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Abstract
Infectious diseases have caused die-offs in both free-ranging gorillas and chimpanzees.

Understanding pathogen diversity and disease ecology is therefore critical for conserving

these endangered animals. To determine viral diversity in free-ranging, non-habituated go-

rillas and chimpanzees in the Republic of Congo, genetic testing was performed on great-

ape fecal samples collected near Odzala-Kokoua National Park. Samples were analyzed to

determine ape species, identify individuals in the population, and to test for the presence of

herpesviruses, adenoviruses, poxviruses, bocaviruses, flaviviruses, paramyxoviruses, co-

ronaviruses, filoviruses, and simian immunodeficiency virus (SIV). We identified 19 DNA vi-

ruses representing two viral families, Herpesviridae and Adenoviridae, of which three

herpesviruses had not been previously described. Co-detections of multiple herpesviruses

and/or adenoviruses were present in both gorillas and chimpanzees. Cytomegalovirus

(CMV) and lymphocryptovirus (LCV) were found primarily in the context of co-association

with each other and adenoviruses. Using viral discovery curves for herpesviruses and ade-

noviruses, the total viral richness in the sample population of gorillas and chimpanzees was

estimated to be a minimum of 23 viruses, corresponding to a detection rate of 83%. These

findings represent the first description of DNA viral diversity in feces from free-ranging goril-

las and chimpanzees in or near the Odzala-Kokoua National Park and form a basis for un-

derstanding the types of viruses circulating among great apes in this region.
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Introduction
With the exception of humans, all members of the family Hominidae, which includes a total of
6 species and 11 subspecies of chimpanzees, apes, and orangutans, are listed as endangered or
critically endangered by the International Union for the Conservation of Nature (IUCN)
(http://www.iucnredlist.org/). Human activities, notably hunting, habitat destruction and deg-
radation from mining, agriculture and other extractive practices, are the most significant his-
torical and ongoing factors driving population declines and local extinctions. Infectious
disease, in particular Ebola virus disease, has more recently been recognized as an additional
significant conservation threat that has caused periodic outbreaks with mortality as high as
90% in some populations [1].

Overlap of human and non-human great ape habitats provides opportunity for transmis-
sion of pathogens between these closely related species. Approximately 60% of emerging infec-
tious diseases in humans are zoonotic (have a non-human origin) and of these, approximately
70% come from wildlife [2,3]. Malaria, Ebola, and HIV are among the most globally important
and economically challenging infectious diseases in humans; all had their origin in a non-
human primate host [4–8]. Conversely, wildlife also face challenges through increased contact
and subsequent disease transmission from humans, as has been documented in outbreaks and
mortality due to polio in chimpanzees and respiratory tract diseases, including influenza and
metapneumovirus infections, in chimpanzees and gorillas [9–11].

Despite a developing understanding of the ecology and significance of pathogens and the
diseases they cause in primates, it is estimated that only half of all micro- and macro-organisms
have been identified even in the most well-studied non-human primate species [12]. This gap
in our understanding of both the normal microbial flora and presence and significance of path-
ogens in non-human great apes has relevance both for these animals and humans, as intraspe-
cies and zoonotic or zooanthroponotic transmission can have devastating effects in naïve
populations in either group [13,14].

Here we report the first broad pathogen analysis of fecal samples obtained from free-ranging
central chimpanzees (Pan troglodytes troglodytes) and western lowland gorillas (Gorilla gorilla
gorilla) from within or bordering Odzala-Kokoua National Park (OKNP), Republic of Congo;
an area containing significant numbers and the highest density of these two species of great
apes in Central Africa [7,15].

Materials and Methods

Ethics statement
Fecal samples from free-ranging wild western lowland gorillas (Gorilla gorilla gorilla) and cen-
tral chimpanzees (Pan troglodytes troglodytes) were collected from the environment. Collec-
tions were conducted by permission of the Congolese Ministry of Scientific Research (permit
Nos. 003/MRS/DGRST/DMAST and No. 014/MRS/DGRST/DMAST) and in accordance with
the American Society of Primatologists' Principles for the Ethical Treatment of Non-human
Primates: (https://www.asp.org/society/resolutions/EthicalTreatmentOfNonHumanPrimates.
cfm). The non-invasive nature of sample collection negated the need for further ethical review.

