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SUMMARY

It has previously been suggested that southern Tunisian oases may be suitable areas for the
circulation of flaviviruses. In order to anticipate and prevent possible epidemiological spread of
flaviviruses in humans and domestic animals, the ecology of their transmission in the oasis
system needs to be better understood. Thus, the aim of this study was to assess the
seroprevalence of anti-flavivirus antibodies in the laughing dove (Spilopelia senegalensis), an
abundant resident bird in Tunisian oases. Anti-flavivirus antibodies were detected in 17% of
sampled doves. Ten per cent of the total tested doves were West Nile virus (WNYV) seropositive
and 4% were Usutu virus (USUV) seropositive, which provides the first evidence of USUV
circulation in Tunisian birds. We also found that the occurrence probability of anti-flavivirus
antibodies in dove plasma increased with decreasing distance to coast, suggesting that doves
inhabiting coastal oases were more exposed to flaviviruses compared with those inhabiting inland
oases. We also found significantly higher antibody occurrence probability in adult doves
compared with young doves, which underlines the effect of exposure time. Overall, our results
suggest that the laughing dove may be used for WNV and USUYV surveillance in southern
Tunisia. They also stress the need for investigations combining data on birds and mosquitoes to
better understand the ecological factors governing the circulation of flaviviruses in this area.
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INTRODUCTION

During the last decade, West Nile virus (WNYV) and
Usutu virus (USUV), both belonging to the Japanese
encephalitis virus group (family Flaviviridae), have
emerged and the area over which their circulation

was detected has extended in the Mediterranean
basin [1-3]. WNV was first isolated in Uganda in
1937 before drastically spreading across the world,
causing several outbreaks and sporadic cases in
novel locations [2-5]. Although most human infec-
tions with WNV are clinically silent, some WNYV-
infected patients develop neuroinvasive disease that

can manifest as meningitis, encephalitis and/or myeli-
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tis. In Tunisia, WNV has been associated with three
major West Nile outbreaks in humans: in 1997
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(173 cases, with eight deaths), in 2003 (21 cases and
three deaths) and in 2012 (86 cases and 12 deaths)
[6-11]. USUV was discovered in South Africa in
1959, and since then has been detected in several
other African and European countries [1]. However,
USUYV is substantially less virulent for human health
in comparison with WNV. Until now, few cases of
neuroinvasive disease related to USUV have been
reported [12, 13]. In Tunisia, USUV was detected
recently for the first time, in the governorate of
Kébili [14].

Both WNV and USUV have similar transmission
cycles, with birds acting as the main amplifying hosts
and mosquitoes, mainly from the Culex genus, as vec-
tors [1, 2]. Under suitable ecological conditions, WNV
spillover to humans and other mammals can occur
[15]. Indeed, a panel of biotic and abiotic factors can
govern the intensity of WNV transmission cycle,
with climate, availability of water bodies (such as
lakes, ponds, streams, reservoirs and canals), land
use and host community composition among the
most important [10, 16, 17]. These factors can directly
affect the abundance of reservoir hosts and vectors,
and consequently, WNV and USUYV transmission [17].

In southern Tunisia, the landscape is marked by the
presence of numerous isolated oases, which contrast
with the surrounding dry and bare desert environment
[18]. These wet and densely vegetated areas host abun-
dant bird populations [19-21] and provide suitable
habitat conditions for mosquitoes [10]. Oases are
also characterized by high human presence as they
are agro-ecosystems directly dependent on human
activities (irrigation, plowing, weeding and mainten-
ance). Typically, human settlements are organized in
small agglomerations surrounded very closely by irri-
gated fields [18]. Many residents are farmers and
spend a lot of time in the fields, which exposes them
to mosquito bites. In addition, mosquitoes are fre-
quently observed inside houses. An oasis is thus a
place where humans, mosquitoes and birds concen-
trate in a relatively small space. Knowing that the
transmission of flaviviruses is strongly associated
with the presence of wetlands and the abundance of
birds and mosquitoes [22], southern Tunisian oases
seem to offer suitable conditions for flavivirus circula-
tion, thus underlining possible serious risks for human
health and livestock populations. In fact, WNV out-
breaks have been described in some oases in southern
Tunisia, namely Gabeés in 2003 and Tozeur, Kébili
and Gabes in 2012 [11]. To anticipate and prevent
possible spread of flaviviruses in humans and domestic
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animals, the ecology of their transmission in the oasis
system needs to be better understood. This can be
done using serological tools that allow assessment of
whether a bird population has been exposed to flavi-
viruses through the detection of specific antibodies [23].

