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Abstract

During the last decade, the role of wildlife in emerging pathogen transmission to domestic animals has often been pointed
out. Conversely, far less attention has been paid to pathogen transmission from domestic animals to wildlife. Here, we focus
on the case of game restocking, which implies the release of millions of animals worldwide each year. We conducted a 2-
year study in the Camargue (Southern France) to investigate the influence of hand-reared Mallard releases on avian
influenza virus dynamics in surrounding wildlife. We sampled Mallards (cloacal swabs) from several game duck facilities in
2009 and 2010 before their release. A very high (99%) infection rate caused by an H10N7 strain was detected in the game
bird facility we sampled in 2009. We did not detect this strain in shot ducks we sampled, neither during the 2008/2009 nor
the 2009/2010 hunting seasons. In 2010 infection rates ranged from 0 to 24% in hand-reared ducks. The 2009 H10N7 strain
was fully sequenced. It results from multiple reassortment events between Eurasian low pathogenic strains. Interestingly,
H10N7 strains had previously caused human infections in Egypt and Australia. The H10 and N7 segments we sequenced
were clearly distinct from the Australian ones but they belonged to the same large cluster as the Egyptian ones. We did not
observe any mutation linked to increased virulence, transmission to mammals, or antiviral resistance in the H10N7 strain we
identified. Our results indicate that the potential role of hand-reared Mallards in influenza virus epizootics must be taken
into account given the likely risk of viral exchange between game bird facilities and wild habitats, owing to duck rearing
conditions. Measures implemented to limit transmission from wildlife to domestic animals as well as measures to control
transmission from domestic animals to wild ones need to be equally reinforced.
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Introduction congeners. In both cases such releases can dramatically influence
] ) o ) disease dynamics in the surrounding wild animal populations [10—
During the last decade, awareness concerning the intimate links 14].

between human and animal health has rapidly increased in the
context of disease emergence [1]. Indeed, approximately 80% of
the infectious diseases that recently emerged were zoonotic [2].
The role of wildlife in emerging pathogen transmission to humans
and domestic animals has in many cases been pointed out [3-3].

In the present study we focused on the case of game restocking,
which implies the release of millions of individuals worldwide each
year [15]. Birds are the most frequently involved, with millions of
individuals being released annually in Europe only. For example
more than 3 millions red-legged partridges are released annually in
Spain [15], and ca. 1.4 million Mallards are being so in France
[16]. The Camargue region, a complex network of wetlands
situated in the Rhone delta, is a major duck winter quarter [17]
and a central place for wildfowl hunting in France [18]. Hunting is

Conversely, pathogen transmission from domestic animals to
wildlife has received far less attention, although the importance of
this issue was often mentioned [6,7]. Indeed, contacts between
wildlife and livestock or their environment sometimes result in
wildlife diseases with conservation issues [8,9]. Besides, hand-

; ) . L ) also among the most important economic activities in the area,
reared animal releases into the wild for either conservation or

which is one of the reasons for the massive Mallard releases in the

exploitation purposes represent a particular case in which hand- Camargue [19]. At least 30 000 hand-reared individuals are

reared individuals eventually share natural habitats with their wild released annually in the region [20]. Maximum Mallard numbers
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in the wild are reached in September after the beginning of the
hunting season, with 56 500 individuals on average over the last
seven years (Gauthier-Clerc, unpubl. data), these numbers
certainly include a mixing of wild and released Mallards. Given
its central position on the flyway of many European migratory
species, the Camargue is also a potential hotspot for the
introduction and transmission of bird-borne pathogens [21].

For this reason, avian influenza viruses (AIV) have been studied
since 2004 in the area. These negative-sense single stranded RNA
viruses belonging to the Orthomyxoviridae family are commonly
characterized by the combination of their surface proteins:
hemagglutinin (HA) and neuraminidase (NA) [22,23]. AIVs are
highly variable and undergo continuous genetic evolution via two
mechanisms: 1) accumulation of point mutations at each replica-
tion cycle, 1i) reassortment involving gene segment exchanges that
occur when a cell is co-infected by different viruses [24]. These
mechanisms contribute to the emergence of new variants with the
ability to transmit to new hosts and/or with epidemic or even
pandemic potential. Aquatic birds, particularly Anseriforms
(ducks, geese and swans) and Charadriiforms (gulls, terns and
shorebirds) constitute their major natural reservoir [23,25]. The
AIV circulating in wild birds are usually low pathogenic ones
(LPAIV). LPAIV generally have little impact on their host [26,27],
although some studies have reported a possible influence on
migration capacities [28]. Besides, when LPAIV of H5 or H7
subtypes are transmitted from wild birds to domestic ones reared
in artificial environments, their virulence can evolve to high
pathogenicity [29,30]. Highly pathogenic avian influenza viruses
(HPAIV), such as HP H5NI1 strains currently circulating in Asia
and Africa, are still of great economic concern, notably due to the
cost of preventive actions including vaccination and massive birds
culling [31]. Moreover, HPAIV infections represent a threat for
human health since 603 HPAIV H5N1 human infections
including 356 fatal cases have been reported worldwide since
2003 [32].

Relatively high prevalence of AIV was regularly detected in the
wintering Mallard population of the Camargue (e.g. 5.4%
prevalence during the 2006-2007 hunting season) [33]. Moreover
a seasonal infection pattern was identified in Mallards during
autumn and winter, with higher infection rates in early fall [33].
Mallards hence represent a focal study species in AIV research.
Indeed wild Mallards are one of the main low pathogenic AIV
natural reservoir host [34], and have proven to be healthy carriers
of some of the HSN1 HPAIV strains [35]. However, to our
knowledge no study ever aimed at investigating the potential role
of hand-reared Mallards released for hunting in the epidemiology
of ALV, despite the very large number of ducks being released in
the wild annually.