Sample collection and storage
A total of 35 reconnaissance walk surveys for fecal collection were conducted between 2006
and 2010 in 13 locations in (n = 1) or to the east (n = 12) of the OKNP, and feces were collected
from 12 locations. National Route 2 is a major north-south road that services several populated
human communities and bisects the western portion of the study zone. The areas surveyed
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represent varying levels of shared habitat use by humans and non-human primates. Species of
origin for each fecal sample was provisionally determined by morphological analysis of feces
using previously described methods [16]. Feces were preserved in RNAlater and held at ambi-
ent temperature for 130 to 1,679 days (mean storage duration = 796 days) prior to shipment
from the Republic of Congo to the United States for diagnostic testing. All appropriate export
and import permits were received prior to shipment. Upon arrival in the US, samples were
stored at −80C until processed.

Viral testing
Total nucleic acid was extracted (QIAamp DNA stool mini kit; Qiagen Inc.; Valencia CA,
USA) from 0.5 mL packed volume of pelleted feces and quantified (Nanodrop ND-1000 Spec-
trophotometer; Nanodrop Technologies; Wilmington, DE, USA) for all samples and RNA
quality (Agilent Technologies Bioanalyzer; Santa Clara, CA, USA) was determined for a subset.
PCR amplification was performed using one or more sets of primers (Eurofins MWGOperon;
Huntsville, AL, USA) for each target pathogen and the Qiagen One-Step RT-PCR kit for RNA
viruses (Qiagen Inc.; Valencia, CA, USA) or Amplitaq 360 Mastermix for DNA viruses (Life
Technologies; Grand Island, NY, USA). Fecal samples were screened for the following genes
and viruses using consensus and/or nested PCR as described elsewhere: DNA polymerase or
glycoprotein B for herpesviruses [17–20], DNA polymerase for adenoviruses [21], L gene for fi-
loviruses [22,23], L gene (large polymerase) for paramyxoviruses [23], RNA-dependent RNA
polymerase for coronaviruses [24,25], NS5 gene for flavivirus [26], polymerase for orthopox-
viruses [27], NS1 gene for bocavirus [28], and polymerase for SIV [29,30]. Amplified PCR
products of appropriate molecular weight were purified using ExoSAP-IT (Affymetrix; Santa
Clara, CA, USA) or gel purified (Qiagen MinElute Gel Extraction Kit; Qiagen Inc.; Valencia,
CA, USA). Products were directly sequenced or subcloned into plasmid vectors (TOPO TA
cloning kit; Life Technologies; Grand Island, NY, USA) and sequenced in the forward and re-
verse directions using an ABI 3730x/DNA analyzer for capillary electrophoresis and fluores-
cent dye terminator detection (Genewiz Inc., South Plainfield, NJ, USA)

DNA barcoding and microsatellite analysis
Samples were genotyped through PCR amplification of a 450–500 basepair (bp) D loop region
of mitochondrial DNA [31]. In some samples, an additional 386 bp portion of the mitochon-
drial 12S gene was used to confirm the species [32]. PCR products were directly sequencing
(Genewiz; South Plainfield, NJ) and DNA was analyzed using Geneious (v.5.6.3 software creat-
ed by Biomatters; available from http://www.geneious.com). To control for resampling from
the same individual, microsatellite analysis through capillary electrophoresis was performed
using the following 8 loci: D18s536, D4s243, D10s676, D9s922, D2S1326, D2S1333, D4S1627,
and D9S905. Microsatellite loci were analyzed in Geneious and compared in Cervus 3.0 (devel-
oped by Field Genetics, London, UK). Samples identified from the same individual were tested
for viruses individually and the combined viral PCR results were pooled as the representative
for the diversity within that individual.

