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Introduction

Summary

Illegal bushmeat traffic is an important threat to biodiversity conservation of sev-
eral endangered species and may contribute to the emergence and spread of infec-
tious diseases in humans. The hunting, manipulation and consumption of
wildlife-based products, especially those of primate origin, may be a threat to
human health; however, few studies have investigated the role of bushmeat trade
and consumption as a potential source of human infections to date. In this study,
we report the screening of viral pathogens in African simian game seized by
French customs at Toulouse Blagnac Airport. Epifluorescence microscopy
revealed the presence of virus-like particles in the samples, and further metage-
nomic sequencing of the DNA and RNA viromes confirmed the presence of
sequences related to the Siphoviridae, Myoviridae and Podoviridae bacteriophage
families; some of them infecting bacterial hosts that could be potentially patho-
genic for humans. To increase the sensitivity of detection, twelve pan-generic
PCRs targeting several viral zoonoses were performed, but no positive signal was
detected. A large-scale inventory of bacteria, viruses and parasites is urgently
needed to globally assess the risk for human health of the trade, manipulation and
consumption of wildlife-related bushmeat.

biodiversity conservation of several endangered species
such as primates and pangolins (Effiom et al., 2013) and

Human zoonoses are directly acquired from animals or
indirectly via arthropod bites and are an increasing public
health problem. More than two-thirds of emerging human
pathogens are of zoonotic origin, and of them, more than
70% originate from wildlife (Cutler et al., 2010; One
Health Initiative). Hunted wild animals are not only an
important source of protein for many poor rural popula-
tions (Brashares et al., 2011); they are also an important
part of some cultures, for animist practices or to reflect a
luxury status in industrialized countries, for example. Usu-
ally composed of rodent-borne, antelope-borne, primate-
borne, and turtle-borne meat, bushmeat is a threat to both
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public health. The traffic also contributes to decrease the
proteins availability in some poor rural regions (Brashares
et al,, 2011). All industrialized countries are affected by the
illegal traffic of bushmeat, as reported by Falk et al. in
Switzerland (Falk et al., 2013) and by Bair-Brake et al.
(2014) in the United States. In 2013 in France, customs
reported 647 seizures of endangered species (wildlife and
flora), of which Convention on International Trade in
Endangered Species (CITES)-listed animals were estimated
at 39% of seized bushmeat carcasses (Chaber et al., 2010,
French customs annual report). The international illegal
traffic of animals has been estimated to total five tons of
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wild game, livestock meat and fish, carried by passengers
arriving from sub-Saharan Africa at Paris Charles de Gaulle
Airport (France) (Chaber et al.,, 2010), of which little is
seized and directly destroyed by customs and veterinary
services each year. Equivalent traffic probably occur from
other countries (Asia or South American continents, for
example), but no report was released yet regarding the
detailed origins of customs seizures of illegal game entering
in France.

In some countries, bats are hunted for their meat, result-
ing in the infection of humans, as previously reported
(Kamins et al., 2014; Pernet et al., 2014). In addition, sev-
eral known examples of primate hunting have led to the
emergence of human epidemics, such as Ebola haemor-
rhagic fever and AIDS in which the hunting and manipula-
tion of infected carcasses were shown to be the origins of
epidemics (Wolfe et al., 2004). However, few studies have
investigated the role of simian bushmeat trade, manipula-
tion and/or consumption as a potential source of human
infections. The carriage of pathogens by simian bushmeat,
such as parasites (Pourrut et al., 2011), bacteria (Bachand
et al., 2012) or viruses (Aghokeng et al., 2010; Smith et al.,
2012), was previously reported. For example, in the United
States, Smith et al. have reported the presence of retro-
viruses and herpesviruses in non-human primate tissue

samples confiscated at different airports (Smith et al.,
2012). In France, Chaber et al. have reported data suggest-
ing the presence of foodborne pathogens, such as Listeria
monocytogenes, and carcinogenic concentrations of benzo
(a)pyrene in smoked bushmeat confiscated at the Paris
Charles de Gaulle and Toulouse Blagnac Airports (Chaber
and Cunningham, 2016).