The detection of antibodies in a bird means that the
bird has been infected in the course of its lifetime,
without knowing exactly when or under what condi-
tions. Thus, by using the antibody detection approach,
we can know if a bird has been exposed to viruses, but
not to study the circumstances of virus transmission. It
is also possible to investigate hypotheses about factors
that may influence the exposure of birds to viruses.
These factors may include bird-related parameters,
as well as habitat features. For instance, antibody
occurrence probability could be expected to increase
with bird age because adults are more likely to have
been exposed to viruses than young birds. Indeed, as
the host gets older, the risk of having been bitten by
a mosquito carrying the virus increases. In addition,
all habitat parameters that increase the abundance
of mosquitoes and promote their encounters with
birds could also be hypothesized to increase the expos-
ure of birds to viruses.

With regard to southern Tunisian oases, we
expected vegetation structure to affect bird exposure
to viruses, through its possible effects on microclimate
conditions and water availability, and hence the abun-
dance of mosquitoes and birds. In fact, two types of
oases exist in this area: traditional oases characterized
by a mixture of cultivated and spontaneous plants
organized into three main layers (palm trees, fruit
trees and herbaceous plants) and modern oases
where the vegetation is composed of regular rows of
palm trees with the quasi-absence of other crops
[21]. Traditional oases are thus expected to offer
more suitable habitat conditions for virus circulation
than the modern and less vegetated ones. Furthermore,
Oasis position relative to the Mediterranean coast is
also expected to affect bird exposure to flaviviruses.
Indeed, inland areas are more influenced by Sahara
and have drier climates than coastal areas which are
subjected to maritime influence.

To our knowledge, the exposure of birds to WNV
in southern Tunisia has only been addressed in one
recent work on sparrows inhabiting two oases [24],
while the exposure of wild birds to USUV has never
been reported. One further species that may be used
for investigating bird exposure to flaviviruses in south-
ern Tunisian oases is the laughing dove (Spilopelia
senegalensis), as it is one of the most abundant and
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widespread bird species in this area [19]. Furthermore,
this resident bird shows anthropophilic behaviour
and occurs frequently in the close surroundings of
human settlements, as it often feeds in stables, cow-
sheds and barns, sharing water troughs with livestock
and poultry.

The competence of Columbiforms as natural reser-
voirs for flaviviruses is controversial. Columbiforms
are most often regarded as low competent hosts for
flaviviruses [25, 26], but some other studies suggest
that pigeons, which are widely prevalent in highly
populated as well as rural areas, could be competent
reservoirs [27, 28]. Laughing doves that were experi-
mentally infected with WNV did not develop any
specific illness [26], and the low viraemia observed in
many instances in Columbiforms make it unlikely,
although not impossible, that laughing doves are
reservoirs of WNYV. For all these reasons, we believe
that the laughing dove may be a candidate for explor-
ing bird exposure to WNV and USUYV in southern
Tunisian oases and to act as a potential sentinel for
the presence of flaviviruses [29].

In this study, we assessed the seroprevalence of
WNYV and USUYV antibodies in laughing doves inha-
biting four different oases in Southern Tunisia. Our
oasis sample included traditional and modern oases
located at different distances from the coast. We con-
ducted generalized linear mixed models (GLMMs) to
model the probability of antibody occurrence as a
function of dove age and oasis features. For the rea-
sons exposed above, we predicted that antibody occur-
rence probability is higher in adult doves compared
with young doves, and in traditional oases compared
with modern oases. A negative relationship between
antibody occurrence probability and oasis distance
to coast was also expected.