To clear this gap we conducted a 2-year study in the
Camargue to investigate the potential influence of hand-reared
Mallard releases on AIV dynamics in surrounding wildlife. We
first hypothesized that, owing to high density rearing conditions
and to their genetic uniformity, hand-reared Mallards should be
highly susceptible to AIV infections and could play an
amplification role in AIV dynamics. This phenomenon has
already been pointed out in red-legged partridge (Alectoris rufa)
reared for hunting in Spain, where Escherichia coli prevalence was
much higher in hand-reared populations before their release
than in the wild ones [36]. To test this assumption we collected
cloacal swabs from Mallards reared for hunting in several game
bird facilities (GBF) in 2009 and 2010, and analysed these
samples to measure AIV prevalence. Second, we hypothesized
that AIV exchange occurs between wild and hand-reared
Mallards, potentially leading either to the circulation of new
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strains in wild populations or to the amplification and dispersal
of wild strains. Indeed, no barrier prevents AIV exchange
between wild birds and hand-reared ducks in the GBF since
water flows exist between pens and ponds used by wild birds.
Moreover, as the GBF roofs are made of nets wild birds can
deposit feces in the pens. Finally, hand-reared ducks are in
direct contact with wild ones after their release. To investigate
these issues, we tested shot waterfowl before and after hand-
reared Mallards were sampled. Noteworthy, genetic analyses
suggest that 76% of hunted Mallards in the Camargue have a
captive origin [37]. Considering the low annual survival of
released Mallards (0.8-15.9% depending on the release site)
[37], the individuals we tested from the Camargue hunting bags
certainly included a large proportion of ducks released some
months before being shot. These released ducks cannot be
differentiated morphologically from the wild ones [38]. Here we
hence analyzed shot ducks as a whole since they are a
representative sample of the Mallard population wintering in
the Camargue, which is composed of individuals of both wild
and captive origin that share habitats and can thus be
considered as a single epidemiological unit.

Our third hypothesis was that any AIV strain potentially found
in captive reared Mallards might present genetic characteristics
linked to its circulation in domestic populations. We therefore
performed a molecular study of the identified strains in order to
look for such characteristics, and in particular to test for the
presence of mutations known to be associated with increased
virulence, since it has been highlighted that artificial environments
are favorable to the appearance of such mutations in birds [30].
We also searched for mutations linked with transmission to other
species including humans, since some studies proved that they can
be acquired during their transmission among birds [39]. Thirdly,
we tested for the presence of mutations conferring resistance to
common antiviral drugs, since such resistance has recently been
recorded in wild birds, notably in Sweden [40]. Lastly, full
sequence analysis of some strains was performed, so as to get
insight into their geographic origin through a phylogenetic study,
and to determine their relatedness with strains, which have caused
human infections in the past.

Results

Infection Rates and AIV Strains Involved

The infection rates in the different GBF were determined by
real-time RT-PCR targeting the conserved M gene of AIV
(Table 1). A very high infection rate (99%) was observed in the
single GBI sampled in 2009. In 2010 the infection rates ranged
between 0 and 24%, being of 8% in the farm infected in 2009.
Initial subtyping, searching for H5, H7, H9, N1, and N7 by real-
time RT-PCR performed on positive samples led to the
identification of an HION7 strain in the GBF in 2009 and further
testing for H10 by real-time RT-PCR showed that the outbreak
involved a single HION7 virus (named H10N7 Camargue below).
The viral strains involved in the infections observed in 2010 were
LPAIV. H5, H7, H9, H10, and N7 subtypes were searched among
them but none was detected.

In shot ducks, mean AIV infection rates were 15% and 5%
during the 2008/2009 and the 2009/2010 hunting seasons,
respectively (Table 2). During these two periods the maximum
monthly infection rates (respectively 20% and 16%) were observed
in September (Table 2). All the involved strains were LPAIV but
an important proportion of these were of the H5 subtype (2008/
2009:17%; 2009/2010:30%). No H7 or HION7 subtype was
detected in AIV found in shot ducks.
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Table 1. AlV infection rates in hand-reared ducks.

Influenza A Virus in Mallards Bred for Hunting

Year GBF Number of samples Duckling age (weeks) Days before release AlV prevalence (%)
2009 GBF1 222 6 21 99
2010 GBF1 99 2 8

GBF2 100 7 0 0

GBF3 100 125 0 24

GBF4 100 8 0 0

doi:10.1371/journal.pone.0043974.t001

H10N7 Camargue Strain

Phylogeny. The HION7 Camargue strain was isolated in
embryonated chicken eggs and amplified. Determination of the
sequence of the whole genome was performed in order to gain
msights into its phylogeny and molecular characteristics. The
phylogenetic analysis of four HION7 Camargue isolates confirmed
that they were very closely related to each other and formed a
cluster (Figures 1 and S1). Analysis of each of the sequences of the
8 viral segments highlighted some shared characteristics (Figures 1
and S1). First, the sequences of all segments were clearly distinct
from those of LPAIV strains from the North-American lineage.
Second, none were closely related to highly pathogenic viruses
(H5N1 or H7N7) that circulated in Europe and Asia. However,
the PB2 segment was more closely related to the Asian HP H5N1
cluster than to most of the European LPAIV strains we included in
our phylogenetic analysis. This finding suggests an ancient Asian
origin of this segment. Third, the sequences of all segments were
closely related to Eurasian strains. Interestingly, the most closely-
related Eurasian strains differed between segments. As an example
the LPAIV strain A/mute swan/Hungary/5973/2007 (H7N7)
was very closely related to the HION7 Camargue virus for the N7
segment, but less so for the M segment and belonged to a distant
phylogenetic group for the PB2 segment. In the same way, the
LPAIV strain A/mallard/Netherlands/9/2005 (H7N7) was close-
ly related to the HION7 Camargue virus for the M segment,
whereas its PB2 segment belonged to a distinct phylogenetic
group. African strains that we included in our analysis were part of
Eurasian clusters and clearly distinct from American strains. For
one of them, A/Pekin duck/South Africa/AI1642/2009 (H10N7)
the NS, N7 and H10 sequences were closely related to those of the
HI10N7 Camargue virus but available sequences of two other
segments (NP and M) were clearly distinct. Finally, it is important
to note that based on the analysis of partial sequences of the H10
(data not shown) the HION7 strains that caused human infections
in Australia (Genebank accession numbers ADG58106 and
ADG58107; Ratnamohan,V.M. and Dwyer, D.E. unpublished)

Table 2. AlV infection rates in shot ducks.

are clearly distinct from the HION7 Camargue strain. On the
contrary Egyptian HION7 strains that circulated in birds in 2004,
i.e. at the time of the detection of two human infections [41], are
relatively closely related to the HION7 Camargue strain.
However, this relatedness is difficult to interpret since the involved
nodes are not strongly supported statistically (Figure 1).

