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A B S T R A C T

Leishmania infantum infection was investigated in 202 wild carnivores, rodents and lagomorphs in Southeast
Spain using a real-time PCR (rtPCR) in skin and organ samples, mostly spleen. Lesions compatible with leish-
maniosis were not observed in any of the animals. Prevalence defined as the percentage of rtPCR-positive ani-
mals was 32% overall, and 45% in foxes (n=69), 30% in rabbits (n=80) and stone martens (n=10), 19% in
wood mice (n=16), 0% in black rats (n=10) and ranged between 0% and 100% in other minoritarian species
including badgers, wild cats, wolves, raccoons, genets and hares. Most infected rabbits were PCR-positive in skin
and not in spleen samples and the opposite was the case for foxes (p<0.05). L. infantum prevalence was lowest
in spring following months of non-exposure to phlebotomine sand fly vectors, and spatially matched recently
estimated Phlebotomus perniciosus vector abundance and the prevalence of subclinical infection in dogs and hu-
mans. Prevalence increased with altitude and was greater in drier and less windy South and West compared to
the coastal Southeast of the study area (p<0.05). Genetic diversity of L. infantum from foxes, investigated by
PCR-restriction fragment length polymorphisms of kinetoplast DNA, revealed B genotype in all animals, which is
frequent in people and dogs in the Iberian Peninsula and Morocco. The study provides further evidence that sub-
clinical L. infantum infection is widespread in wildlife with prevalence depending on environmental factors and
that parasite tissue tropism may vary according to host species. Moreover, it suggests that sylvatic and domestic
transmission cycles are closely interconnected.

1. Introduction

Leishmaniosis caused by the protozoan Leishmania infantum is a se-
vere vector-borne and emerging zoonotic disease that is endemic in
the Mediterranean basin (Solano-Gallego et al., 2009, Michel et al.,
2011). The domestic dog has historically been considered the main
reservoir host of the parasite and canine leishmaniosis (CanL) has a
high lethality rate in untreated dog. Humans are less susceptible to de-
veloping disease, although hundreds of human leishmaniosis (HumL)

cases are reported in Europe every year (Dujardin et al., 2008; Antoniou
et al., 2013). Control is mainly focused on the dog by the simulta-
neous use of several measures to prevent phlebotomine sand fly vec-
tor bites and enhance the host´s resistance to infection (Miró et al.,
2017). However, the efficacy of these measures is only partial and leish-
maniosis control remains a challenge. One of the main factors lim-
iting CanL and HumL control is the existence of a sylvatic L. infan-
tum transmission cycle in wildlife that interacts with the domestic cy-
cle maintained by dogs (Quinnell and Courtenay, 2009; Molina et al.,
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2012). This possibility was recognized many decades ago when in-
fection was occasionally diagnosed in foxes and rodents (Ashford and
Bettini, 1987), using traditional methods lacking the sensitivity of mol-
ecular techniques, such as the polymerase chain reaction (PCR) tests.
Numerous wildlife species have since been shown to be infected by
PCR (Millán et al., 2014), but their importance as primary L. infantum
reservoir hosts remains to be determined for most species (Quinnell and
Courtenay, 2009).

Discussion concerning the participation of wild species in the trans-
mission of L. infantum has renewed interest since the outbreak of HumL
in southern Madrid associated to Iberian hares (Lepus granatensis) and
wild rabbits (Oryctolagus cuniculus) (Molina et al., 2012; Jiménez et al.,
2013). It is an example of how anthropogenic changes of ecosystems re-
sulting in increased density of some wild species and, thus, the possi-
bility of more contact with domestic animals and humans, can dramat-
ically affect disease behavior and risk (Kurek et al., 2014; Hoverman
and Searle, 2016; Tomassone et al., 2018). In fact, xenodiagnosis ex-
periments incriminated lagomorphs as the source of infection to phle-
botomine sand flies infecting humans in the Madrid outbreak. Unfortu-
nately, such studies are rare in wild species because they require labo-
ratories with active vector colonies and wildlife handling facilities.