Phylogenetic analysis
Nucleotide sequences were trimmed and aligned against each other and with available se-
quences in GenBank (GenBank, National Center for Biotechnology Information. http://www.
ncbi.nlm.nih.gov) using the Geneious alignment tool (Geneious Pro 5.1.7 software; Biomatters
LTD. Auckland, NZ) and Bayesian analysis was performed (MrBayes 3.1 plugin in Geneious
Pro using gamma distributed rate variation using a general HKY85 substitution model [21]).
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The first 25% of a 1,100,000 chain length was discarded as burn-in, and four heated chains
were run with a sub-sampling frequency of 200 [33]. Trees were finalized and labeled (FigTree
v1.3.1 software, 2006–2009, Andrew Rambaut; Institute of Evolutionary Biology, University of
Edinburgh. http://tree.bio.ed.ac.uk/). For adenovirus analysis, DNA sequences were analyzed
by BLASTn and binned into subgroups based on sequence homology of greater than 98% nu-
cleotide identity with closely related simian and human strains in GenBank. Sub-groups of sim-
ian adenoviruses were assigned to denote sequences that could not be phylogenetically
separated from closely related strains because they were>99% identical to two or more
simian adenoviruses.

Statistical analysis
Binomial logistic regression was performed in R (version 3.0.2, 2014) to determine significant
statistical differences in virus prevalence between chimpanzees and gorillas that adjusted for
storage conditions using a z-score of ambient storage days [34]. When significant (p<0.05),
odds ratios were calculated. Similar to Anthony et al, 2013 [35], rarefaction curves, nonpara-
metric viral richness estimates (Chao2, Jack1 and ICE), and the Chao2 95% confidence interval
based on 50 randomizations with R packages vegan and fossil were also performed. Univariate
linear regression was used to describe the relationship of virus discovery with ambient
storage duration.

Results
Fecal samples were collected between 2006 and 2010 from 12 of the 13 sites east of OKNP
(Fig. 1). Feces were identified to species, based both on morphological characteristics and ge-
netic analysis of mitochondrial D loop gene. Individual apes were identified through microsat-
ellite markers. Great ape species was confirmed in all of the samples. Four of 166 samples were
of human origin and were eliminated from the study. In the remaining 162 samples, duplicates
were received from 3 individuals, for a total sample population of 159 individuals. Morphologic
assignment to ape species, which was confirmed by genetic testing, was correct for 147 individ-
uals (92.5%). Genetic testing confirmed sample collection from 136 (85.5%) western lowland
gorillas and 23 central chimpanzees.

Fecal samples were tested for the presence of herpesvirus, adenovirus, poxvirus, and boca-
virus DNA and flavivirus, filovirus, paramyxovirus, coronavirus, and SIV RNA by PCR. Only
herpesviruses and adenoviruses (Table 1 and S1 Table) were detected. BLASTn analysis results
are shown in S2 Table. Overall, 57.9% (92 of 159) individual primates were positive for one or
more virus; 31.4% (50 of 159) were positive for two or more viruses. Twenty-six samples con-
tained more than one adenovirus, 19 contained more than one herpesvirus, and 27 contained
both adenoviruses and herpesviruses (S1 Table). No RNA viruses and no viruses of known
human origin were detected. Failure to detect RNA viruses may reflect degradation due to sub-
optimal long-term storage in RNALater, as samples were stored for extended periods at ambi-
ent temperature rather than frozen; the latter being the vendor recommendation for long term
(>4 weeks) storage. Indeed, when tested, RNA concentrations were variable and often at low
levels, ranging from 3–300 ng/μL in the undiluted total nucleic acid extracts. No intact 18S or
28S rRNA was detected by Bioanalyzer analysis. Accordingly, we focus in this report on the
DNA viruses.
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Fig 1. Location of sites and phylogenetic tree of herpesvirus lineages found in gorillas and chimpanzees. A. Map of the Republic of Congo showing
the location of Odzala-Kokoua National Park (arrow) and the study area (yellow box). B. Shows the 12 sites where the samples were collected. Blue dots
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Herpesviruses
Fecal samples from both chimpanzees and gorillas were positive for herpesviruses. 25.8% (41/
159) were positive for at least one herpesvirus, and 12 different herpesviruses, all beta or gam-
maherpesviruses, were detected (Table 1).