Study of the extremities of the viral segments. We also
determined the sequences of the extremities including the full non-
coding sequences of all segments of the HION7 Camargue strain,
which to our knowledge was not performed before for any HION7
strain. The extremities of the N7 segment revealed two
characteristics that confirmed the phylogenetic distinction between
the HION7 Camargue strain and those of the American lineage.
First, in the non-coding region of the 5’ extremity, an A was found
at position 1440, as commonly seen in Eurasian strains, while
strains of the American lineage possess a T at this position.
Second, at position 145-147 of the 3" extremity that belongs to the
coding region the Camargue strain, like other Eurasian ones, has a
supplementary amino acid compared to strains of the American
lineage.

Molecular characterization. The molecular analysis of the
H10N7 Camargue strain is detailed in Table 3. The focus strain is
a low pathogenic one since the HA segment possesses a monobasic
cleavage site. HA, NA and PB2 sequences all presented some
typical avian characteristics (see Table 3). No known determinants
of adaptation to mammals (humans or mice) were detected. In
addition, we did not identify any mutation known to be linked with
increased virulence in mammals. Yet, we detected the VI149A
mutation in PB2, which is associated with high virulence in
chickens. However, 149A was also observed in low pathogenic H7
strains sampled from wild and domestic ducks in China. This
suggests that this mutation alone does not increase the virulence in
ducks [42]. Furthermore, no mutation was detected in the HION7
Camargue strain at positions known to be linked with reduced
susceptibility or resistance to neuraminidase inhibitors or M2-
blockers.

2008/2009 2009/2010
Month Number of samples AlV prevalence (%) Number of samples AlV prevalence (%)
Sep. 170 20 97 16
Oct. 71 4 166 2
Nov. 22 18 139 2
Dec. 1 0 88 8
Jan. 1 0 63 0

doi:10.1371/journal.pone.0043974.t002
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Figure 1. Phylogenetic trees of H10N7 Camargue viruses. ML phylogenies reconstructed from sequences of the H10, N7, PB2 and M
segments. Topological supports summarized from 100 ML bootstrap replications are shown when =90. HION7 Camargue viruses are in purple.
Egyptian strains are shown in orange. American viruses are in green. Asian H5N1 highly pathogenic avian influenza strains are in yellow.

doi:10.1371/journal.pone.0043974.g001

Table 3. Molecular characteristics of the H10ON7 Camargue strain. Amino acid substitutions related to known phenotypic traits
identified for the H10N7 Camargue strain are in bold.
Characteristics/Phenotype Segment Sequence/Substitution Reference H10N7 Camargue
High pathogenicity HA RERRRKKR [60] Absent
Typical avian RBS HA 138A, 190E, 194L, 225G, 226Q, 228G (H3[61] Present
numbering)
Adaptation to human 02,6 receptor HA H183N [62] Absent
High hemadsorption activity (typical of NA 367S, 370S, 372S, 400N, 403W, 432K [63,64] Present except for the 432
avian viruses) position (432E)
Binding specificity for avian sialic acids NA 2751, 431P [65] Present
Mammalian Host range determinant PB2 D701N [66] Absent
Mammalian Host range determinant PB2 E627K [67,68] Absent
High virulence in pigs PB2 D92E [69] Absent
High virulence in chickens PB2 V149A [70] Present
Typical avian motif PB2 Motif ESEV on the C-terminal position [71] Present
Amantadine resistance M2 A30T [72] Absent
Amantadine resistance M2 S31N [73] Absent
Amantadine resistance M2 G34A [74] Absent
doi:10.1371/journal.pone.0043974.t003
PLOS ONE | www.plosone.org 4 August 2012 | Volume 7 | Issue 8 | e43974



Discussion

AlV Infections in Hand-reared Mallards

This study confirms our first hypothesis that hand-reared
Mallards are highly sensitive to AIV infections. Indeed, we
detected high infection rates in the GBF we sampled in 2009 (99%)
and in 2010 (up to 24%), whereas the prevalence usually observed
in duck populations very rarely exceeds 20% in the wild
[33,43,44]. This shows that massive outbreaks can occasionally
affect GBF, potentially impacting on AIV dynamics in the wild
populations with which hand-reared Mallards are in contact
before and after their release into the wild. This pattern has
already been highlighted in Spain where rabbit (Onctolagus
cuniculus) restocking caused sarcoptic mange dispersion in the wild
rabbit population, leading to massive decrease in numbers [11].
The possible outcomes of GBF infection onto wild duck
populations should here depend on the origin of the strain
involved. Indeed, low pathogenic AIV strains that naturally
circulate in wild ducks have little impact on their health [26]. Our
data did not permit to determine the origin of the strain we
identified in 2009. Indeed, we did not detect the HION7
Camargue strain among the samples collected on shot Mallards,
neither during the hunting season that preceded the release of the
infected individuals, nor during the following one.

AlV Exchanges between Hand-reared and Wild Ducks

Our sample size for hunted Mallards was reasonably large
(n =299 in 2008/2009 and 555 in 2009/2010). Moreover, the sites
where we sampled hand-reared and shot Mallards were close to
each other (see Figure 2; for instance one of the hunting estates we
sampled was within 4 km of the GBF where we detected an AIV
outbreak). Nevertheless, our sampling effort was limited in time to
the hunting seasons: we do not have any data from February to
August 2009. We therefore cannot exclude that the HI0ON7 strain
originated from wild birds. Population density during the breeding
season 1s low in wild Mallard [45], and thus, even if the HION7
Camargue virus originated from wild birds, hand-reared Mallards
would then have played an amplifying role. In addition,
commercial trade of Mallard chicks is common and most of the
juveniles sampled in this study traveled 600 km from the producer
when one-day old. It is also possible that the HION7 Camargue
strain originated from the birthplace of the chicks. If so, domestic
ducks would have both played an amplifying role and potentially a
dispersal one, since they could have spread a new strain in wild
duck populations.

