  12.2   1.7   1.7   1.5  2.0  14.0   1.7   1.9  
       6d 25 (6)  1.5  1.7  2.9   1.6   1.6   1.5  1.8  3.0   1.5   1.6  
       5a 122 (5)  1.4  5.2  32.  3.8   4.3   1.6  5.2  33.  4.2   4.1  
       5b 31 (6)  1.2  1.5  4.0   1.4   1.4   1.2  1.6  4.1   1.4   1.4  
       5c 91 (5)  1.4  4.4  27.5   3.8   4.0   1.6  4.5  27.  4.3   4.1  
       4 22 (5)  1.0  1.2  2.4   1.1   1.1   1.0  1.3  2.6   1.1   1.1  
       3a 27 (5)  0.8  1.0  7.1   1.0   1.0   0.8  1.1  7.3   1.0   0.9  
       3b 56 (9)  0.8  1.0  4.1   0.9   1.0   0.8  1.2  4.9   0.9   1.1  
       3c 23 (5)  0.7  0.9  2.2   0.8   0.9   0.8  1.0  2.4   0.8   0.9  
       3d 31 (5)  0.7  1.1  7.2   1.0   1.0   0.8  1.1  7.6   0.9   1.0  
       2 94 (5)  0.8  3.4  25.7   2.7   2.5   0.9  3.7  26.  2.7   3.3  
       1a 56 (5)  0.4  1.4  8.3   1.2   1.2   0.5  1.3  8.5   1.4   1.2  
       1b 62 (6)  0.3  1.1  8.1   1.4   1.0   0.4  1.1  9.2   1.0   1.0  
       1c 32 (5)  0.3  0.5  5.1   0.5   0.5   0.3  0.6  6.4   0.5   0.5  
       1d 34 (5)  0.3  0.5  3.1   0.5   0.5   0.3  0.5  3.1   0.5   0.5  
       1e 50 (5)  0.4  0.9  7.7   1.2   1.0   0.4  1.0  8.0   1.1   1.3  
       1f 68 (7)  0.3  0.8  7.9   1.3   0.9   0.4  1.1  8.5   0.9   1.0  
       1g 141 (7)  0.6  2.7  25.1   3.0   3.3   0.6  3.8  26.  3.0   2.9  
       1h 33 (5)  0.3  0.5  5.1   0.4   0.5   0.3  0.5  4.5   0.5   0.4  
       1i 25 (5)  0.3  0.4  1.7   0.4   0.4   0.3  0.4  2.0   0.4   0.4  
       1j 25 (5)  0.3  0.4  1.7   0.5   0.4   0.3  0.4  1.7   0.4   0.4  
       1k 48 (7)  0.3  0.6  3.2   0.5   0.5   0.3  0.5  3.7   0.4   0.5  
       1l 95 (5)  0.4  2.8  21.7   2.5   3.3   0.5  3.3  22.1   3.0   3.6  
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FIGURE 8. Actual population group outcomes during acute outbreaks with highly transmissible disease.  Outbreak 
outcomes were determined by average cumulative proportion of infections from 500 simulations with different initial infection 
groups using the standard parameters except β = 100 (γ= 0.1, μ= 0.00006, ε= 2.2).  Outbreak levels were not strictly associated with 
group size as starting infection in a number of groups of five or fewer gorillas (c) and even lone silverbacks (d) exceeded the outbreak 
levels of most larger groups (a) and (b) and reached epidemic levels.  The mean field population (partially shown) goes to 100% on 
the second day in all scenarios.  
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FIGURE 9. Potential effects of human interactions with gorilla groups under standard parameters with different 
human-gorilla interaction factors (δ).  Total percent (dashed) and cumulative total percent (solid) of the gorilla population 
infected when a group of 20 humans interacts with certain gorilla groups. Infection is always started in the largest tourist gorilla 
group (N=35).  In (a) humans unrealistically interact with all 44 groups, in (b) with all 20 human-habituated groups, in (c) with 
only the 8 human-habituated groups in the same country/national park, and (d) with only the other 4 tourist groups in the same 
country/national parks.  Delta represents the human-gorilla interaction factor, which is a downward modification of individual 
transmission between humans and gorillas compared to gorillas within the same group.   
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FIGURE 10.  Initiating infection in the human group causes higher 
outbreak levels.  Total infections (dotted) and cumulative total infections 
(solid) in gorillas as a percentage of the whole gorilla population averaged from 
500 simulations.  Starting infections in the largest tourist gorilla group (N=35) 
with no human contact caused infection to reach ~9% of the population (dashed 
black).  Including humans raised the outbreak level to ~10% (light blue), or 13% 
with a twofold increase of our human-gorilla interaction factor (δ).  Initiating 
infection in the group of 20 humans delays the outbreak introduction into the 
gorilla population but results in a steady growth curve that exceeds the gorilla-
initiated growth and levels off at an outbreak level of ~11% of the gorilla 
population (beige).  Doubling the human-gorilla interaction factor (δ) causes the 
human initiated outbreak to more rapidly increase to a gorilla population level of 
~18%, more than double the baseline no human-gorilla contact rate.    