Gorilla lymphocryptovirus, GgorLCV1, a gammaherpesvirus, was the most commonly de-
tected herpesvirus and was found in 20.1% (32/159) of individuals. It was the only herpesvirus
found in both chimpanzees (13%) and gorillas (21.3%) (Table 1). The GgorLCV1 sequence ob-
tained from the chimpanzees was 99.4% identical to sequences obtained from gorillas. Cyto-
megaloviruses (CMV), a type of betaherpesvirus, were also detected but were less common
(11.9%; 19/159) than GgorLCV1 (Table 1 and S1 Table). Feces from two CMV-positive

show where each sample was collected and the crosses show the extent of the survey sites. C. Phylogenetic tree of betaherpesviruses found in gorillas and
chimpanzees. The tree was constructed through a nucleotide alignment of the herpesvirus CMV glycoprotein B gene using Bayesian analysis. Sample
identification (WDG number) and Genbank accession numbers are shown. Bayesian posterior probabilities of branching demonstrate the robustness of the
individual groups. Tupaiid herpesvirus 1 was used as the outgroup.

doi:10.1371/journal.pone.0118543.g001

Table 1. Virus prevalence in chimpanzees and gorillas.

Gorilla (n = 136) Chimpanzee(n = 23)

Virus family or
subfamily

Genus Species
(abbr.)

Abbr. Virus or group Positives Prevalence
(%)

Positives Prevalence
(%)

Herpesviridae 32 23.5 9 39.1

Gammaherpesvirinae 30 22.1 9 39.1

Lymphocryptovirus GoHV-1 GgorLCV1 29 21.3 3 13.0

* GgorLCV2 2 1.5 0 0.0

* PtroLCV1 0 0.0 6 26.1

Rhadinovirus * GgorRHV1 1 0.7 0 0.0

* PtroRHV 0 0.0 1 4.3

Betaherpesvirinae Cytomegalovirus 17 12.5 2 8.7

* GgorCMV1.1 Group 1 5 3.7 0 0.0

* GgorCMV1.1 Group 2 3 2.2 0 0.0

* GgorCMV2.1 5 3.7 0 0.0

* GgorCMV2.2 Group 1 2 1.5 0 0.0

* GgorCMV2.2 Group 2 4 2.9 0 0.0

* PtroCMV1.1 0 0.0 1 4.3

* PtroCMV2.1 0 0.0 1 4.3

Adenoviridae 61 44.9 16 69.6

Mastadenovirus HAdV-B SAdVGroupOKNP 30 22.1 2 8.7

HAdV-B SAdVGroup27.1/28.2/29/46/
47

26 19.1 1 4.3

HAdV-B SAdVGroup27.2/28.1/32/
41.1/41.2

6 4.4 0 0.0

HAdV-B SAdVGroup35.1/35.2 2 1.5 1 4.3

HAdV-C SAdV31.2 1 0.7 10 43.5

HAdV-C SAdVGroup43/45 10 7.4 0 0.0

HAdV-E SAdVGroup39/25/26 9 6.6 8 34.8

* = unclassified.

doi:10.1371/journal.pone.0118543.t001
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gorillas, WDG61 and WDG39, each contained two different CMVs (S1 Table). Previous work
has shown that within the CMVs, two chimpanzee and gorilla co-speciation clades (CG1 and
CG2) exist, which contain closely related gorilla and chimpanzee viruses [18]. Nine individuals
were positive for CMV in the CG1 clade. GgorCMV1.1 was identified in eight individual goril-
las; phylogenetic analysis assigned these viruses into two groups within the CG1 clade
(GgorCMV1.1 Group 1 (n = 4) and a separate group that we have called GgorCMV1.1 Group
2 (n = 4)) (Fig. 1). A ninth individual was positive for Pan troglodytes CMV (PtroCMV1.1), an-
other cytomegalovirus in the CG1 clade. CMVs in the CG2 clade were detected in 12 individual
gorillas and were assigned to four groups, GgorCMV2.2 Group 1 (n = 2) and a second group
that has not previously been described that we have called GgorCMV2.2 Group 2 (n = 4),
GgorCMV2.1 (n = 5), and PtroCMV2.1 (n = 1) (Fig. 1).