The lack of samples during the weeks that directly followed the
release of the positive Mallards (because the hunting season had
not yet started) could explain why we did not detect the H10N7
Camargue virus in wild individuals. Furthermore, the lack of
large-scale dispersal of that HION7 strain could be due to different
parameters. First, we sampled the hand-reared ducks of the GBF1
21 days before their release. It is possible that only few birds were
still excreting viruses when released into the wild, since excretion
time 1n birds can be as short as 2 days (although it can also last up
to 30 days in some cases) [46—48]. Second, a parallel capture-
recapture demographic study ran in the Camargue has shown that
hand-reared Mallards exhibit low monthly survival before the
hunting season (only 44% survive from release until the onset of
the hunting period on average) [49]. Moreover, their dispersal
capacities appear to be very low [49]. The same pattern has been
observed for red-legged partridges released in Spain [13].
Although intestinal parasites were much more numerous in the
individuals living in the hunting estates where domestic birds were
released, this was interestingly not observed in the neighboring
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estates [13]. It is possible that the poor survival and low dispersal
of the hand-reared Mallards after release limited the potential
spread of the HION7 Camargue virus within the Mallard
population in the wild.

Besides, we did not detect any H5 subtype circulating in the
GBF whereas 23% of all the AIV we isolated from samples
collected on shot Mallards in the Camargue belonged to this
subtype. Again we could not highlight any AIV exchange between
ducks living in captivity and in the wild. Yet, hand-reared ducks
are exposed to wild bird feces and GBF are connected to wild bird
habitats through common use of water. Thus, AIV exchanges are
very likely to exist. Our results highlighted that: 1) GBF represent
an epidemiological compartment into which important AIV
outbreaks can occur; i) a significant proportion of Mallards
wintering in the Camargue are infected by LPAIV, including H5
strains that are known to be able to evolve to HPAIV in domestic
birds [30]. Knowing that rearing conditions in the GBF may favor
AIV exchanges between wild and hand-reared Mallards, these
findings outline the need for influenza surveillance in GBF to
prevent HPAIV outbreaks in both wild and domestic birds in the

region.

Geographical Origin of the H10N7 Camargue Strain

We used the phylogenetical analysis of whole-genome sequence
of the HION7 Camargue strain as a supplementary tool to get
insights into its evolutionary and geographical origins. The four
1solates studied clearly belonged to a cluster that did not include
other strains. The infections we detected were therefore certainly
due to a single introduction event. All the viral segments of the
HI10N7 Camargue strain belong to the Eurasiatic lineage also
including African strains. The sequences of the extremities of the
N7 segment, that exhibit features characteristic of the Eurasian
lineage viruses, confirmed this finding. The Eurasian lineage is
clearly distinct from the American lineage and our observations
further support the fact that inter-hemispheric AIV exchanges are
rare. The Camargue strain was also distinct from the H10N7
viruses that previously caused human infections in Australia, but
belonged to the same large cluster as the Egyptian HION7 strains
that circulated in birds when HION7 human infections occurred in
this country. These Egyptian strains did not cause severe disease.
Nevertheless, this information raises concern about a possible
transmission to humans of strains such as the Camargue one, in
particular to the GBF owners and hunters who live in close contact
with ducks. Interestingly, the strains that are genetically closest
relatives differ for each segment of the HION7 Camargue strain.
The Camargue strain thus seems to result from multiple
reassortments between different Eurasiatic strains, a common
phenomenon which has been illustrated by many studies [50,51].
Regrettably, we could not determine if the HION7 Camargue
strain was more closely related to strains observed in the wild or in
GBF. Indeed, the data associated with viral sequences from AIV
infected Mallards in GenBank are often too scarce to determine if
the sample was taken on a wild or a domestic individual. This
underlines the need for more detailed information on AIV
sequences included in common databases.

Molecular Characteristics of the HION7 Camargue Strain

The molecular analysis of the HION7 Camargue strain allowed
us to question whether it may exhibit some characteristics related
to its circulation in an artificial environment, namely some
mutations linked to increased virulence, resistance to antiviral
drugs or transmission to humans. Our results do not support this
assumption. The sequences of the studied segments presented
typical avian characteristics. No mutation known to contribute to
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Cartographie : Willm L. - Tour du Valat - 2008

Figure 2. Situation of the sampling sites. Green circles represent the hunting estates where dead Mallards were sampled. Red circles represent
the game bird facilities. One of the rearing estate (further named GBF3) is not represented since it is situated 50 km east from Arles, but the Mallards

were sampled just before their release in several ponds of Fos-sur-Mer.

doi:10.1371/journal.pone.0043974.g002

transmission to humans was detected. Moreover, the Camargue
strain is a low pathogenic one like all viruses isolated during our
research program in the Camargue since 2005 [33,52]. No
mutation conferring antiviral resistance was detected. This analysis
therefore failed to highlight any risk factor linked to this particular
strain. Yet, one must keep in mind that we only looked for
mutations previously described in the literature, while many others
may remain undiscovered so far. It is also important to stress that
most experimental studies focusing on mutations modifying host
specificity and virulence are carried out on chicken, although it has
been demonstrated that phenotypic outcomes of a given mutation
can greatly differ from one host species to another [42].

In conclusion, our results point out the important role that could
be played by hand-reared ducks released for hunting in AIV
dynamics. As we did not detect similar AIV strains in shot and
hand-reared ducks we could not prove that AIV exchanges exist
between these two epidemiological compartments. Yet, due to
rearing conditions in GBF, AIV exchange risks seem to be high
enough to urge for sanitary control of hand-reared animals prior
to their release into the wild, which appears to be highly
insufficient so far. Such surveillance would also prevent HPAIV
circulation that may arise from the evolution in GBF of H5 LPAIV
that proved to be commonly infecting free-living ducks in the
Camargue. The world organization for animal health (OIE)
stresses that surveillance of AIV infection should be applied to all
domesticated birds including those used “for restocking supplies of
game” [53], but control measures generally appear to be poor in
game bird rearing estates. This surveillance gap has recently been
highlighted in the USA, where game bird holders reported very
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variable sanitary practices [54]. The problem appears similar in
Europe, including France. Additionally, according to French law,
game birds should be ringed to allow for the differentiation of wild
and released individuals [55]. Most of GBF owners ignore this
obligation. If released birds were clearly identified the specific role
they may have in AIV dynamics could be addressed both before
and after their release. Our study illustrates the reality of the
epidemiological consequences that can result from surveillance
gaps and the knowledge that could be gained if released
individuals were recognizable. Sharing knowledge and strictly
controlling viral exchanges between wild birds and all kinds of
domestic ones represent major steps to anticipate and face HPAIV
epizootics.

