Parasitology Research (2019) 118:2715-2721
https://doi.org/10.1007/500436-019-06388-6

IMMUNOLOGY AND HOST-PARASITE INTERACTIONS - SHORT COMMUNICATION

®

Check for
updates

Serological and molecular investigation of selected parasitic
pathogens in European brown hare (Lepus europaeus) in Greece:
inferring the ecological niche of Toxoplasma gondii and Leishmania
infantum in hares

Constantina N. Tsokana' - Christos Sokos' - Alexios Giannakopoulos - Periklis Birtsas>> - Labrini V. Athanasiou® -
George Valiakos' - Marina Sofia' - Dimitrios C. Chatzopoulos' - Maria Kantere" - Vassiliki Spyrou” -
Angeliki Rodi Burriel® - Charalambos Billinis’

Received: 4 October 2018 /Accepted: 27 June 2019 /Published online: 9 July 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

The occurrence of infection or exposure to Toxoplasma gondii, Neospora caninum, and Leishmania infantum was investigated in
European brown hares (Lepus europaeus, EBH) hunter-harvested over two consecutive hunting seasons in northern and central
Greece. Geographical information system was used along with the ecological niche model to define the geographical distribution
of seropositive hares relative to environmental parameters and to identify high-risk areas for hare exposure. Molecular analysis
showed that 3.8% and 9.6% of the examined hares were infected with N. caninum and L. infantum, respectively, while, 5.7%,
0.95%, and 12.4% of the hares tested positive for the presence of antibodies against 7. gondii, N. caninum, and L. infantum
respectively. None of the examined hares was polymerase chain reaction—positive for 7. gondii. Mixed exposure against both 7.
gondii and L. infantum was found in 2.9% of the hares examined. Rainfall indices and land uses significantly influenced the
exposure of hares to 7. gondii and L. infantum. This is the first molecular and serological survey of protozoan pathogens in EBH
in Greece. Furthermore, we report the environmental parameters related to hare seropositivity and present a risk map for hare
exposure to 7. gondii and L. infantum in northern and central Greece. The ecological niches of 7. gondii and L. infantum in the

hares presented herein could be applied to other regions with similar environmental and climatic conditions.
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Introduction

The epizootiological importance of the European brown hare
(EBH) (Lepus europaeus) stems from the fact that it maintains
the so-called home range, which makes it prone to many in-
fectious diseases of natural nidality (Treml et al. 2007). Hares
represent a potential source of Toxoplasma gondii and
Neospora caninum for other animals, especially carnivores
(Bartova et al. 2010). Recently, their role as a sylvatic reser-
voir of Leishmania infantum has been revealed as well
(Tsokana et al. 2015).

Few epidemiological studies on wildlife have been con-
ducted in Greece, and limited data are available on the para-
sitic pathogens in the hare population. This study aimed to (a)
define the infection and exposure status of EBH from northern
and central Greece against 7. gondii, N. caninum, and L.
infantum; (b) identify the environmental parameters related
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to the exposure of hares to 7. gondii and L. infantum through
geographical information system (GIS) and ecological niche
model (ENM) analysis; and (c) create risk maps and define
high-risk areas for the exposure of hares to these pathogens.

Materials and methods

Hare samples, serological and molecular
investigation, and sequencing

From a total of 105 free-range hares, 105 serum samples and
52 liver samples were collected by hunters and foresters over
two consecutive hunting seasons in northern and central
Greece. Gender data of the animals included in the study were
recorded when possible. The location data of the hares were
marked with handheld global positioning system units
(Garmin International, INC, Olathe, Kansas, USA) in the
field.

The serum samples were tested with indirect fluorescence
antibody test kits to detect antibodies against 7. gondii, N.
caninum (Agrolabo, Scarmagno, Italy), and L. infantum
(Fuller Laboratories, Fullerton, CA, USA) by using a
fluorescein-isothiocyanate-conjugated sheep anti-rabbit im-
munoglobulin G (BioFX Laboratories, Owings Mills,
Maryland, USA).

Liver samples were subjected to polymerase chain reaction
(PCR) tests to detect 7. gondii (Homan et al. 2000), N.
caninum (Miiller et al. 1996), and L. infantum DNA (EI Tai
et al. 2001). Positive PCR products were purified using the
PureLink PCR purification kit (Invitrogen, Carlsbad, CA,
USA) and were bidirectionally sequenced using the fluores-
cent BigDye Terminator Cycle sequencing kit v3.1 (Applied
Biosystems, Foster City, CA, USA), followed by fragment
separation with a 3730x] DNA analyzer (Applied
Biosystems, Foster City, CA, USA).