Adenoviruses
Adenoviruses were present in feces from 48.4% (77/159) of individuals; 69.6% (16/23) of the
chimpanzees and 44.9% (61/136) of the gorillas were positive (Table 1). Gorilla and chimpan-
zee adenoviruses clustered within one of seven adenovirus groups in the HAdV-B, HAdV-C,
or HAdV-E clades (Fig. 2). Of these, identified members in five groups were found in both
chimpanzees and gorillas (Table 1). A previously unidentified group, which we named Simian
Adenovirus B Group OKNP (SAdVGroupOKNP) was the most common adenovirus group
and was detected in 20.1% (32/159) of tested fecal samples, and all but two positives were from
gorillas (Table 1). Phylogenetically, SAdVGroupOKNP clustered with B2 human adenoviruses
but shared less than 90% nucleotide identity with all other known human and simian se-
quences from HAdV-B. Two groups of viruses, SAdV31.2 and SAdVGroup 43/45, members of
adenovirus HAdV-C, were also identified. There was a significantly greater occurrence of
SAdV31.2 in chimpanzee feces (OR = 95[95% CI = 11, 810]) than in gorilla feces, but
SAdVGroup 43/45 was only found in gorillas. Lastly, a group belonging to HAdV-E was also
identified. This group, SAdVGroup 39/35/26 E, was also more likely to be found in chimpan-
zees than gorillas (OR = 6.5[95% CI = 2.1, 20]). While SAdV31.2 and SAdVGroup 39/35/26 E
were found to be significantly more prevalent in chimpanzees, adenovirus B groups (SAdV-
GroupOKNP, SAdVGroup27.1/28.2/29/46/47, SAdVGroup27.2/28.1/32/41.1/41.2, or
SAdVGroup35.1/35.2) were statistically more prevalent in gorillas (OR = 2.4[95% CI = 1.3,
14]). Adenovirus co-detection, where more than one type of adenovirus was detected, was also
not statistically different among chimpanzees and gorillas, and occurred in 26.0% (6/23) of
chimpanzees and 14.7% (20/136) of gorillas.

Multiple viral sequences were detected in feces from 31.4% (50/159) of individuals. 27.9%
(38/136) of the gorilla and 52.2% (12/23) of the chimpanzee fecal samples contained more than
one virus. The distribution of positive results per individual, ranked from one to five viruses
found, is shown in Fig. 3A. The data from two positive individuals that were resampled are pre-
sented in S1 Table. The remaining third individual (WDG93 and WDG95) was negative for all
viruses tested. Matrix analysis comparing the presence of each of the 19 different viruses de-
tected within individuals was performed (Fig. 3B). In individuals positive for more than one
virus, GgorLCV1 and SAdVGroupOKNP was the most common virus combination detected
(Fig. 3B, dark maroon cell). In the 12 individuals positive for both of these viruses, one was
from a chimpanzee and 11 were from gorillas (S1 Table). SAdVGroup 27.1/28.2/29/46/47 and
SAdVGroupOKNP virus combinations were also relatively common and found in 10 gorillas.
Other combinations of viruses were also seen. 94.7% (18/19) of the CMV-positive individuals
and 84.6% (33/39) of the LCV-positive fecal samples from individual apes contained another
adenovirus or herpesvirus (S1 Table). LCV’s were found in combination with all 19 detected
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virus or viral groups. Overall, co-detection of HAdV-B or LCV was found in 52.6% (10/19) or
89.5% (17/19) respectively of the CMV-positive individuals.

Estimating viral richness
In chimpanzees and gorillas, the estimated number of viruses or viral groups present in our
sample population was 23 [95%CI = 20, 26] (Fig. 4). Our result shows that when estimating the
viral richness for both herpesviruses and adenoviruses, the Chao 2 estimator began to plateau
at 100 individuals, and was stable by 125. We estimate that we captured 83% (19/23) of the
total viruses or viral groups in our study population of chimpanzees and gorillas. Looking at
betaherpesviruses alone, viral richness was estimated to be nine, of which 78% (7/9) were cap-
tured in our study. For gammaherpesviruses, viral richness was estimated to be seven, of which
71% (5/7) were captured in our study. Because we could not differentiate between all the strains
and had to bin our adenovirus results into closely related groups, we were unable to estimate
the true viral richness for individual adenovirus strains and instead estimate the viral richness
of these subgroups. For example, the viral richness of adenoviruses in this population was esti-
mated to be seven groups, of which 100% were detected. However, this is an underestimate of
the total number of actual strains present. Also, it is important to point out that we analyzed
one gene for adenovirus, the polymerase gene, which is highly conserved. We did not compare
the less conserved hexon gene [21]. We therefore cannot rule out the co-presence of other ade-
novirus serotypes belonging to the same species in our study. Additional the sequences from
this study were obtained through cloning of the PCR product and sequencing multiple clones,
which has the potential to underestimate viral diversity based on the number of times the PCR
was repeated and the number of clones that were sequenced. We did not test the viral richness
of individual ape species because our sample size for chimpanzees was small.