Methods

Ethics Statement

This study has been submitted for approval and the results
reviewed by the Scientific Council of the Tour du Valat
Foundation. Birds were handled, ringed and sampled under the
supervision of a veterinarian (Michel Gauthier-Clerc) and a
registered duck ringer of the « Museum National d’Histoire
Naturelle » of Paris (Matthieu Guillemain). All procedures were
carried out in accordance with the permit delivered by the prefect
of Paris to the « Office National de la Chasse et de la Faune
Sauvage » (permit n 2009-014).
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Bird Sampling

Cloacal swabs were taken in the Camargue between August
2008 and July 2010 to collect faecal samples from hand-reared
Mallards and wild ducks (see sampling sites in Figure 2). Using a
network of hunters, 299 and 552 samples were taken on locally
shot Mallards during the 2008/2009 and 2009/2010 hunting
secasons (September to January), respectively. Samples were
collected on hand-reared Mallards during the pre-release ringing
sessions of these birds in one GBF in 2009 and 4 GBF (including
the one sampled in 2009) in 2010. Ducks were juveniles (5 to 10
weeks old), reared in open-air and released immediately or within
a few days or weeks after sampling (T'able 1). Samples were stored
in 3 ml of universal transport medium (Biolys kit) and frozen at
—80°C until molecular analysis was performed.

RNA Isolation and Virus Detection

RNA isolation from 140 pl of each sample was carried out using
a Macherey-Nagel NucleoSpin 96 virus system with RNA elution
into a final volume of 60 pl. Influenza A virus was detected by
real-time RT-PCR targeting the conserved matrix as describe
previously [56]. All real-time RT-PCR assays were performed on a
LightCycler 480 (Roche Diagnostic) in a final volume of 10 pl with
2.5 ul RNA, 0.5 uM of each primer, 0.2 uM probe and 0.4 pl
enzyme mix using a Superscript III Platinum One-Step quanti-
tative RT-PCR system (Invitrogen). The reaction was carried out
with the following temperature profile: 15 min at 45°C, 3 min at
95 C, 50 cycles of 10 s at 95°C, 10 s at 55°C, 20 s at 72°C, and
finally 30 s at 40°C. Positive samples were further tested for H5,
H7, H9, N1 and N7 subtypes using the same real-time RT-PCR
technique (primers available upon request).

Virus Isolation and Characterization

For 10 RT-PCR positive samples, 200 pl of specimen was
mnoculated in the allantoic cavity of 10-days-old embryonated
hen’s eggs. The allantoic fluid was harvested after 72 h at 37°C
and influenza A virus was detected by hemagglutination assay with
hen erythrocytes. Viral RNA was purified from allantoic fluid
using a QIAamp viral RNA mini kit (Qiagen) following
manufacturer’s instructions. HA subtype of virus isolates was
determined by RT-PCR and sequencing of the HA cleavage site
region using a universal set of primers as described previously [57].
HA sequence was analyzed with the basic local alignment search
tool available from NCBI (data not shown) and confirmed by
sequencing of the whole HA gene using a set of H10-specific
primers (primer sequences available upon request). The NA
subtype was deduced from this analysis and confirmed by RT-
PCR and sequencing of 172 nt of the NA using a set of H10-
specific primers (primer sequences available upon request).

Gene Sequencing and Phylogenetic Analysis
Amplification of viral RNA extracted from 4 virus isolates was
carried out using a Superscript Platinum One-step RT-PCR
system (Invitrogen) and primers specific of each segment.
Sequencing was done using a Big Dye Terminator V1.1 kit and
a sequencer ABI DNA Analyzer 3730XL (Applied Biosystems).
Sequences of all primers are available upon request. Sequences of
the whole viral genome were analyzed with CLC Main
Workbench 5.6.1. We performed alignments for the 8 segments
using sequences available from the Influenza Sequence Database
with CLC Main Workbench 5.6.1. Phylogenetic trees were
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constructed using maximum parsimony (MP) methods with the
dnapars program of the PHYLIP 3.68 package and the maximum
likelihood (ML) with the software PhyML 2.4.4. Evolutionary
model was selected using Model Generator 0.85 [58]. Nodal
supports were assessed with 100 bootstrap replicates generated for
each method.

Determination of 3’ and 5’ End Non Coding Sequences

of the 8 Segments of the H10N7 Virus

Viral genomic RNA was extracted using the QIAamp Viral
RNA Mini kit (Qiagen) from 140 pl of allantoic fluid according to
the manufacturer’s recommendations. The RNA was eluted in
60 ul of RNase-free water and the 3" and 5" NC regions were
amplified as previously described [59] using an anchored (dT);4
oligonucleotide and primers specific for the coding sequences of
both segments for reverse transcription and amplification. After
purification, the PCR products were sequenced with internal
oligonucleotides using a Big Dye terminator sequencing kit and an
automated sequencer (Perkin Elmer). All sequences of the primers
are available from the authors upon request.

Rapid Molecular Diagnostic

One-step real-time RT-PCR assays were developed to be
specific of the virus identified. All influenza A positive samples
detected between August 2008 and July 2010 on wild and
domestic Mallards were tested for HI0 and N7 subtypes
respectively. Detection was performed in the same conditions as
described above except annealing temperature was decreased from
55°C to 50°C using the following primers and probes: H10-780Fw
(5'-TCT-GAT-AGC-ACC-GAG-CC-3') and HI10-888Rv (5'-
ACC-CCC-TCT-CCA-AAA-AC-3")  primers and H10-832
+MGB 5 [6Fam]-CAA-TCA-GAC-GCA-CCA-AT-
[MGBNFQ]3') probe specific of HI0 subtype; N7-1260Fw (5'-
CAA-TCC-ATG-CTT-TTA-CGT-AG-3') and N7-1334Rv (5'-
CTG-TTA-CTT-GTC-CAC-CAT-3")  primers and  N7-
1306Probe(-) (5" [Fam]-CCT-CTT-CGG-GTC-TTC-CTC-T-
[BHQ-1]3") probe specific of N7 subtype.

