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Abstract

The endangered mountain gorilla (Gorilla beringei beringei) in Rwanda, Uganda, and the 

Democratic Republic of Congo is frequently in contact with humans through tourism, research 

activities, and illegal entry of people into protected gorilla habitat. Herpesviruses, which are 

ubiquitous in primates, have the potential to be shared in any setting where humans and gorillas 

share habitat. Based on serological findings and clinical observations of orofacial ulcerated lesions 

resembling herpetic lesions, an alpha-herpesvirus resembling human herpes simplex virus 1 

(HSV-1) has long been suspected to be present in human-habituated mountain gorillas in the 

wild. While the etiology of orofacial lesions in the wild has not been confirmed, HSV-1 has 

been suspected in captively-housed mountain gorillas and confirmed in a co-housed confiscated 

Grauer’s gorilla (Gorilla beringei graueri). To better characterize herpesviruses infecting mountain 

gorillas and to determine the presence/absence of HSV-1 in the free-living population, we 

conducted a population-wide survey to test for the presence of orally shed herpesviruses. DNA 

was extracted from discarded chewed plants collected from 294 individuals from 26 groups, 

and samples were screened by PCR using pan-herpesvirus and HSV-1-specific assays. We found 

no evidence that human herpesviruses had infected free-ranging mountain gorillas. However, 

we found gorilla-specific homologs to human herpesviruses, including cytomegaloviruses 

(GbbCMV-1 and 2), lymphocryptovirus (GbbLCV-1) and a new rhadinovirus (GbbRHV-1) with 

similar characteristics (i.e., timing of primary infection, shedding in multiple age groups and 

potential modes of transmission) to their human counterparts, human cytomegalovirus (HCMV), 

Epstein-Barr virus and Kaposi’s sarcoma-associated herpesvirus, respectively.
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Introduction:

Human-introduced infectious pathogens are a major threat to the survival of wild great apes 

(Leendertz et al., 2006). The endangered mountain gorilla (Gorilla beringei beringei) is at 

especially high risk for contracting human pathogens due to the fact that more than half of 

its population is human-habituated for tourism and research (Granjon et al., 2020; Hickey et 

al., 2019). Habituation of mountain gorillas began in the late 1960s, and today the majority 

of gorilla groups are in close proximity with people daily, including local community 

members employed as trackers and guides, as well as international tourists and researchers 

entering the parks. Mountain gorilla habitat is surrounded by some of the densest human 

populations in continental Africa, providing opportunities for widespread human contact, 

when people illegally enter the forest for utilization of park resources and when gorillas 

leave the parks to raid local crops and gardens (Sandbrook and Semple, 2006; Williamson 

and Fawcett, 2008).

Pathogen spillover from people has been documented in several great ape populations where 

contact with humans is close and common. Pathogen surveillance and research at this 

human-wildlife interface has often focused on acute diseases, particularly respiratory and 

neuroparalytic infections. An outbreak of suspected poliovirus occurred in the Kasakela 

community of the Gombe (Tanzania) chimpanzee population during the 1960s during which 

six chimpanzees died and at least six others were paralyzed (Goodall, 1983; Goodall, 

1986). It is likely that chimpanzees acquired poliovirus by eating discarded food from 

nearby human villages. Transmission of respiratory viruses from humans to wild apes was 

first reported at a chimpanzee research site in Taï Forest, Cote d’Ivoire, where human 

paramyxoviruses, human respiratory syncytial virus (HRSV) and human metapneumovirus 

(HMPV) were detected in tissues from dead chimpanzees (Kondgen et al., 2008). Research 

personnel were the most plausible sources of infection. HRSV, HMPV and other respiratory 

viruses including human respirovirus 3 and human coronavirus OC43 have since been 

detected frequently in different great ape species and populations (Kaur et al., 2008; 

Kondgen et al., 2010; Negrey et al, 2019; Patrono et al, 2018; Patrono et al, 2022). Human 

pathogens identified to specifically infect mountain gorillas have included gastrointestinal 

bacteria, HMPV, and HRSV and a suspected outbreak of measles virus (Hastings et al., 

1991; Mazet et al., 2020; Palacios et al., 2011; Rwego et al., 2008).

While acute diseases can be more easily observed in wild ape populations, pathogens 

causing persistent infections, with less evident or subclinical infections, can have dramatic 

long-term effects on small, isolated primate populations (Wallis and Lee, 1999). Viruses in 

the family Herpesviridae, comprising the alpha, beta and gammaherpesvirinae subfamilies 

(Gatherer et al., 2021), are ubiquitous in primates, and while some human herpesviruses 

are considered to have low pathogenic potential in the preponderance of their immune-
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competent hosts of origin, cross-species infections or infection of an immune-compromised 

individual can have adverse effects (Voevodin and Preston A. Marx, 2009b). In humans, 

herpes simplex virus 1 (HSV-1; an alpha herpesvirus) infections are typically asymptomatic 

or only associated with mild, recurrent oral-mucosal lesions (Brack, 1977). HSV-1 infections 

in captive primates have, however, resulted in fatalities, including in a western lowland 

gorilla (Gorilla gorilla gorilla), an orangutan (Pongo pygmaeus pygmaeus), patas monkeys 