 

 253 

TABLE 4.  Sensitivity of the model outcome to changes in inputs using the Virunga 
gorilla ‘actual’ population design with infection initiated in either the smallest or 
largest gorilla group.  Results are presented as an average percent of cumulative total 
population infected over 500 simulations, with a minimum value of 0.3% 
representing no spread beyond the single initial infection (1/376). 
 

   Smallest group (1j)a  Largest group (52) 

Parameter Standar
d 

 0.1x 1x 5x 10x 100x  0.1x 1x 5x 10x 100x 
No human interaction              

total gorilla population size  376  - 0.3b 0.3c 0.3c 2.4c  - 13.1b 13.9c 15.5c 40.2c 
number of initial infectionsd 1  - 0.3b - - -  - 13.1b 13.3 14.0 - 

pathogen transmission rate (β) 1  0.3 0.3b 0.4 0.4 1.9  1.5 13.1b 14.6 15.1 28.0 
recovery rate (γ) 0.1  0.4 0.3b 0.3e 0.3e 0.3e  15.6 13.1b 1.5e 1.5e 1.5e 
gorilla migration (μ) 0.0006  0.3 0.3b 0.3 0.3 0.5  13.1 13.1b 13.4 14.0 24.9 
gorilla group interaction (ε) 0.0001  0.3 0.3b 0.4 0.4 1.7  13.1 13.1b 13.5 14.2 25.7 

Human interaction with 8 designated groupsf             
human group size (all susceptible)  20  0.3 0.3b 0.3 0.3 0.3  13.3 14.3b 16.3 18.2 18.6 

human gorilla interaction (δ) 0.001  0.3 0.3b 0.3 0.3 0.3  13.4 14.3b 23.6 32.7 43.8 
pathogen transmission rate (β) 1  0.3 0.3b 0.3 0.4 2.0  1.4 14.3b 27.6 37.9 51.5 
recovery rate (γ) 0.1  0.4 0.3b 0.3e 0.3e 0.3e  34.4 14.3b 1.5e 1.5e 1.5e 
gorilla migration (μ) 0.0006  0.3 0.3b 0.3 0.3 0.5  13.8 14.3b 14.4 15.1 25.5 
gorilla group interaction (ε) 0.0001  0.3 0.3b 0.3 0.4 1.7  12.9 14.3b 14.7 15.2 26.5 

Immunityg Standard  0% 10% 20% 50% 70%  0% 10% 20% 50% 70% 
gorilla immunity w/o human interaction 0%  0.3 0.3h 0.3h 0.3h 0.3h  13.1 12.0 10.8 7.0 4.4 
gorilla immunity w/ 20 susceptible humans 0%  0.3 0.3h 0.3h 0.3h 0.3h  14.1 12.6 11.5 7.1 4.4 
human immunity w/o gorilla immunity 0%  0.3 0.3h 0.3h 0.3h 0.3h  14.1 14.0 13.9 13.4 13.0 
gorilla and human immunity  0%  0.3 0.3h 0.3h 0.3h 0.3h  14.1 12.5 11.2 7.0 4.4  

aGroup 1j was chosen from among the lone silverback “groups” because it had the fewest neighbors;  

bA single value is reported for the standard parameters in all parameter changes but fluctuations between 
different simulation run averages were approximately ±0.03% for the small group and ±0.4% for the large 
group. These fluctuations also explain any differences between values here and in Table 4 with the same 
parameter sets;  

cFor increased gorilla populations the same actual population network was used with increases in the number of 
gorillas in each of the 44 groups;  

dInitial infections in the small group were unchangeable and could not exceed 52 in the large group; 
eRecovery rate was a probability distribution so γ >1 only meant individuals were increasingly likely to recovery 

in after exactly one day of infection;  
fThe 8 designated groups were the human habituated gorilla groups from one country (see text); 
gGroup level immunity was rounded to the nearest whole individual but aways left a minimum of 1 susceptible 

individual per group, including lone silverbacks;  
hNo decrease in outbreak level was seen or expected with increasing immunity because, on average, infection 

never spread beyond the initial individual; 
dashes (-) = parameter change at this level not applicable; BOLD = differences greater than twofold above or 

below standard outcome.  
 

 



 254 

APPENDICES



 255 

 

Table A1. Rotavirus RT-PCR sample data and results  

Sam
ple ID

 

C
ollection D

ate 

Popu-lation 

G
roup Type 

G
roup ID

 

Sex 

A
ge C

lass 

N
est or Indiv 

Size/W
idth (cm

) 

C
onsistency 

Sam
ple age 

R
otavirus EIA

 

