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Abstract: Although wild boar can act as a persistent Aujeszky’s disease (AD) reservoir, limited data are

available on long-term epidemiology in free-ranging wild boar living in areas where industrial swine herds are

limited. Hence, this study provides crucial information, which fills this knowledge gap, on the natural dynamics

of AD infection. From 3260 sera sampled during eight hunting seasons, 162 (4.97%) were tested positive.

Factors, including the animal’s age class, and the sampling year, had significant effects on the probability of the

wild boar being seropositive, while wild boar mean abundance per area, yearly abundance and the total number

of pig farms, as well as interactions among age, year and sex, were not significant. In particular, a positive trend

of seroprevalence was observed over the years, with values ranging from 2.1 to 10.8%. This long-term

surveillance showed an increase in seroprevalence with a higher probability of being seropositive in older

individuals and the independence of wild boar seropositivity from the likelihood of contact with pigs in the

area.
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INTRODUCTION

Pseudorabies virus (PRV) or suid herpesvirus 1 (SHV-1), a
member of the Alphaherpesvirinae subfamily, is the causa-
tive agent of Aujeszky’s disease (AD), an economically
important disease of pigs (Aujeszky 1902). Its host range
includes a wide spectrum of mammals, although domestic
and wild members of the Suidae family are the only hosts
capable of surviving a productive infection and can serve as
reservoirs for the virus (Pensaert and Kluge 1989).
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As a general pattern, wildlife can both maintain and
spread infections to domestic species (Gortazar et al. 2007),
and the wild boar—-domestic pig interface represents an
example of this interaction, as both species have mutual
transmission risks for their parasitic and infectious diseases
(Boadella et al. 2012). AD is such a disease, since the
presence of the PRV infection in wild boar populations has
been reported worldwide with variable prevalence rates
(Ruiz-Fonset al. 2008a). Although reports of PRV trans-
mission from wild boar to domestic pigs are surprisingly
rare, the success of disease eradication programmes in the
domestic species could be influenced by wildlife reservoirs
(Miiller et al. 2011).
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Since the early 1980s, AD has spread globally due to the
appearance of more virulent PRV strains and to changes in
swine production systems, such as increases in animal
density and the total confinement of the animals (Miiller
et al. 2011). Today, the virus has spread worldwide and
causes economic losses in the pig industry due to increased
mortality rates, depending on the age of the host and the
virulence of the virus strain involved. PRV is currently the
focus of eradication programmes almost worldwide, which
include large-scale vaccination with gE-deleted vaccines.
This strategy, together with increased control efforts, has
decreased the incidence of the disease in several European
Union (EU) member states (Pannwitz et al. 2012). In Italy,
an AD national monitoring programme has begun in 1997
(Decreto Ministeriale 1997); it includes the application of
direct prophylaxis, biosecurity measures and vaccination
programmes. Although AD has not yet been eradicated
from Italian pig herds, a considerable reduction in the
spread of the virus has occurred. Similar to the observa-
tions in many European countries, where AD was eradi-
cated in domestic pigs but not in free-living wild boar
populations (Boadella et al. 2012), PRV has been contin-
uously detected in wild boar in Italy (Lari et al. 2006;
Montagnaro et al. 2010; Verin et al. 2014).

Although wild boar can serve as reservoirs for PRV
(Ruiz-Fonset al. 2008b), limited data are available on the
long-term epidemiology of PRV in free-ranging popula-
tions in areas without industrial swine herds. The analysis
of these data may provide baseline information on PRV
infection dynamics under natural conditions indicating
those factors most influential on the spread and mainte-
nance of the virus into the wild populations. Therefore, the
aim of this study, through targeted surveillance, and using
serological and molecular testing, was to describe the
temporal dynamics of PRV infection and to define the role
of wild boar population structure and the presence of
domestic pig farms on spread and maintenance of AD in
free-ranging wild boar populations.

MATERIALS AND METHODS

Study Area and Wild Boar Sampling

A total of 3260 sera samples were collected during eight
hunting seasons (from 2006-2007 to 2013—2014) in Brescia
Province (45°32'20”N, 10°13’10"E), Northern Italy, from

4007 hunted free-living wild boars coming from six distinct
hunting districts (Table 1).

All of these districts are located in the alpine footstep
mountains, characterised by the presence of small, but not
free-ranging, pig farms (Table 2). The features of swine
herds were obtained from the Official National Livestock
Registry. In particular, two variables were available for
analysis of each hunting district: the total number of pig
farms and the density of pig farms. The density of pig farms
was computed by dividing the total number of farms by the
corresponding hunting district area (No of farms/km?).