(Erythrocebus patas), colobus monkeys (Colobus spp.), marmosets (Callithrix jaccbus), 

owl monkeys (Aotus trivirgatus), gibbons (Hylobates lar), and white-faced saki monkeys 

(Pithecia pithecia pithecia) (Heldstab et al., 1981; Kik et al., 2005; Loomis et al., 1981; 

Matz-Rensing et al., 2003; Melendez et al., 1969; Ramsay et al., 1982; Schrenzel et al., 

2003; Smith et al., 1969). HSV-1 has infected captive western and eastern lowland (Gorilla 
beringei graueri) gorillas, causing fever, oral lesions, and malaise (Eberle and Hilliard, 1989; 

Gilardi et al., 2014). Captive chimpanzees (Pan troglodytes and Pan paniscus) have also had 

suspected infections with human simplex virus type 2 (HSV-2; human alphaherpesvirus 2), 

or an as yet identified chimpanzee simplexvirus, causing genital lesions (McClure et al., 

1980). Varicella zoster, also an alpha herpesvirus has infected western lowland gorillas in 

captivity and can lead to debilitating disease (Masters et al., 2010; Myers et al., 1987).

To date, the only molecularly characterized herpesviruses in wild mountain gorillas are: 

gorilla lymphocryptovirus (GbbLCV-1), which is suspected to be associated with pulmonary 

reactive lymphoid hyperplasia in infants with immature or compromised immune systems 

(Smiley Evans et al., 2017); a cytomegalovirus (GbbCMV), which has unknown clinical 

etiology (Smiley Evans et al, 2016; Murthy et al, 2019) and a simplexvirus which most 

closely resembles human simplexvirus – 2 (HSV-2), which also has unknown clinical 

etiology (Wertheim et al, 2021). Mountain gorillas in the wild have shown serological 

positivity to HSV-1 / HSV-2, although seroassays could have been detecting antibodies to 

the now known gorilla simplexvirus or were cross-reacting with another closely related virus 

(Eberle, 1992; Whittier et al., 2005a). Further, raised orofacial, frequently ulcerated lesions 

observed around the mouths of mountain gorillas were first reported in 1989 and have been 

observed intermittently in individual gorillas ever since (personal communication, Michael 

R. Cranfield). It had been suggested that these herpetic-like lesions may be the result of a 

persistent HSV-1 in these animals.

Opportunities for pathogen transmission differ greatly between free-ranging and captive 

settings. While mountain gorillas are not maintained in any zoo collections, young gorillas 

orphaned by poaching in the Democratic Republic of Congo (DRC) are brought into 

captivity for triage and transition to long-term management in sanctuaries. These orphans 

require frequent contact with surrogate human caretakers. While close human contact as 

a management strategy best addresses orphan mountain gorilla’s psychological needs, this 

activity can inadvertently expose them to human pathogens. Mountain gorillas in captivity, 

reared by human caretakers, are likely to be exposed to HSV-1, since HSV-1 is one of the 

most common human pathogens (Kaufman et al., 2005) and is frequently shed in saliva of 

infected humans (Miller and Danaher, 2008). Indeed, HSV-1 was confirmed in a confiscated 

eastern lowland gorilla co-housed with captive mountain gorillas, and several mountain 

gorillas in the group displayed clinical signs of an acute herpesviral outbreak, including 

fever, malaise, and ulcerated lesions in and around the mouth (Gilardi et al., 2014).
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To better understand natural herpesviral infections in the wild population and survey 

for potential human herpesvirus introductions, we surveyed two mountain gorilla sub-

populations (Virunga gorillas in the Virunga Volcanoes Conservation Region (spanning 

Rwanda, Uganda, and the DRC) and the Bwindi gorillas in the Bwindi Impenetrable Forest, 

Uganda) for the presence of herpesviruses. By implementing broadly reactive herpesviral 

PCR assays, we were able to screen for all herpesviruses (both endemic and of potential 

human origin) circulating in the population.

Methods:

Study population

We surveyed Virunga mountain gorillas living in the 447 km2 Virunga Volcanoes 

conservation area, which is comprised of the Volcanoes, Virunga, and Mgahinga Gorilla 

National Parks spanning the borders of Rwanda, Democratic Republic of Congo, and 

Uganda (respectively), and Bwindi mountain gorillas living in the 331 km2 Bwindi 

Impenetrable National Park in Southwestern Uganda. This study protocol was approved 

by the Uganda Wildlife Authority, the Rwanda Development Board, and the Institutional 

Animal Care and Use Committee of the University of California, Davis. All research 

conducted adhered to the American Society of Primatologists principles for the ethical 

treatment of non-human primates.

Mountain gorilla sample and data collection

Chewed plant samples (n = 383) were collected from 294 individual, human-habituated 

mountain gorillas in the contiguous Volcanoes National Park in Rwanda and Mgahinga 

National Park in Uganda (referred to herein as the Virunga population) and in Bwindi 

Impenetrable National Park in Uganda as described previously (Smiley Evans et al., 2016). 

