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Abstract: Respiratory illness (RI) accounts for a large proportion of mortalities in mountain gorillas (Gorilla

beringei beringei), and fatal outbreaks, including disease caused by human metapneumovirus (HMPV) infec-

tions, have heightened concern about the risk of human pathogen transmission to this endangered species,

which is not only critically important to the biodiversity of its ecosystem but also to the economies of the

surrounding human communities. Our goal was to conduct a molecular epidemiologic study to detect the

presence of HRSV and HMPV in fecal samples from wild human-habituated free-ranging mountain gorillas in

Rwanda and to evaluate the role of these viruses in RI outbreaks. Fecal samples were collected from gorillas

with clinical signs of RI between June 2012 and February 2013 and tested by real-time and conventional

polymerase chain reaction (PCR) assays; comparison fecal samples were obtained from gorillas without clinical

signs of RI sampled during the 2010 Virunga gorilla population census. PCR assays detected HMPV and HRSV

first in spiked samples; subsequently, HRSV-A, the worldwide-circulating ON1 genotype, was detected in 12 of

20 mountain gorilla fecal samples collected from gorillas with RI during outbreaks, but not in samples from

animals without respiratory illness. Our findings confirmed that pathogenic human respiratory viruses are

transmitted to gorillas and that they are repeatedly introduced into mountain gorilla populations from people,

attesting to the need for stringent biosecurity measures for the protection of gorilla health.
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INTRODUCTION

Mountain gorillas (Gorilla beringei beringei) are endan-

gered, with just 1063 individuals in two protected areas in

east central Africa (Hickey et al. 2018a, 2019). Over 70% of

the 604 gorillas in the Virunga Massif, which spans three

national parks in Rwanda, the Democratic Republic of

Congo, and Uganda, are human-habituated for visitation

for observational research and tourism (Hickey et al.

2018b). The Virunga mountain gorilla population has

experienced a steady growth rate, with previous studies

suggesting that the human-habituated mountain gorilla

subpopulation experiences annual growth while the

unhabituated subpopulation does not (Kalpers et al 2003).

Growth in the habituated gorilla population is likely the

result of daily monitoring and veterinary intervention

(Robbins et al. 2011).

The burgeoning wildlife tourism industry has increased

the demand for experiences that put tourists in close

proximity to wild great apes (Setchell et al. 2016). These

ecotourism activities contribute to economic benefits for

local people and governments by generating tourism-re-

lated employment opportunities and revenue (Homsy

1999; Nolen 2006). Despite these benefits, there is

mounting evidence of pathogen transmission between hu-

mans and mountain gorillas, likely the result of their close

genetic relationship and susceptibility to many of the same

pathogens (Nizeyi et al. 2001, 2002; Alvarez and Vollm

2004; Cranfield 2008). Of particular concern are zoonotic

respiratory pathogens because respiratory illness (RI) in

mountain gorillas accounts for approximately a quarter of

investigated mortalities and is the second leading cause of

death after trauma (Cranfield 2008), including in infants

(Hassell et al. 2017).

Morbidity from RI in mountain gorillas is high as well.

A review of respiratory disease in mountain gorillas from

1990 to 2010 noted moderate to severe outbreaks of RI in

twelve separate mountain gorillas groups between 2008 and

2010, in which group-wide morbidity ranged from 47 to

100% (Spelman et al. 2013). In 2009, a human virus, hu-

man metapneumovirus (HMPV), contributed to the deaths

of two gorillas during an outbreak of severe RI, involving

11 of 12 individuals in a family group (Palacios et al. 2011).

Further, pneumoviruses (such as HMPV) and certain rhi-

noviruses and coronaviruses have been identified as cau-

sative agents in morbidity and mortality events in other

great ape populations, including wild human-habituated

(Kaur et al. 2008; Köndgen et al. 2008; Scully et al. 2018;

Patrono et al. 2018; Negrey et al. 2019) and captive (Slater

et al. 2014; Szentiks et al. 2009) chimpanzees (Pan troglo-

dytes), and exposure to human respiratory pathogens in

captivity appears to be common in great apes, especially

when human contact is frequent (Buitendijk et al. 2014;

Kilbourn et al. 2003; Kooriyama et al. 2013). Another

pneumovirus, human respiratory syncytial virus (HRSV),

has been documented to simultaneously infect western

lowland gorillas (Gorilla gorilla gorilla) and people in the

surrounding communities in the Central African Republic

(Grützmacher et al. 2016). Exacerbating the morbidity and

mortality of these pneumoviruses are deadly opportunistic

coinfections with Streptococcus pneumoniae and other

bacteria (Chi et al. 2007; Grützmacher et al. 2018; Köndgen

et al. 2008, 2017; Palacios et al. 2011; Unwin et al. 2013),

amplifying the impact from the risk of exposure to these

pathogens.

