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Abstract

Human adenoviruses (HAdV; species HAdV-A to -G) are highly prevalent in the human population, and represent an
important cause of morbidity and, to a lesser extent, mortality. Recent studies have identified close relatives of these
viruses in African great apes, suggesting that some HAdV may be of zoonotic origin. We analyzed more than 800 fecal
samples from wild African great apes and humans to further investigate the evolutionary history and zoonotic potential
of hominine HAdV. HAdV-B and -E were frequently detected in wild gorillas (55%) and chimpanzees (25%), respectively.
Bayesian ancestral host reconstruction under discrete diffusion models supported a gorilla and chimpanzee origin for
these viral species. Host switches were relatively rare along HAdV evolution, with about ten events recorded in 4.5 My.
Despite presumably rare direct contact between sympatric populations of the two species, transmission events from
gorillas to chimpanzees were observed, suggesting that habitat and dietary overlap may lead to fecal-oral cross-hominine
transmission of HAdV. Finally, we determined that two independent HAdV-B transmission events to humans occurred
more than 100,000 years ago. We conclude that HAdV-B circulating in humans are of zoonotic origin and have probably
affected global human health for most of our species lifetime.
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Introduction
African great apes (hereafter great apes) are commonly in-
fected with close relatives of human pathogens (recently re-
viewed in Calvignac-Spencer et al. [2012]). This phylogenetic
proximity can be explained by host–parasite codivergence,
whereby host divergence drives their parasite divergence,
and/or host switch, whereby human or great ape infections
result from the transfer of parasites in either direction (here
and in the following we use the term parasite in its ecological
sense). Striking examples of great ape-borne human infections
have been revealed over the last decade. HIV-1 was shown to
have a recent origin in chimpanzees and gorillas (depending
on the HIV-1 group; Keele et al. 2006; Van Heuverswyn et al.
2006). Plasmodium falciparum was identified as having
emerged in a more distant past from malaria parasites infect-
ing gorillas (Liu et al. 2010). Host switches from great apes to
humans have therefore driven the emergence of some of the
most devastating human infectious diseases. Host switches
between great ape species have also been documented (e.g.,
simian immunodeficiency viruses from gorillas—SIVgor—
originate in chimpanzees; Van Heuverswyn et al. 2006; Neel
et al. 2010) but their significance for great ape health remains
unknown.

Cross-species transmission may result from direct contact
between species, species bridging through a vector or contact
with contaminated environmental items. Great apes are a
valued bushmeat in Central and West Africa, and direct ex-
posure of humans to great ape tissues can occur through
hunting (which sometimes results in hunters being severely
bitten), or during preparation and consumption of great ape
bushmeat (Sharp and Hahn 2011). Similarly, sympatric chim-
panzees and gorillas have been observed to co-occupy fruit
trees (Walsh et al. 2007), which may result in conflict and
direct physical challenge. Transmissions of foamy viruses from
great apes to hunters and of SIV from chimpanzees to gorillas
most likely stemmed from such direct contacts (Van
Heuverswyn et al. 2006; Neel et al. 2010; Betsem et al. 2011).

Vector-borne diseases and environmental contamination
only require the effective sharing of habitats. Some arthropod
vectors feed on multiple host species and this paves the way to
parasite transmission (Kent 2009). Transmission of malaria
parasites was demonstrated in a number of cases—from go-
rillas to humans (P. praefalciparum; Liu et al. 2010), from go-
rillas or chimpanzees to humans (P. vivax; Prugnolle et al. 2013),
and from humans to bonobos, chimpanzees and gorillas (P.
falciparum; Duval et al. 2010; Krief et al. 2010; Prugnolle et al.
2010). In the latter case, transmission often occurred in the
context of great ape sanctuaries (Duval et al. 2010; Krief et al.
2010), which is an extreme example of habitat sharing with
humans.

Exposure to contaminated environmental items can fre-
quently be equated with exposure to fecal contamination.
Great ape and human habitats broadly overlap, including
around and sometimes within protected areas (Rayner
et al. 2011). Similarly, chimpanzees and gorillas share habitats
and have even been observed to simultaneously forage the
same fruit trees (Walsh et al. 2007). The direct and vector-

borne routes are presumably constrained by high fitness
costs (e.g., risk of injury) and the actual presence of a
bridge vector (Verhulst et al. 2012) but the fecal-oral route
is not: cross-species transmission is possible irrespective of
behavioral hurdles and in any shared habitat. It is also ex-
pected that individuals will be exposed to fecal contamina-
tion in a relatively blind manner: any individual might serve
as an entry point into the new host population. This suggests
that parasites that use the fecal-oral route may have more
opportunities to cross species barriers. Transmission of such
parasites between great apes or between great apes and
humans has, however, only rarely been demonstrated.
Escherichia coli is regularly transmitted from humans to go-
rillas (possibly through livestock; Rwego et al. 2008), and
hookworms (Necator spp.) simultaneously infect sympatric
chimpanzees, gorillas, and humans (Hasegawa et al. 2014).
Whether viruses that use the fecal-oral route are transmitted
between hominine species is currently unclear (Calvignac-
Spencer et al. 2012).