R
otavirus 

R
T-PC

R
 

D
N

A
 sequence 

002 2/25/2001 Bwindi Wild NKW-3 unk unk nest - FM VF neg neg - 

003 2/25/2001 Bwindi Wild NKW-3 M SB nest 8.0 FM O neg neg - 

004 2/25/2001 Bwindi Wild NKW-3 unk unk nest - FM O neg neg - 

005 2/25/2001 Bwindi Wild NKW-3 unk unk nest - FM O - neg - 

006 2/25/2001 Bwindi Wild NKW-3 unk unk nest - FM O - neg - 

007 3/4/2001 Virungas Tour 13 M SB ind - FM VF neg neg - 

012 3/22/2001 Virungas Res PB M BB ind 7.5 FM VF neg neg - 

013 3/22/2001 Virungas Res PB M JUV ind 5.5 FM VF neg neg - 

014 3/22/2001 Virungas Res PB M INF ind - FM VF neg neg - 

020 3/31/2001 Bwindi Wild NKW-13 M SB nest 7.0 FM F - neg - 

021 3/31/2001 Bwindi Wild NKW-13 F ADF nest 5.0 FM F - neg - 

022 3/31/2001 Bwindi Wild NKW-13 unk INF nest 2.5 FM F - neg - 

023 3/31/2001 Bwindi Wild NKW-13 unk unk nest 5.0 FM F - neg - 

024 3/31/2001 Bwindi Wild NKW-13 unk unk nest 6.0 FM F - neg - 

025 3/31/2001 Bwindi Wild NKW-13 unk INF nest 3.5 FM F - neg - 

026 3/31/2001 Bwindi Wild NKW-13 M BB nest 8.0 FM F - neg - 

027 3/31/2001 Bwindi Wild NKW-13 unk INF nest 4.0 FM F - neg - 

028 3/31/2001 Bwindi Wild NKW-13 F ADF nest 6.0 FM F - neg - 

029 3/31/2001 Bwindi Wild NKW-13 F ADF nest 6.5 FM F - neg - 

030 3/31/2001 Bwindi Wild NKW-13 unk INF nest 3.5 FM F - neg - 

031 3/31/2001 Bwindi Wild NKW-13 unk unk nest 5.5 FM F - neg - 

032 3/31/2001 Bwindi Wild NKW-13 unk AD nest 6.5 FM F - neg - 

033 4/5/2001 Bwindi Tour NK unk unk nest 5.0 FM F - neg - 

034 4/5/2001 Bwindi Tour NK unk unk nest 5.0 FM F - neg - 

035 4/5/2001 Bwindi Tour NK F ADF nest 7.0 FM-
wms O - neg - 

036 4/5/2001 Bwindi Tour NK unk INF nest 2.0 FM O - neg - 

038 4/5/2001 Bwindi Tour NK unk unk nest 7.1 ST F - neg - 

039 4/5/2001 Bwindi Tour NK unk unk nest 4.0 ST-
wms F - neg - 

040 4/5/2001 Bwindi Tour NK unk unk nest 5.0 FM F - neg - 

041 4/5/2001 Bwindi Tour NK unk unk nest 4.9 FM F - neg - 

042 4/5/2001 Bwindi Tour NK unk unk nest 7.6 FM F - neg - 

043 4/5/2001 Bwindi Tour NK unk unk nest 3.8 FM F - neg - 

044 4/5/2001 Bwindi Tour NK unk unk nest 6.0 HD F - neg - 

045 4/5/2001 Bwindi Tour NK unk unk nest 4.0 HD F - neg - 

046 4/5/2001 Bwindi Tour NK unk unk nest 5.0 FM F - neg - 

047 4/5/2001 Bwindi Tour NK M SB nest 8.0 FM O - neg - 

048 4/5/2001 Bwindi Tour NK unk unk nest 4.2 LI F - neg - 

501 4/16/2001 Bwindi Wild Sol M SB nest 7.0 ST O - neg - 

070 4/17/2001 Virungas Res PB M INF ind 3.0 FM VF neg neg - 

071 4/17/2001 Virungas Res PB F ADF ind 6.5 FM VF neg neg - 

072 4/17/2001 Virungas Res PB M INF ind 2.5 FM VF neg neg - 

073 4/17/2001 Virungas Res PB F ADF ind 7.5 FM VF neg neg - 

074 4/17/2001 Virungas Res PB M BB ind 5.0 FM VF neg neg - 

075 4/17/2001 Virungas Res PB M SB ind 6.5 FM VF - neg - 

076 4/17/2001 Virungas Res PB M BB ind 5.5 FM VF neg neg - 
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Table A1. continued 
502 4/18/2001 Bwindi Wild Sol M SB nest - LI F - neg - 