Molecular epidemiological studies offer the opportunity for char-
acterizing Leishmania spp. and strains and compare their distribution
in hosts to improve the understanding of transmission cycles. There
is a wide choice of techniques and molecular markers to quantify ge-
netic variation at species and subspecies level (Akhoundi et al., 2016),
but few such studies have been performed on L. infantum strains from
wildlife. Del Río et al. (2014) compared the ribosomal Internal Tran-
scribed Spacer 2 (ITS2) region of wildlife from Northern Spain and, also
humans and dogs from Southeast Spain, finding a close similarity. Fur-
thermore, the L. infantum strain from hares, rabbits, humans and phle-
botomine sand flies in the Madrid focus shared the same ITS genotype
(Chicharro et al., 2013). In contrast to ITS sequences, those in the vari-
able region of kinetoplast (mitochondrial) DNA (kDNA) minicircles en-
able discriminating between strains, and since they are highly repeti-
tive, PCR tests targeting these sequences are highly sensitive (Akhoundi
et al., 2016). Cortes et al. (2006) used restriction fragment

length polymorphism (RFLP) analysis on a PCR product of kDNA from
dogs, humans and phlebotomine sand flies from Portugal, Brazil, East
Africa and the Mediterranean Basin, and determined 16 different geno-
types, named in alphabetical order from A to O.

The Región de Murcia (RM), where most of the wildlife in this study
came from, is a L. infantum endemic area. Because of its comparatively
large size (11,300 km2) and geographical and climatic diversity, the
prevalence of infection in dogs and humans and, also, the distribution
of the main vector Phlebotomus perniciosus, vary significantly across the
region (Pérez-Cutillas et al., 2015; Goyena et al., 2016; Risueño et al.,
2017). No studies of L. infantum infection in wildlife in RM have been
performed since it was first described in three foxes in the early 1980s
(Marín Iniesta et al., 1982). A wider understanding of the epidemiol-
ogy of infection must include studies in wildlife in their natural en-
vironment. Here we investigated L. infantum DNA prevalence in wild
carnivores, rodents and lagomorphs from RM and neighboring zones,
and performed kDNA-PCR-RFLP analysis on infected animals in order
to compare with those from humans and provide evidence of a possible
common sylvatic and domestic transmission cycle in the region.

2. Materials and methods

2.1. Study area and population

The study was part of a larger investigation into parasitic diseases
in 202 dead wild carnivores, lagomorphs and rodents from Southeast
Spain, including 188 animals from RM, 12 animals from Comunidad
Autónoma de Valencia (CV), a region North of RM and 2 animals from
Comunidad de Andalucía (CA) in the south of RM, collected between
2013 and 2015. Animals were 80 wild rabbits (Oryctolagus cuniculus),
69 red foxes (Vulpes vulpes), 16 wood mice (Apodemus sylvaticus), 10
stone martens (Martes foina), 10 black rats (Rattus rattus), 6 badgers
(Meles meles), 4 wild cats (Felis silvestris), 3 Iberian wolves (Canis lupus),
2 racoons (Procyon lotor), 1 genet (Genetta genetta) and 1 Iberian hare
(Lepus granatensis) (Table 1). With the exception of the wolves which
belonged to a zoological park, animals had been killed by authorized
hunters or found dead by local authorities following road traffic ac

Table 1
Percentage of L. infantum rtPCR positives and distribution of Ct median (range) among wild carnivores, lagomorphs and rodents in Southeast Spain in.2013–2015.

Specie All tissues Skin Organs

N
%
+ves

95%
CI

Ct
values N

%
+ves

95%
CI

Ct
values N

%
+ves

95%
CI

Ct
values

Rabbita 80 30 20–40 32
(26–37)

80 26 17-36 32
(26–37)

80 5 0–10 32
(26–37)

Foxb 69 45 33–57 33
(10–38)

45 9 1-17 30
(20–36)

69 39 28–51 33
(10–38)

Wood
micec

16 19 0–38 22
(22–23)

15 20 0-40 28
(25–29)

15 20 0–40 22
(21–23)

Stone
martend

10 30 2–58 34
(34–38)

7 14 0-40 34
(34–34)

10 20 0–45 34
(34–38)

Black
rate

10 0 0 – 8 0 0 – 10 0 0 –

Badgerf 6 0 0 – 6 0 0 – 4 0 0 –
Wild
catg

4 25 0-67 36
(36–36)

2 50 0–100 36
(36–36)

4 0 0 36
(36–36)

Wolfh 3 33 0-87 35
(35–35)

3 33 0–87 35
(35–35)

0 – – –

Racooni 2 0 0 – 0 0 0 – 2 0 – –
Genetj 1 100 100 32

(32–32)
1 100 100 32

(32–32)
0 – – –

Harek 1 0 0 – 1 0 0 – 1 0 – –
All 202 32 25–38 33

(29–38)
168 19 13–25 32

(20–37)
195 18 13–24 33

(10–38)

aOryctolagus cuniculus, bVulpes vulpes, cApodemus sylvaticus, dMartes foina, eRattus rattus, fMeles meles, gFelis silvestris, hCanis lupus, iProcyon lotor, jGenetta genetta, kLepus granatensis.
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cidents, and they were necropsied at the University of Murcia. Tissue
samples including skin, spleen, liver and lymph node were collected
from 168, 190, 69 and 4 animals, respectively and stored at −20°C un-
til analyzed for L. infantum PCR diagnosis, as described below.