Adenoviruses (AdV; family Adenoviridae) are
nonenveloped icosahedral viruses with a double-stranded
DNA genome. They naturally infect many vertebrates, includ-
ing primates and among them humans, and are primarily
transmitted through the fecal-oral and/or respiratory
routes. AdV can cause a variety of pathologies, especially
when hosts are immunocompromised. In humans, these vi-
ruses have been associated with outbreaks of acute respira-
tory illnesses, gastroenterititis, conjunctivitis, and cystitis (Lion
2014). Non-human primate AdV have occasionally been sus-
pected/shown to be transmitted between species (Mwenda
et al. 2005), including in direction of humans (Ersching et al.
2010; Chen et al. 2011; Chiu et al. 2013), demonstrating their
ability to switch between primate hosts. Recent studies iden-
tified a variety of AdV in captive and wild great apes (Roy et al.
2004, 2009; Wevers et al. 2010, 2011): nearly all of them could
be related to four of the seven AdV species initially thought to
be human-restricted (Human mastadenovirus A to G; human
adenoviruses (HAdV)-A to -G). Phylogenetic analyses of their
sequences either revealed sistership to (HAdV-C) or intersper-
sion with those of HAdV responsible of human outbreaks
(HAdV-B, -E, and -F). This, together with a serological study
that reported reactivity to a chimpanzee AdV in human sera
collected in sub-Saharan Africa (Xiang et al. 2006), prompted
some authors to speculate that some human infections and
maybe some human HAdV may originate in great apes
(Purkayastha et al. 2005; Roy et al. 2009; Wevers et al. 2011).
However, information acquired on HAdV circulating in wild
great apes remains limited which prevents drawing any
robust conclusion.

To overcome this limitation, we tested 860 great ape and
human fecal samples collected throughout sub-Saharan
Africa to investigate the molecular epidemiology and the
cross-species transmission frequency of HAdV infecting
great apes and humans. Our analyses support the notion
that HAdV-B originates in gorillas and was transmitted to
both humans and chimpanzees (most likely to some of
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their ancestors), presumably through the fecal-oral route.
While successful HAdV transmission events were rare, asso-
ciation with new hosts persisted over considerable
timescales.

Results

Prevalence of HAdV Species in Great Apes and
Humans from Sub-Saharan Africa

We used four polymerase chain reaction (PCR) systems,
respectively generic for primate AdV and specific for
HAdV-B, -D, and -E to screen 568 fecal samples collected
in the wild from eight great ape species and subspecies at
nine forest sites, and 292 samples collected from people
living in neighboring villages at four of these sites (fig. 1
and table 1). Due to the high similarity of HAdV-B, -D,
and -E sequences, these PCR were not completely specific;
in the absence of the target HAdV species others were oc-
casionally amplified, as revealed by sequencing of all PCR
products. For all sequences, BLAST search returned primate
AdV sequences as first hits. Cumulative primate AdV prev-
alence was 51% (75/146) in chimpanzees (Pan troglodytes),
94% (79/84) in bonobos (Pa. paniscus), 74% (251/338) in
gorillas (Gorilla spp.), and 69% (201/292) in humans
(Homo sapiens; table 1). Further sequence assignment was
performed based on BLAST search hit lists.

Western, Central, and Eastern chimpanzees (Pa. troglodytes
verus, Pa. t. troglodytes, and Pa. t. schweinfurthii) were infected
with HAdV-B, -C, and -E with mean detection rates of 11%,
21%, and 25%, respectively. In bonobos, we detected HAdV-C
and -E in 55% and 67% of the samples, respectively. Western
lowland gorillas (Gorilla gorilla gorilla), Cross River gorillas (G.
g. diehli), Eastern lowland gorillas (G. beringei graueri), and
mountain gorillas (G. b. beringei) were infected with HAdV-
B and -C with mean detection rates of 55% and 37%, respec-
tively. In a single Central chimpanzee and three Western
gorillas HAdV-F could be found. Coinfection of great apes
with different HAdV species was often observed, for example,
17% of the gorilla samples showed coinfection with HAdV-B
and -C. Coinfection of gorillas with different HAdV-B types
was also detected. HAdV-A or HAdV-D were not detected in
any of the great ape samples. In humans, HAdV-C, -D, and -F
were identified with detection rates of 9%, 43%, and 3%, re-
spectively. HAdV-B and -E were not detected in human sam-
ples. Collectively, these results clearly identify great apes as the
major hosts of HAdV-B and -E in sub-Saharan Africa.

Genetic Diversity and Species Delineation of HAdV
Species

Additional sequence information was acquired to examine
the evolutionary relationships of great ape and human AdV
and possibly unravel and date transmission events between
these hosts. All HAdV-positive samples were subjected to
long-distance PCR using four nested primer sets, targeting
either HAdV-B, -C, -D, or -E sequences, which amplified a
gene block (5.6 kb) that comprises the V, pX, pVI, and
hexon genes. Using this approach we were able to amplify
37 HAdV-B and 3 HAdV-C from gorillas, 2 HAdV-B and 2

HAdV-E from chimpanzees, and 14 HAdV-D from humans
(N = 58; supplementary material S1, p. 2, Supplementary
Material online). These sequences were then aligned with a
set of chimpanzee, bonobo, gorilla, and human AdV se-
quences comprising all known serotypes and genotypes
(N = 119). As HAdV are prone to recombination and recom-
bination can mislead phylogenetic inference, sequences de-
rived from long-distance PCR were scanned for
recombination cold-spots. The largest recombination cold-
spot was identified in the V gene and comprised 429 bp (sup-
plementary material S1, p. 3, Supplementary Material online).
In the following, we primarily report results obtained from
analyses focused on this fragment. Most of these analyses
were however also performed on a data set comprising all
DNA polymerase sequences generated during the initial
screening (see Materials and Methods); those generally
yielded similar results which will not be discussed below
and are summarized in supplementary material S3, p. 5–9,
Supplementary Material online.