S. Temmam et al.

With the progress of molecular biology, PCR-based
methods, mainly pan-generic PCR, have become the main
techniques for virus discovery; however, these techniques
require prior knowledge of closely related viral genomes.
Next-generation sequencing (NGS) techniques make it pos-
sible to sequence all viral genomes in a given sample with-
out any previous knowledge about their nature, using a
combination of sequence-independent amplification and
high-throughput sequencing. These techniques, which are
known as viral metagenomics, are being used exponentially
more frequently to characterize the viral diversities of com-
plex environments, such as animal samples (Temmam
et al., 2014). Although molecular-biology-based methods
are not able to discriminate infectious or inactivated viral
particles, PCR- and NGS-based methods can provide cru-
cial information onto the different viral species that are
present in a sample. In this study, we report the first DNA
and RNA viral metagenomic analysis and screening of zoo-
notic viral pathogens in illegally imported African simian
bushmeat seized by French customs at Toulouse Blagnac
Airport.

Materials and Methods

Specimens
A total of four specimens of non-human primates originat-
ing from the Central African Republic were confiscated by
French customs at Toulouse Blagnac Airport in September
2013. The four animals had been cut into two halves, evis-
cerated and smoked before importation into France (Fig. 1).
Samples were taken from the axillary and popliteal
regions, containing lymph nodes and muscle tissues. The

Fig. 1. Primate bushmeat specimens seized at
the Toulouse Blagnac Airport. [Colour figure
can be viewed at wileyonlinelibrary.com]
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tissue samples (samples STE0011 to STE0014) were then
directly stored at —20°C by the customs officials until fur-
ther analyses.

Sample pre-treatment, epifluorescence microscopy and
virome preparation

Dilacerated tissues (0.5 cm’) were rehydrated overnight at
+4°C in 2 ml of sterile EMEM (Life Technologies, Saint
Aubin, France) and then crushed with two 3-mm tungsten
beads and a TissueLyser at 25 Hz for 2 min (Qiagen, Cour-
taboeuf, France). The clarified supernatant was subse-
quently used as a template for virome preparation.

DNA and RNA viromes of sample no STE0011 were pre-
pared as previously described (Temmam et al, 2015).
Briefly, the clarified supernatant was filtered through a
0.45-um filter (Millipore, Molsheim, France), and free
nucleic acids were digested at 37°C for 1 h with the follow-
ing cocktail of nucleases: 20 U Exonuclease I (New England
Biolabs, Evry, France), 25 U Benzonase® (Merck Millipore,
Molsheim, France), 25 U RNase A (Roche Diagnostics,
Meylan, France), 20 U Turbo DNase (Life Technologies)
and 10 ul of 10x Turbo DNase buffer. The digested super-
natant was then deposited onto a discontinuous 66%—-30%
sucrose gradient and ultracentrifuged in an MLS50 Beck-
man-Coulter rotor at 130 000 g for 2 h at +4°C. The viral
fraction was harvested at the interphase between the 66%
and 30% sucrose layers using a 23-G needle.

One hundred microlitres of the purified fraction was
harvested to assess the virus-like particle (VLP) concentra-
tion by fluorescence microscopy, as previously described by
Thurber et al. (2009). All fluorescence images were
acquired with a Leica SP5 inverted confocal microscope
with four lasers, a 100x objective and a numerical aperture
of 1.4.

DNA and RNA were extracted from the purified viral
fraction with Trizol LS® reagent (Life Technologies). Two
microlitres of DNA was randomly amplified in 2 indepen-
dent reactions using a Genomiphi V3 kit (GE Healthcare,
Vélizy-Villacoublay, France) according to the manufac-
turer’s recommendations. Total RNA was processed by ran-
dom reverse transcription as previously described by
Froussard (1992) using Superscript III Reverse Transcrip-
tase (Life Technologies). cDNA was subsequently used as a
template for the Klenow reaction and randomly amplified
with 2.5 U of Long Amp Taq DNA Polymerase (New Eng-
land Biolabs) in a final volume of 25 ul, as previously
described (Temmam S. ‘Host-associated metagenomics: a
guide to generating infectious RNA viromes’, in revision).