2.2. Environmental characterization of animal´s activity territories

The geographical coordinates of the place where animals from RM
were collected were recorded and ArcGIS v.10 (ESRI, Redlands, USA)
geographical information system (GIS) was employed to map their lo-
cation, define the presumed activity territory of foxes and rabbits and
extract environmental data to investigate the relationship with the an-
imal´s PCR status. Activity areas considered were circular around the
point location where animals were found, with an extension of 7 km2 for
foxes and 0.8 km2 for rabbits, based on the average home range size for
each species (Sanz et al., 2017). Environmental data included altitude
acquired from the TERRA mission digital elevation model (DEM) (https:
//asterweb.jpl.nasa.gov/gdem.asp) and the mean monthly temperature,
precipitation, percentage relative humidity (RH%) and maximum wind
speed obtained from interpolated two-dimensional data layers (Ustrnul
and Czekierda, 2005) created with point data from 45 weather stations
in RM for the 2006–2015 period.

2.3. DNA purification from tissue samples and PCR diagnosis

Skin samples (50mg) were incubated overnight at 56°C in 350µl
buffered lysis solution (Tris 10mM+EDTA 1mM, pH=8.0) contain-
ing proteinase K (10µg/ml) and 10% sodium dodecilsulfate. DNA from
the skin lysate and other tissues (50mg) was extracted using an auto-
mated nucleic acid purification robot (Maxwell® 16, Promega), and a
NanoDrop spectrophotometer (Thermo Scientific) was employed to de-
termine DNA concentration and quality (ratio of absorbance at 260nm
and 280nm). Good quality DNA samples (A260/A280>1.70) were
analysed for highly repetitive L. infantum kDNA using a TaqMan probe
real-time PCR (rtPCR) targeting a 140 bp DNA sequence as described
by Mary et al. (2004). PCR amplification threshold cycles (Ct), at which
near logarithmic product generation occurs, were used as a semi-quanti-
tative measure of parasite DNA load (Gomes et al., 2008). Samples with
Ct≤38 were considered positive as target quantities approach a single
copy for this value (Mackay, 2007).

A selection of DNA from 15 rtPCR-positive samples with the lowest
Ct including 5 rabbits, 8 foxes, 1 stone marten and 1 mouse were subse-
quently analysed with a conventional end-point PCR (PCR) amplifying
a 447 bp kDNA minicircle sequence of L. infantum for RFLP analysis, ac-
cording to Cortes et al. (2004). Electrophoresis of PCR-products was car-
ried out in 1.5% agarose gel with 1X Tris-acetate-EDTA buffer and 3μl
of GreenSafe® during 1h at 120V and products were visualised under
Ultraviolet (UV) light.

2.4. Restriction fragment length polymorphism analysis

Positive PCR-products were purified from the agarose gel with the
NZY Gelpure kit (Nzytech). RFLP was performed with nine FAST-ver-
sion endonucleases (RsaI, VspI, HpaII, BglII, Bme1390I, DdeI, PstI, SfcI,
XapI) as previously described (Cortes et al., 2006). Enzymatic diges-
tions were carried out individually for each enzyme, and Portuguese
L. infantum IMT310 strain belonging to genotype A was used as con-
trol. All reactions were carried out at 37°C for 15min, and the di-
gested product was submitted to electrophoresis in 3% agarose gel in
1X TAE Buffer for 2h and visualized under UV light. The combination
of the digestion patterns from each restriction enzyme was then used
to assign samples to a specific genotype of those previously reported
by Cortes et al. (2006). To confirm findings, samples with good se

quencing data were further analysed by in silico RFLP using the same
panel of enzymes with the online program Restriction Mapper (http://
www.restrictionmapper.org/).