Although they are the leading causes of severe respi-

ratory illness in children worldwide (Aslanzadeh and Tang

2011; Liu 2011), HRSV and HMPV can also cause

asymptomatic infections, in which the virus is detectable in

respiratory secretions in the absence of symptoms (Hall

et al. 2001), and thus infected individuals may not be aware

that they are infectious to others. Given the frequency of

close contact with humans and the evidence for pneu-

moviruses contributing to RI outbreaks in habituated great

apes, the potential for disease caused by repeated intro-

ductions of human pathogens into mountain gorilla pop-

ulations with unknown post-infection immunity warranted

further investigation (Ryan and Walsh 2011). Unfortu-

nately, direct sampling of the respiratory tract of wild

endangered gorillas for diagnostic testing is impractical

except under very specific circumstances (e.g. chemical

immobilization for snare removal or clinical treatment).

Alternatively, non-invasive samples (samples that do not

require animal handling and chemical immobilization for

acquisition), such as feces, can be readily collected. Studies

have shown that HMPV and HRSV can be detected in feces

from lowland gorillas, bonobos (Pan paniscus), and chim-

panzees by real-time and conventional PCR assays

(Grützmacher et al. 2016, 2018; Köndgen et al. 2010).

Given the impacts of RI on mountain gorilla health

and the association of human pneumoviruses with previous

RI outbreaks in great apes, including mountain gorillas, our
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goal was to conduct a molecular epidemiologic study to

determine the prevalence and impact of HRSV and HMPV

infection in cases of RI in mountain gorillas from the

Virunga population. Specifically, the objectives of this

study were to: (1) use real-time and conventional PCR

assays to detect HRSV and HMPV in fecal samples col-

lected from wild mountain gorillas with and without signs

of respiratory illness; and (2) use the findings to inform

future surveillance and disease prevention efforts, such as

guidelines for human visitation of mountain gorillas, to

protect the health of people and gorillas.

MATERIALS AND METHODS

Laboratory Assay Detection Limit

Real-time and conventional PCR assays to detect HMPV

and HRSV (Köndgen et al. 2010) were utilized for labo-

ratory optimization. HMPV screening was performed by

real-time PCR using the NL-N 2 assay (Klemenc et al.

2012) to amplify a 170 bp portion of the conserved N

(nucleocapsid) gene. Sequences for HMPV phylogenetic

analysis were amplified using a conventional PCR assay

amplifying a 885 bp segment of the P (phosphoprotein)

gene (Piyaratna et al. 2011). HRSV screening was per-

formed by real-time PCR (Reiche and Schweiger 2009) with

a probe modification (Köndgen et al. 2010) to amplify

a * 120 bp fragment of the conserved N (RNA-binding

protein) gene. Sequences for HRSV phylogenetic analysis

were amplified using two hemi-nested, conventional PCR

assays specific for the two main subgroups, A and B, to

amplify a 450–530 bp fragment of the G (attachment

protein) gene, targeting the second hypervariable region

(Sato et al. 2005).

Positive controls (PCs) included HRSV strain Long

(VR-26D from ATCC, Manassas, Virginia; accession

number AY911262) and HMPV strains A2 TN/94-49

(Genbank accession no.: JN184400) and B2 TN/89-515

(kindly provided by Dr. John Williams, Vanderbilt

University). Analytic detection limits of the real-time PCR

screening assays were determined by amplifying the N gene

fragments from the HRSV and HMPV positive controls,

and amplified PCR products were cloned into plasmids

(Invitrogen TOPO TA Cloning Kit, Life Technologies,

Carlsbad, CA), and sequenced (University of California,

Davis Sequencing Facility using BigDye Terminator v. 3.1

Cycle Sequencing Kit on an ABI Prism 3730 Genetic

Analyzer). Positive control standard curves were generated

by serial plasmid dilutions ranging from 1 to 1,00,000

plasmid copies/3ul (corresponding to 1.16E-9 - 1.16E-

4 ng DNA) of the HRSV and HMPV controls.