DNA and RNA amplification products were purified
twice with Agencourt AMPure Beads (Beckman-Coulter,
Villepinte, France) according to the manufacturer’s proto-
col, eluted to a final volume of 15 ul and sequenced using
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MiSeq Technology with the paired-end and barcode strate-
gies according to a Nextera XT library kit in a 2 x 300 bp
format (Illumina Inc., San Diego, USA).

Bioinformatic analyses of viromes

Raw reads were imported in pairs into CLC Genomics
Workbench 6.0.1 program (CLC Bio, Aarhus, Denmark)
and trimmed according to their quality score (Illumina
pipeline 1.8 and later), the presence of ambiguities (a maxi-
mum of 2 ambiguities), length (reads <50 nt long were dis-
carded) and the adaptors and primers used for random
PCR. The pre-processed viral metagenomes are publicly
available on Metavir server (http://metavir-meb.univ-
bpclermont.fr) with the identifiers ‘STE0011_DNA’ and
‘STE0011_RNA’ under the project ‘Simian_bushmeat’ and
on MG-RAST server (http://metagenomics.anl.gov/) with
the identifiers 4604107.3 and 4604109.3 for the DNA and
RNA viromes, respectively.

Cleaned paired reads were assembled into contigs with
CLC Genomics program using the following parameters: a
word size of 20 nt, minimum contig length of 200 nt, mis-
match cost of 2, insertion/deletion cost of 3, length fraction
of 0.5 and similarity fraction of 0.8. Contigs and non-
assembled reads were then compared to the NCBI nucleo-
tide database using the BLASTN algorithm, with a mini-
mum coverage of 50%, minimum identity of 50% and E-
value <10-5. Sequences having no significant hits according
to the criteria described above were classified as ‘unknown’.

To enhance the detection of viral reads, cleaned
paired reads were compared to the NCBI RefSeq viral
database using BLASTX program with a minimum cov-
erage of 50%, minimum identity of 50% and E-value
<107°. Taxonomic assignation of the reads was per-
formed at the family level, and bacterial target hosts of
bacteriophages were taxonomically determined at the
genus level. Reads taxonomically classified by BLASTX
were then mapped against reference genomes using CLC
Genomics Workbench 6.0.1 program (CLC Bio, Aarhus,
Denmark) to verify their correct taxonomic assignation,
with the following parameters: a minimal length fraction
of 0.25, minimal similarity fraction of 0.7, mismatch
cost of 2 and insertion/deletion cost of 3.

Pan-generic PCRs

Total nucleic acids were extracted from an aliquot of
100 ul of the purified viral fraction with a BioRobot EZ1
and EZ1 Virus Mini Kit (Qiagen) in a final volume of
60 ul, and 20 ul was subsequently reverse transcribed into
c¢DNA using SuperScript III Reverse Transcriptase (Life
Technologies) and random hexamers, according to the
manufacturer’s recommendations.

© 2016 Blackwell Verlag GmbH e Transboundary and Emerging Diseases. 64 (2017) 1159-1167 1161
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To control the efficiency of the PCR and the presence of
inhibitors originating from the smoked tissue sample
extractions, PCR targeting 18S rRNA was performed with
2 ul of cDNA, as previously described (Breitbart and
Rohwer, 2005).