2.5. Sequencing and sequence analysis

Purified PCR products were sequenced using the Sanger method by a
commercial company (LIGHTrun™ Sequencing Service, GATC-biotech,
Germany). Sequence identity was compared with those in the GenBank
database. BioEdit Alignment Editor (version 7.2.5) and MAFFT multiple
alignments with the alignment option G-INS-i (Katoh and Toh, 2008)
were used to analyse the sequences.

2.6. Analysis of the relationship between PCR results and environmental
and animal explanatory variables

The percentage of L. infantum rtPCR-positive samples and animals
(defined as prevalence) and the Ct distribution in positive samples were
calculated for all animals (Table 1), according to species, sex, age, body
condition, year and origin, for foxes, rabbits, stone martens and wood
mice (Table 2), and also in relation to environmental variables for foxes
and rabbits (Table 3). For RM, origin comprised the main five geograph-
ical zones including the North (N), south (S), central (C), West (W) and
Southeast (SE) zones (Fig. 1), as considered in previous CanL and HumL
L. infantum and of P. perniciosus activity studies (Pérez-Cutillas et al.,
2015; Goyena et al., 2016; Risueño et al., 2017). Climatic variables in-
cluded May to October monthly averages, as this is the period of high-
est P. perniciosus abundance in RM (Risueño et al., 2017), and were
categorized according to their distribution. Yates-corrected chi-squared
test or when appropriate Fishers exact test, were used to compare the
proportion of PCR-positives across levels of explanatory variables, the
non-parametric Kruskal-Wallis test was employed to similarly compare
median Cts in PCR positive animals and Spearman rank-coefficient test
was used to study the correlation between environmental variables
(Kirkwood and Sterne, 2003).

Logistic regression models were developed to investigate the mul-
tivariable relationship between rtPCR-positivity (binary outcome vari-
able) in all animals and explanatory variables (Kleinbaum and Klein,
2010). A step-wise modeling approach was used and only variables sig-
nificantly associated with the outcome were maintained in the final
model. The maximum likely-hood model estimation methods were used
and significance was taken for p<0.05 for a double test. All analysis
were performed using R program (https://www.r-project.org/).

3. Results

3.1. Prevalence of rtPCR positives and distribution of Ct values

Overall and skin and organ-specific PCR prevalence is presented in
Table 1. From the 202 analysed animals, 64 (32%) were rtPCR pos-
itive including 45% of foxes, 30% of rabbits and stone martens, 0%
of black rats and between 0% and 100% of minoritarian species (bad-
gers, wild cats, wolves, raccoons, genets and hares) (Table 1). A total
of 431 samples from the 202 animals were analysed and the percent-
age of rtPCR-positive samples was 16% (68/431), including 19% (32/
168), 17% (33/190), 4% (3/69) and 0% (0/4) of skin, spleen, liver and
lymph node samples, respectively. However, agreement between rtPCR
results in different tissues was low and only 8% of animals tested pos-
itive in both skin and organ (spleen or liver) samples. Among rabbits
and foxes positive to either skin or organs, the ratio of skin/organ pos-
itives were 20/3 for rabbits and 4/16 in foxes; so rabbits were much
more likely to be positive in skin, whereas foxes were more likely to
be positive in organs (p<0.05). rtPCR prevalence in animals tested in

3
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Table 2
L. infantum rtPCR prevalence (95% CI) in wildlife in southeast Spain in 2013-15, according to independent variables.

Variable level All animals Foxes Rabbits Stone marten Wood mice

No. %+ves No. % +ves No. % +ves No. % +ves No. % +ves

Region1 RM 188 32
(25–39)

62 47
(34–59)

80 30
(20-40)

5 20
(0–55)

16 19 (0-38)

CV 12 33 (7–60) 7 29 (0–62) – 3 67
(13–100)

0 –

CA 2 0 0 – 0 – 2 0 0 –
RM
zones

Central 71 31
(20–42)

15 47
(21–72)

15 53
(28–79)

4 25 (0-67) 14 21 (0–43)

Southeast 60 10 (2–18) 13 15 (0–35) 47 9 (1–16) 0 – 0 –
South 37 65

(49–80)**
19 63

(41–85)
18 67

(45–88)**
0 – 0 –

North 10 40
(10–70)

9 44
(12–77)

0 1 0 0 –

West 10 40
(10–70)

6 67
(29–100)*

0 0 – 2 0

Season Winter 48 60
(47–74)**

33 58
(41–74)

9 78
(51–100)