We first explored the genetic diversity comprised in this
data set by performing a maximum likelihood (ML) analysis
using PhyML (Guindon et al. 2010). The recognized HAdV
species could be identified from the corresponding phyloge-
netic tree and all received high bootstrap support (Bp = 100)
except HAdV-E (Bp = 52; fig. 2). Maximum patristic distances
within these clades varied substantially: 0.49 substitu-
tions.site�1 (sub.s�1; HAdV-B), 0.85 sub.s�1 (HAdV-C), 0.10
sub.s�1 (HAdV-D), and 0.12 sub.s�1 (HAdV-E). In addition,
tree topology differed markedly among the four species: while
HAdV-B and -C exhibited a number of long deep internal
branches, any comparable deep structure was absent in
HAdV-D and -E. Altogether this suggested that the genetic
diversity of these species may have been shaped by different
processes. To further investigate this question, we used a
method based on the analysis of branching patterns, the gen-
eral mixed Yule-coalescent method (GMYC). GMYC compa-
res models combining species-level and population-level
diversification processes (GMYC models) and a null model
assuming only population-level processes were at play (Pons
et al. 2006; Fujisawa and Barraclough 2013). GMYC requires
providing an ultrametric tree, which we produced using
BEAST (Drummond et al. 2012). Rate variation was already
apparent from the ML tree (coefficient of variation of the
root-to-tip distances when best-rooting with Path-O-
Gen = 0.24). Therefore, this analysis was run, as all the follow-
ing, under the assumption of a relaxed clock. The resulting
maximum clade credibility (MCC) tree was used for a GMYC
analysis. The null model was clearly rejected by a likelihood
ratio test (P = 2.6E�5). The best GMYC model identified 12
evolutionary entities (later referred to as operational taxo-
nomic unit or OTU; fig. 2 and supplementary material S1,
p. 4–5, Supplementary Material online).

Species HAdV-D and -E were identified as distinct OTU
(OTU 5 and 12); species HAdV-B and -C were composites of,
respectively, six and four OTU (OTU 6–11 and 1–4). Five
HAdV-B OTU and all four HAdV-C OTU were supported
by moderate to high Bp values in the ML tree and posterior
probabilities (pp) in the MCC tree (56< Bp< 100,
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pp� 0.97). The monophyly of HAdV-B OTU 11 was only
weakly supported (Bp = 38, pp = 0.94). As OTU 11 formed a
well supported clade with OTU 10, we considered that OTU
10 and OTU 11 may actually correspond to a single OTU
(hereafter referred to as OTU 10). In summary, HAdV-B

comprised five OTU of which three infect multiple host spe-
cies (OTU 8–10). The two remaining HAdV-B OTU only
infect a single host, respectively gorillas (OTU 6) and
humans (OTU 7). In contrast, all four HAdV-C OTU are
host-specific (OTU 1–4).

Fig. 1. Distribution areas of bonobo, chimpanzee, and gorilla subspecies and study site locations. (Panel A) Bonobo and chimpanzee subspecies.
(Panel B) Gorilla subspecies, the top-right inset is a zoom-in of the African Great Lakes region.
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To determine the relative merit of the OTU delineation
and the recognized species demarcation, we performed a
Bayes factor (BF) comparison of four models (table 2): 1) a
model that assumes all sequences were derived from a single
species (equivalent to the null model of the GMYC analysis),
2) a model that assumes all sequences represent distinct evo-
lutionary entities (Yule model), and 3) and 4) two multispe-
cies models that delineate 4 (HAdV-B, -C, -D, and -E) and 11
species (GMYC OTU), respectively [note that the term spe-
cies in this sentence only reflects the terminology of multi-
species models, that is, it does not have taxonomical
implications per se]. Models incorporating species delinea-
tions were clearly favored and among these the 11-OTU
model had a much better marginal likelihood (2
ln(BF) = 140.2 and 140.4 using path and stepping stone sam-
pling, respectively). Hereafter, we report only results obtained
using the 11-OTU model but all analyses were performed
under the four abovementioned models, with similar results
across models.