A total of 12 pan-generic PCRs, nested PCR or real-time
PCR were conducted (Table S1) to screen for the presence
of several zoonotic viruses possibly infecting humans,
including paramyxoviruses (Tong et al., 2008), coron-
aviruses (de Souza Luna et al., 2007), flaviviruses (Mour-
eau et al., 2007), phleboviruses (Sdnchez-Seco et al.,
2003), nairoviruses (Rodriguez et al.,, 1997), poxviruses
(Sanchez-Seco et al., 2006), alphaviruses (Sanchez-Seco
et al., 2001), hantaviruses (Klempa et al., 2006), orthobun-
yaviruses (Lambert and Lanciotti, 2009), arenaviruses
(Bowen et al.,, 1997), filoviruses (Zhai et al., 2007) and
herpesviruses (VanDevanter et al., 1996), according to the
cited authors’ recommendations for primer concentrations
and annealing conditions. Briefly, 5 ul of cDNA was used
in a final volume of 25 ul for the first round of PCR, along
with HotStar Taq DNA Polymerase (Qiagen) or a Quanti-
Tect SYBR Green qPCR Kit (Qiagen), depending on the
pan-generic PCR. A volume of 1 ul of the first-round PCR
product was used for nested PCR when needed. PCR
products were analysed on a 2% agarose gel, and bands of
the expected size were extracted from the gel, purified with
a QIAquick Gel Extraction Kit (Qiagen) and sequenced
with a Big Dye Terminator v1.1 Cycle Sequencing Kit (Life
Technologies) and an ABI 3130 Genetic Analyzer (Life
technologies).

Results

Specimen collection

Four specimens of non-human primates originating from
the Central African Republic were confiscated by French
customs at the Toulouse Blagnac Airport in 2013. Their
specific determination was impossible due to their conser-
vation statuses (Fig. 1), but they all belonged to the Cercop-
ithecidae family.

Detection and quantification of virus-like particles by
epifluorescence microscopy

The estimated numbers of VLPs were 8.85x10° VLPs/ml,
8.28x10* VLPs/ml, 3.72x10° VLPs/ml and 1.73x10” VLPs/
ml for the samples STE0011, STE0012, STE0013 and
STE0014, respectively (Fig. 2).

DNA and RNA viromes of simian bushmeat sample

The DNA and RNA viromes of sample STE0011 were seq-
uenced with Illumina MiSeq technology. After trimming,
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Fig. 2. Fluorescence microscopy of VLPs in the bushmeat sample no
STEOO014. All images were acquired with a Leica SP5 inverted confocal
microscope with four lasers, a 100x objective and a numerical aperture
of 1.4. The scale bar represents 20 pm.

the DNA and RNA viromes contained 647 272 and
519 397 paired reads, respectively.

The results of the BLASTN search against the nucleotide
NCBI database are presented in Figure 3a and 3c, respec-
tively, for the DNA and RNA viromes. The unknown frac-
tions of the DNA and RNA virome datasets represented
25.55% and 6.43%, respectively. Among the known DNA
sequences, bacterial sequences represented 74.84%, eukary-
otes comprised 25.14%, and viruses included 0.03% of the
total assigned reads. Within the known RNA virome,
sequences related to bacteria represented the majority of
the reads (more than 92% of the total assigned reads),
eukaryotic reads comprised 7.23%, and viral reads included
0.64% of the total assigned reads.

The eukaryotic reads were related to humans and pri-
mates (95.21% and 63.70% of the total eukaryotic reads for
the DNA and RNA metagenomes, respectively) in addition
to plants (1.48% and 0.43% of the total eukaryotic reads
for the DNA and RNA metagenomes, respectively) and
arthropods (0.01% and 11.90% of the total eukaryotic
reads for the DNA and RNA metagenomes, respectively).
Parasite (mainly nematodes and helminths) eukaryotic
reads were also detected in the DNA and RNA viromes
(0.96% and 21.26%, respectively), which probably
remained from undigested free DNA. Among them,

1162 © 2016 Blackwell Verlag GmbH e Transboundary and Emerging Diseases. 64 (2017) 1159-1167
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Fig. 3. Taxonomic assignation of reads according to a BLASTN search against the NCBI nucleotide database (a and c for the DNA and RNA viromes,
respectively) and according to a BLASTX search against the viral RefSeq NCBI database (b and d for the DNA and RNA viromes, respectively). [Colour

figure can be viewed at wileyonlinelibrary.com]