077 4/19/2001 Virungas Res BT M BB ind 6.0 FM VF - neg - 

078 4/19/2001 Virungas Res BT M BB ind 6.0 FM VF - neg - 

079 4/19/2001 Virungas Res BT M BB ind 6.0 FM VF - neg - 

080 4/19/2001 Virungas Res BT M BB ind 5.5 FM VF - neg - 

081 4/19/2001 Virungas Res BT F ADF ind 6.0 FM VF - neg - 

082 4/19/2001 Virungas Res BT M BB ind 7.5 FM VF - neg - 

083 4/19/2001 Virungas Res BT M SB ind 7.5 FM VF - neg - 

056 4/23/2001 Bwindi Tour NK unk INF nest 2.0 HD O - neg - 

084 4/24/2001 Virungas Res PB M JUV ind 4.5 FM VF neg neg - 

085 4/24/2001 Virungas Res PB F ADF ind 5.9 FM VF neg neg - 

086 4/24/2001 Virungas Res PB F JUV ind 4.0 FM VF neg neg - 

087 4/24/2001 Virungas Res PB F ADF ind 5.0 FM VF neg neg - 

088 4/24/2001 Virungas Res PB F ADF ind 6.0 FM VF neg neg - 

090 4/24/2001 Virungas Res PB F ADF ind 6.5 FM VF neg neg - 

091 4/24/2001 Virungas Res PB F ADF ind 6.5 FM VF neg neg - 

092 4/24/2001 Virungas Res PB M SB ind 8.5 FM VF neg neg - 

093 4/24/2001 Virungas Res PB F ADF ind 6.0 FM VF neg neg - 

094 4/24/2001 Virungas Res PB F JUV ind 4.0 FM VF neg neg - 

095 4/24/2001 Virungas Res PB F JUV ind 4.8 FM VF neg neg - 

096 4/24/2001 Virungas Res PB F ADF ind 5.5 FM VF neg neg - 

G13-01 4/25/2001 Virungas Tour 13 F SAF ind - - - neg neg - 

SA-01 4/25/2001 Virungas Tour SA M SB ind 8.0 - - neg neg - 

SA-02 4/25/2001 Virungas Tour SA M SB ind - - - - neg - 

097 4/26/2001 Virungas Res PB F ADF ind 7.0 FM VF - neg - 

SA-03 4/27/2001 Virungas Tour SA F ADF ind 6.0 - - - neg - 

G13-02 5/1/2001 Virungas Tour 13 F ADF ind - - - - neg - 

SA-03B 5/2/2001 Virungas Tour SA unk JUV ind 3.0 - - - neg - 

SA-04 5/2/2001 Virungas Tour SA F ADF ind 6.0 - - neg neg - 

106 5/3/2001 Virungas Res BT M JUV ind 4.0 FM VF neg neg - 

107 5/3/2001 Virungas Res BT F ADF ind 6.5 FM VF neg POS - 

108 5/3/2001 Virungas Res BT F INF ind 2.5 FM/HD VF neg POS yes 

109 5/3/2001 Virungas Res BT F SAF ind - FM VF neg neg - 

110 5/3/2001 Virungas Res BT F SAF ind - FM VF neg neg - 

503 5/12/2001 Bwindi Wild Sol M SB nest 7.0 HD VF - neg - 

113 5/15/2001 Virungas Res BT F ADF ind 6.0 FM VF - POS - 

114 5/15/2001 Virungas Res BT F ADF ind 5.0 FM VF - POS - 

116 5/15/2001 Virungas Res BT M SB ind 7.0 FM VF - POS - 

117 5/16/2001 Virungas Res PB M BB ind 5.0 FM VF - POS - 

118 5/16/2001 Virungas Res PB M BB ind 3.5 FM VF - POS - 

119 5/16/2001 Virungas Res PB F ADF ind 6.5 FM VF - POS yes 

120 5/16/2001 Virungas Res PB M INF ind 2.5 FM VF - POS - 

121 5/16/2001 Virungas Res PB F SAF ind 5.0 FM VF - POS - 

122 5/16/2001 Virungas Res PB F INF ind 2.5 FM VF - neg - 

123 5/16/2001 Virungas Res PB F ADF ind - FM VF - neg - 

G13-03 5/16/2001 Virungas Tour 13 F ADF ind 6.0 - - neg neg - 

G13-04 5/16/2001 Virungas Tour 13 F ADF ind 5.0 - - neg neg - 

G13-05 5/16/2001 Virungas Tour 13 M SB ind 6.0 - - neg neg - 

124 5/17/2001 Virungas Res PB M INF ind 2.0 FM VF neg POS - 

125 5/17/2001 Virungas Res PB F ADF ind - FM VF neg neg - 

126 5/17/2001 Virungas Res PB F ADF ind 6.0 FM VF neg neg - 
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Table A1. continued 
128 5/17/2001 Virungas Res PB M SB ind 6.7 FM VF neg neg yes 