Ancestral Host Reconstruction and Host Change
Counts

Ancestral host reconstruction was performed in a Bayesian
framework. Host assignment was considered a discrete geo-
graphical location and used to feed an asymmetric diffusion
model (Lemey et al. 2009; Weinert et al. 2012). Gorillas were
identified as the best supported ancestral host of the entire
HAdV-B group (pp = 0.98; table 3 and supplementary mate-
rial S1, p. 6–7, Supplementary Material online). Because rate
heterogeneity was likely within this group (fig. 2) and this
could lead to long-branch attraction when using the com-
plete data set, we also performed ancestral host reconstruc-
tion on a data set only comprising HAdV-B sequences.
Gorillas were still the best supported ancestral host
(pp = 0.71; humans pp = 0.20; and chimpanzees pp = 0.09),
the reduced support being explained by uncertainty so as
to the earliest offshoot of this radiation (HAdV-B OTU 6
or 7). Three HAdV-B OTU comprised gorilla sequences
(OTU 6, 9, and 10) and gorilla was the best supported ances-
tral host for these OTU (pp = 1.00). The ancestral hosts of
HAdV-B OTU 7 (only comprising human-derived sequences)
and 8 were respectively humans and chimpanzees (pp = 1.00).
Similar results were obtained for these five OTU using the
HAdV-B only data set. The HAdV-C group consisted of four
OTU which all comprised sequences derived from a single
host (human, bonobo, chimpanzee, or gorilla); the expected
ancestral host was retrieved in all cases (pp� 0.99). Similarly,
humans were identified as the best supported ancestral host
(pp = 1.00) for species HAdV-D, which only comprised
human-derived sequences. For species HAdV-E, which com-
prised sequences derived from chimpanzees, bonobos, and
humans, chimpanzees were the best supported ancestral host
(pp = 0.99).

The pattern observed within species HAdV-B was sugges-
tive of an origin in gorillas followed by transmission events to
humans and chimpanzees. Therefore, we performed targeted
analyses aimed at determining the number of transitionsT
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from one to another host (fig. 3). Gorilla was clearly identified
as the major source of HAdV-B with a mean of 8.0 inferred
transitions (95% highest posterior density [HPD]: 5.3–10.2), a
number markedly higher than the 1.7 (95% HPD: 1.0–4.3) and
0.5 (95% HPD: 0.0–1.8) for chimpanzees and humans, respec-
tively. Gorilla-borne HAdV-B transmissions occurred more
frequently in the direction of chimpanzees (mean: 6.5, 95%
HPD: 5.0–7.8) than toward humans (mean: 1.5, 95% HPD:
0.3–2.4). Evidence for chimpanzee to human HAdV-B trans-
mission was also observed (mean: 1.3, 95% HPD: 1.0–2.3).

Timing of HAdV Evolution

As previously reported (Roy et al. 2009; Wevers et al. 2011),
the pattern observed within species HAdV-C was compatible
with host/parasite codivergence (fig. 2), although in our

analysis the branch supporting the human/panine clade
was relatively weakly supported (Bp = 63, pp = 0.65). We
therefore used the divergence of all hominines to calibrate
our analyses and derive divergence date estimates across the
entire HAdV phylogeny. Under the assumption of HAdV-C
virus/hominine codivergence, an average mean rate of

Fig. 2. ML tree of a partial fragment of the V gene. Gray rectangles highlight species delineated through GMYC. Bootstrap values are shown above all
internal branches discussed in this article. Scale is in substitution per site. This tree was rooted by minimizing the variance of root-to-tip distance using
Path-O-Gen (http://tree.bio.ed.ac.uk/software/pathogen/, last accessed April 29, 2015). Note that sequences identified from more than one host (brown
labels) were all derived from captive individuals; dots point at sequences identified from samples analyzed in this study, which does not necessarily mean
that these sequences were never detected elsewhere (e.g., in captive great apes). An alternative version of this tree in which tips wear explicit strain
names is also presented in supplementary material S1, p. 4, Supplementary Material online.

Table 3. Ancestral Host Posterior Probabilities.

Host

Bonobo Chimpanzee Gorilla Human

B 0 0.01 0.98 0.01

OTU 6 0 0 1.00 0

OTU 7 0 0 0 1.00

OTU 8 0 1.00 0 0

OTU 9 0 0 1.00 0

OTU 10 0 0 1.00 0

C 0.02 0.15 0.75 0.08

OTU 1 0 0 0 1.00

OTU 2 1.00 0 0 0

OTU 3 0 0.99 0.01 0

OTU 4 0 0 1.00 0

D 0 0 0 1.00

E 0 0.99 0 0

NOTE.—Best values are underlined. Values on a line do not always sum up to 1.00 as
values <0.01 were rounded to 0. These values were obtained under the 11-species
model, assuming an asymmetric diffusion process. Other models yielded similar
values (supplementary material S1, p. 6–7, Supplementary Material online).

Table 2. Log Marginal Likelihood Values for Different Species
Delineation Schemes.

Path
Sampling

Stepping Stone
Sampling

Coalescent: constant population size �6323.5 �6324.4

Multispecies: 4 species �6153.2 �6153.6

Multispecies: 11 species �6083.1 �6083.4

Speciation: Yule �6331.8 �6332.1

NOTE.—The best delineation scheme model is the model assuming 11 species
(underlined).
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substitution of 2.8E�8 sub.s�1.y-1 (95% HPD: 1.2E�8–4.6E�8)
was observed, consistent with expectations for double
stranded DNA (dsDNA) viruses (but note that for dsDNA
viruses most estimates are derived from assumed
codivergence events; Duffy et al. 2008). Significant rate het-
erogeneity across lineages was confirmed, with an average
coefficient of variation of 0.62 (95% HPD: 0.43–0.82).