Because ultralow temperatures are recommended for long term storage of samples in RNA
Later and our samples were stored at ambient temperatures (>4°C) for extended periods, test
result data were analyzed to determine if the number of viruses retrieved was associated with
sample storage duration. Using univariate linear regression on all data combined, a statistically
significant negative association (p<0.05) was found where decreasing numbers of viruses were
recovered as sample storage duration increased. Ambient storage duration of 1,000 days or
greater reduced the mean number of detected viruses by 1.2 or more (S1 Fig.). Our results sug-
gest that if samples are immediately tested (no ambient storage and processing immediately
after collection) detection of an average of 2.0 viruses/sample would be expected. We did not
detect a significant association between the total amount of nucleic acid recovered and ambient
storage time (data not shown). Because the number of viruses detected per sample declined
with prolonged storage time, the probability of virus detection was not uniform across all sam-
ples, and therefore our overall data may represent an underestimation of viral prevalence.
However, there was no statistically significant negative correlation with viral detection and am-
bient temperature if we narrowed our samples to those stored between 130 and 750 days (S1
Fig.). Viral discovery curves were therefore repeated with only those samples stored for less
than 750 days. In this analysis, the estimated viral richness for betaherpesvirus and adenovi-
ruses was similar to that for all samples combined (S2 Fig.). However, the Chao2 estimator

Fig 2. Phylogenetic tree of adenovirus lineages found in gorillas and chimpanzees. The tree was constructed through a nucleotide alignment of the
adenovirus polymerase gene using Bayesian analysis. Sample identification (WDG number) and Genbank accession numbers are shown. New AdV
sequences are indicated in green for gorillas, and chimpanzees in blue. The colored vertical bars indicate the names assigned to each virus group used in the
analysis. The colored boxes denote adenovirus species clades. Tree shrew AdV-1was used as the outgroup. All SAdVGroupOKNP sequences are available
in GenBank under the following accession numbers: KJ780330-KJ780358.

doi:10.1371/journal.pone.0118543.g002
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failed to stabilize for total viruses and gammaherpesvirus. Taken together, these results suggest
that our estimate of viral richness of adenovirus subgroups and betaherpesvirus has not been
influenced by ambient storage, however gammaherpesvirus viral richness may have been un-
derestimated in our total estimation of viral richness of 23 viruses.

Discussion
In order to understand natural patterns of health and disease and to monitor populations of
free-ranging chimpanzees and gorillas for pathogen presence or emergence, baseline informa-
tion on the natural viral diversity in these populations is needed. The goals of this study were
therefore to investigate the diversity of viruses in free-ranging gorillas and chimpanzees from
the Sangha region of the Republic of Congo and estimate viral richness in these populations
through pathogen detection in fecal samples. We detected 19 viruses or viral groups, including
a previously undescribed group of HAdV-B and 2 groups of cytomegaloviruses. Based on viral
diversity curves, we estimate that we detected*80% of the viruses or viral groups within the
Adenoviridae and Herpesviridae families that are circulating in western lowland gorillas and
chimpanzees in the Sangha region near OKNP. Our estimation of herpesvirus and adenovirus
richness in these two ape populations, although limited to a single region, provides important
information about the types of viruses that circulate in these species and this population. This
estimate does not apply to the viral richness that could be determined in ape populations else-
where in the world or in captivity, but our results can provide opportunities for future compar-
ison. Our study also does not address novel viruses that can only be detected using unbiased
high throughput sequencing methods.