SA-06 5/18/2001 Virungas Tour SA F ADF ind 6.0 - - - neg - 

SA-07 5/18/2001 Virungas Tour SA F SAF ind 1.5 - - neg neg - 

504 5/21/2001 Bwindi Wild NKW-7A unk unk nest 5.0 HD O - POS yes 

505 5/21/2001 Bwindi Wild NKW-7A unk unk nest 4.0 ST O - neg - 

506 5/21/2001 Bwindi Wild NKW-7A unk unk nest 5.0 HD VF - neg - 

507 5/21/2001 Bwindi Wild NKW-7A unk unk nest 4.0 ST O - POS yes 

508 5/21/2001 Bwindi Wild NKW-7A unk unk nest 5.0 HD F - neg - 

509 5/21/2001 Bwindi Wild NKW-7A unk unk nest 4.0 HD F - neg - 

510 5/21/2001 Bwindi Wild NKW-7A M SB nest 7.6 HD O - neg - 

511 5/22/2001 Bwindi Wild NKW-4A unk SB nest 7.0 HD O - neg - 

512 5/22/2001 Bwindi Wild NKW-4A M SB nest 8.0 ST F - POS - 

513 5/22/2001 Bwindi Wild NKW-4A unk unk nest 5.0 HD F - neg - 

514 5/22/2001 Bwindi Wild NKW-4A unk unk nest 4.0 HD F - POS - 

515 5/25/2001 Bwindi Wild NKW-11A unk unk nest 5.0 HD F - neg - 

516 5/25/2001 Bwindi Wild NKW-11A M SB nest 7.9 HD F - neg - 

517 5/25/2001 Bwindi Wild NKW-11A unk unk nest 5.0 HD O - neg - 

518 5/25/2001 Bwindi Wild NKW-11A unk unk nest 4.0 HD O - neg - 

519 5/25/2001 Bwindi Wild NKW-11A unk unk nest 5.0 HD F - neg - 

520 5/25/2001 Bwindi Wild NKW-11A unk unk nest 6.0 ST O - neg - 

521 5/25/2001 Bwindi Wild NKW-11A unk unk nest 6.3 HD F - neg - 

522 5/25/2001 Bwindi Wild NKW-11A unk unk nest 5.4 HD F - POS - 

523 5/25/2001 Bwindi Wild NKW-11A unk INF nest 2.3 HD F - POS - 

524 5/25/2001 Bwindi Wild NKW-11A F ADF nest 6.9 HD O - neg - 

525 5/25/2001 Bwindi Wild NKW-11A unk unk nest 5.8 HD F - POS - 

526 5/30/2001 Bwindi Wild NKW-4A unk unk nest 5.3 HD F - neg - 

527 5/30/2001 Bwindi Wild NKW-4A unk SB nest 6.8 ST O - neg - 

528 5/30/2001 Bwindi Wild NKW-4A M SB nest 7.8 HD F - neg - 

529 5/30/2001 Bwindi Wild NKW-4A unk unk nest 5.9 HD O - POS yes 

SA-08 6/5/2001 Virungas Tour SA F ADF ind - - - neg neg - 

AM-01 6/27/2001 Virungas Tour AM unk JUV ind 3.0 - - - neg - 

AM-02 7/18/2001 Virungas Tour AM F ADF ind - - - - neg - 

SS-050 7/28/2001 Virungas Tour SS M SB nest - - F - neg - 

SS-051 7/28/2001 Virungas Tour SS unk unk nest - - F - neg - 

SS-052 7/28/2001 Virungas Tour SS unk unk nest - - F - neg - 

SS-053 7/28/2001 Virungas Tour SS unk unk nest - - F - neg - 

SS-054 7/28/2001 Virungas Tour SS unk unk nest - - F - neg - 

SS-055 7/28/2001 Virungas Tour SS unk unk nest - - F - neg - 

SS-056 7/28/2001 Virungas Tour SS unk unk nest - - F - neg - 

SS-057 7/28/2001 Virungas Tour SS unk unk nest - - F - neg - 

SS-058 7/28/2001 Virungas Tour SS F ADF nest - - F - neg - 

SS-059 7/28/2001 Virungas Tour SS unk unk nest - - F - neg - 

SS-060 7/28/2001 Virungas Tour SS F ADF nest - - F - neg - 

SS-061 7/28/2001 Virungas Tour SS unk unk nest - - F - neg - 

SS-062 7/28/2001 Virungas Tour SS unk unk nest - - F - neg - 

SS-063 7/28/2001 Virungas Tour SS unk unk nest - - F - neg - 

SS-064 7/28/2001 Virungas Tour SS unk unk nest - - F - neg - 

SS-065 7/28/2001 Virungas Tour SS unk unk nest - - F - neg - 

SS-066 7/28/2001 Virungas Tour SS unk unk nest - - F - neg - 

SS-067 7/28/2001 Virungas Tour SS F ADF nest - - F - neg - 

SS-068 7/28/2001 Virungas Tour SS F ADF nest - - F - neg - 
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Table A1. continued 
SS-069 7/28/2001 Virungas Tour SS unk unk nest - - F - neg - 