Serial dilutions of known concentrations of HRSV and

HMPV viral RNA, as determined by spectrophotometer,

were spiked into 200 mg aliquots of verified HRSV- and

HMPV-negative western lowland gorilla (Gorilla gorilla

gorilla) feces from two healthy individuals housed at the

San Francisco Zoo, an adult female and juvenile male.

Approximately 25 g of feces was obtained from each gorilla

by zookeepers; five grams of feces was stored in 35 ml of

Ambion RNAlater� (Life Technologies, Carlsbad, CA) in

five separate aliquots. The 10 samples (five from each

gorilla) were then frozen at -80C after 24 h of refrigeration

prior to laboratory testing. RNA was then extracted from

feces (EURx GeneMATRIX Stool DNA Purification Kit

CHIMERx, Milwaukee, WI) modified to simultaneously

also extract carrier RNA (Köndgen et al. 2010) and cDNA

transcribed (Invitrogen SuperScript III First-Strand Syn-

thesis System). The range of spiked HRSV RNA was 6.8–

6.8E-4 ng RNA, and the range for HMPV RNA was 623–

6.23E-3 ng RNA; spiking amounts varied because of dif-

fering starting concentrations. All viral RNA dilutions were

spiked in duplicate and run on real-time PCR assays in

duplicate, along with their respective plasmid PC standard

curves. PCR results were assessed both by Ct value and

visualization by gel electrophoresis. Using the plasmid

standard curve for relative quantitation, the amount of

cDNA template for each spiking was extrapolated. DNA

from PC plasmid dilutions and cDNA from spiking dilu-

tions were further tested by conventional PCR for both

viruses to amplify gene fragments for subsequent phylo-

genetic analysis.

Outbreak Sample Collection

From May 2012 to March 2013 mountain gorillas in

Rwanda, Uganda, and the Democratic Republic of Congo

were monitored daily for signs of respiratory illness (RI),

defined by veterinarians as at minimum nasal discharge,

sneezing, and intermittent coughing (Spelman et al. 2013).

Twenty fecal samples, representing 14 individual mountain

gorillas exhibiting signs of respiratory illness, were collected

from three gorilla groups experiencing RI outbreaks in

Rwanda in June 2012 (Umubano gorilla group), August–

October 2012 (Agashya group), and January–February 2013

(Sabyinyo group), and from two gorilla groups with indi-
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viduals exhibiting signs of RI in June 2012. Fecal samples

were collected by veterinarians and trackers who were able

to identify individual gorillas and had been trained in fecal

collection and daily animal health assessment. An outbreak

was defined as clinically observable RI involving at least one

third of the gorillas in a family group (minimum of 33%

morbidity) for two or more consecutive days (Spelman

et al. 2013). When possible, fecal samples were collected

from any animal showing signs of RI on the first day with

clinical signs and every other day for the duration of the

animal’s illness. For all sampled gorillas, 3–5 g of feces were

placed in 5–10 9 volumes of Ambion RNAlater� Solution

(Life Technologies, Carlsbad, CA), refrigerated for 24 h to

allow adequate penetration of the sample by the storage

solution, and then frozen at -80C in Rwanda until trans-

ported in liquid nitrogen to the UC Davis laboratory where

they were stored at -80C until thawed for analysis.

Fecal Sample Analysis

RNA was extracted from mountain gorilla fecal samples

and cDNA transcribed as described for western lowland

gorilla feces above. Comparison samples from healthy

mountain gorillas without signs of RI were randomly se-

lected from among fecal samples collected from habituated

animals during the 2010 Virunga population census

(n = 80) and from a gorilla in the Amohoro group that

exhibited diarrhea but did not have RI in January 2013. To

confirm the specificity of the real-time PCR assays with

potential unknown viral genotypes, samples were tested

using a conventional PCR protocol with the real-time PCR

primers in the same concentrations but omitting the probe.