Adenoviruses are double-stranded DNA viruses that can infect a wide range of vertebrate
hosts and cause a variety of diseases including mild to life-threatening respiratory and gastroin-
testinal disease. Human and non-human primates shed adenoviruses in their stool [21,36–38].
In one study, adenovirus DNA was identified in 40% of stool samples from wild chimpanzees
in Cameroon, and the Democratic Republic of Congo (DRC), and captive gorillas maintained
in zoos with a much higher prevalence of shedding (36–100%) in the latter [21]. Herein we re-
port prevalence statistics, but because of potential deterioration issues with the samples these
are assumed to be an underestimate of the true value in our sampled population. In our study
region in the Republic of Congo, adenovirus shedding was also common in free-ranging great
apes, being present in fecal samples from 68% of chimpanzees and 45% of gorillas. Results in
our chimpanzee study population were higher than in the previous Cameroon/DRC study.
This could be due to differences in sample storage conditions, population density, seasonality,
or geographic region, but is less likely due to laboratory differences, since both studies used the
same PCR assay [21]. Of the three adenovirus species detected in the current study (HAdV-B,
HAdV-C, and HAdV-E, all were found in both chimpanzees and gorillas. Previous studies
have only detected HAdV-E in chimpanzees, bonobos and humans [21,37]; thus, our findings
of HAdV-E in both gorillas and chimpanzees support the possibility for an earlier cross-species
transmission event in this population. Adenoviruses are thought to co-evolve with their host
species and usually do not cross the species barrier [39–41]. However, genetic and serological
studies support the concept of cross-species adenovirus transmission between non-human

Fig 3. Viral co-detection in chimpanzee and gorilla fecal samples. A. Graph depicting the type and number of viruses detected in fecal samples from
individual great apes. Gorillas are highlighted in green and chimpanzees are highlighted in blue. B. Matrix analysis showing all 19 detected viruses or viral
groups and the number of pair-wise combinations with each other. On the left side of the matrix is a heat map showing the number of individuals positive for
co-detection of two viruses as is indicated in the red color key. For example, feces from 12 individuals, highlighted in maroon (>8 samples detected with that
virus combination), were positive for both GgorLCV1 and SAdVGroupOKNP. The upper right half of the matrix (mirror image of lower left) are the number of
individuals that tested positive for co-detection, with colors indicating which species, or if both were affected.

doi:10.1371/journal.pone.0118543.g003
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Fig 4. Estimating viral richness of herpesviruses and adenoviruses in great apes of the Sangha region. A. We calculated the total viral richness in
chimpanzees and gorillas associated with the Adenoviridae and Herpesviridae families. ICE and Jackknife estimators are shown as orange and grey curves
respectively. The refraction curve (black) shows the number of virus groups or viruses as a function of the number of samples, and the collector curve (red)
shows the accumulation of viruses found with increasing sample size. The Chao2 estimator (blue) shows the number of viruses that are estimated in the ape
population with 95% confidence intervals indicated by the brackets. The horizontal bar shows the number of viruses estimated in the analysis. In B, C, and D
separate richness analyses were done for the Herpesviridae subfamilies (Betaherpesvirinae andGammaherpesvirinae) and Adenoviridae.

doi:10.1371/journal.pone.0118543.g004
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primates and humans [37,42,43]. Additional surveys are warranted to better understand the
likelihood of cross-species transmission events in primates and determine if recombination
and generation of hybrid adenoviruses, which have developed in captive settings [21], could
occur in the wild. This type of information would promote a better understanding of the risk
for zooanthroponotic transmission, and whether adenoviruses in wild gorillas and chimpan-
zees are a risk factor for disease emergence in humans in situations where humans are working
closely with captive primates or living in communities that border free-ranging gorilla or
chimpanzee habitat.

Detection of fragments from multiple different adenoviruses in gorilla and chimpanzee
feces was a significant finding in our study. Feces from 16.4% (26/159) of individuals, six chim-
panzees and 20 gorillas, contained more than one type of adenovirus from seven different
groups of three different species. This adds significantly to our understanding of the different
adenoviruses to which gorilla and chimpanzees are exposed in or east of OKNP. Adenovirus
coinfection associated with illness has been well documented in humans. Human adenovirus
account for about 8% of clinically relevant viral disease globally, are divided into 52 serotypes
from seven species [44,45]. About 50% of the 52 identified human adenovirus serotypes are
known to cause illness [46]. Adenovirus infections, such as HAdV-14 (B2) cause respiratory
disease and pneumonia [47]. Other adenoviral disease, including conjunctivitis, hepatitis and
diarrhea [48], are described in children, immunocompromised people, and in patients with
multiple co-infections [46]. Two recent studies showed a high rate of adenoviral co-infection
with HAdV-B and E in humans with acute respiratory disease [44,49]. In the great apes de-
scribed herein, adenoviral co-detections included combinations of HAdV-B/C and HAdV-B/E.
In contrast to humans, very little is known about the pathogenicity of adenoviruses or the sig-
nificance of their co-infections in great apes and other non-human primates [21,38,43,50].
Given current limits in our understanding of the ecology, including cross species transmission,
our results underscore the importance of developing a more comprehensive understanding of
adenoviral infections in great apes.