Supporting Information

Figure S1 Phylogenetic trees of HI10N7 Camargue
viruses. ML phylogenies reconstructed from sequences of the
NP, PA, NS and PB1 segments. Topological supports summarized
from 100 ML bootstrap replications are shown when =90.
H10N7 Camargue viruses are in purple. American viruses are in
green. Asian H5N1 highly pathogenic avian influenza strains are
in yellow.

(TIF)

Acknowledgments

We are grateful to game bird facility owners, hunting managers and
hunters who authorized us to collect samples from Mallards. We also thank
two anonymous referees for their valuable comments.

Author Contributions

Conceived and designed the experiments: MGC FT MG. Performed the
experiments: MV VG JC BCC MGC. Analyzed the data: MV VG SW
MGC FT MG JC FR. Wrote the paper: MV VG SW MGC FT MG JC
FR BCC.

August 2012 | Volume 7 | Issue 8 | e43974



References

1.

2.

20.

21.

27.

28.

Greger M (2007) The human/animal interface: emergence and resurgence of
zoonotic infectious diseases. Critical reviews in microbiology 33: 243-299.
Woolhouse M, Gaunt E (2007) Ecological origins of novel human pathogens.
Ciritical reviews in microbiology 33: 231-242.

. Bell D, Roberton S, Hunter PR (2004) Animal origins of SARS coronavirus:

possible links with the international trade in small carnivores. Philosophical
Transactions of the Royal Society of London Series B: Biological Sciences 359:
1107-1114.

. Calistri P, Giovannini A, Hubalek Z, Ionescu A, Monaco F, et al. (2010)

Epidemiology of west nile in europe and in the mediterranean basin. Open
Virol J 4: 29-37. doi:10.2174/1874357901004020029.

. Leroy EM, Kumulungui B, Pourrut X, Rouquet P, Hassanin A, et al. (2005)

Fruit bats as reservoirs of Ebola virus. Nature 438: 575-576.

. Gog J, Woodroffe R, Swinton J (2002) Disease in endangered metapopulations:

the importance of alternative hosts. Proceedings of the Royal Society of London
Series B: Biological Sciences 269: 671-676.

. Lafferty KD, Gerber LR (2002) Good medicine for conservation biology: the

intersection of epidemiology and conservation theory. Conservation Biology 16:
593-604.

. Dobson A, Meagher M (1996) The population dynamics of brucellosis in the

Yellowstone National Park. Ecology: 1026-1036.

. Hedrick RP, Adkison MA, El-Matbouli M, MacConnell E (1998) Whirling

disease: re-emergence among wild trout. Immunological Reviews 166: 365-376.

. Kiesecker JM, Blaustein AR, Miller CL (2001) Transfer of a pathogen from fish

to amphibians. Conservation Biology 15: 1064-1070.

. Navarro-Gonzalez N, Serrano E, Casas-Diaz E, Velarde R, Marco I, et al.

(2010) Game restocking and the introduction of sarcoptic mange in wild rabbit
in north-eastern Spain. Animal Conservation 13: 586-591.

. Viggers KL, Lindenmayer DB, Spratt DM (1993) The importance of disease in

reintroduction programmes. Wildlife Research 20: 687-698.

. Villanua D, Perez-Rodriguez L, Casas F, Alzaga V, Acevedo P, et al. (2008)

Sanitary risks of red-legged partridge releases: introduction of parasites.
European Journal of Wildlife Research 54: 199-204.

. Champagnon J, Elmberg J, Guillemain M, Gauthier-Clerc M, Lebreton J-D

(2012) Conspecifics can be aliens too: A review of effects of restocking practices
in vertebrates. Journal for Nature Conservation 20: 231-241.

. Laikre L, Schwartz MK, Waples RS, Ryman N, others (2010) Compromising

genetic diversity in the wild: unmonitored large-scale release of plants and
animals. Trends in ecology & evolution 25: 520-529.

. Mondain-Monval JY, Girard O (2000) Le Canard Colvert, la Sarcelle d’Hiver &

autres canards de surface. Faune Sauvage 251: 124-139.

. Deceuninck B, Fouque C (2010) Canards dénombrés en France en hiver:

importance des zones humides et tendances. Ornithos. 17: 266-283.

. Mondain-Monval JY, Olivier A, Le Bihan A (2009) Recent trends in the number

of hunters and the harvest of wildfowl in the Camargue, France: preliminary

results. Wildfowl NSp2: 192-201.

. Mathevet R, Mesléard F (2002) The origins and functioning of the private

wildfowling lease system in a major Mediterranecan wetland: the Camargue
(Rhone river delta, southern France). Land Use Policy 19: 277-286.
Champagnon J, Guillemain M, Gauthier-Clerc M, Lebreton JD, Elmberg J
(2009) Consequences of massive bird releases for hunting purposes: Mallard
Anas platyrhynchos in the Camargue, southern France. Wildfowl 2: 184-191.
Jourdain E, Gauthier-Clerc M, Bicout D, Sabatier P (2007) Bird migration
routes and risk for pathogen dispersion into western Mediterranean wetlands.
Emerg Infect Dis 13: 365-372.

. Fouchier RA, Munster V, Wallensten A, Bestebroer TM, Herfst S, et al. (2005)

Characterization of a novel influenza A virus hemagglutinin subtype (H16)
obtained from black-headed gulls. Journal of virology 79: 2814-2822.

. Webster RG, Bean WJ, Gorman OT, Chambers TM, Kawaoka Y (1992)

Evolution and ecology of influenza A viruses. Microbiology and Molecular
Biology Reviews 56: 152-179.

. Webster RG (1998) Influenza: an emerging disease. Emerging Infectious

Disecases 4: 436-441.

. Alexander DJ (2000) A review of avian influenza in different bird species.

Veterinary Microbiology 74: 3-13. doi:10.1016/S0378-1135(00)00160-7.