Briefly, samples of dropped plants were collected when a gorilla moved to a new foraging 

area. The portion of the discarded plant material that was the most masticated was cut 

using disposable, sterile scalpel blades, and plant pieces were placed in viral transport media 

for storage in liquid nitrogen. Chewed plant samples were collected between November 

2012 and June 2013. In addition, a review of histological findings from mountain gorilla 

ante-mortem and necropsy cases between 1989 and 2013 was conducted to identify potential 

cases of herpesviral infections. Archived tissue samples from suspect herpesvirus cases were 

identified from necropsies of mountain gorillas that died in the Volcanoes National Park 

between 2006 and 2011 (n = 65 tissue samples from 14 individuals).

Sample processing

Chewed plant samples were processed according to previously described techniques (Smiley 

Evans et al., 2016). Briefly, discarded plant samples stored in viral transport media 

were thawed, vortexed, and centrifuged to pellet plant material. Sample supernatant was 

then removed for total nucleic acid extraction. A subset of tissue samples, collected 

during routine necropsies, were frozen and stored at −80°C. Frozen tissue samples 

were subsequently cut into small pieces with scissors disinfected with 10% sodium 

hypochlorite after handling each sample, to prevent DNA cross-contamination between 

tissues and between samples from different individuals. Total nucleic acid was extracted 
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from approximately 600 μl of chewed plant supernatant and 100 mg of frozen tissue. Total 

nucleic acid was extracted using the NucliSENS® MiniMAG® system (bioMérieux, Inc.) 

according to the manufacturer’s protocols. Total nucleic acids were stored at −80° Celsius.

Molecular diagnostics

DNA was analyzed by polymerase chain reaction (PCR) to detect herpesviral DNA utilizing 

degenerative primers amplifying a 450 bp region of the terminase gene (TERM) and a 225 

bp region of the DNA polymerase gene (DPOL) (Smiley Evans et al., 2016). In addition, to 

generate larger sequences for phylogenetic analysis, a representative subset of samples was 

analyzed by PCR to detect a fragment of the glycoprotein B (gB) gene (Ehlers et al., 2010). 

Nested long-distance PCR was performed on a subset of samples to connect the DPOL and 

gB sequences using the TaKaRa-Ex PCR system, according to manufacturer’s instructions 

(Kakara Bio Inc., Japan) by using virus-specific primers (Supplemental Table 1).

Because degenerate herpesvirus assays can sometimes favor one herpesvirus over another 

(Prepens et al., 2007), all samples were also screened using an HSV-1 specific PCR assay. 

Primers were designed from an HSV-1 sequence detected in an orphan Grauer’s gorilla 

(Supplemental Table 1) (Gilardi et al., 2014). Parallel reactions were run amplifying a 

544 bp fragment of the mammalian beta-actin gene to test sample quality (Hammond et 

al., 2005). PCR products of appropriate size were cloned using TOPO® TA and TOPO® 

XL cloning kits (Invitrogen, Carlsbad, CA, USA) depending on the sequence size, and 

sequencing was performed using Sanger sequencing at the University of California, Davis 

DNA sequencing laboratory. Sequences were compared to other published herpesviral 

sequences in the GenBank Database (National Center for Biotechnology Information, 

National Library of Medicine, Bethesda, Maryland, USA). Sequences were edited using 

Geneious version 7.0.6. Alignments were constructed using CLUSTAL W, executed 

through Geneious. Neighbor-joining trees were built in Geneious and bootstrapping using 

1000 repetitions. Trees were constructed with outgroups provided by EBV (Human 

gammaherpesvirus 4, HHV-4).

Statistical analysis

Wild mountain gorillas were divided into age classes: infants were defined as gorillas 

less than three years of age, juveniles as three to five years, subadults as six to seven 

years, adult females as eight years and older, black backs as eight to 11 year-old males, 

and silverbacks as males 12 years and older (Robbins et al., 2009; Williamson and Gerald-

Steklis, 2001). Period prevalence and 95% binomial exact confidence intervals (CI) for 

oral shedding of herpesviruses were calculated across age class and sex. Bivariate analysis 

using a 2-sided chi-square test and the odds ratio were used to evaluate distribution among 

age, sex, and group classifications. Because gorillas within the same family group were 

likely to be similar to each other with respect to similar stresses imposed on the group at 

sampling time and herpesvirus transmission through close contact, evaluation of the effects 

of conservation area, family group, age and sex on gorilla cytomegalovirus oral shedding 

was further examined by multivariable analysis using a mixed-effects logistic regression 

model (Demidenko, 2004; Pearson et al., 2008). Furthermore, it was not known at the 

time of sample collection whether previous samples collected from individual gorillas were 
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of sufficient quality for virus detection, and an opportunistic approach was taken wherein 

samples were collected whenever a “good chewed” sample was serendipitously available. 

Opportunistic sampling presented the risk that repeated sampling of individuals might occur. 

For prevalence estimates, all samples were assumed to reflect an independent sample of 

a single individual due to the likelihood of intermittent shedding. For our multivariable 

analyses, family group and repeated measures were incorporated as random effect variables 

in the mixed effect model. Multilevel mixed effects modeling implemented a likelihood-

based estimation method that allowed for all available data to be used in the analysis while 

accounting for correlation among groups and repeated samples from individuals with similar 

risk. An unstructured covariance matrix was chosen for the random effects. Fixed effects 

variables included age and sex. The decision whether to include a variable in the model was 

evaluated using the likelihood-ratio test to determine whether each significantly improved 

model fit (P<0.05), compared to a model without that variable. Variables were retained in 

the model if they improved fit, while minimizing Akaike Information Criterion (AIC), or 

were determined to be important confounders based on bivariate analyses.