SS-070 7/28/2001 Virungas Tour SS unk unk nest - - F - neg - 

SS-080 7/28/2001 Virungas Tour SS unk INF nest - - F - neg - 

SS-081 7/28/2001 Virungas Tour SS unk INF nest - - F - neg - 

SS-082 7/28/2001 Virungas Tour SS unk INF nest - - F - neg - 

SS-083 7/28/2001 Virungas Tour SS unk INF nest - - F - neg - 

AM-03 8/9/2001 Virungas Tour AM F ADF ind - - - - neg - 

AM-04 8/9/2001 Virungas Tour AM unk JUV ind - - - - neg - 

AM-05 8/14/2001 Virungas Tour AM M SB ind - - - - neg - 

AM-06 8/16/2001 Virungas Tour AM M SB ind - - - - neg - 

AM-07 8/18/2001 Virungas Tour AM F ADF ind - - - - neg - 

AM-09 8/25/2001 Virungas Tour AM M BB ind - - - - neg - 

AM-10 9/7/2001 Virungas Tour AM M SB ind - - - - neg - 

AM-11 9/7/2001 Virungas Tour AM F ADF ind - - - - neg - 

SH-01 9/19/2001 Virungas Res SH unk JUV nest 3.5 FM - neg neg - 

SH-02 9/19/2001 Virungas Res SH F ADF nest 6.0 FM - neg neg - 

SH-03 9/19/2001 Virungas Res SH unk AD nest 6.5 FM - neg neg - 

SH-04 9/19/2001 Virungas Res SH unk JUV nest 4.5 HD - neg neg - 

SH-05 9/19/2001 Virungas Res SH M SB nest 7.0 FM - neg neg - 

SH-06 9/19/2001 Virungas Res SH unk JUV nest 3.0 FM - neg neg - 

SH-07 9/19/2001 Virungas Res SH F AD nest 6.5 FM - neg neg - 

SH-08 9/19/2001 Virungas Res SH unk JUV nest 4.5 FM - neg neg - 

SH-09 9/19/2001 Virungas Res SH unk unk nest 5.5 FM - neg neg - 

SH-11 9/19/2001 Virungas Res SH unk unk nest 5.5 FM - neg neg - 

SH-12 9/19/2001 Virungas Res SH unk unk nest 6.0 FM - neg neg - 

SH-13 9/19/2001 Virungas Res SH unk SB nest 7.5 FM - neg neg - 

SH-14 9/19/2001 Virungas Res SH unk AD nest 6.5 FM - neg neg - 

SH-15 9/19/2001 Virungas Res SH unk unk nest 5.5 FM - neg neg - 

SH-16 9/19/2001 Virungas Res SH unk unk nest 6.0 FM - neg neg - 

SH-17 9/19/2001 Virungas Res SH M SB nest 7.0 FM - neg neg - 

SH-18 9/19/2001 Virungas Res SH unk SB nest 7.0 FM - neg neg - 

SH-19 9/19/2001 Virungas Res SH unk SB nest 7.5 FM - neg neg - 

SH-20 9/19/2001 Virungas Res SH unk unk nest 6.0 FM - neg neg - 

SH-21 9/19/2001 Virungas Res SH unk unk nest 5.0 FM - neg neg - 

145 9/26/2001 Virungas Res BT unk unk ind - - - - neg - 

146 9/26/2001 Virungas Res BT F unk ind - - - - neg - 

148 9/28/2001 Virungas Res BT F unk ind - - - - neg - 

BM-01 10/1/2001 Bwindi Tour M M SB nest 8.5 FM - - neg - 

BM-02 10/1/2001 Bwindi Tour M unk unk nest - ST - - neg - 

BM-03 10/1/2001 Bwindi Tour M unk unk nest 6.2 FM - - neg - 

BM-04 10/1/2001 Bwindi Tour M unk unk nest 5.3 FM - - POS - 

BM-05 10/1/2001 Bwindi Tour M F AD nest 6.7 FM - - neg - 

BM-06 10/1/2001 Bwindi Tour M unk INF nest 3.5 FM - - neg - 

BM-07 10/1/2001 Bwindi Tour M unk INF nest 3.3 FM - - neg - 

BM-08 10/1/2001 Bwindi Tour M unk unk nest 5.1 FM - - neg - 

BM-09 10/1/2001 Bwindi Tour M F AD nest 6.5 FM - - neg - 

BM-10 10/1/2001 Bwindi Tour M unk unk nest - FM - - neg - 

BH-01 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-02 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-03 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-04 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 
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Table A1. continued 
BH-05 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-06 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-07 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-08 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-09 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-10 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-11 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-12 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-13 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-14 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-15 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-16 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-17 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-18 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-19 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-20 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-21 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-22 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-23 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-24 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 

BH-25 10/2/2001 Bwindi Tour H unk unk nest - - - - neg - 
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Table A2. R.A.P.I.D. Campylobacter sample data and results 

Sample  ID  
Nest/In

div 
Res/  
Tour 

Group 
ID sex age1 age2 sympt Campy 

120203CWGo19 Susa nests nest tour SUSA M SB AD no LowMlt 
120203CWGo02 Susa nests nest tour SUSA M SB AD no LowMlt 
130203ENGo05 Sabinyo nests nest tour SBNY M SB AD no LowMlt 
260203ENGo01 AmahoroA nts nest tour AMHR M SB AD no LowMlt 
270203ENGo04 Gp 13 nests nest tour GP13 M SB AD no LowMlt 
130203ENGo01 Sabinyo nests nest tour SBNY F ADF AD no LowMlt 
260203ENGo04 AmahoroA nts nest tour AMHR F ADF AD no LowMlt 

120203CWGo16 Susa nests nest tour SUSA uk JU/SA SA no LowMlt 
120203CWGo22 Susa nests nest tour SUSA uk AD AD no LowMlt 
120203CWGo23 Susa nests nest tour SUSA uk JU/SA SA no LowMlt 
130203ENGo07 Sabinyo nests nest tour SBNY uk uk uk no LowMlt 
270203ENGo02 Gp 13 nests nest tour GP13 uk JU/SA SA no LowMlt 
270203ENGo05 Gp 13 nests nest tour GP13 uk uk uk no LowMlt 