Spirometra erinaceieuropaei platyhelminth, a worm com-
monly infecting domestic animals that causes several dis-
eases in humans, was quite abundant (n = 1503 reads) in
the DNA metagenome. Additionally, Haemonchus placei, a
nematode mainly infecting cattle in tropical areas, was
detected in 558 reads; 125 reads were related to Wuchereria
bancrofti, a nematode responsible for lymphatic filariasis in
humans, and 5 and 8 reads of the DNA virome were
assigned to Leishmania and Plasmodium spp., respectively.
Finally, we observed the presence of 2983 sequences repre-
senting Schistosoma rodhaini in the RNA metagenome, a
trematode responsible for infections in small mammals.
The results of the BLASTX search against the RefSeq viral
database are presented in Figure 3B and 3d for the DNA
and RNA viromes, respectively. More than two-thirds of
the total viral reads of the DNA virome belonged to bacte-
riophages, the majority of which were from Siphoviridae
(51.38% of the viral reads) and Myoviridae (24.13% of the
viral reads). Podoviridae, Microviridae and non-classified
phages were less abundant, comprising only 3.74%, 0.02%
and 3.79% of the total viral reads, respectively (Fig. 3b).
The majority of bacterial genera infected by Myoviridae
belonged to the Bacillus sp. genus (46.31%), followed by
Lactobacillus  sp. (12.09%), Enterococcus sp. (9.12%),
Cronobacter sp. (7.83%) and Enterobacteria sp. (6.89%)
(Figure S1). In addition, more than 70% of the bacterial
genera infected by Podoviridae were Planktothrix sp.

© 2016 Blackwell Verlag GmbH e Transboundary and Emerging Diseases. 64 (2017) 1159-1167

(71.90%) and Cellulophaga sp. (16.01%). Most of the
Siphoviridae bacterial hosts belonged to the Enterococcus sp.
(44.46%), Staphylococcus sp.  (15.51%), Lactococcus sp.
(14.87%) and Listeria sp. (7.76%) genera (Figure S1).

Sequences belonging to the Phycodnaviridae (n = 651
reads), Iridoviridae (n = 29 reads), Nudiviridae (n = 21
reads) and Baculoviridae (n = 4 reads) families (Figure 3b)
were also detected. Iridoviridae, Nudiviridae and Baculoviri-
dae are insect-infecting viruses, whereas Phycodnaviridae
are large viruses infecting algae. Several reads belonging to
other Megavirales, an order of large viruses that infect
eukaryotic hosts (Colson et al., 2013), were present in the
DNA virome, belonging to the Mimiviridae family
(n = 503 reads), the non-classified Faustovirus (n = 982
reads) and Pandoravirus (n = 89 reads) (Figure 3b). Fur-
ther verification of the taxonomic assignation of reads in
the Poxviridae (n = 258 reads), Ascoviridae (n = 61 reads),
Herpesviridae (n = 49 reads) and Papillomaviridae (n = 1
read) families (Figure 3b) by mapping against reference
genomes showed that they corresponded to repeated pat-
terns and thus could not be confidently attributed to these
families.

The sequences of the RNA virome were related to
Siphoviridae, Myoviridae and Podoviridae bacteriophages or
Mimiviridae, Phycodnaviridae and Ascoviridae. These
sequences probably reflected the DNA remaining in the
RNA fraction during Trizol LS® extraction (Figure 3d).
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Similar to the DNA virome, the presence of Poxviridae was
verified by mapping the reads against reference genomes,
which did not result in good taxonomic assignation. Reads
belonging to the Retroviridae and Anelloviridae families
may reflect the presence of residual simian genomic mate-
rial and blood, respectively. Only two reads of RNA viruses
belonging to the Tymoviridae family were detected in the
RNA virome. Tymoviridae are non-enveloped plant-infect-
ing RNA viruses. The presence of such viruses may be
linked with the diets of the primates, that is the plants,
fruits or insects that they ingest (Figure 3d).