Reaction conditions for both HRSV and HMPV were as

follows: 94�C for 2 min, 45 cycles of 94�C for 20 s, 60�C for

30 s, and 72�C for 1 min, with a final extension at 72�C for

10 min. Samples that tested positive by real-time PCR were

tested with the conventional PCR assays to amplify the

larger G gene fragment for phylogenetic analysis. PCR

products were visualized on 1.5% agarose gels and cloned

and sequenced by Sanger sequencing.

A 490 bp sequence of the HRSV G gene, spanning the

second hypervariable region, was used for phylogenetic

analysis (Sato et al. 2005). Reference RSV-A sequences were

downloaded from the GenBank database to represent each

HRSV-A genotype (Pretorius et al. 2013), as well as strains

that have recently been circulating globally over the past

few years (Collins et al. 1987; Peret et al. 1998, 2000; Venter

et al. 2001; Moura et al. 2004; Shobugawa et al. 2009; Agoti

et al. 2012; Eshaghi et al. 2012; Lee et al. 2012; Choudhary

et al. 2013; Khor et al. 2013; Auksornkitti et al. 2014).

Nucleotide sequences were aligned with MUSCLE (Edgar

2004) in Geneious 7.0.6 (Biomatters, New Zealand) and

trimmed to avoid large end gaps. Using Akaike’s Infor-

mation Criterion in jModelTest 2.1.6 v20140903 (Darriba

et al. 2012), the general time-reversible (GTR) evolutionary

model was chosen, and maximum likelihood trees were

constructed in Geneious with statistical significance of tree

topology assessed by bootstrapping using 1,000 replicates.

RESULTS

Laboratory Assay Detection Limit

In spiked gorilla feces, the HMPV real-time PCR assay

detected 0.031 ng viral RNA/g spiked feces (6.23E-3 ng

total RNA spiked), and the HRSV real-time PCR assay

detected 0.085 ng viral RNA/g spiked feces (1.7E-2 ng total

RNA spiked). Based on the PC standard curve, this corre-

sponded to an average amount of 1.11E-9 ng cDNA tem-

plate for HRSV and 2.45E-9 ng cDNA template for HMPV.

Respiratory Cases and Outbreaks

Twenty fecal samples were collected from wild human-

habituated mountain gorillas with signs of respiratory ill-

ness in Rwanda. The 20 fecal samples collected from five

gorilla groups experiencing RI events included 10 individ-

uals sampled once and four animals sampled 2–39 on

separate days of their illness (Table 1 provides details for

the 17 samples collected during the three group-wide

outbreaks described below).

The outbreak affecting the Umubano group was the

shortest in duration (6 days) and resulted in the lowest

overall morbidity (33%) and the least severe clinical signs,

just meeting the minimum criteria for the definition of RI

including intermittent coughing, sneezing, and minimal

nasal discharge. The outbreaks affecting Agashya and Sa-

byinyo groups were more severe and longer in duration, 36

and 24 days, respectively, with higher morbidities (58.3 and

86.7%; Fig. 1). No females or infants in the Umubano

group developed signs of RI, whereas both males and fe-

males in Agashya and Sabyinyo groups of all age categories

showed signs of RI. The Agashya and Sabyinyo group

outbreaks affected individual gorillas more severely, as

observed clinical signs included a productive cough, le-

thargy, poor appetite, elevated respiratory rate, and shallow

J. A. K. Mazet et al.



breathing. Illness was severe enough to prompt veterinary

medical interventions in two animals in the Sabyinyo group

(an intramuscular administration of an antibiotic and anti-

inflammatory drug via remote darting).

Fecal Testing from Respiratory Illness Cases

None of the comparison fecal samples (n = 81) tested

positive for HMPV or HRSV by either PCR assay. Samples

obtained from the gorillas in the Umubano group

exhibiting mild RI were also negative. All samples collected

from the Agashya and Sabyinyo groups during their RI

outbreaks tested negative for HMPV. However, multiple

samples from both groups were positive for HRSV using

the real-time PCR assay with small peaks at 43–45 cycles

that were not visible upon gel electrophoresis of the PCR

product. All samples were re-tested using the primers from

the real-time assay in a conventional PCR assay. Twelve of

20 fecal samples from respiratory cases were positive for the

HRSV N gene, and all comparison samples were negative.