. Latorre-Margalef N, Gunnarsson G, Munster VJ, Fouchier RA., Osterhaus

ADM.,, et al. (2009) Effects of influenza A virus infection on migrating mallard
ducks. Proceedings of the Royal Society B: Biological Sciences 276: 1029-1036.
doi:10.1098/rspb.2008.1501.

Velarde R, Calvin SE, Ojkic D, Barker IK, Nagy E (2010) Avian influenza virus
H13 circulating in ring-billed gulls (Larus delawarensis) in southern Ontario,
Canada. Avian Dis 54: 411-419.

Van Gils JA, Munster V], Radersma R, Liefhebber D, Fouchier RAM, et al.
(2007) Hampered foraging and migratory performance in swans infected with
low-pathogenic avian influenza A virus. PLoS ONE 2: 6. doi:10.1371/journal.
pone.0000184.

. Ito T, Goto H, Yamamoto E, Tanaka H, Takeuchi M, et al. (2001) Generation

of a highly pathogenic avian influenza A virus from an avirulent field isolate by
passaging in chickens. J Virol 75: 4439-4443. doi:10.1128/JV1.75.9.4439~
4443.2001.

PLOS ONE | www.plosone.org

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Influenza A Virus in Mallards Bred for Hunting

Lebarbenchon C (2010) Persistence of highly pathogenic avian influenza viruses
in natural ecosystems. Emerg Infect Dis 16. Available:http://www.cdc.gov/eid/
content/16/7/1057.htm. Accessed 25 June 2010.

OIE (2012) Update on highly pathogenic avian influenzain animals (type H5
and H7). Available:http://www.oie.int/ animal-health-in-the-world/update-on-
avian-influenza/2012/. Accessed 9 May 2012.

WHO (2012) WHO | Cumulative number of confirmed human cases of avian
influenza A(H5N1) reported to WHO. Available:http://www.who.int/
influenza/human_animal_interface/H5N1_cumulative_table_archives/en/
index.html. Accessed 15 May 2012.

Lebarbenchon C, Chang CM, Grandhomme V, Dietrich M, Kayser Y, et al.
(2010) Avian Influenza Circulation in the Camargue (South of France) During
the 2006-07 Season. Avian diseases 54: 446-449.

Stallknecht DE, Brown JD (2007) Wild birds and the epidemiology of avian
influenza. Journal of Wildlife Diseases 43: S15-S20.

. Keawcharoen J, Van Riel D, Van Amerongen G, Bestebroer T, Beyer WE, et al.

(2008) Wild ducks as long-distance vectors of highly pathogenic avian influenza
virus (H5N1). Emerging Infectious Diseases 14: 600-607.

Diaz-Sanchez S, Moriones AM, Casas F, Hofle U (2012) Prevalence of
Escherichia coli, Salmonella sp. and Campylobacter sp. in the intestinal flora of farm-
reared, restocked and wild red-legged partridges (Alectoris rufa): is restocking using
farm-reared birds a risk? European journal of wildlife research 58: 99-105.
Champagnon J (2011) Consequences of massive bird releases for hunting
purposes, the Mallard Anas platyrhynchos. Available:http://www.biu-
montpellier.fr/florabium/jsp/nnt.jsp?nnt = 201 IMON20147. Accessed 23 May
2012.

Byers SM, Cary JR (1991) Discrimination of mallard strains on the basis of
morphology. The Journal of wildlife management 55: 580-586.

Watanabe Y, Ibrahim MS, Ellakany HF, Kawashita N, Mizuike R, et al. (2011)
Acquisition of human-type receptor binding specificity by new H5N1 Influenza
Virus sublineages during their emergence in birds in Egypt. PLoS Pathogens 7:
€1002068.

Orozovic G, Orozovic K, Lennerstrand J, Olsen B (2011) Detection of resistance
mutations to antivirals oseltamivir and zanamivir in avian influenza a viruses
isolated from wild birds. PLoS One 6: e16028.

Alvarado de la Barrera CA, Reyes-Teran G (2005) Influenza: Forecast for a
pandemic. Archives of medical research 36: 628-636.

Campitelli L, Di Martino A, Spagnolo D, Smith GJD, Di Trani L, et al. (2008)
Molecular analysis of avian H7 influenza viruses circulating in Eurasia in 1999
2005: detection of multiple reassortant virus genotypes. Journal of general
virology 89: 48-59.

Olsen B, Munster VJ, Wallensten A, Waldenstrom J, Osterhaus ADM., et al.
(2006) Global patterns of influenza A virus in wild birds. Science 312: 384-388.
Siembieda JL, Johnson CK, Cardona C, Anchell N, Dao N, et al. (2010)
Influenza A viruses in wild birds of the Pacific Flyway, 2005-2008. Vector-Borne
and Zoonotic Diseases 10: 793-800.

Gunnarsson G, Elmberg J, Sjoberg K, Poysa H, Nummi P (2006) Experimental
evidence for density-dependent survival in mallard (Anas platyrhynchos)
ducklings. Oecologia 149: 203-213.

Hénaux V, Samuel MD (2011) Avian influenza shedding patterns in waterfowl:
implications for surveillance, environmental transmission, and disease spread.
Journal of Wildlife Diseases 47: 566-578.

Jourdain E, Gunnarsson G, Wabhlgren J, Latorre-Margalef N, Brojer C, et al.
(2010) Influenza Virus in a Natural Host, the Mallard: Experimental Infection
Data. PLoS ONE 5: €8935. doi:10.1371/journal.pone.0008935.

Lu H, Castro AE (2004) Evaluation of the infectivity, length of infection, and
immune response of a low-pathogenicity H7N2 avian influenza virus in specific-
pathogen-free chickens. Avian diseases 48: 263-270.

Champagnon J, Guillemain M, Elmberg J, Massez G, Cavallo F, et al. (2012)
Low survival after release into the wild: assessing “the burden of captivity” on
Mallard physiology and behaviour. European Journal of Wildlife Research 58:
255-267.

Handberg KJ, Therkildsen OR, Jorgensen PH (2010) Genetic Analysis of Avian
Influenza Virus from Wild Birds and Mallards Reared for Shooting in Denmark.
Avian diseases 54: 420-425.