Pan-generic PCR screening of zoonotic viruses

Several studies have shown that the NGS sequencing of vir-
omes is a less sensitive technique than PCR (Cheval et al.,
2011; Frey et al., 2014). Moreover, due to the limited
depth of sequencing and the high abundance of bacterio-
phages detected by metagenomics, the presence of rare
viral species, especially zoonotic viruses, may have been
missed. Thus, we used pan-generic PCR to screen the four
bushmeat samples for the presence of most human viral
zoonoses, including paramyxoviruses, coronaviruses, fla-
viviruses, phleboviruses, nairoviruses, alphaviruses, han-
taviruses, orthobunyaviruses, arenaviruses, filoviruses,
poxviruses and herpesviruses; however, none of the four
specimens tested positive using these 12 pan-generic PCRs.

The presence of inhibitors and the efficiencies of the
nucleic acid extractions from the smoked tissue samples
were controlled by performing PCR targeting 18S rRNA.
The four samples tested positive (Figure S2), indicating the
good efficiency of the amplification of DNA originating
from smoked tissues.

Discussion

Quantifying the global wildlife trade is hard since it ranges
from live to dead animals, from local barter to major inter-
national routes, and is almost always conducted illegally or
through informal networks (Karesh et al., 2005). However,
illegal bushmeat traffic may contribute to the emergence
and spread of infectious diseases in humans and need to be
addressed. The origin of AIDS epidemics (Gao et al., 1999),
case reports of hepatitis E originating from wild boars
(Vasickova et al., 2007; Meng et al.,, 2009), brucellosis
(CDC, 2009), Ebola previous epidemics (Pourrut et al.,
2005) and trichinellosis (Roy et al., 2003) are some exam-
ples of foodborne illnesses acquired after hunting of wild
animals (Karesh et al., 2012). Indeed, some human food-
borne pathologies may either be caused by the consump-
tion or during the preparation (i.e. butchering, cutting or
washing) of meat originating from infected animals. In
France, important quantities of meat enter illegally each
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year but only few are seized by customs (Chaber et al.,
2010) because these are out of the priorities of customs
officers. Moreover, since 2014 Ebola epidemics and the
potential risks of contamination for customs workers, the
difficulties to sample bushmeat for research purposes
before their immediate destruction have increased. In this
context, it is important to obtain the necessary support
from relevant authorities to seize and analyse wild game
before their destruction. A transparent partnership between
customs and health authorities will provide the best oppor-
tunity for improving the effectiveness of efforts to control
the risk of international bushmeat trade.

In this study, we were able to obtain four non-human
primate samples that were first screened for the presence of
VLPs using epifluorescence microscopy. Estimated viral
loads were high, ranging from 10*-10” VLPs/ml depending
on the sample, but these may have been overestimated due
to the use of a non-specific fluorochrome which can also
stain membrane-derived vesicles or cell debris (Forterre
et al., 2013). Observations confirmed the absence of bacte-
rial contamination in the treated samples.