In the MCC tree, the root was positioned on the branch
separating HAdV-C from HAdV-B, -D, and -E, defining two
lineages comprising host-associated clades of viruses infecting
humans (HAdV-C OTU 1 and HAdV-D, respectively), chim-
panzees (HAdV-C OTU 3 and HAdV-E), and gorillas (HAdV-C
OTU 4 and HAdV-B). This root location was the most fre-
quent in the posterior sample of trees (pp = 0.78) and possibly
indicates an ancestral viral lineage duplication predating the
divergence of African hominids. The branching order of
HAdV-B, -D, and -E did not suggest the existence of a single
lineage codiverging with their hominine hosts (figs. 2 and 4).
As support values for the according tree topology were rela-
tively low, we investigated this question further by reanalyzing
eight complete gene sequences previously examined by Roy
et al. (2009). Bayesian Markov chain Monte Carlo (BMCMC)
analyses showed that all individual gene trees and the species
tree favored the topology (HAdV-C,(HAdV-D,(HAdV-B,
HAdV-E))) (supplementary material S2, p. 3, Supplementary
Material online).

The estimated dates of the divergence events within
HAdV-C (OTU 2/OTU 3 and OTU 2 and 3/OTU 4) were
also compatible with host/parasite codivergence; 95% HPD
for parasite divergence events comprised estimates of host
divergence dates derived from genomic analyses (supplemen-
tary material S2, p. 2, Supplementary Material online). The
time to the most recent common ancestor (tMRCA) of
HAdV-B, -D, and -E was 7.7 My (95% HPD: 3.4–14.4), which
was close to the estimated 6.8 My observed for the divergence
of all HAdV-C (95% HPD: 4.8–10.8; fig. 4 and supplementary
material S1, p. 8–9, Supplementary Material online). The

tMRCA of species HAdV-B group and species HAdV-D and
HAdV-E were 4.5, 0.8, and 1.1 My (95% HPD: 1.9–9.4, 0.3–1.6,
and 0.3–2.5, respectively). These tMRCA antedate the diver-
gence of all modern gorillas (Prado-Martinez et al. 2013), the
first appearance of H. sapiens in the fossil record (McDougall
et al. 2005) and the divergence of all modern panines (Prado-
Martinez et al. 2013), respectively. Consistent with these es-
timates, the inferred rate of gorilla-derived HAdV-B transmis-
sion events was low, with a mean of 2.2 transitions to
chimpanzees per My (95% HPD: 0.4–4.) and 0.7 transitions
to humans per My (95% HPD: 0.0–2.0).

Four independent transmission events of great ape HAdV
to humans were apparent from figure 4. Three of these in-
volved viruses belonging to the HAdV-B lineage, with their
putative reservoirs being either gorillas (two events: species 7
and 10) or chimpanzees (one event: species 8), which is con-
sistent with HAdV-B host switch counts (fig. 3). A single
HAdV-E transmission event was also identified, most likely
originating in chimpanzees. Median estimates of the trans-
mission windows supported transmissions predating the
emergence of anatomically modern humans for the two go-
rilla-borne events; the two chimpanzee-borne events oc-
curred on terminal branches, thereby preventing the
identification of an upper bound for the date of transmission.
Only three transmission events of HAdV-B from gorillas to
chimpanzees could be bound to a unique branch; up to three
other may have occurred but phylogenetic uncertainty in the
according zone of the tree (OTU 9) prevented any unambig-
uous positioning. According to median estimates, a single
firmly established event predated the divergence of all
modern panines; the two other occurred on terminal
branches.

Phylodynamics of HAdV OTU and Species

Finally, we estimated viral population dynamics for three spe-
cies that primarily infected great apes: HAdV-B OTU 9 and 10

Fig. 3. HAdV-B host switch counts.
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and HAdV-E. Other HAdV species did not comprise enough
sequences to explore their demographic history. For this anal-
ysis, we performed a BF comparison of two coalescent models
(table 4): a model that assumes a constant population size
through time and a second that allows for population size
variation through time (Bayesian SkyGrid). The constant pop-
ulation size model could not be rejected or was slightly fa-
vored for the three species.

Discussion
We investigated the evolutionary history and zoonotic
potential of HAdV using fecal samples from wild African
great apes and sympatric human populations. We found
high prevalence of HAdV-B and -E in gorillas and chimpan-
zees, respectively. HAdV-C reached relatively high prevalence
in most great ape populations and was also detected in the
four human populations. HAdV-D was the predominant
species in humans and was never detected in great apes.
Using a GMYC approach, we showed that the genetic
diversity of the HAdV species has likely been shaped by
distinct processes; a combination of typical between-species
and within-species processes for HAdV-B and -C versus
pure within-species processes for HAdV-D and -E. Although
this delineation identified six host-specific OTU (out of a
total of 9 HAdV-B and -C OTU), and this may reinforce
their biological relevance, our findings presently have no
direct taxonomical impact, as species demarcation would re-
quire accumulating much more information (Harrach et al.
2011).