120203CWGo17 Susa nests nest tour SUSA uk JU/SA SA no LowMlt 
120203CWGo05 Susa nests nest tour SUSA uk JU/SA SA no neg 
120203CWGo08 Susa nests nest tour SUSA uk uk uk no neg 
120203CWGo10 Susa nests nest tour SUSA uk uk uk no neg 
120203CWGo13 Susa nests nest tour SUSA uk AD AD no neg 
120203CWGo15 Susa nests nest tour SUSA uk uk uk no neg 
120203CWGo18 Susa nests nest tour SUSA uk AD AD no neg 
120203CWGo21 Susa nests nest tour SUSA uk JU/SA SA no neg 
120203CWGo25 Susa nests nest tour SUSA uk AD AD no neg 
120203CWGo26 Susa nests nest tour SUSA uk AD AD no neg 
120203CWGo01 Susa nests nest tour SUSA uk JU/SA SA no LowMlt 
120203CWGo03 Susa nests nest tour SUSA uk JU/SA SA no LowMlt 
120203CWGo04 Susa nests nest tour SUSA uk uk uk no LowMlt 
120203CWGo06 Susa nests nest tour SUSA uk JU/SA SA no LowMlt 
120203CWGo07 Susa nests nest tour SUSA uk JU/SA SA no LowMlt 
120203CWGo09 Susa nests nest tour SUSA uk uk uk no LowMlt 
120203CWGo11 Susa nests nest tour SUSA uk AD AD no LowMlt 
120203CWGo12 Susa nests nest tour SUSA uk AD AD no LowMlt 
120203CWGo14 Susa nests nest tour SUSA uk uk uk no LowMlt 
120203CWGo20 Susa nests nest tour SUSA uk AD AD no LowMlt 
120203CWGo24 Susa nests nest tour SUSA uk AD AD no LowMlt 
120203CWGo27 Susa nests nest tour SUSA uk JU/SA SA no LowMlt 
120203CWGo28 Susa nests nest tour SUSA uk JU/SA SA no LowMlt 
120203CWGo29 Susa nests nest tour SUSA uk AD AD no LowMlt 
130203ENGo02 Sabinyo nests nest tour SBNY uk JU/SA SA no LowMlt 
130203ENGo03 Sabinyo nests nest tour SBNY uk AD AD no LowMlt 
130203ENGo04 Sabinyo nests nest tour SBNY uk JU/SA SA no LowMlt 
130203ENGo06 Sabinyo nests nest tour SBNY uk JU/SA SA no LowMlt 
130203ENGo08 Sabinyo nests nest tour SBNY uk JU/SA SA no LowMlt 
130203ENGo09 Sabinyo nests nest tour SBNY uk INF SA no LowMlt 
260203ENGo02 AmahoroA nts nest tour AMHR uk JU/SA SA no LowMlt 
260203ENGo03 AmahoroA nts nest tour AMHR uk AD AD no LowMlt 
260203ENGo05 AmahoroA nts nest tour AMHR uk INF SA no LowMlt 
260203ENGo06 AmahoroA nts nest tour AMHR uk JU/SA SA no LowMlt 
260203ENGo07 AmahoroA nts nest tour AMHR uk uk uk no LowMlt 
260203ENGo08 AmahoroA nts nest tour AMHR uk INF SA no LowMlt 
260203ENGo09 AmahoroA nts nest tour AMHR uk JU/SA SA no LowMlt 
270203ENGo01 Gp 13 nests nest tour GP13 uk AD AD no LowMlt 
270203ENGo03 Gp 13 nests nest tour GP13 uk AD AD no LowMlt 



 261 

Table A2. continued 
270203ENGo06 Gp 13 nests nest tour GP13 uk uk uk no LowMlt 

110203CWGo13 Pablo nests nest res PABL M SB AD no LowMlt 
110203CWGo25 Pablo nests nest res PABL M BB AD no LowMlt 
210203FDGo01 Beetsme nests nest res BTSM M SB AD no neg 
210203FDGo08 Beetsme nests nest res BTSM M SB AD no HiMlt 
180203FFGo01 Shinda nests nest res SHND M SB AD no LowMlt 
180203FFGo07 Shinda nests nest res SHND M SB AD no LowMlt 
180203FFGo08 Shinda nests nest res SHND M SB AD no LowMlt 
180203FFGo09 Shinda nests nest res SHND M SB AD no LowMlt 
180203FFGo14 Shinda nests nest res SHND M SB AD no LowMlt 
180203FFGo15 Shinda nests nest res SHND M SB AD no LowMlt 
210203FDGo17 Beetsme nests nest res BTSM M SB AD no LowMlt 

110203CWGo04 Pablo nests nest res PABL F ADF AD no LowMlt 
210203FDGo19 Beetsme nests nest res BTSM F ADF AD no LowMlt 

110203CWGo01 Pablo nests nest res PABL F ADF AD no mixed 
210203FDGo13 Beetsme nests nest res BTSM F ADF AD no mixed 