Geographical information system and environmental
parameters

Climatic variables were sourced from the WorldClim website
version 1.4. Wind speed was retrieved from GeoPortal (http://
www.rae.gt/geo/). Land uses, altitude, hydrological data, and
the normalized difference vegetation index were sourced from
the Copernicus program (https://land.copernicus.eu). All data
layers were converted to a common projection, map extent,
and resolution. ArcGIS 10.1 GIS software (ESRI, Redlands,
CA, USA) was used for data analysis.

Ecological niche model

For ENM or species-distribution modeling programs, for ex-
ample, MaxEnt (Phillips et al. 2006), a niche was defined
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based on the environmental values that correspond to “pres-
ence” data (in this case, 7. gondii and L. infantum seropositive
hares). Then, the similarities between environmental values at
a specific cell and those of the niche of 7. gondii and L.
infantum seropositive hares were calculated for each raster cell
in the study area to define the probability of occurrence of T.
gondii and L. infantum seropositive hares in each raster cell.

In MaxEnt modeling (MaxEnt, software version 3.3-3), T.
gondii and L. infantum seropositive hares were used as occur-
rence points in the ENM procedure. The goodness of fit of the
model predictions was evaluated in terms of the mean arca
under the curve (AUC) of the receiver operating characteristic
curve. We used the jackknife test until all remaining variables
showed a positive effect on the total gain. Areas with > 63%
probability of 7. gondii and L. infantum seropositivity were
considered high-risk areas.

Statistical analysis

The exact binomial test was performed to establish confidence
intervals (CI) with a 95% confidence level. Statistical analyses
(chi-square and Fisher’s exact tests to compare percentages of
T. gondii and L. infantum seropositivity among the different
study areas) were performed with IBM SPSS V.22.0 (IBM
Corp, Armonk, New York, USA). A p value < 0.05 was con-
sidered statistically significant.

Results and discussion

Antibodies against 7. gondii (5.7%), N. caninum (0.95%), and
L. infantum (12.4%) were detected in hares from central and
northern Greece (Table 1, Fig. 1). The occurrence of N.
caninum (3.8%) and L. infantum (9.6%) DNA and the lack of
evidence for 7. gondii infection were justified through molecu-
lar examination (Table 1). Sequence analyses of N. caninum
and L. infantum amplicons (GenBank accession numbers
MH568687 and KY379079-KY 379080, respectively) revealed
96-98% homology with other N. caninum sequences and 99%
homology with L. infantum. None of the T. gondii and L.
infantum seropositive hares was found to be PCR positive
(Table 1). No statistically significant difference was found in
terms of seroprevalence for 7. gondii (p = 0.45) and L. infantum
(p=0.85), as well as in terms of the prevalence of L. infantum
DNA in Thessaly, central Macedonia, and eastern Macedonia
and Thrace (p =0.31) (Table 1).

Seroprevalence of 7. gondii in hares varies among
European countries, ranging from 0 to 46% (Poli et al. 1987
Aubert et al. 2010). Our findings (5.7%) are consistent with
those of studies conducted in Italy (6.4%) (Poli et al. 1987)
and France (9%) (Aubert et al. 2010), as well as the seroprev-
alence reported in Greek wild boar (5.2%) (Touloudi et al.
2015). Similar to the results of a study on the Iberian hare, T.
gondii DNA was not detected in the hare liver samples
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examined herein, possibly because of the presence of 7. gondii
DNA in other tissues, such as the brain or heart, as has been
observed in subclinical infections in other animal species
(Fernandez-Aguilar et al. 2013).