Fig. 4. Bayesian chronogram of a partial fragment of the V gene. Stars point at transmission events that could be bound to single branches (no
phylogenetic uncertainty). The human silhouette points at the oldest fossils of anatomically modern humans (McDougall et al. 2005). Great ape
silhouettes highlight divergence times of all P. troglodytes and of all Gorilla sp., following Prado-Martinez et al. (2013). The symbolic hominine phylogeny
refers to the time to the last common ancestor of this lineage as set up for these analyses, that is, 6 My [5–7 My]. Posterior probability values are shown
above all internal branches discussed in this article. Note that in this maximum credibility tree, the branching order of the different HAdV-C OTU differs
from the most frequently observed branching order in the entire posterior sample of trees (which complies with the codivergence hypothesis). This
chronogram was obtained using the 11-species model (in which OTU 10 and OTU11 highlighted in figure 2 were merged in a single OTU, named OTU
10); tree priors affected date estimates (supplementary table S1, p. 8–9, Supplementary Material online) but not in a way that would modify our
conclusions. This tree was built assuming a relaxed molecular clock and therefore is rooted; the root location received a posterior probability of
0.78. Note that sequences identified from more than one host (brown labels) were all derived from captive individuals; dots point at sequences
identified from samples analyzed in this study, which does not necessarily mean that these sequences were never detected elsewhere (e.g., in captive
great apes).

Table 4. Log Marginal Likelihood Values for Different Models of
Population Growth.

Constant
Population Size

Bayesian
SkyGrid

2 ln BF

B OTU 9 �1180.3/�1180.3 �1179.8/�1179.9 1.0/0.8

B OTU 10 �1318.5/�1318.4 �1318.2/�1318.0 0.6/0.8

E �883.3/�883.3 �885.8/�885.9 �5.0/�7.6

NOTE.—Marginal likelihoods are as derived from path sampling/stepping stone sam-
pling. For BF calculations the constant population size model was considered the
null hypothesis. 2 ln BF 4 0 indicates a better performance of the Bayesian SkyGrid
model but only values 4 10 are considered decisive.
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Our findings add to the growing body of literature (e.g.,
Roy et al. 2009; Wevers et al. 2011) suggesting that HAdV
evolution has been mainly governed by strong, long-term
association with their hominine hosts. This is notably evi-
denced by a marked overall pattern of host specificity, even
after we considerably enlarged the pool of AdV sequences
available from wild great apes. Interestingly, the host-HAdV
association seems strong enough to have resulted in the
codivergence of HAdV-C with their hosts. On the contrary,
BMCMC analyses support the notion that the branching
order of HAdV-B, -D, and -E contradicts a pure codivergence
pattern (irrespective of the gene considered). This may sug-
gest a more complex evolutionary history, possibly involving
HAdV extinction events (Roy et al. 2009).

Confirming earlier speculations (Purkayastha et al. 2005;
Roy et al. 2009; Wevers et al. 2011), we demonstrate here that
HAdV evolution was also marked by natural host switches
that resulted in perennial associations with new hominine
hosts, which is particularly obvious in the case of HAdV-B
viruses. Several lines of evidence support the notion that
members of this very diverse lineage, which in our analyses
comprised five OTU, have parasitized members of the gorilla
lineage for several million years. First, all species and subspe-
cies of gorillas are infected at high prevalence with these vi-
ruses. Second, three of the five HAdV-B OTU infect gorillas
and their reconstructed ancestral hosts are gorillas. Third,
population sizes of two of these OTU remained stable over
hundreds of thousands of years, possibly suggesting high prev-
alence over the same timescales. Finally, the reconstructed
ancestral host of the last common ancestor of the entire
HAdV-B lineage is gorillas.

We also show that HAdV-B viruses were transmitted to
chimpanzees and humans, resulting in their long-term estab-
lishment in these new host species. Two key questions are the
frequency and the mode of such transmission events.
Assuming the calibration of our phylogenetic analyses is cor-
rect, it appears that cross-hominine transmission of HAdV
has occurred at very low frequency. Within the HAdV-B lin-
eage, we inferred about ten transmission events over a period
spanning about 4.5 My, of which only three were in direction
of the human lineage. While this does not account for (the
possibly many) dead-end transmission events, the fact that
no HAdV-B infection was detected in human populations
living in the vicinity of great ape habitat is also suggestive of
a low frequency of instantaneous transmission. This situation
is very comparable to what has been reported for Laveranian
malaria parasites, the complex of species from which P. fal-
ciparum emerged, most likely as the result of a single gorilla-
to-human transmission event (Liu et al. 2010; Rayner et al.
2011). While wild great apes are frequently infected with these
parasites (Kaiser et al. 2010; Liu et al. 2010), they have not yet
been detected in any human population sharing great ape
habitats (Sundararaman et al. 2013). In contrast, SIVcpz and
SIVgor, which were transmitted at least four times to human
populations over the last 100 years, present a very heteroge-
neous distribution in chimpanzee and gorilla populations,
with overall fecal detection rate much lower than those ob-
served for HAdV or Laveranian malaria parasites (Sharp and

Hahn 2011). Taken together, these three examples further
highlight that prevalence and host-specificity are poor pre-
dictors of the zoonotic potential of great ape parasites
(Calvignac-Spencer et al. 2012).