Herpesviruses are divided into three distinct subfamilies known as Alphaherpesvirinae,
Betaherpesvirinae, and Gammaherpesvirinae, based on biological and molecular properties and
genomic sequence divergence [51]. Cytomegaloviruses (CMVs) and lymphocryptoviruses
(LCVs) are members of the Beta- and Gammaherpesvirinae subfamilies respectively, that infect
mammals, human and non-human primates. Although host-virus co-divergence is thought to
be the primary mode of herpesvirus evolution, cross-species transmission events have been
known to occur. For example, humans infected with macaque simplex virus (Herpes B virus)
can develop severe illness or death [52], and simian CMV has been shown to infect human
cells [53,54].

Because of the close evolutionary relationship between great apes and humans, herpesvi-
ruses of apes are of particular interest for public health and those that impact great apes directly
are important for species conservation. Several new CMVs have recently been characterized in
both chimpanzees and gorillas [18]. These discoveries have led to the identification of two new
co-speciation clades of CMV (CG1 and CG2) that are thought to have evolved through a hori-
zontal transmission event between chimpanzees and gorillas 6–8 million years ago [18]. DNA
fragments from seven CMVs were identified in the non-human great ape feces from this study.
These included two previously undescribed CMVs that we designated GgorCMV1.1 Group 2
and GgorCMV2.2 Group 2, within the CG1 and CG2 clades, respectively. All of the CMV vi-
ruses detected in our study were found in feces from either gorillas or chimpanzees (no detec-
tion of the same viral fragment in both species). GgorLCV1, a gammaherpesvirus, was the only
herpesvirus found in both gorillas and chimpanzees.
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Epstein-Barr virus (EBV, human lymphocryptovirus) and CMV are the most common
cause of infectious mononucleosis (IM) and illnesses resembling IM in children, and can lead
to severe fatigue, fever, pharyngitis, lymphadenopathy and recurrent microbial infection
[55,56]. Co-infections of these two herpesvirus in the context of other viral infections, such as
an additional herpes or adenovirus, can worsen symptoms and illness [55, 57], and reactivation
of CMV has been suggested to be a factor leading to exacerbation of disease induced by other
viral agents [18]. In the current study, 95% of the CMV-positive and 85% of the LCV-positive
ape fecal samples contained more than one virus, either another herpesvirus and/or adenovi-
rus, which suggests that CMV and LCV are primarily shedding into the feces in the context of
these other viruses. Because CMV/LCV/adenovirus co-association is so tightly correlated in
our study, pre-screening of ape feces for these viruses could be used to identify animals or
groups of animals with co-infections. Evaluating these animals for disease outcomes may be a
useful strategy to determine if viral co-infection reflects similar outcomes as seen in humans.

Understanding the diversity of pathogens to which endangered gorillas and chimpanzees
are exposed is important in defining health risks that impact population dynamics and conser-
vation efforts. Our results provide initial information about the presence and diversity of ade-
noviruses and herpesviruses in and near OKNP to which wild gorillas and chimpanzees, as
well as humans or other species that live in the region, are exposed. Limitations of the current
study are a likely underestimation of viral diversity in the sample ape population due to fecal
degradation of samples stored for long term that resulted in reduced DNA and RNA viral de-
tection. Subsequent studies across this and other regions in Africa, that incorporate unbiased
sequencing technologies, will be valuable for estimating the true viral diversity in great ape spe-
cies as a whole, not just at the population level. In addition, continuous monitoring of these en-
dangered species is necessary to understand the expression and outcomes of infection, co-
infection, and cross-species transmission; all crucial steps for defining health-related conserva-
tion threats and guiding conservation management actions.
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