Eleven of the positive cases were detected in the Agashya

and Sabinyo group-wide outbreaks (Table 1). The twelfth

positive sample was from one gorilla in Group 11 and

represented an isolated (non-outbreak related) case of

respiratory illness. Three individuals from the Agashya

group and four individuals from the Sabinyo group,

exhibiting minimal to severe clinical signs, were HRSV-

positive. One individual gorilla, an adult male from the

Agashya group, was HRSV-positive over a 17-day period

based on test results from three separate fecal samples

(Fig. 1).

Six samples positive by conventional PCR for the G

gene were confirmed by sequencing. Upon maximum

likelihood phylogenetic analysis, all sequences amplified

from mountain gorilla feces were identified as subtype

HRSV-A (ICTV reference accession M74568; Fig. 2). Of the

six HRSV-A sequences amplified, five were unique se-

quences, all had � 97.2% nucleotide similarity to each

other and were most closely related to the ON1 genotype

(Figs. 1, 2), a simultaneously emerging genotype circulating

among humans worldwide (Song et al. 2017). Maximum

Likelihood phylogenetic analysis of sequences detected in

Table 1. Summary of Respiratory Outbreaks and Associated Morbidity in Three Mountain Gorilla Groups in Rwanda’s Volcanoes

National Park, June 2012–February 2013, and Human Respiratory Syncytial Virus (HRSV) Testing Results of Fecal Samples from

Clinically Ill Mountain Gorillas.

Outbreak dates

(duration in days)

Umubano 12–17

Jun 2012 (6)

Agashya 30 Aug–4

Oct 2012 (36)

Sabyinyo 22 Jan–14

Feb 2013 (24)

Overall morbidity1 (%) 4/12 (33.3) 14/24 (58.3) 13/15 (86.7)

Adults > 8 yrs 2/7 (28.6) 6/10 (60) 7/8 (87.5)

Juveniles 3.5–8 years 2/4 (50) 7/12 (58.3) 3/4 (75)

Infants up to 3.5 years 0/1 (0) 1/2 (50) 3/3 (100)

Males 4/9 (44.4) 7/9 (77.8) 7/8 (87.5)

Females 0/3 (0) 7/15 (46.7) 6/7 (85.7)

Interventions2 0 0 2

HMPV-positive fecal samples 0/0 (0) 0/0 (0) 0/0 (0)

HRSV-positive fecal samples 0/2 (0) 6/6 (100)3 5/9 (55.5)4

HRSV-positive individuals 0/2 (0) 3/3 (100) 4/7 (57.1)

Data from group-wide outbreaks in three gorilla groups; samples (n = 3) were also collected from other small events from two additional gorilla groups (data

not shown).
1Overall morbidity was defined as the number of animals that showed clinical signs divided by gorilla demographic group size during the outbreak; total

numbers of subgroups did not always equal total group size, as age or sex was not known for all individuals.
2Interventions involved remotely administering (darting) gorillas with an antibiotic (ceftriaxone) and a non-steroidal anti-inflammatory (ketoprofen).
3These six samples were collected from three individuals, including the silverback, from which HRSV-positive fecal samples were collected on the 9/4, 9/18,

and 9/20/12; an adult female, from which HRSV-positive fecal samples were collected on 9/20/12 and 10/2/12; and a juvenile male from a single collection

on 9/20/12.
4These five samples were collected from four individuals, including the silverback, from which HRSV-negative fecal samples were collected on 2/2 and 2/6/

13; an adult female, from which HRSV-positive fecal samples were collected on 1/22 and 1/28/13; and two adult females from which HRSV-positive fecal

samples were collected on single occasions, 1/29/13 and 6/2/13.

Human Respiratory Syncytial Virus Detected in Mountain Gorilla



the Sabyinyo (Fig. 2: blue) and Agashya (Fig. 2: red) out-

breaks clustered in subclades together; the sequences de-

tected in the Sabyinyo group shared 99.4% nucleotide

similarity with the ON1 genotype, while the sequences from

the Agashya group shared 99.6% nucleotide similarity and

were 100% identical to the ON1 human RSV reference

genotype.