To measure confidence in detection of oral shedding of a herpesvirus, an approximation of 

the hypergeometric distribution was used to calculate the sample size needed to demonstrate 

absence of viral shedding (Cameron and Baldock, 1998). The difference between the 

proportion of live wild mountain gorilla infants orally shedding a specific herpesvirus and 

dead infants examined with concurrent specific herpesviral infections was evaluated using 

the Fisher’s exact test (Fisher, 1935). The proportion of mother-infant pairs concordantly 

shedding a herpesvirus was evaluated using the McNemar’s test (McNemar, 1947). All 

statistical analyses were performed using STATA version 13.1 (StataCorp, 2013).

Results:

A total of 332 samples were collected and included in analyses. Of the 383 total collected 

samples, 51 were excluded from statistical calculations because they tested negative for 

both herpesviruses and mammalian beta-actin; therefore, inadequate collection of sample 

material could not be ruled out. Based on population sizes at the time of sample collection, 

we screened approximately 76% of the Bwindi and 48% of the Virunga habituated gorilla 

populations, and 32% of the Bwindi and 35% of the Virunga total gorilla population (both 

habituated and non-habituated gorillas) for herpesviruses (representing n=294 individuals 

from 26 family groups, as determined by visual identification of known individuals). We 

detected herpesviruses in the beta- and gamma herpesvirinae subfamilies including mountain 

gorilla-specific strains of cytomegalovirus 1 (GbbCMV-1), cytomegalovirus 2 (GbbCMV-2), 

rhadinovirus 1 (GbbRHV-1) and lymphocryptovirus 1 (GbbLCV-1) (GbbLCV-1 detailed 

findings described in Smiley Evans et al., 2017) (Table 1). We did not detect human HSV-1 

in wild-habituated mountain gorillas using any of our diagnostic methods, including infants 

with active raised orofacial lesions, previously suspected to be of herpetic origin.

Our sample sizes were sufficient for demonstrating absence of viral shedding for a shedding 

prevalence of 10% (the estimated prevalence of orofacial lesions seen in mountain gorillas) 

and would have been sufficient for a true shedding prevalence as low as 2.5% (Sergeant, 

2016). Herpesvirus-like inclusion bodies in tissues from three mountain gorilla necropsy 

Evans et al. Page 6

Am J Primatol. Author manuscript; available in PMC 2024 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cases (n = 1 buccal lesion, n = 1 tongue, n = 1 esophagus) were identified and included 

in analyses. Two antemortem cases of mountain gorilla infants displaying clinical signs 

of multiple, diffuse, raised orofacial lesions (not observed elsewhere on the body) that 

progressed to vesicles consistent with a herpes-like infection were also identified (Whittier 

et al., 2005b). Furthermore, during our collection of chewed plant oral samples from wild 

mountain gorillas, two infants were identified to have herpesvirus-like orofacial lesions 

at the time of sample collection. All identified necropsy and antemortem tissue and oral 

samples from individuals with associated herpesvirus-like lesions were tested using the same 

pan-herpesvirus and HSV-1-specific PCR assays described above. HSV-1 was not detected 

in any of these cases.

Gorilla specific strains of cytomegalovirus (GbbCMVs) were detected in 9.26% and 

14.7% of the Bwindi and Virunga gorillas, respectively. Sequences detected were divided 

into two major clades (Figure 1), similar to western lowland gorilla CMV 1.1 and 2.1 

(GgorCMV-1.1, GgorCMV-2.1) described previously (Leendertz et al., 2009) (Figure 2). 

Alignment of a 605 bp fragment of the gB gene of GbbCMV-1 (Genbank Accession 

# KX839482) showed 96.9% nucleotide similarity and 96.6% amino acid similarity 

to GgorCMV-1.1, and 70.5% nucleotide and 68.0% amino acid similarity to HCMV. 

Alignment of a 1,280 bp fragment of the gB gene of GbbCMV-2 (Genbank Accession # 

KX839483) showed 96.02% nucleotide and 96.24% amino acid similarity to GgorCMV-2.1, 

and 80.16% nucleotide and 79.34% amino acid similarity to HCMV.

The highest prevalence of GbbCMV oral shedding (both GbbCMV-1 and GbbCMV-2) was 

detected in infants between the ages of 2.5 and 3 years (Table 2). Based on multivariable 

analysis, infants were 2.5 times as likely to be shedding GbbCMV compared to other 

ages (P=0.04). While GbbCMV oral shedding was highest in the infant age group, we 

also detected GbbCMV oral shedding in juveniles, subadults and adults (Table 2). We 

did not detect any significant differences between sex, other age groups, park or family 

group and GbbCMV oral shedding. Infant GbbCMV oral shedding was not correlated with 

maternal oral shedding. We tested oral samples from 19 Bwindi and Virunga mother-infant 

pairs including one mother-twin infant pair. Three mother-infant pairs were both shedding 

GbbCMV in saliva, 12 mother-infant pairs were both not shedding, in one pair only the 

mother was shedding, and in three pairs only the infant was shedding. All three pairs in 

which both mother and infant were shedding CMV on the same day of sample collection 

were shedding the same CMV type (either CMV type 1 or type 2).