The overall numbers of blood samples in the six
hunting districts during eight hunting seasons were 787,
422, 142, 217, 1163 and 181, respectively. For 348 samples,
the district of origin was not recorded (Table 1). The
numbers of sera collected during each hunting season
(from 2006/2007 to 2013/2014) were 233, 444, 519, 445,
476, 373, 355 and 415, respectively. The age class and sex of
the wild boar were registered from each hunting district
since 2008/09 (total = 2392). The age of the animals was
determined based on the tooth eruption pattern (Saez-
Royuela et al. 1989): individuals were considered “young”
at <12 months of age, “sub-adult” at 13-24 months of age
and “adult” at >24 months of age. Tested sera were ob-
tained from “young” (n = 517), “sub-adult” (n = 698)
and “adult” (n = 1177) wild boar, and the sex composition
was 1201 males and 1129 females (62 not recorded). Sera
were collected and conserved at —20°C until the analysis,
which was performed at the end of each hunting season.

In the last decade, a variable trend in the wild boar
population has been registered in the study area, charac-
terised by different population growth intensities in the
different hunting districts. In contrast to some other
European wild boar populations, in this large territory, wild
boar is completely free-living (i.e., not restricted to fenced
areas) and it is not specifically managed for hunting (i.e.,
supplementary feeding). Indeed, the wild boar harvest re-
gime has no hunting bag restrictions since the aim is to
keep the populations under control. The harvest regime is
regulated by hunting efforts, which depend on the number
of hunters and hunting days. These were constant over the
years during the study and equivalent between each district.

Studies carried on long temporal trend and on wide
area often face the problem to have consistent data between
time and area. This issue is particularly relevant to esti-
mates on animal abundance in species as wild boar which



444 (10)
519 (11)
445 (42)
476 (19)
373 (24)

233 (7)
355 (4)

Unidentified Total

9 (0)
282 (0)
12 (0)
20 (2)
6 (0)

7 (0)
11 (0)

District 6
7 (0)

7 (0)

29 (1)
43 (2)

32 (0)
23 (0)

18 (0)

District 5
67 (0)
182 (1)
131 (1)
197 (1)
127 (0)
195 (0)

68 (1)

District 4
1(0)
18 (0)
61 (0)
32 (1)
39 (1)
23 (1)
15 (0)

District 3
9 (1)

0 (0)

33 (0)
36 (0)
26 (0)
20 (0)

5 (0)

District 2
33 (0)
25 (0)
69 (1)
67 (6)
61 (2)
58 (2)
44 (0)

District 1
107 (6)*
44 (9)

116 (30)
115 (15)
115 (21)
67 (4)

Wild Boar Samples from the Province of Brescia (Italy) Hunting Districts over Eight Hunting Seasons.
133 (8)

Hunting season
2007-2008
2008-2009

2009-2010
2011-2012

Table 1.

2006-2007
2010-2011
2012-2013
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N presents logistic problems in censusing. From the official
ot data on hunting activity provided by the local hunting
_Q § office (data not showed), we assumed a similar and con-
<2 g/ g stant hunting efforts were spent among hunting districts
E § % and years. For this reasons, we used the total number of
wild boar hunted per year as an approximation of the wild
boar abundance. To take into account the different sizes of
s § the hunting districts, a relative index of abundance was
- & calculated, scaling the animal abundance to its district’s
= area, expressed in km? as described in Chiari et al. 2015
? (Table 2). The values computed are varying over years and
i\. districts and they are referred with the variable “yearly
S @ ; abundance”, whereas the mean values over years for each
P district have been computed returning the variable “mean
o i area-abundance over 7 years”.
E During the 2011-2012 and 2012-2013 hunting seasons,
g'\ 534 and 326 wild boar amygdalae were collected after ne-
] < if cropsy, respectively. Tonsil samples were immediately
° 8 g\_’l processed and analysed for the presence of PRV DNA.
- - O
a Laboratory Analysis
O
RI_ Serological analyses were performed using an ELISA test for
S ;:; the detection of anti-gE antibodies with the Pseudorabies
o~ 8 Virus gpl Antibody test kit (IDEXX PRV/ADV gI). The
o : ELISA test was carried out according to the manufacturer’s
S instructions (Idexx, EK Hoofddorp, The Netherlands).
; Genomic DNA extractions from wild boar samples were
= performed using an RNeasy kit (Qiagen, Hilden, Germany).
§ g’ °§ The presence of PRV DNA was routinely determined using
- = real-time PCR tests based on the specific detection of the gB
Q and gE genes (Ma et al. 2008; Yoon et al. 2005).
X
P Statistical Analysis
43
S; 5 § Three analytical approaches were used to assess in order:
oo e difference of composition of wild boar population between
g é districts, evaluation of extent of the previous differences
[:I § observed and finally the effect of wild boar and district
ﬁ ?; factors on AD seroprevalence. In particular, differences in
i :of § the compositions of wild boar populations among districts
8 % £ were investigated using a multinomial logistic regression
& 2 = g that considered sex, age, year and serological status as the
g E explanatory variables and district as the dependent variable.
N g This model evaluated the effects of the explanatory vari-
2 i ables on the probability of each individual wild boar to
% % ; belong to each district.
& = T ! In order to quantify the previous difference among
= é & 2 districts, further analyses were carried out using binomial
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Table 2.