METHODS
Study species

The laughing dove is a medium Columbiform native
to most of sub-Saharan Africa, Middle-East and
Indian subcontinent [30]. In North Africa, this dove
species inhabits a variety of natural and man-made
habitats, such as oases, farmlands and areas close to
human settlements [19, 31]. It is nowadays one of
the most widespread and abundant birds in southern
Tunisian oases [19, 31], where it mainly nests on
olive and pomegranate trees with a high reproductive
success [32]. This dove species is typically resident and
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sedentary, but it shows a high dispersal ability [30].
Originating from sub-Saharan Africa, it succeeded in
colonizing the entire North Africa in less than a cen-
tury, but this expansion appears to be the result of
erratic movements of individuals rather than popula-
tion migrations [19, 31].

Study sites

Data were collected in four oases representing each of
the four main oasis regions in southern Tunisia:
Degache oasis (33°58'21-45'N-8°12'31-74'E) in the
Djerid region, Oum-Errous oasis (33°32'29'N-8°55'
42'E) in the Nefzaoua region, Gafsa oasis (34°24'27’
N-8°46'14'E) in Gafsa region and Kettana oasis (33°
46'17'N-10°11"25'E) in the coastal Gabés region
(Fig. 1). Kettana and Gafsa are traditional oases char-
acterized by a mixture of cultivated and spontaneous
plants organized into three main layers, namely palm
trees, fruit trees (notably olive, pomegranate, apricot
and fig trees) and herbaceous plants. However,
Degache and Oum-Errous are modern oases character-
ized by simpler vegetation dominated by palm trees.

Sample collection and laboratory analyses

In Kettana, Oum-Errous and Gafsa oases, laughing
dove sampling took place in June and September
2015. However, in Degache oasis, doves were only
sampled in June 2015. Laughing doves were captured
using mist nets placed around highly frequented feed-
ing sites (cowsheds and grain storage garages). Upon
capture, we determined dove age (adult vs. young)
based on plumage colour: the presence of a complete
spotted black band across the lower fore-neck indi-
cated an adult [30]. A 0-5ml blood sample was
taken from the brachial vein using a sterile hepari-
nized syringe. The blood sample was then transferred
into a heparinized 2 ml tube and maintained in a
cooler (4 °C) while in the field. Before releasing, the
sampled doves were ringed to avoid resampling.
Blood samples were brought to the laboratory on
the day of collection, where they were centrifuged
(10 min at 5000 g). The plasma samples were then
stored at —20 °C until immunological analyses could
be performed. Screening of sera for flavivirus anti-
bodies was conducted using an ELISA kit designed
to detect antibodies against the structural pre-
membrane (prM) and envelope (E) proteins of WNV
(ID Screen® West Nile Competition, IDvet, France).
Because WNV E protein shares conserved epitopes
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Fig. 1. Map of southern Tunisia showing the location of sampled oases.

with other flaviviruses, this ELISA tool can be con-
veniently used as a surrogate test to detect antibodies
to many flaviviruses, particularly those belonging to
the Japanese encephalitis serocomplex [33]. ELISA-
positive samples were further investigated through
virus-specific  microneutralization tests (MNTs)
against flaviviruses reported in the area where the
sera were collected [33-35].

Heat-inactivated sera, serially diluted (1:5 to 1:320)
in Dulbecco’s modified Eagle’s medium (DMEM)
were mixed with an equal volume (50 pl) of DMEM
containing 100 tissue culture infectious dose 50 of
WNYV strain 1S-98-ST1 (provided by the National
Reference Centre for Arboviruses in France at the
Institut Pasteur, Paris) or USUV strain 1t2012
(206795-3, generous gift from IZSLER, Brescia).
Each serum was tested in duplicate. Cell and virus
controls, as well as virus back titration controls,
were included in every MNT assay. After incubation
of the plates at 37 °C for 1-5h, 2 x 10* Vero cells in
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100 ul of DMEM were added to all the wells. Plates
were incubated at 37 °C for 3 days, and then cyto-
pathogenic effects were observed under a light micro-
scope. A serum was considered negative if infection
occurred regardless of serum concentration. It was con-
sidered positive if cells were protected at the 1:10 serum
dilution; its titre was calculated as the inverse of the lat-
est dilution at which cells were protected [35]. Owing to
cross-neutralization between flaviviruses, especially
within the same serocomplex, virus neutralisation test
(VNT) end point titres require comparison. The flavi-
virus can then be identified as the virus with the
highest titre, i.e. the one that shows a titre at least
four times higher than that of the other [35, 36].