We tested postmortem tissues for herpesviruses from fourteen infants that died of natural 

causes and had suspected herpetic-like lesions on histological examination (Figure 3). 

GbbCMV was detected in tissues from three infants (27%) including the lung tissue of 

two infants and the pancreas of one infant. Two of the deaths were related to maternal 

abandonment, and the infants demonstrated thymic atrophy at the time of death (thymus 

was not available for histology from one infant). All three infants had pulmonary lymphoid 

reactive hyperplasia (PRLH) incidental to their primary cause of death and were co-infected 

with GbbLCV-1, which is thought to be associated with PRLH (Smiley Evans et al., 2017). 

The proportion of infant deaths with concurrent GbbCMV infection was not significantly 

different from the proportion of live infants orally shedding GbbCMV. It is unclear whether 
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GbbCMV was potentially associated with PRLH in any of these cases. Two antemortem 

cases with perioral herpes-like lesions which were negative for all other herpesviruses were 

positive for GbbLCV-1.

We also detected a mountain gorilla-specific strain of Rhadinovirus 1 (GbbRHV-1) using 

pan herpesvirus assays in a total of six mountain gorillas, including two juveniles and one 

adult Bwindi gorilla and one juvenile and two adult Virunga gorillas. To further characterize 

the detected rhadinovirus sequences, all positive samples were analyzed by PCR to detect 

a fragment of the gB gene. Long-distance-PCR was then performed to connect DPOL 

and gB gene sequences. Alignment of a 3,326 bp sequence, encompassing fragments of 

the DPOL and gB genes, showed 98.96% nucleotide and 100% amino acid similarity to 

Gorilla gorilla rhadinovirus 1 (Genbank Accession # AY177144.2), and 86.59% nucleotide 

and 91.04% amino acid similarity to human KSHV. Alignment of a 510 bp fragment of 

the DPOL gene showed that GbbRHV-1 clustered with GgorRHV-1 (Figure 4). GbbRHV-1 

was not detected in infants, including infants of infected mothers. We did not detect any 

significant differences between sex, other age groups, park or family group and GbbRHV-1 

oral shedding. GbbRHV-1 was also not detected in any mountain gorilla post-mortem tissues 

tested.

Discussion:

Our results indicate that wild mountain gorilla populations were not infected with human 

HSV-1 at the time of sample collection, despite known frequent direct contact between 

mountain gorillas and humans. We expected to identify HSV-1 viral shedding if it were 

present in an individual gorilla given the frequency and duration of shedding in infected 

humans. In humans, epidemiological studies have confirmed HSV-1 oral shedding in 

approximately 70% of healthy adults (Miller and Danaher, 2008), and among positive 

people, virus is shed in greater than 98% of individuals over a 30-day period (Kaufman 

et al., 2005). Furthermore, we know that eastern gorillas can be infected with HSV-1 and 

that virus is detectable in oral swabs from eastern gorillas using the pan-herpes PCR assays 

utilized in this study (Gilardi et al., 2014). In addition, our HSV-1 specific assay had a 

detection limit of two viral copies. Further evidence from a small sample size of mountain 

gorillas (n = 8 individuals) that demonstrated herpetic like orofacial lesions also failed to 

detect the presence of a simplexvirus in fecal samples (Wertheim et al, 2021). Given that 

we did not detect HSV-1 in oral samples collected from a significant proportion of the 

total mountain gorilla population or in suspected herpetic-like lesions from opportunistically 

collected antemortem and pathology cases over the course of 24 years, we conclude that 

HSV-1 had not entered the wild population at the time of this study.

While we did not amplify any alpha herpesvirus DNA using pan-herpevirus primers, 

serological positivity to a virus antigenically similar but not identical to HSV-2 has been 

reported in mountain gorillas, and serological positivity to HSV-1 but not HSV-2 has also 

been reported (Eberle, 1992; Whittier et al., 2005a). These contradictory findings may 

represent exposure to the simplexvirus most closely resembling HSV-2 that was genetically 

characterized in mountain gorillas in 2022 (Wertheimer et al, 2022). Alternatively, the 

earlier reported serological results may provide additional evidence for the cross-reactivity 
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associated with human serological assays when applied to gorillas (Smiley Evans et al., 

2017). We did not detect HSV-1 in infants with active herpetic-like orofacial lesions present 

at the time of sampling, providing evidence that these lesions, previously theorized to be 

caused by an alpha herpesvirus, were not caused by HSV-1 and are likely caused by an 

etiological agent that is not a herpesvirus, or at least, a herpesvirus-like agent whose genome 

cannot be amplified with these primer sets and conditions.