The seroprevalence of N. caninum in hares ranges from 6.8
to 39% (Ferroglio and Trisciuoglio 2003; Bartova et al. 2010),
which is inconsistent with our findings; the low seropreva-
lence reported herein is comparable with the seroprevalence
found in Greek wild boar (1.1%) (Touloudi et al. 2015), indi-
cating the existing although limited exposure of wildlife to N.
caninum in the study area. Despite the low seroprevalence
(0.95%) and DNA prevalence (3.8%) of N. caninum in this
study, which could be perceived to be indicative of a low risk
of infection through the consumption of infected hares in
Greece, hares remain a constant source of carnivore infection.
In Greece, when hares are hunted, the carcasses are eviscerat-
ed in the field, and the offal is purposely fed to hunting dogs or
left behind for consumption by wild animals, including red
foxes, a common predator of hares (Ferroglio and
Trisciuoglio 2003). Although foxes have not been proved as
a definitive host, their important role in sustaining N. caninum
infection in the sylvatic cycle has been suggested based on
their dietary habits and their adaptable and opportunistic na-
ture that facilitates close contact with domestic dogs and live-
stock (Bateman and Fleming 2012).

A lower seroprevalence of L. infantum (0.9% compared with
12.4% in our study) was reported in L. europaeus in Italy
(Ebani et al. 2016). Molecular studies have revealed 56.3% L.
infantum infection in Spain (Ruiz-Fons et al. 2013), and more
recent studies have revealed 1.9% L. infantum infection in cen-
tral Italy (Rocchigiani et al. 2018). In northern Greece, the L.
infantum DNA prevalence reported for 2007-2011 was
23.49% (Tsokana et al. 2015), which is consistent with our
findings in the same region (20%) (Table 1). The results of this
study should be treated with caution given that a small subset of
samples was molecularly examined to show the occurrence of
infection rather than to determine the DNA prevalence of L.
infantum infection in this hare population.

This study provides evidence of the occurrence of L.
infantum infection in hares in central Greece as well, a highly
endemic region for human and canine leishmaniasis, where an
increase in the incidence rate of human leishmaniasis cases has
been recorded in recent years (Giannakopoulos et al. 2016). In
addition, it reports the seroprevalence of L. infantum in hares in
central and northern Greece for the first time. The occurrence
of L. infantum infection in hares, cats, dogs, rodents, red foxes,
and humans (Diakou et al. 2009; Athanasiou et al. 2012; Ntais
et al. 2013; Karayiannis et al. 2015; Giannakopoulos et al.
2016, 2017; Tsakmakidis et al. 2017) is highly suggestive of
an overlapping of the sylvatic and the domestic transmission
cycles in Thessaly, as has been suggested previously for the
region of Thessaloniki, northern Greece (Tsokana et al. 2015).
This hypothesis is further supported by the exposure of hares to
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Fig. 1 Map of Greece showing the geographical distribution of the 7.
gondii, N. caninum, and L. infantum seropositive hares. Map of Greece
showing the geographical distribution of the European Brown hare in
continental Greece and the 7. gondii, N. caninum, and L. infantum

N. caninum and T. gondii, indicating that hares share the same
living space with the definitive hosts of these pathogens, name-
ly, wild carnivores such as gray wolves and dogs, and cats or
free-ranging felids respectively. Contact between hares and red
foxes is well documented, as red foxes commonly prey on
hares (Ferroglio and Trisciuoglio 2003). The fact that hares
exposed to L. infantum share the same habitat with these ani-
mal species, which are susceptible to L. infantum infection
(Millan et al. 2014), highlights the need to investigate the role
of hares in the sylvatic transmission cycle of L. infantum in
Greece. This is important when considering animal species
such as cats; the behavioral characteristics of felines (proximity
to humans; nocturnal predators operating in a 1.5-km radius of
their residence, using forests as hunting territory (Soares et al.
2016)), together with the so-called home range of hares, facil-
itate the cat-to-hare and the hare-to-cat spillovers of pathogens
and cats an excellent candidate as a connective link between
the sylvatic and the domestic transmission cycles of L.
infantum spp. The same is true for red foxes because they dwell
over great distances based on the availability of resources
(Bateman and Fleming 2012).