DISCUSSION

We tested fecal samples collected from wild human-habit-

uated gorillas during two respiratory outbreaks and con-

firmed that clinically ill mountain gorillas were shedding

human respiratory syncytial virus in their feces. Because no

samples from clinically healthy gorillas had

detectable HRSV, nor did the sample from the gorillas with

diarrhea but no RI in other groups, our findings strongly

suggested that HRSV-associated respiratory illness occurs

in mountain gorillas and is associated with outbreaks. Our

findings further corroborated the concern for the trans-

mission of zoonotic pathogens between endangered great

ape populations and people, particularly in settings where

people are in frequent close contact with gorillas.

Experimental studies have shown that both HRSV and

HMPV cause disease in captive non-human primates that is

similar to clinical manifestation of viral infection in people,

ranging from mild upper RI to pneumonia (van den

Hoogen et al. 2001). Infection with and sharing of respi-

ratory pathogens with people, specifically HRSV, has also

been recently documented in western lowland gorillas and

bonobos (Grützmacher et al. 2016, 2018). However, little

was known about the attributable clinical signs in moun-

tain gorillas, with the exception of a previous outbreak of

severe RI leading to the deaths of two mountain gorillas

that were infected with HMPV (Palacios et al. 2011). In

people, clinical signs of HMPV and HRSV can range from

mild to severe, and exposure to both viruses can result in

reinfections throughout life with particularly severe cases in

the very young (< 5 years of age), elderly (> 65 years of

age), and immunocompromised (Falsey et al. 2003), as well

as mild signs such as rhinorrhea and sore throat in other-

wise healthy adults (Falsey and Walsh 2000).

Two main subtypes of HRSV have been described,

HRSV-A and -B, based on antigenic and genetic variability

(Anderson et al. 1985; Mufson et al. 1985). Most epi-

demiological phylogenetic studies have been based on the

variable G gene sequence (Martinelli et al. 2014), as used in

this study. Within both HRSV groups, there are multiple

genotypes, often named for the country in which the

sample was collected, even though HRSV viruses tend to

vary seasonally rather than geographically. For example, the

HRSV-A ON1 genotype, first identified in Ontario, Canada

and characterized by a 72-nucleotide gene duplication in

the amplified G gene region (Eshaghi et al. 2012), has

spread globally and been reported in the US, India, Thai-

land, and Italy (Choudhary et al. 2013; Auksornkitti et al.

2014; Pierangeli et al. 2014). The HRSV strain detected in

Figure 1. Clinical cases of respiratory illness in mountain gorillas during three outbreaks between June 2012 and February 2013 in Volcanoes

National Park, Rwanda. Arrows represent the day on which fecal samples were opportunistically collected from one or more individuals during

each outbreak (note that fecal samples were collected from some individuals on multiple, non-consecutive days over the course of an outbreak);

red arrows indicate days on which at least one RSV-positive fecal sample was collected, while black arrows indicate days on which only RSV-

negative fecal samples were collected. 12 RSV PCR-positives were detected, and six of these were confirmed by sequencing.

J. A. K. Mazet et al.



mountain gorilla fecal samples in this study was nearly

genetically identical to the ON1 genotype and had the same

72-nt insertion. This finding suggests that this recently

emerging virus genotype had been introduced into

mountain gorillas from humans. However, it is not possible

to speculate on the geographic origin of the strain detected

in the mountain gorillas, as this genotype is now found

worldwide and little is known about locally circulating

genotypes due to limited testing for HRSV in the region.

The two outbreaks involving HRSV-positive samples

were temporally separated by approximately 3.5 months,

with the outbreak in Agashya group ending on 4 October

2012 and the outbreak in Sabyinyo group beginning on 22

January 2013. This timing, and what is known about HRSV

shedding in people, supports the likelihood that these

events were the result of separate introductions from hu-

mans to gorillas, rather than the spread of the virus from

one gorilla group to the other. Although the two groups

have adjacent home ranges, gorilla groups do not have

frequent, sustained close contact with each other, and there

were no reported conflicts or changes in group structure

around the time of the outbreaks (such as an individual

from Agashya group emigrating to Sabyinyo group). Also,

the Agashya group outbreak ended more than two months

before the beginning of the Sabyinyo group outbreak, and

the maximum reported viral shedding period for HRSV in

people is 17 days in adults (Hall et al. 2001) and up to

21 days in severely ill infants (Falsey and Walsh 2000).