By applying broadly reactive PCR screening assays in our search for HSV-1, we 

documented several gorilla-specific herpesviruses, including two beta herpesviruses 

(GbbCMV-1 and GbbCMV-2) and two gamma herpesviruses (GbbRHV-1 and GbbLCV-1) 

that demonstrated epidemiologic similarities to their counterparts in humans. For example, 

infant mountain gorillas were significantly more likely to be shedding GbbCMV compared 

to other age groups, similar to people, where oral shedding of human CMV (HCMV) peaks 

between 1 and 2 years of age (Cannon et al., 2011). Human infants and young children 

often acquire primary HCMV infection through breastfeeding (Schleiss, 2006) or through 

contact with other children who are actively shedding virus (Adler, 1985). We did not find 

a significant correlation between mother and infant oral GbbCMV shedding in mountain 

gorillas, indicating that infection may be occurring through contact with other gorillas of 

similar age within family groups. Mountain gorilla infants spend a large portion of their 

day playing with and grooming other infants, during which time they are in contact with 

other gorillas’ saliva and sometimes urine, providing potential routes for transmission of 

GbbCMV. Mother to offspring transmission of GbbCMV through breast milk or saliva is 

also likely a potential mode of transmission, as three mother / infant pairs were documented 

to be shedding the same type of CMV simultaneously (CMV-1 vs CMV-2). While these 

inferences are made on a small cross-sectional sample size, they are consistent with what we 

know about human CMV transmission commonly occurring among young human children 

and rhesus macaque CMV transmission occurring horizontally through exposure to urine, 

saliva or feces of other animals (Cannon et al, 2011). We recommend longitudinal sampling 

and/or further viral sequence analyses to prove a specific transmission route.

Cytomegaloviruses are of unknown pathogenicity in mountain gorillas or other non-human 

great apes. In humans, HCMV is usually asymptomatic in immune-competent people, or 

it sometimes presents as transient flu-like illness and self-resolving clinical outcomes. 

However, HCMV is a significant cause of morbidity and mortality in immunologically 

immature or immune-compromised individuals, such as transplant recipients, human 

immunodeficiency virus-infected patients, and congenitally infected fetuses/newborns 

(Alford and Britt, 1993; Stagno, 1990). HCMV is the most common congenital infection 

globally, occurring in 0.5 % up to 6% of all pregnancies (average ~1%) (Zuhair et al, 2019). 

Intrauterine HCMV is a known teratogen for fetal growth and development with the fetal 

central nervous system a prominent target of sequelae resulting in lifelong neurological 

deficits, including microcephaly, hearing loss, developmental and motor impairments 

(Voevodin and Preston A. Marx, 2009a; Yue and Barry, 2008; Coppola et al, 2019). In rhesus 

macaques, rhesus cytomegalovirus (RhCMV) is endemic with near 100% seroprevalence in 

both wild populations of macaques as well as in breeding facilities (Feeroz et al, 2013; Vogel 

et al, 1994). RhCMV elicits asymptomatic infections in immune-competent individuals but 

can result in congenital disease in experimentally infected animals in utero and disseminated 
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disease in immune-compromised animals (Barry et al., 2006; Bialas et al., 2015; Tarantal 

et al., 1998; Voevodin and Preston A. Marx, 2009a; Yue and Barry, 2008). In breeding 

facility-reared macaques, RhCMV is asymptomatically shed in bodily fluids, such as saliva 

and urine, for years and even decades following primary infection of an uninfected animal 

(Oxford et al, 2015; Eberhardt et al, 2016). Seroconversion within newborn animals is rapid 

(~1 year) and appears coincident with post weaning from the dam (Vogel et al, 1994). 

Human and non-human primates suffering from other bacterial and viral diseases may 

experience disease exacerbation by fulminant reactivation of CMV. In the mountain gorilla 

cases reported here, we found thymic atrophy associated with GbbCMV infection in two 

infant mountain gorillas that were necropsied, which is consistent with the theory of immune 

dysregulation leading to reactivation of endemic CMV in these infants (Figure 3).

We detected two gamma herpesviruses in this study, a rhadinovirus (GbbRHV-1) and a 

lymphocryptovirus (GbbLCV-1) using a pan-herpesvirus assays. Only a small number of 

individual mountain gorillas were shedding GbbRHV-1 (6 / 332 individuals), indicating 

that GbbRHV-1 infection is not widespread in the mountain gorilla population, or it is 

not frequently shed in saliva. In humans, in endemic regions such as sub-Saharan Africa, 

transmission of Kaposi’s sarcoma associated herpesvirus (KSHV; a rhadinovirus) typically 

occurs during childhood, likely through close contact with infected individual’s saliva or 

shared household utensils (Mayama et al., 1998; Mbulaiteye et al., 2006). However, in 

non-endemic countries, transmission typically occurs at older ages through sexual contact 

(Martin et al., 1998). Mountain gorillas are likely infected as juveniles (GbbRHV-1 was not 

detected in any infants) through close contact with other infected gorillas’ saliva or after 

sexual maturity through sexual contact. Our findings suggest a scenario more similar to the 

non-endemic epidemiologic pattern in humans although larger longitudinal samples sizes are 

needed to definitively determine transmission patterns.

Little is known about the pathogenic potential of gamma herpesviruses in non-human great 

apes, but parallels can be considered based on research performed in humans. Previously, 

we described the detection of GbbLCV-1 in mountain gorilla lung tissue in association 

with lesions consistent with pulmonary lymphoid reactive hyperplasia (Smiley Evans et 

al., 2017), a condition noted in immune-deficient humans infected with Epstein-Barr virus. 