Wild Boar Abundance and Pig Farm Features in the Province of Brescia (Italy) Hunting Districts.

District Area (km?) Total of wild boar hunted Abundance (boar/km?) Total number of pig farms
District 1 77.69 919 1.69 33
District 2 124.35 688 0.79 49
District 3 109.69 278 0.36 43
District 4 155.21 373 0.34 114
District 5 132.96 1560 1.68 22
District 6 125.67 189 0.21 47

confidence intervals for proportions. Moreover, for the
areas that showed a relevant difference in temporal trends
from multinomial model, Spearman’s coefficient was per-
formed to assess the correlation between the year and the
number of samplings (Agresti 2007).

To investigate factors affecting seropositivity, a gener-
alised linear mixed model (GLMM) for binomial data was
performed including sex, age and year, and their first order
interactions, as first-level variables (Goldstein 2011). We
included the hunting districts as a random factor in order
to overcome the non-independence of data coming from
the same sampling areas. The inclusion of hunting district
as random factor takes into account the effect of spatial
differences on response variable, but evaluating this effect is
not direct purpose of the GLMM. After identifying the
minimal adequate model for first-level variables, the second
level variables, which are not varying for each individual
wild boar, but are measured on district-level, were added to
the model to determine whether any of these district’s
features were influential. These variables are yearly abun-
dance, mean district-abundance over 7 year, total number
of pigs and density of pig farms. The likelihood ratio test
was used to ascertain any differences between models
(Bliese 2013). All of the statistical analyses were performed
using the software R, version 3.1.2 (R Foundation for
Statistical Computing 2014).

RESULTS

From 4007 hunted wild boars during the eight hunting
seasons, 3260 valid sera were examined and 162 samples
(4.97%; 95% CI 4.25-5.77%) tested positive for AD (Ta-
bles 1, 2; Fig. 1). Furthermore, different values of sero-
prevalence were observed in the six hunting districts during
the different years, with the highest overall values recorded
in District 1 (14.61%) (Table 1;).

Based on sex, 75 samples out of 1201 (6.2%) females
tested positive, whereas 64 samples out of 1129 (5.6%)
males tested positive. Out of 517 “young”, 698 “sub-adult”
and 1177 “adult” samples tested, 14 (2.7%), 37 (5.3%) and
92 (7.8%), respectively, were positive. Eight (0.94%; CI
0.41-1.85%) wild boars, out of 847 sampled, tested PCR
positive from the amygdalae. These positive animals were
hunted in District 1 (3 wild boars), District 2 (1 boar),
District 3 (2 wild boars) and District 5 (2 wild boars), six
were adults and two were juveniles, one from District 1 and
the other from District 3.

In terms of structure of the wild boar populations,
hunting districts differed in seroprevalence values, in the
sex and age composition and in hunted wild boar between
years (Table 3). In particular, the population of District 6
had the highest proportion of males (59%) and the District
4 the lowest (43%), while the others ranged between 45 and
51%. District 1 had the highest proportion of old animals
with 85% of the population in the age classes “adult” and
“sub-adult” (CI 82-88%), while District 2, 5 and 6 had
significantly younger populations containing 72% (CI 67—
77%), 76% (CI 73-79%) and 71% (CI 63-77%) of “adult”
and “sub-adults”, respectively (Table 3).