Szeleczky 7, Balint A, Gyarmati P, Metreveli G, Dan A, et al. (2010)
Characterization of two low pathogenic avian influenza viruses isolated in
Hungary in 2007. Veterinary microbiology 145: 142-147.

Lebarbenchon C, van der Werf S, Thomas F, Aubin JT, Azebi S, et al. (2007)
Absence of detection of highly pathogenic H5N1 in migratory waterfowl in
southern France in 2005-2006. Infection, Genetics and Evolution 7: 604-608.
OIE (2011) Terrestrial code: OIE - World Organisation for Animal Health.
Available:http://www.oie.int/international-standard-setting/terrestrial-code/.
Accessed 9 May 2012.

Slota KE, Hill AE, Keefe TJ, Bowen RA, Miller RS, et al. (2011) Human-Bird
Interactions in the United States Upland Gamebird Industry and the Potential
for Zoonotic Disease Transmission. Vector-Borne and Zoonotic Diseases 11:

1115-1123.

. French ministry of agriculture and fisheries (2006) Note de service DGAL/

SDSPA/N2006-8163 du 26/06/2006 | Ministére de I’Alimentation, de

I’Agriculture et de la Péche. Available:http://www.agriculture.gouv.fr.

August 2012 | Volume 7 | Issue 8 | e43974



56.

57.

59.

60.

61.

62.

63.

zopeclassel.cedre.nexen.net/sections/publications/bulletin-officiel /2006 /bo-n-
26-du-30-06-06/note-de-service-dgal-sdspa-n2006-8163-du-26-06-2006/. Ac-
cessed 23 May 2012.

Duval X, van der Werf S, Blanchon T, Mosnier A, Bouscambert-Duchamp M,
et al. (2010) Efficacy of Oseltamivir-Zanamivir Combination Compared to Each
Monotherapy for Seasonal Influenza: A Randomized Placebo-Controlled Trial.
PLoS Medicine 7: 537-545.

Gall A, Hoffmann B, Harder T, Grund C, Beer M (2008) Universal primer set
for amplification and sequencing of HAO cleavage sites of all influenza A viruses.
Journal of clinical microbiology 46: 2561-2567.

. Keane T, Creevey C, Pentony M, Naughton T, Mclnerney J (2006) Assessment

of methods for amino acid matrix selection and their use on empirical data
shows that ad hoc assumptions for choice of matrix are not justified. BMC
evolutionary biology 6: 29.

Crescenzo-Chaigne B, Van Der Werf S, Naffakh N (2002) Differential effect of
nucleotide substitutions in the 3'arm of the influenza A virus VRNA promoter on
transcription/replication by avian and human polymerase complexes is related
to the nature of PB2 amino acid 627. Virology 303: 240-252.

Senne DA, Panigrahy B, Kawaoka Y, Pearson JE, Siiss ], et al. (1996) Survey of
the hemagglutinin (HA) cleavage site sequence of H5 and H7 avian influenza
viruses: amino acid sequence at the HA cleavage site as a marker of
pathogenicity potential. Avian Diseases 40: 425-437.

Matrosovich MN, Gambaryan AS, Teneberg S, Piskarev VE, Yamnikova SS, et
al. (1997) Avian influenza A viruses differ from human viruses by recognition of
sialyloligosaccharides and gangliosides and by a higher conservation of the HA
receptor-binding site. Virology 233: 224-234.

Aamir UB, Wernery U, Ilyushina N, Webster RG (2007) Characterization of
avian HIN2 influenza viruses from United Arab Emirates 2000 to 2003.
Virology 361: 45-55.

Kobasa D, Rodgers ME, Wells K, Kawaoka Y (1997) Neuraminidase
hemadsorption activity, conserved in avian influenza A viruses, does not
influence viral replication in ducks. Journal of virology 71: 6706-6713.

PLOS ONE | www.plosone.org

64.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Influenza A Virus in Mallards Bred for Hunting

Varghese JN, Colman PM, Van Donkelaar A, Blick TJ, Sahasrabudhe A, et al.
(1997) Structural evidence for a second sialic acid binding site in avian influenza
virus neuraminidases. Proceedings of the National Academy of Sciences 94:

11808-11812.

. Kobasa D, Kodihalli S, Luo M, Castrucci MR, Donatelli I, et al. (1999) Amino

acid residues contributing to the substrate specificity of the influenza A virus
neuraminidase. Journal of virology 73: 6743-6751.

Li Z, Chen H, Jiao P, Deng G, Tian G, et al. (2005) Molecular basis of
replication of duck H5NI influenza viruses in a mammalian mouse model.
Journal of virology 79: 12058-12064.

Subbarao EK, London W, Murphy BR (1993) A single amino acid in the PB2
gene of influenza A virus is a determinant of host range. Journal of Virology 67:
1761-1764.

Hatta M, Gao P, Halfmann P, Kawaoka Y (2001) Molecular basis for high
virulence of Hong Kong H5N1 influenza A viruses. Science 293: 1840-1842.
Seo SH, Hoffmann E, Webster RG, others (2002) Lethal H5N1 influenza viruses
escape host anti-viral cytokine responses. Nature medicine 8: 950-954.

LiZ, Jiang Y, Jiao P, Wang A, Zhao F, et al. (2006) The NS1 gene contributes to
the virulence of H5N1 avian influenza viruses. Journal of virology 80: 11115—
11123.

Obenauer JC, Denson J, Mehta PK, Su X, Mukatira S, et al. (2006) Large-scale
sequence analysis of avian influenza isolates. Science 311: 1576-1580.

Huang Y, Hu B, Wen X, Cao S, Xu D, et al. (2009) Evolution analysis of the
matrix (M) protein genes of 17 HIN2 chicken influenza viruses isolated in
northern China during 1998-2008. Virus genes 38: 398-403.

Cheung CL, Rayner JM, Smith GJD, Wang P, Naipospos TSP, et al. (2006)
Distribution of amantadine-resistant H5N1 avian influenza variants in Asia.
Journal of Infectious Diseases 193: 1626-1629.

Scholtissek C, Quack G, Klenk HD, Webster RG (1998) How to overcome
resistance of influenza A viruses against adamantane derivatives. Antiviral
research 37: 83-95.

August 2012 | Volume 7 | Issue 8 | e43974