In humans, KSHV can lead to Kaposi’s sarcoma and plays a role in the pathogenesis 

of two rare B-cell lymphoproliferative disorders, primary effusion lymphoma and multi-

centric Castleman’s disease (Chang et al., 1994; Nador et al., 1996; Soulier et al., 1995). 

KSHV is also associated with HIV-related solid immunoblastic/plasmablastic diffuse large 

B-cell lymphoma (Deloose et al., 2005). In SIV infected macaques, rhesus rhadinovirus 

1 is associated with hyperplastic B-lymphoproliferative disease (Wong et al., 1999) and 

retroperitoneal fibromatosis-associated herpesvirus; rhesus rhadinovirus 2 is associated 

with SAIDS-related Kaposi’s sarcoma-like tumors (Cai et al., 2005). We do not know 

if the mountain gorilla rhadinovirus detected here is associated with clinical features or 

pathological outcomes. All mountain gorillas sampled in this study were closely observed 

for visible oral or skin lesions prior to collecting each sample, and all gorillas in which 

GbbRHV-1 was detected appeared healthy at the time of sampling. GbbRHV-1 was not 

detected in any post-mortem tissue samples tested in this study. Furthermore, lesions similar 

to those seen with KSHV infections in people have not been observed in mountain gorilla 
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tissues. Future examinations of gorillas should be conducted with a heightened awareness 

that mountain gorilla CMVs, a rhadinovirus and a lymphocryptovirus naturally circulate 

within the population, so that if present, pathological conditions similar to those associated 

with their human herpesvirus counterparts can be documented. Particular attention should be 

paid to individuals suspected to be immune compromised, such as infants exhibiting signs 

of failure to thrive and animals with poor condition, as well as known immunocompromised 

individuals as identified on post-mortem.

Through prospective and retrospective analysis of herpesviruses circulating in the wild 

mountain gorilla population, we demonstrate potential similar epidemiologic patterns for 

herpesviruses of gorilla origin (GbbCMV-1, GbbCMV-2, GbbRHV-1, and GbbLCV-1) 

with those identified in humans, as well as the absence of human introduced HSV-1 

with implications for conservation management. For example, if conservation strategies 

for mountain gorillas were to include reintroduction of formerly captive individuals, the 

potential for introducing novel human pathogens to wild populations will require careful 

consideration. We conclude that as eastern gorillas continue to be brought into captivity, they 

will be exposed to and likely infected with HSV-1. Evidence that wild mountain gorillas 

are not currently infected with human HSV-1, while captive eastern gorillas are, suggests 

that reintroducing an HSV-1 infected orphan gorilla could introduce a human virus that 

would be novel to the wild gorilla population. While infection of adult western lowland 

gorillas with HSV-1 has resulted in clinically observable mild symptoms compared to other 

primate species, it is important to consider that HSV infection has been associated with 

decreased fertility in human males and systemic disease leading to mortality in human 

and western lowland gorilla infants (Heldstab et al., 1981; Monavari et al., 2013; Whitley 

et al., 1980). A mountain gorilla has never successfully been reintroduced to the wild 

after living in a sanctuary; however, this conservation practice could hypothetically be 

considered in the future if larger numbers of mountain gorillas require captive care. With 

such a small remaining wild population of mountain gorillas, every individual is potentially 

of genetic importance. Because the potential health and reproductive effects of HSV-1 

infection in mountain gorillas are unknown, reintroduction of formerly captive mountain 

gorillas infected with HSV-1 could pose an unacceptable risk to this isolated and endangered 

species. We recommend continuing to screen wild mountain gorillas and other great ape 

populations for all potential human introduced infectious diseases in advance of decision-

making regarding reintroductions.
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Research Highlights

• Discovery of mountain gorilla-specific homologs to human herpesviruses, 

including cytomegaloviruses, lymphocryptovirus and a rhadinovirus with 

similar characteristics to their human counterparts.

• Human herpes simplex virus 1 (HSV-1) has not entered the wild mountain 

gorilla population despite frequent contact with humans.

• Consideration of reintroduction of captive mountain gorillas should carefully 

consider the potential of introducing HSV-1 and other human pathogens to the 

wild population.
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Figure 1. 
Suspected viral lesions with potential herpetic etiology prompting investigation of infectious 

cause in free-ranging mountain gorilla populations (Photo credit: Gorilla Doctors).
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Figure 2. 
Phylogenetic tree for primate CMVs based on partial UL55 (gB) sequences. The 

tree was derived from a 605 bp alignment using Neighbor-joining in Genious v.7.0.6 

with outgroup provided by EBV (Human gammaherpesvirus 4, HHV-4). Numbers 

at each node indicate the percentage of bootstrap samples (out of 100) in which 

the cluster to the right is supported. Sequences published in Genbank used to 

construct this tree included: Gorilla beringei beringei cytomegalovirus 1 (GbbCMV1, 