Barriers to cross-species transmission of great ape and
human parasites (in either direction) may reside in para-
site–host incompatibility and/or a paucity of transmission
opportunities for the pathogens, that is, a lack of effective
exposure (Rayner et al. 2011). Exposure in turn depends on
the mode of transmission of the parasite, as well as on host
species geographical overlap and ecological interactions. In
Central Africa, the ranges and diets of chimpanzees and go-
rillas overlap considerably (Yamagiwa and Basabose 2006,
2009; Head et al. 2011; Junker et al. 2012; Oelze et al. 2014).
Chimpanzee and gorilla groups have been observed foraging
the same fruit tree on the same day or even feeding simulta-
neously in the very same tree (Walsh et al. 2007). Physical
challenge involving chimpanzees and gorillas in the wild is
possible but, to our knowledge, has never been reported.
There appears to be ample opportunity for parasite transmis-
sion from gorillas to chimpanzees through the environment,
but much less so through direct contact. It is well-established
that HAdV are readily transmitted from human to human
through the environment (primarily via fecal-oral and respi-
ratory routes). It therefore seems likely that at least part of the
six HAdV-B transmission events from gorillas to chimpanzees
detected here similarly occurred through the environment.
Habitat sharing may be the only necessary condition to cross-
hominine transmission of HAdV and the “intensity” of habitat
sharing an important risk factor. This does not necessarily
mean that HAdV-B and HAdV-E transmission from gorillas
and chimpanzees to humans followed the same route.
Human populations living in or close to rainforest areas
have probably always relied (and still rely) on bushmeat, in-
cluding great ape bushmeat (Malhi et al. 2013), and its acqui-
sition results in substantial direct physical contact with
animals. Contamination with HAdV infecting great apes
during hunting or butchering therefore also appears as a
plausible scenario.

Finally, it is interesting to note that two HAdV-B emer-
gence events took place in a relatively distant past, maybe
even predating the appearance of H. sapiens. Nowadays,
HAdV-B infections are associated with acute respiratory ill-
nesses in humans, which incur a significant morbidity burden
and can sometimes be lethal (Kajon et al. 2010). Assuming
that the outcome of HAdV-B infections was no better in the
past, these viruses of zoonotic origin may have had similar
detrimental effects on human health over much of our spe-
cies lifetime.

Materials and Methods

Sample Collection and Processing

Fecal samples were collected using single-use gloves and pre-
served in RNAlater (Qiagen, Hilden, Germany), in liquid ni-
trogen, or by drying over silica. Great ape sample importations
occurred according to German veterinary regulations for
import of organic materials. Human samples were collected
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after written informed consent was obtained from every
study participant. The collection was approved by the respon-
sible ethic commission of each country and performed
according to the declaration of Helsinki.

DNA was extracted from fecal samples with a
GeneMATRIX stool DNA purification kit (Roboklon, Berlin,
Germany), according to manufacturer’s instructions.

PCR and Sequencing

The presence of primate AdV was first tested for using a
generic nested PCR system targeting of 650 base pair (bp)
fragment of the DNA polymerase gene. In addition, three
specific nested PCR systems targeting a conserved region in
the C-terminal region of the hexon gene were designed so as
to preferentially amplify HAdV-B, -D, or -E fragments (324,
322, and 309 bp, respectively). For these four short PCRs, con-
ditions were as described in Wevers et al. (2010). Three nested
long distance (LD) primer sets were also designed on the basis
of HAdV genome sequences available in Genbank and used
on positive samples. The amplified fragments (~5.5 kb) span
the genes pVII, V, pX, pVI, and hexon. LD PCR were performed
with the TaKaRa-EX PCR kit according to the instructions of
the manufacturer (Takara Bio Inc., Otsu, Japan). Primer se-
quences and cycling conditions can be found in supplemen-
tary table S1, Supplementary Material online.

All PCR products were purified using the Invisorb DNA
clean up kit according to manufacturer’s instructions (Invitek,
Berlin, Germany). Sequencing reactions were performed with
the Big Dye terminator cycle sequencing kit (Applied
Biosystems, Warrington, UK) and products analyzed on a
377 automated DNA sequencer (Applied Biosystems). All
DNA polymerase sequences and all unique sequences gener-
ated by LD PCR were deposited in GenBank (accession num-
bers LN828977–LN829111 and KM659129–KM659172). A
fasta file comprising all hexon sequences was deposited on
DRYAD (doi: 10.5061/dryad.rs5g0).

Phylogenetic Analyses
All HAdV
Analyses were first performed on a data set that comprised all
sequences obtained from LD PCR products (N = 58) as well as
representative sequences of all known HAdV-B, -C, -D, and -E
serotypes and types (N = 119). Nucleotide sequences were
aligned with MUSCLE (Edgar 2004) and conserved nucleotide
blocks selected with Gblocks (Talavera and Castresana 2007);
both softwares were run in SeaView (Gouy et al. 2010).
Because HAdV are prone to recombination, we then identi-
fied recombination hot/coldspots using RDP v4.9 (Martin
et al. 2010). The largest coldspot, a 429 bp sequence block
exhibiting very little evidence for recombination (supplemen-
tary material S1, p. 3, Supplementary Material online), was
selected for further analyses. This alignment was reduced to
only comprise unique sequences (N = 133) using Fabox v1.41
(Villesen 2007). Model selection was performed in an ML
framework using jModelTest v2.1.3 (Darriba et al. 2012) and
the Bayesian information criterion (model selected:
HKY + I + G). An ML analysis was performed under this

nucleotide substitution model using PhyML v3.1 (Guindon
et al. 2010), as implemented on the PhyML webserver
(Guindon et al. 2005). Tree search combined the nearest-
neighbor interchange and subtree pruning and regrafting
approaches. Branch support was estimated by bootstrapping
the data set (250 pseudo-replicates).