We thus decided to go further and sequence the purified
viral fraction of one bushmeat sample. Viral metagenomic
analyses performed on the simian game showed that a large
majority of the sequences were related to bacteriophages
belonging to the Siphoviridae, Myoviridae and Podoviridae
families. Regardless of infectivity, the bacterial hosts of
these viruses mainly belong to the Firmicutes and Pro-
teobacteria phyla, which include environmental bacteria in
addition to potential human pathogenic species, such as
some of the Staphylococcus sp., Listeria sp. and Enterococ-
cus sp. For example, Cronobacter spp. (formerly Enterobac-
ter sakazakii) includes a group of Gram-negative bacteria
ubiquitously found in the environment. Cronobacter spp.
are particularly resistant to osmotic stress and elevated
temperatures, explaining their ability to survive in a wide
variety of dried foods, such as infant formulas (Edelson-
Mammel et al., 2005; Estuningsih et al., 2006). They are
emerging foodborne pathogens (Estuningsih et al., 2006;
Healy et al., 2010) that may be responsible for life-threa-
tening infections in newborns, immunocompromised
adults and the elderly (Bowen and Braden, 2006; Gosney
et al., 2006; Mullane et al., 2007; Than and Tang, 2007).
The presence of Cronobacter and other pathogenic bacteria,
and the risk of human infection caused by bushmeat
manipulation and consumption have to be addressed. The
source of bacterial contamination of the bushmeat, due, for
example, to non-hygienically handlings (during hunting,
carcass evisceration, smoking treatments or during unsafe
transportation conditions), or due to the presence of several
bacteria in the original tissue samples, is actually
unknown. But whatever the origin of micro-organisms, their
presence results in the same potential risk of transmission

1164 © 2016 Blackwell Verlag GmbH e Transboundary and Emerging Diseases. 64 (2017) 1159-1167
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to humans. A recent study by Chaber et al. reported the
detection of viable aerobic bacteria above levels considered
safe for human consumption, and unsafe levels of carcino-
gens in fish (Chaber and Cunningham, 2016). An exhaus-
tive inventory of the bacterial communities present in
bushmeat samples, for example, by high-throughput
sequencing of the 16S rRNA gene and by isolation, would
help to clarify and identify the potential risks of introduc-
ing emerging bacterial pathogens by the illegal import of
bushmeat.

Recent studies have demonstrated that metagenomic
analyses are less sensitive than PCR-based methods for
detecting viruses present in low abundance. Indeed, the
detection limit for NGS techniques is estimated to be 10 to
10* genomic copies (Cheval et al., 2011; Frey et al., 2014),
while PCR-based methods, especially those based on a
nested format, can detect up to one genomic copy. More-
over, analysis of the rarefaction curve of bushmeat meta-
genomes revealed a plateau (Figure S3), indicating that full
sequence diversity and characterization were not achieved.
Thus, we screened for the presence of several zoonotic
viruses by pan-generic PCR. No human viral pathogens
were detected using the 12 pan-generic PCRs targeting the
most common viral zoonoses, although most PCRs were in
nested format and presented low limits of detection. In
addition, the control PCR targeting the 18S rRNA gene
demonstrated that the negative results were not due to the
presence of inhibitors and/or degraded nucleic acids after
smoking treatments. These findings could suggest that
either the twelve targeted viral genera were not present in
the studied populations at the time of sampling or the viral
particles and their genomic content were degraded during
the smoking and drying of the bushmeat, resulting in their
increased sensitivity to nucleases used to purify viromes. In
addition, the small sampling size could explain this nega-
tive result, especially if a low prevalence of the targeted
viruses occurs.

To our knowledge, no outbreaks directly linked to the
consumption of contaminated bushmeat (e.g. of primate,
rodent or antelope origins) have been officially reported in
France, but outbreaks may have been underestimated as the
illegal origin of the products may prevent diseased con-
sumers to declare consumption. Although smoking and
thoroughly cooking the meat may reduce the risk of con-
sumption, human contamination may still occur during
handling infected meat that escaped sanitary controls. This
risk is even higher for people manipulating and consuming
fresh carcasses (Wolfe et al., 2005; Subramanian, 2012;
Paige et al., 2014) which is of great concerns as interna-
tional traffic of bushmeat also frequently involves fresh
products. Large-scale studies targeting the bacterial, viral
and parasitic levels from wild-caught game of different geo-
graphical and/or animal origins and, whenever possible,
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using large cohorts are urgently needed to identify risks for
human health. These studies should be accompanied with
extensive diffusion of information to exposed populations
(regarding viral, bacterial and parasitic biohazard) about
precautions that have to be taken while manipulating/
consuming bushmeat. In addition, the effects of transfor-
mation treatments (such as smoking) on the external and
internal contamination of meat have also to be addressed.
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