KX839482), Gorilla beringei beringei cytomegalovirus 2 (GbbCMV2, KX839483), Gorilla 
gorilla cytomegalovirus 1.1 (GgorCMV-1.1, FJ538492), Gorilla gorilla cytomegalovirus 
2.1 (GgorCMV-2.1, FJ538490), Gorilla gorilla cytomegalovirus 2.2 (GgorCMV-2.2, 

FJ538491), Pan troglodytes cytomegalovirus 1.1 (PtroCMV-1.1, FJ38485), Pan troglodytes 
cytomegalovirus 2.1 (PtroCMV-2.1, FJ538487), Pan troglodytes cytomegalovirus 2.2 
(PtroCMV-2.2, FJ538488), Pan troglodytes cytomegalovirus 2.3 (PtroCMV-2.3, FJ538489), 

Chimpanzee cytomegalovirus (Panine herpesvirus 5) (CCMV, NC_003521), Human 
herpesvirus 5 (HHV-5-Merlin, AY446894), Pongo pygmaeus cytomegalovirus 1.1 
(PpygCMV-1.1, AY129396), Pongo pygmaeus cytomegalovirus 1.2 (PpygCMV-1.2, 

FJ538493), Rhesus cytomegalvoirus (cercopithecine herpesvirus 8) (RhCMV, AY186194), 

Rat cytomegalovirus (RCMV, AF232689), Human herpesvirus 4 (HHV-4, LN827558).
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Figure 3. 
Liver from an infant mountain gorilla that died from septicemia secondary to gangrenous 

necrosis of the left leg. An enlarged (cytomegalic) hepatocyte (arrow) with enlarged nucleus 

(karyomegaly) containing an intranuclear inclusion body and a small cytoplasmic inclusion 

body all of which are characteristic of cytomegalovirus infection.
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Figure 4. 
Phylogenetic tree of primate rhadinoviruses based on partial DNA polymerase (DPOL) 

sequences. The tree was derived from a 510 bp alignment using Neighbor-joining 

in Genious v.7.0.6 with outgroup provided by EBV (Human gammaherpesvirus 4, 

HHV-4). Numbers at each node indicate the percentage of bootstrap samples (out of 

100) in which the cluster to the right is supported. Sequences published in Genbank 

used to construct this tree included: Gorilla beringei beringei rhadinovirus 1 (GbbRV1, 

sequence submitted), Gorilla gorilla cytomegalovirus 1.1 (GgorCMV-1.1, FJ538492), 

Gorilla gorilla cytomegalovirus 2.1 (GgorCMV-2.1, FJ538490), Human herpesvirus 
4 (HHV-4, LN827558), Retroperitoneal fibromatosis-associated herpesvirus Macaca 
nemestrina (RFHVMn, AF005478), Chimpanzee rhadinovirus 1b (PanRHV1b, AF250881), 

Gorilla gorilla rhadinovirus 1 (GgorRHV-1, AY177144), Kaposi sarcoma associated 
herpesvirus (HHV-8, AF148805), Chimpanzee rhadinovirus 1 (PanRHV1, AY138585), 

Chimpanzee rhadinovirus 1a (PanRHV1a, AF250879), Mandrill rhadinovirus 2 (MndRHV2, 

AF282937), Chimpanzee rhadinovirus 2 (PanRHV2, AF246488).
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Table 1.

Herpesviruses detected from mountain gorilla (Gorilla beringei beringei) chewed plant samples in the Bwindi 

Impenetrable Forest and Virunga Conservation Region between November 2012 and June 2013.

Herpesvirus
subfamily Genus Virus

Prevalence 95 %Binomial
Exact CI

Beta herpesvirinae Cytomegalovirus
Gorilla beringei beringei strain of cytomegalovirus 1 
(GbbCMV-1) 18 / 332 (0.05) 0.03 - 0.08

Gorilla beringei beringei strain of cytomegalovirus 2 
(GbbCMV-2) 24 / 332 (0.07) 0.04 – 0.10

Gamma 
herpesvirinae Lymphocryptovirus

Gorilla beringei beringei strain of lymphocryptovirus 1 
(GbbLCV-1) 139 / 332 (0.42) 0.37 – 0.47

Rhadinovirus
Gorilla beringei beringei strain of rhadinovirus 1 
(GbbRHV-1) 6 / 332 (0.02) 0.01 – 0.04
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Table 2.

Mountain gorillas (Gorilla beringei beringei) from the Bwindi Impenetrable Forest and Virunga Conservation 

Region orally shedding GbbCMV between November 2012 and June 2013 summarized by age and sex.

Age Group† Sex Period Prevalence 95% Binomial Exact CI

Infant Male 0.35 0.15 - 0.59

Female 0.13 0.02 - 0.38

Unknown 0.00 0.00 - 0.26

Juvenile Male 0.21 0.09 - 0.39

Female 0.08 0.00 - 0.38

Unknown 0.18 0.02 - 0.52

Subadult Male 0.27 0.06 - 0.61

Female 0.00 0.00 - 0.52

Adult Male 0.05 0.02 - 0.12

Female 0.11 0.06 - 0.19

†
Infants were defined as gorillas less than three years of age, juveniles as three to five, subadults as six to seven, adult females as eight years and 

older, black backs as eight to 11 years, and silverbacks as 12 years and older [Robbins et al., 2009; Williamson and Gerald-Steklis, 2001].
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