Patristic distances were derived from the resulting tree
using Patristic (Fourment and Gibbs 2006). Together with
topological features, within-species maximum patristic dis-
tances suggested that the diversification process may have
differed between HAdV species. To investigate this hypothe-
sis, we used an approach based on general-mixed Yule/
coalescent models (GMYC; Pons et al. 2006; Fujisawa and
Barraclough 2013). For this, we generated an ultrametric
tree which we derived from BMCMC analyses with
BEAST v1.8.0 (Drummond et al. 2012). These first BMCMC
analyses were run under the assumption of a relaxed
molecular clock (uncorrelated lognormal) and a coalescent
tree prior (constant population size). The resulting MCC
tree was used as the input of a GMYC analysis using the
R package splits (single threshold; Fujisawa and Barraclough
2013).

We then performed a series of BMCMC analyses (all with
BEAST) to reconstruct ancestral hosts at all nodes of the
HAdV phylogeny and estimate the timescale of HAdV evo-
lution. These analyses were performed according to four dis-
tinct speciation scenarios that implied the existence of: 1) a
single species (coalescent model: constant population size), 2)
4 species (*BEAST with a Yule process as species tree prior and
a piecewise linear and constant root population size model;
Heled and Drummond 2010), 3) 11 species (*BEAST, same
priors), and 4) as many species as sequences (speciation
model: Yule process). It should be noted that the term species
in the previous sentence only reflects the terminology of
multispecies models, that is, it does not have taxonomical
implications per se. Host assignment (bonobo, chimpanzee,
human, and gorilla) was considered a discrete geographical
location and used to inform a discrete asymmetric diffusion
model (preliminary analyses evidenced a better performance
of asymmetric models over symmetric ones; Lemey et al.
2009; Weinert et al. 2012). All analyses assumed a strict
clock for the host model and a relaxed clock (uncorrelated
lognormal) for the nucleotide substitution model. For all but
the four species analysis, we attempted to calibrate the mo-
lecular clock by using a prior on the divergence of GMYC-
delimited species forming HAdV-C (OTU 1–4). Within this
species, the viral topology indeed seemed to recapitulate host
divergence events [(gorilla, (human, (chimpanzee,
bonobo)))]. We therefore chose the divergence of all homi-
nines as a calibration point. We modeled the latter using a
normal distribution of mean 6.0 and SD 0.51 so that 95% of
the values be comprised between 5 and 7 My. Recent
genome-wide molecular estimates of the hominine split fall
within this interval [assuming a substitution rate of 10�9

subs./site/year] (Scally et al. 2012; Prado-Martinez et al.
2013). We also placed a poorly informative prior on the
mean nucleotide substitution rate by describing it with a
uniform distribution with a lower limit of 10�3 and an
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upper limit of 10 substitutions per site per My. These
numbers were derived from the whole range of substitution
rates of double-stranded DNA viruses (Duffy et al. 2008).
Model marginal likelihoods were estimated using path and
stepping stone sampling (Baele et al. 2012). The best model
was considered as receiving decisive support when 2 ln
BF4 10.

HAdV-B and HAdV-E
We also performed focused analyses aimed at determining
the number of transitions from one to another host within
the species HAdV-B. Because all models of diversification con-
verged to similar estimates of host switch relative rates on the
global data set (data not shown), these analyses were per-
formed assuming the simplest of these models (coalescent
process: constant population size). Host switches were mod-
eled using a discrete asymmetric diffusion model, and sto-
chastic mapping was used to assess the number of transitions
(Minin and Suchard 2008). To be able to replace this in an
absolute timeframe, we calibrated the relaxed molecular clock
(uncorrelated lognormal) using the tMRCA of HAdV-B re-
trieved in the all HAdV analysis. This time was modeled as a
lognormal distribution of real mean 5.27 My and log(SD) 0.51
(offset = 0).

Note that all analyses described until this point were
also performed using an alignment of DNA polymerase
sequences comprising all sequences obtained in the screening
phase (N = 135) as well as representative sequences of
all known HAdV-B, -C, -D, and -E serotypes and types
(N = 77). This data set was reduced to a total of 144 unique
sequences before the analyses were performed. All the
according results were in broad agreement with those ob-
tained from the analyses of the V gene fragment; they are
summarized in supplementary material S3, Supplementary
Material online.

Finally, we estimated viral population dynamics for GMYC
OTU 9 and 10 (HAdV-B) and HAdV-E. For these analyses,
alignments of the V gene fragment were not reduced to
unique sequences. This resulted in data sets respectively com-
prising 21, 39, and 18 sequences. For each data set, analyses
were performed assuming a relaxed clock (uncorrelated log-
normal) and under two coalescent models: constant popula-
tion size and a Bayesian SkyGrid. To be able to replace
population dynamics in an absolute timeframe, we calibrated
the molecular clocks with the times to the most recent
common ancestor of these lineages as retrieved in the all
HAdV analysis. These were modeled using the following log-
normal distributions (all offsets = 0): HAdV-B OTU 9: mean-
= 1.40, SD = 0.49; HAdV-B OTU 10: mean = 1.89, SD = 0.47;
HAdV-E: mean = 1.26, SD = 0.54. Model marginal likelihoods
were estimated and compared as abovementioned.

Supplementary Material
Supplementary materials S1–S3 and table S1 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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