The analysis of trends using Spearman’s coefficient
showed that the number of wild boar hunted increased over
the years in District 5 (Spearman’s p = 0.75, P = 0.02),
while in District 1, the number did not vary significantly
over the years (Spearman’s p = —0.68, P = 0.11).

The best model describing the probability of being
seropositive included wild boar age and year as significant
variables, while wild boar yearly abundance, mean district-
abundance over 7 years, total number and density of pig
farms, as well as interactions among age, year and sex, were
not significant (Table 4).

In particular, the odds of testing positive for AD were
almost three times higher for adults compared with young
boar (OR = 2.7), once the other variables were fixed
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Table 3. The Exponential of the Multinomial Model Coefficients (Odds Ratio Values).
District 2 District 3 District 4 District 5 District 6
Intercept 0.012 (0.949) —0.978 (0.001) —0.851 (0.001) 0.312 (0.060)
Sex (M) 0.067 (0.628) 0.074 (0.713)
Age (sub-adult) —0.915 (<0.001)
Age (adult)

—0.187 (0.511)
—0.357 (0.199)
—0.119 (0.056)
—3.092 (0.002)

—0.710 (<0.001)
0.054 (0.188)
—1.077 (<0.001)

Year

Seropositivity

—0.088 (0.613)

—0.071 (0.787)
0.028 (0.910)

—0.074 (0.157)

—3.717 (<0.001)

—0.784 (0.001)
0.500 (0.006)
—0.972 (<0.001)
—0.697 (0.002)
—0.013 (0.810)

0.175 (0.117)
—0.816 (<0.001)
—0.303 (0.046)

0.238 (<0.001)

—1.761 (<0.001)

—1.584 (<0.001)
Odds ratio values of the multinomial model predict the probability of each individual to belong to each hunting district. District 1 values were considered as the
reference values, and the P values for the Wald test are in parentheses.

Table 4. Comparison of Models Describing Seroprevalence Through ANOVA (Likelihood Ratio Test).
Model D.f. Deviance Chi sq. Test df P value
Null model 2 930.66
Age + Year 902.13 28.5 3 <0.001
Age + Year + (Age x Year) 6 901.62 0.52 1 0.470
The second model (Age + Year) significantly differed from the Null model, so it was selected as the best fit. The interaction term did not add any significant
information to the second model, so it is discarded.
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Table 5. Effects of Variables of Minimal Adequate Model on the Probability of Being Seropositive.

Estimate Std. error Odds ratio z value Pr (>|z])
(Intercept) —4.56,698 0.60467 — —7.553 <0.001
Age (1) 0.40818 0.32619 1.50 1.251 0.2108
Age (2) 0.99475 0.29817 2.70 3.336 <0.001
Year 0.17693 0.05348 1.20 3.312 <0.001

The analysis includes hunting district as the random factor.

(Table 5). A generalised positive trend in seroprevalence
was observed over the years, with an odds ratio of 1.2
corresponding to a relative increase in seropositivity of 20%
each year (Table 5).

DiscussioN

The present long-term surveillance of AD in the wild boar
of the central Italian Alps, based on an estimated index of
abundance, showed an increase in seroprevalence during
the years, with a higher probability of being seropositive in
older individuals, while the presence of domestic pigs had
no effect on seropositivity. In particular, the total AD
seroprevalence in the study area increased 1.2 times each
year, showing that the infection could persist as an endemic
disease at low prevalence values in wild boar populations.

The absence of the effect of wild boar abundance on
seroprevalence emerged in the current study, revealing that,
in this context, other factors were more influential on the
spread and maintenance of AD. As expected, the sero-
prevalence was influenced by age rather than sex, with a
significantly higher percentage of positive animals being
adults. This was also supported by the results of the
molecular analyses, where six of the eight PCR positive
animals were adults, confirming the presence of ADV, even
with a low diffusion, inside the adult population. The
influence of age resulted to be the principal factor affecting
seroprevalence, as reflected in the District 1 with highest
(14.61%)
(37.5%), where the population structure shows the highest

seroprevalence and PCR positive animals
proportion of adult animals.