HRSV can be transmitted by large droplets and con-

taminated fomites, on which the virus can remain infective

for hours (Hall and Douglas 1981); thus, it is unlikely that

this virus would remain intact for months in the environ-

ment. Also, based on our testing of gorilla fecal samples,

there was no evidence for asymptomatic HRSV infections

in gorillas as samples from comparison samples were all

negative, and only humans are thought to be the reservoir

for the virus (Dudas and Karron 1998). Interestingly, one

outbreak associated with HRSV shedding began around the

time of the rainy season and one in what is typically the dry

season in Rwanda. Increases in respiratory illness in

mountain gorillas in the rainy seasons have been previously

reported (Watts 1998), while in chimpanzees, increased

rates of respiratory illness were reported during the dry

season (Lonsdorf et al. 2011). Given that the samples in this

study are from only two outbreaks, we cannot draw con-

clusions about the likelihood of RI outbreaks associated

with any particular season, but these data may indicate that

this virus can infect gorillas throughout the year.

Our findings suggested that pathogenic respiratory

viruses were repeatedly transmitted from people to

mountain gorillas. Mountain gorilla tourists are often in

closer proximity to the gorillas than the recommended

distance (2.7 m on average, compared to the rule of a

minimum 7 m) (Sandbrook and Semple 2006). Addition-

ally, people who live in the communities surrounding the

parks where mountain gorillas live self-report a high

prevalence of symptoms such as coughing (72.1%) and

fever (56.1%) (Guerrera et al. 2003). Though park per-

sonnel, researchers, and tourists are requested to refrain

from visiting the mountain gorillas if they feel ill (Cranfield

and Minnis 2007) and compliance appears to be improving

due in part to strong educational efforts, self-identification

and restraint can be difficult to enforce, particularly when

tourists have limited time to visit the animals and have

traveled to the area at great expense; furthermore, local

people enter the park without the benefit of the health

educational program (Hanes et al. 2018). Compounding

this problem, a portion of infected and contagious people

with viruses, such as HRSV, could be asymptomatic (Hall

et al. 2001) and thus not aware that they could be the

source of viruses transmissible to endangered great apes.

These challenges, and the documentation of repeated

introductions of human viruses to separate mountain

gorilla family groups, suggest that additional biosafety

protocols and the continued encouragement of adherence

to existing protocols could reduce morbidity and mortality

due to respiratory illness in mountain gorillas. Requiring

people who are in close proximity to mountain gorillas to

wear a surgical-grade facemask is widely recommended

(Gilardi et al. 2015), and previous research has shown that

both surgical and non-fitted P2 masks aid in reducing the

risk of transmission of respiratory viruses (Jefferson et al.

2009; Loeb et al. 2009; MacIntyre et al. 2009). Maintenance

of a safe distance between people and gorillas should also

be enforced more stringently to aid in the prevention of

contact with infected respiratory droplets from both

symptomatic and asymptomatic individuals, since

enforcement of visitation only by people not shedding

human pathogens is almost impossible to enforce.

The COVID-19 pandemic has highlighted the impor-

tance of protecting great ape populations during human

disease outbreaks. While there is no evidence at the time of
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writing that SARS-CoV-2 (the causative agent of COVID-

19 disease) has infected wild great apes, transmission of

human coronaviruses to wild great ape populations has the

potential to cause severe respiratory disease and adverse

health outcomes, posing a significant conservation threat

(Patrono et al. 2018; Gillespie and Leendertz 2020). Given

the evidence presented here of repeated virus transmission

events and the impact of respiratory illness in human and

gorillas, improved education and more holistic One Health

approaches to improving the health of the living systems,

including the health and livelihoods of people living and

working near mountain gorillas, around the Virunga Massif

may be the only solution. For example, in Rwanda, Gorilla

Doctors initiated a preventive health program for park

personnel who had regular contact with gorillas in an at-

tempt to secure direct benefits for them from gorilla pro-

tection, as well as to improve community health and thus

reduce the threat of infectious disease transmission from

local people to the gorillas (Ali et al. 2004). Such programs

are highly recommended (Gilardi et al 2015) and should be

rigorously evaluated for their improvement in awareness of

health risks to gorillas and their mitigation, as well as to

encourage transparency about potential illnesses in visitors

to gorillas and their ecosystems.
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