Data analyses

The relevance of dove age and oasis features as predictors
of the occurrence probability of anti-flavivirus antibodies
was investigated by means of a GLMM, with a logit
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link-function and binary distribution, using the
GLIMMIX procedure in SAS software [37]. In this
model, oasis type (two classes: traditional vs. modern),
distance to coast (continuous variable) and dove age
(two classes: young vs. adult) were considered as
fixed effects. Sampling period (two classes: June vs.
September) was also considered as a fixed effect, while
oasis identity was considered as a random factor. A simi-
lar model was also used for modelling the occurrence
probability of anti-WNYV antibodies using the data
obtained by the virus MNT. However, the occurrence
probability of anti-USUV antibodies was not investi-
gated due to low occurrence (please see results below).

RESULTS

A total of 226 laughing doves were sampled in
the four studied oases (Table 1). Using ELISA,
anti-flavivirus antibodies (including anti-WNV and
anti-USUYV antibodies) were detected in 38 samples,
corresponding to an overall prevalence of 17% (95%
CI 12—22%). Among these samples, 22 were WNV
seropositive and nine were USUV seropositive, as
revealed by the virus MNT, corresponding, respect-
ively, to 10% (95% CI 6—14%) and 4% (95% CI
1—7%) of sampled doves.

Results of the GLMM showed that neither sam-
pling period nor oasis type provided a significant pre-
dictor of the occurrence probability of anti-flavivirus
antibodies in dove plasma. However, there was a sign-
ificant effect of dove age (Table 2). The occurrence
probability of anti-flavivirus antibodies was four
times higher in adult doves compared with young
ones (Fig. 2). There was also a significant negative
relationship between distance to coast and antibody
occurrence probability (Table 2, Fig. 3).

Our results also showed that none of the investi-
gated variables significantly affected the occurrence
probability of anti-WNYV antibodies (Table 2). There
were trends towards increased antibody occurrence
probability in adult doves (estimated least square
mean * s.E. =0-113 £ 0-030) compared with young ones
(estimated least square mean * s.e. = 0-055 £ 0-024) and
towards decreased antibody occurrence probability
with increasing distance to coast (8+s.E. = —0-010 +
0-006), but these trends were not significant (Table 2).

DISCUSSION

In this study, we investigated the seroprevalence of
anti-flavivirus antibodies in the laughing dove
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(S. senegalensis), a bird species that has the potential
to act as a sentinel for the presence of flaviviruses in
the oases of southern Tunisia. Our results showed
that 10% of sampled doves were WNYV seropositive
and 4% were USUV seropositive. They also showed
that dove exposure to flaviviruses increased with
dove age and decreased with oasis distance to coast.

Our results are consistent with previous studies,
which underlined an established WNV transmission
cycle in Tunisia [14, 15, 24, 34]. They are in accord-
ance with frequent observations of high WNYV infec-
tion rates in doves and pigeons, generally associated
with WNV outbreaks [38—40]. However, the overall
anti-WNYV seroprevalence rate we report here is higher
than that found in sparrows in the same area (1%)
[24]. Several hypotheses could explain this difference.
First, it could be a consequence of a recent virus activ-
ity in the studied oases, which is supported by the fact
that some young doves (<1 year old) were WNV-
positive. It may also be due to higher exposure risks of
doves to viruses in comparison with sparrows, which is
consistent with the general tendency of positive associ-
ation between seroprevalence rate and bird body size
[41]. Because of their larger bodies, doves may be
more likely to be attractive to mosquitoes, and hence
more exposed to viruses, than sparrows. Indeed, larger
birds produce higher levels of CO,, and may be more
attractive to vectors in comparison with small ones
[41]. Other ecological differences between doves and
sparrows may also affect their exposure to mosquitoes.
For instance, laughing doves are exclusively ground-
feeders and nest on small fruit trees at low heights [19,
32], while sparrows spend less time close to the ground
as they frequently feed on fruit trees and use high
palm and eucalypt trees, as well as human settlements
for nesting [32]. Thus, doves may remain in contact
with some mosquito species more frequently and for
longer time than sparrows, knowing that Culex pipiens
(L.), which has been reported as the main vector of
WNV in Tunisia [15], prefers ground-level habitats
[42]. Relationships between host availability, host pref-
erence and mosquito habitat use are nevertheless
complex and further studies on the systematic of mos-
quitoes in the oasis habitat and their ecology (especially
habitat use and feeding behaviour) are needed to better
understand birds’ exposure to viruses. Such studies
could use sets of baited traps in habitats with different
characteristics [43].