The present results showed that AD seropositivity in
wild boar did not correlate to the likelihood of contact with
pigs in an area. It should be emphasised that the pig farms
in the study area are very small (<50 heads/unit) usually
with a restricted number of fattening pigs bred for a limited
period of the year. Although these animals are not kept

outdoors, the farms’ biosecurity measures could be lower
than those of industrial swine herds, posing sanitation
concerns. However, the total number and the density of pig
farms were not significant, indicating a possibly distinct
epidemiological evolution of the disease inside the wild
boar and domestic pig populations. Since a clear differen-
tiation between the strains isolated from hunting dogs,
which are related to the wild boar strains, and those orig-
inating from domestic pigs was demonstrated (Sozzi et al.
2013; Moreno et al. 2015), the relationship between AD
prevalence in pig farms and wild boar populations could be
indirect and based on the aggregation of individuals and
contact rates between them.

Domestic pigs and wild boar have a reciprocal trans-
mission risk for their infections, including AD, as demon-
strated by experimentally infecting domestic pigs with AD
strains of wild boar origin, suggesting the possible AD
transmission between both sides (Miiller e al. 2001). Al-
though the presence of ADV in wild boar already posed
concerns for AD control in pigs (Corn et al. 2009), it has
been shown that the AD prevalence in wild boar was not a
significant risk factor for the AD prevalence in the coex-
isting pig farms (Ruiz-Fons et al. 2008b).

The overall prevalence found in our study (4.97%) is
lower than values previously reported in central-southern
Italy, which ranged from 10 to 30% (Lari et al. 2006;
Montagnaro et al. 2010; Miller et al. 2011; Verin et al.
2014). Since wild boar density has been suggested to be the
main risk factor for AD prevalence in wild boar (Acevedo
et al. 2007; Ruiz-Fons et al. 2008a), the observed sero-
prevalence could be a consequence of the lower wild boar
densities in our study area compared with other areas of
Italy. In fact, in the central Alpine areas where our study
area is located, the wild boar population densities are lower
than in the central and southern regions of Italy, with a
discontinuous and fragmented population distribution
(Santilli et al. 2013). The effect of this geographical dis-
tinction seems to be supported by comparisons with other
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Alpine areas, which showed similar results (Miller et al.
2011). In fact in Alpine countries, such as Switzerland, the
prevalence ranged from 0 to 6.88% (Koppel et al. 2007;
Leuenberger et al. 2007).

In addition to density, supplementary feeding and
spatial aggregation within fenced hunting areas have been
identified as risk factors for increases in the ADV preva-
lence in wild boar in Spain (Boadella et al. 2012; Ruiz-Fons
et al. 2008b). In contrast to the Spanish wild boar man-
agement system, in our study area, wild boar is completely
free-living and is not specifically managed for hunting
(such as supplementary feeding in fenced areas). The dif-
ferences in wild boar management strategies could explain
the lower wild boar density and ADV seroprevalence. At
this low abundance value, the mean age of the wild boar
populations seems to influence the transmission of ADV
more than the wild boar density, as already reported in
different European studies (Miiller et al. 2011; Lutz et al.
2003; Montagnaro et al. 2010). In fact, just the age of wild
boar seems to significantly influence the seroprevalence in
our populations, and while the population of District 5 had
an increasing abundance trend during the study period
showing the lowest prevalence, the population of District 1,
where the highest seroprevalence value was registered, was
significantly older than the populations in other districts.
Our results corroborate those of other studies that recorded
stable or even increasing trends of ADV infections in wild
boar and feral pig populations (Albina et al. 2000; Lutz
et al. 2003; Corn et al. 2009; Boadella et al. 2012; Pannwitz
et al. 2012).

CONCLUSION

The present long-term surveillance may provide baseline
information on the dynamics of AD infections under nat-
ural conditions. The study was conducted in an area where
dynamics of ADV transmission were determined as inde-
pendent from the likelihood of contact between the wild
boar and pigs. In addition, our results together with the
absence of evidence of epidemiological association of ADV
between the domestic pig and the wild boar in the study
area (Moreno et al. 2015) corroborate the hypothesis that
AD maintenance in the wild boar population is indepen-
dent of the occurrence of AD in pigs (Miiller et al. 1998;
Ruiz-Fons et al. 2008b; Pannwitz et al. 2012). Nevertheless,
since spillovers cannot completely be ruled out and due to
the fact that our results reinforce the idea that wild boar is

able to maintain the virus at natural condition also at low
density values, open-air pig systems, in particular, might be
at risk if preventive measures are disregarded (Pannwitz
et al. 2012; Ruiz-Fons et al. 2008a, b). These findings may
be considered when implementing ADV eradication pro-
grammes in livestock, in particular, in areas where the wild
boar population is maintained at a low density, as in the
Alps.
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