The ENM from MaxEnt identified precipitation in the wettest
month and land cover (habitat types) as the most influential
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seropositive hares found in central and northern Greece. Green dots
indicate the hare samples collected in the study area. Yellow, blue, and
red dots indicate the 7. gondii, N. caninum, and L. infantum seropositive
hares respectively

environmental variables associated with exposure of hares to
T. gondii and L. infantum and identified high-risk areas for hare
exposure through the creation of risk maps of the study areas
(Fig. 2a, b). Precipitation influences the dynamics of 7. gondii
oocysts by creating a moist environment that facilitates their
survival and increases food availability, thus supporting a high
density of hosts, including transport hosts, such as arthropods,
flies, cockroaches, and earthworms (Yan et al. 2016). Moreover,
the prevalence of 7. gondii has been associated with high levels
of rainfall in studies involving other animal species, such as cats
(Afonso et al. 2010). The habitat types associated with 7. gondii
seropositive hares (coniferous and mixed forests, non-irrigated
arable land, and natural grasslands) may be linked to high pop-
ulation densities of important hosts, such as significant wildcat
and wildcat-domestic hybrid populations in forests, resulting in
increased soil contamination from their feces, high rodent den-
sity in arable lands owing to the availability of food, and the
presence of transport hosts in natural grasslands owing to high
soil permeability and rich organic matter. These habitats are
characterized by moderate-to-high annual precipitation, which
influences the dynamics of oocysts survival and dispersal. Soil
irrigation and soil disturbance due to agricultural practices en-
hance oocyst survival and oocyst distribution in arable lands,
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Table 2  The relative contributions of the environmental variables to the Maxent model for the exposure of European brown hare to 7. gondii and L.

infantum
T. gondii L. infantum
Variable Percent Permutation Variable Percent Permutation
contribution importance contribution importance
Precipitation of wettest month 27 6.2 Precipitation of wettest month 29.6 14.4
Corine land cover-habitat types 24 222 Corine land cover-habitat types 21.3 12.7
Altitude 18.9 16.4 Altitude 13 51.3
Livestock density 12.1 14.5 Livestock density 92 0
Mean temperature of wettest quarter 4.1 25.4 Mean temperature of wettest quarter 4.9 15.6
Farms distance 0 0 Farms distance 0 0
Population density 0 0 Population density 0 0
Wind speed 0 0 Wind speed 1.6 1.7
Normalized difference vegetation 0 0 Normalized difference vegetation 0 0
index-September month index-November month
Normalized difference vegetation 14 15.2 Normalized difference vegetation 0 0
index-April month index-April month
Normalized difference vegetation 0 0.6
index-August month
Precipitation of wettest quarter 0
Min temperature of coldest month 20.3 3.6

while moist and shaded microenvironments facilitate the surviv-
al of oocysts in natural grasslands (Yan et al. 2016).

Regarding the exposure of hares to L. infantum, the impact
of precipitation has been suggested in a study conducted among
EBH in northern Greece (Tsokana et al. 2015). Precipitation
affects the activity period of sandflies, their survival and the
promotion of adult emergence, and the determination of appro-
priate oviposition sites (Quintana et al. 2013). The habitat types
identified as being influential on hare exposure to L. infantum

(natural grasslands, coniferous forests, land principally occu-
pied by agriculture, land with significant areas of natural veg-
etation, and non-irrigated arable land) are characterized by
moderate-to-high annual precipitation, which influences the
sandfly vector (Quintana et al. 2013). Furthermore, these types
of habitats support a vast variety of mammals and diverse wild-
life, including important hosts of L. infantum (e.g., free-ranging
cats and rodents), owing to increased food availability, thus
constituting an excellent space for the overlapping of the

b
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Fig. 2 Risk maps of Greece for the presence of 7. gondii- and L.
infantum-exposed hares. a Map of the study area showing the
probability for the presence of 7. gondii exposed hares together with the
recognized high-risk areas for hare exposure to 7. gondii. b Map of the

study area showing the probability for the presence of L. infantum-
exposed hares in the study area together with the recognized high-risk
areas for hare exposure to L. infantum
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sylvatic and the domestic L. infantum transmission cycles.
Agricultural and arable lands have been related to an increased
probability of L. infantum infection in humans and dogs in
Greece and other countries (Chamaillé et al. 2010; Ntais et al.
2013; Giannakopoulos et al. 2016).

Hares may significantly contribute to the epidemiology of
important pathogens from the viewpoints of public health and
veterinary concerns owing to cross-border and long-distance
movements, possibly as part of live animal translocations; as
hosts in intensive contact with vectors (ticks, mosquitoes, and
sandflies); and as the prey of carnivores and omnivores that
travel over great distances and come into contact with domes-
tic animals and humans. Moreover, the short lifespan of hares
makes them an excellent indicator of recent pathogen trans-
mission and circulation in the area posing a risk of infection to
wildlife, domestic animals, and humans.
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