Our results showed a significant effect of dove
age on the prevalence of total anti-flavivirus anti-
bodies. The occurrence probability of anti-flavivirus
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Table 1. Antibody prevalence to flaviviruses (including WNV and USUV) in laughing doves (Spilopelia senegalensis)

in Tunisian oases, using ELISA and neutralization assays

Site Number of doves tested Positive ELISA (general flavivirus) WNV-positive (VNT) USUV-positive (VNT)
Gafsa 53 7 (13%) 3 (6%) 4 (8%)
Kettana 102 23 (23%) 15 (15%) 3 (3%)
Oum-Errous 45 7 (16%) 3 (7%) 2 (4%)
Degache 26 1 (4%) 1 (4%) 0 (0%)
Total 226 38 (17%) 22 (10%) 9 (4%)

Table 2. Results of GLM M:s of the occurrence probability of anti-flavivirus and anti-WNV antibodies as functions of
sampling period (two classes: September =0 vs. June = 1), oasis type (two classes: traditional =0 vs. modern = 1),
oasis distance to coast (continuous variable) and dove age (young = 0 vs. adult = 1) as fixed effects and oasis identity

as a random factor

Effect Estimate * s.E. DF T P
Anti-flavivirus antibodies
Sampling period 0-125+0-437 221 0-28 0-7761
Oasis type 0-018 £0-593 221 0-03 0-9755
Distance to coast —0-010 £ 0-004 221 —-2:32 0-0214
Dove age 1-483 +0-482 221 3-08 0-0023
Anti-WNYV antibodies:
Sampling period —0-330 £ 0-542 221 —0-61 0-5436
Oasis type 0-284 +0-804 221 0-35 0-7239
Distance to coast —0-010 £ 0-006 221 —1-65 0-1008
Dove age 0-787 £ 0-520 221 1-51 0-1314

antibodies was four times higher in adult doves com-
pared with young ones, which is consistent with
other investigations of mosquito-borne flaviviruses
[10, 38]. As the host gets older, the exposure time to
mosquito bites, and hence virus infection, increases.
However, we did not find a significant difference
between the two age classes regarding anti-WNV
prevalence, although there was a trend towards
increased anti-WNV occurrence probability in adults
compared with young doves. This may be due to a
possible misclassification of some young doves as
adults, thus increasing erroneously the number of
negative individuals among adults. Because dove age
determination was based on plumage, it could be
that some early fledged young doves have completely
moulted their plumage during summer and were mis-
leadingly classified as adults in September samples.
This possible misclassification of young doves as
adults may have also induced an underestimation of
the effects of dove age on the occurrence probability
of total anti-flavivirus antibodies. An alternative
explanation could be a recent circulation of WNV in
the studied area during the sampling period, thus
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affecting doves independently of their ages. Knowing
that during early summer mosquitoes reach their
peak abundance [44], and that birds and mosquitoes
can be forced into greater contact by congregating
around water points thereby increasing virus trans-
mission [45, 46], this hypothesis seems plausible. How-
ever, under this hypothesis, an increase in WNV
antibodies in September samples compared with
June ones would be expected, which is not supported
by our data.