110203CWGo06 Pablo nests nest res PABL F ADF AD no LowMlt 
110203CWGo10 Pablo nests nest res PABL F ADF AD no LowMlt 
110203CWGo17 Pablo nests nest res PABL F ADF AD no LowMlt 
110203CWGo22 Pablo nests nest res PABL F ADF AD no LowMlt 
180203FFGo02 Shinda nests nest res SHND F ADF AD no LowMlt 

110203CWGo09 Pablo nests nest res PABL uk uk uk no LowMlt 
210203FDGo05 Beetsme nests nest res BTSM uk AD AD no neg 
210203FDGo07 Beetsme nests nest res BTSM uk AD AD no neg 
210203FDGo09 Beetsme nests nest res BTSM uk AD AD no neg 
210203FDGo11 Beetsme nests nest res BTSM uk AD AD no neg 
210203FDGo20 Beetsme nests nest res BTSM uk INF SA no neg 
210203FDGo04 Beetsme nests nest res BTSM uk JU/SA SA no mixed 
210203FDGo12 Beetsme nests nest res BTSM uk JU/SA SA no HiMlt 

110203CWGo03 Pablo nests nest res PABL uk uk uk no LowMlt 
110203CWGo08 Pablo nests nest res PABL uk AD AD no LowMlt 
110203CWGo11 Pablo nests nest res PABL uk INF SA no LowMlt 
110203CWGo12 Pablo nests nest res PABL uk uk uk no LowMlt 
110203CWGo18 Pablo nests nest res PABL uk INF SA no LowMlt 
110203CWGo23 Pablo nests nest res PABL uk INF SA no LowMlt 
180203FFGo03 Shinda nests nest res SHND uk JU/SA SA no LowMlt 
180203FFGo04 Shinda nests nest res SHND uk AD AD no LowMlt 
180203FFGo05 Shinda nests nest res SHND uk AD AD no LowMlt 
180203FFGo06 Shinda nests nest res SHND uk JU/SA SA no LowMlt 
180203FFGo10 Shinda nests nest res SHND uk AD AD no LowMlt 
180203FFGo11 Shinda nests nest res SHND uk AD AD no LowMlt 
180203FFGo12 Shinda nests nest res SHND uk AD AD no LowMlt 
180203FFGo13 Shinda nests nest res SHND uk JU/SA SA no LowMlt 
210203FDGo02 Beetsme nests nest res BTSM uk JU/SA SA no LowMlt 
210203FDGo03 Beetsme nests nest res BTSM uk AD AD no LowMlt 
210203FDGo10 Beetsme nests nest res BTSM uk AD AD no LowMlt 
210203FDGo14 Beetsme nests nest res BTSM uk INF SA no LowMlt 
210203FDGo15 Beetsme nests nest res BTSM uk JU/SA SA no LowMlt 
210203FDGo16 Beetsme nests nest res BTSM uk AD AD no LowMlt 
210203FDGo21 Beetsme nests nest res BTSM uk AD AD no LowMlt 

161102CWGo01 Gihishamwotsi indiv tour SBNY M JU/SA SA yes HiMlt 
161102CWGo02 Guhonda indiv tour SBNY M SB AD yes HiMlt 
291102CWGo01 Ryango indiv tour SBNY M SB AD no LowMlt 
140902CWGo01 Icyuzuzo indiv tour GP13 F ADF AD no neg 
241202CWGo01 Mudahusha indiv tour SBNY F JU/SA SA no LowMlt 
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Table A2. continued 
060103CWGo01 JoliAmi indiv res BTSM M SB AD no neg 
060103CWGo02 Umishikirano1 indiv res BTSM M BB AD no LowMlt 
060103CWGo03 Ubwigenge1 indiv res BTSM M SB AD no LowMlt 
060103CWGo04 Turakora1 indiv res BTSM M JU/SA SA no LowMlt 
130103CWGo03 Kuryama1 indiv res BTSM M SB AD no LowMlt 
130103CWGo05 Tuyizere indiv res BTSM M BB AD no LowMlt 
130103CWGo06 Kirahure indiv res BTSM M BB AD no LowMlt 
200103CWGo01 Bwenge1 indiv res BTSM M SB AD no LowMlt 
270103CWGo01 Titus indiv res BTSM M SB AD no LowMlt 
070103CWGo01 Papoose1 indiv res BTSM F ADF AD yes LowMlt 
130103CWGo01 Mawingu1 indiv res BTSM F ADF AD yes LowMlt 
260802CWGo01 Mukecuru1 indiv res PABL F ADF AD no neg 
130103CWGo04 Shangaza1 indiv res BTSM F ADF AD no mixed 
040203CWGo03 Gufasha indiv res BTSM F JU/SA SA no LowMlt 
040203CWGo07 Ukuri indiv res BTSM F ADF AD no LowMlt 
210103CWGo01 Ikaze indiv res BTSM F INF SA no LowMlt 
251102CWGo02 Nahimana indiv res SHND F ADF AD no LowMlt 
251102CWGo03 Pasika1 indiv res SHND F ADF AD no LowMlt 
261102CWGo02 Umutuzo indiv res SHND F INF SA no LowMlt 
210103CWGo03 unknown indiv res BTSM uk INF SA no LowMlt 
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