One of the key findings of our work is that laughing
dove exposure to flaviviruses was more related to oasis
geographic location rather than vegetation structure.
Indeed, contrary to our expectation, the occurrence
probability of anti-flavivirus antibodies in laughing
doves did not differ between traditional and modern
oases. In both systems, local habitat parameters
appear to be sufficiently similar that they provide
comparable conditions for flavivirus circulation.
Although there are differences in tree density and stra-
tification, the water surfaces required for mosquito
larval development, which are also used by doves
for drinking, are available continuously in both
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Fig. 2. Estimated least square means (%s.e.) of the
occurrence probability of anti-flavivirus antibodies in
young and adult laughing doves from a GLMM
accounting for oasis type, distance to coast and sampling
period as fixed effects, and oasis identity as a random
factor.

types of oases. These are mainly open water in irriga-
tion systems, drains, surface wells and water tanks.
However, our results suggest that it is rather the over-
all climatic differences between coastal areas (sub-
jected to maritime influence) and those of the
interior (influenced by Sahara) that seem to play the
most important role in shaping the spatial variation
in dove exposure to flaviviruses. Indeed, we found
that doves inhabiting littoral oases were more exposed
to flaviviruses compared with those in inland oases.
This finding is consistent with our expectation and
also with the findings of previous studies on the spatial
distribution of flaviviruses in the Mediterranean basin
and Tunisia [10, 47]. In southern Tunisia, the inland
areas experience higher temperatures and evaporation
rates in comparison with the coast. This may limit sus-
tained mosquito populations in inland oases, thus
resulting in lower circulation of flaviviruses compared
with coastal ones. However, further studies taking into
account the impact of climatic conditions on the abun-
dance of mosquitoes in these areas are needed to spe-
cifically investigate the spatial variation in the
exposure of laughing doves to flaviviruses.

Our results provide the first evidence of USUV cir-
culation in Tunisian avifauna. This finding is consist-
ent with the results of a previous investigation
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Fig. 3. Plot of the relationship between the occurrence
probability of anti-flavivirus antibodies and oasis distance
to coast, as estimated from a GLMM accounting for dove
age, oasis type and sampling period as fixed effects, and
oasis identity as a random factor. Dashed lines represent
the 95% confidence interval limits.

reporting WNV and USUV co-circulation in horses
in the region of Kébili [14]. In a recent review, it has
been reported that WNV and USUV co-circulate in
10 countries in Europe and infect 34 common
bird species that belong to 11 orders, including
Columbiformes [3]. However, in the studied laughing
dove population, anti-USUYV antibodies were at lower
prevalence than anti-WNV antibodies. Moreover,
anti-USUV seropositivity was only recorded in adult
doves sampled in June (early summer). The fact that
antibodies were detected in adult doves but not in
young ones would suggest a previous USUV activity
that dates back at least a year before our investigation,
especially as flavivirus antibody levels are known to
persist for a long time in birds [48]. It could alterna-
tively be due to differential USUV-induced mortality
between adults and young doves. USUV is known to
be more virulent to birds than WNV and to cause
higher mortality rates [1, 3]. Therefore, young doves
that have not yet developed effective immunity are
expected to have a higher risk of dying as a result of
USUYV infections than adults.

It is noteworthy that some flavivirus-positive
samples were not characterized as either WNV or
USUV-positive. Two main hypotheses could be sug-
gested to explain this finding. First, it could be that
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the infected birds have developed a weak neutralizing
response, which is often observed in ELISA low
positives (with values close to the test threshold).
Alternatively, this result may indicate the circulation
of other flaviviruses in the study area. The latter
hypothesis may be verified by the molecular screening
of arthropods living in the studied area.

In conclusion, this work provides evidence of WNV
and USUYV circulation in the birds inhabiting south-
ern Tunisian oases. It also suggests that the laughing
dove, an abundant and widespread bird species in
southern Tunisia, may be used for WNV and USUV
surveillance in this area. Furthermore, our results
demonstrate the effects of some ecological factors
governing the circulation of flaviviruses in this area.
However, we believe that further investigations com-
bining data on birds and mosquitoes from a larger
sample of oases are needed to describe the ecology
and transmission cycles of WNV and USUYV in south-
ern Tunisia.
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