0 – 5 60
(17–100)*

Spring 30 17 (3–30) 8 25 (0–55) 0 1 100 8 0
Summer 10 60

(30–90)
6 83

(54–100)
0 0 – 1 0

Autumn 17 29 (8–51) 9 56
(23–88)

0 1 0 2 0

Gender Males 106 29
(21–38)

43 44
(29–59)

31 19 (5–33) 8 25
(0–55)

10 20 (0–45)

Females 85 35
(25–45)

21 43
(22–64)

43 42
(27–57)*

2 50
(0–100)

6 17 (0–46)

Age Juvenile 22 50
(29–71)

19 58
(36–80)

0 – 2 0 0 –

Adult 69 33
(22–44)

47 36
(22–50)

0 – 8 38
(4–71)

0 –

Body low 48 44
(30–58)

37 49
(33–65)

0 – 4 50
(1–99)

7 14 (0–40)

weight optimum 40 33
(18–47)

27 37
(19–55)

0 – 4 25
(0–67)

9 22 (0–49)

Body low 26 31
(13–49)

20 35
(14–56)

0 – 3 33
(0–87)

0 –

condition optimum 25 44
(25–63)

19 47
(25–70)

0 – 2 50
(0–100)

0 –

1Región de Murcia (RM), Comunidad autónoma de Valencia (CV) and Comunidad autónoma de Andalucía (CA).
* p<0.10, **p<0.05. Asterisk placed in the category with the largest percentage.

Table 3
Leishmania infantum rtPCR prevalence in foxes and rabbits fromm Region de Murcia (RM) in 2013-15 according to altitude and average rainfall, relative humidity, temperature and maxi-
mum wind speed in May to October for the period 2006-15.

Variable level No. of animals % +ves. 95% CI p-value

Altitude (masl a) 5–54 49 10 2–19 <0.0001
95–294 34 38 22–55
343–736 36 56 39–72
802–1263 25 64 45–83

Rain fall (mm b) 22.1–24.0 58 60 48–73 <0.0001
24.1–25.9 85 21 12–30

% relative humidity (RH) 58.3–61.5 (RH1) 78 58 47–69 <0.0001
61.7–67.5 (RH2) 65 12 4–20

Temperature (ºC) 18.9–22.3 (T1) 55 58 45–71 <0.0001
22.5–23.18 (T2) 88 24 15–33

% RH; T (ºC)c RH1-T1 57 60 47–72 <0.0001
RH1-T2 22 55 34–75
RH2-T2 64 11 3–19

Maximum wind speed (m/s) 7.3–8.4 36 53 36–69 <0.0001
8.5–9.4 45 62 48–76
9.5–10.6 62 10 2–17

ameters above sea level, bmillimeters, ccombined relative humidity (RH%) and temperature (T).
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Fig. 1. Distribution of Leishmania infantum PCR positive and negative wildlife species in Región de Murcia (RM) in Southeast Spain in 2013-15.

one, two or three different tissues (skin or organs) were 31%, 35% and
27%, respectively (p>0.05).

PCR threshold cycles in positive samples ranged from 10 to 38, and
21% of samples had Ct values greater than 35 (Table 1). There were no
significant differences between animals or tissues in median Ct values
although Ct values below 30 were only observed in foxes, rabbits and
wood mice (Table 1).

3.2. Relationship between rtPCR-positivity and explanatory variables

Overall PCR prevalence was 32% in RM, 33% in CV and 0% in CA
(p>0.05) and differed significantly between RM zones ranging from
64% in the South to 10% in the South East of the region (p<0.05)
(Table 2; Fig. 1). Disparity in rtPCR prevalence between RM zones
obeyed to environmental differences; specifically, rtPCR prevalence in
foxes and rabbits, the most widely distributed species, was positively as-
sociated to altitude and negatively associated to rain fall, RH%, temper-
ature and maximum wind speed (Table 3).

Moreover, there was evidence of seasonality and gender-specific dif-
ferences in PCR prevalence and it was greatest in winter and lowest in
spring (p<0.05) and marginally greater in female compared to male
rabbits (p<0.10). rtPCR prevalence was independent of the animal’s
age, weight and body condition (p>0.05) (Table 2).

The logistic regression model confirmed the independent associa-
tion of rtPCR-positivity in RM and the geographical zone, season and
host species. Infection risk was significantly greater in animals from the
South than in those from the Southeast, in those collected in winter
compared to the spring and in foxes compared to rodents (these results
are not presented in tabular form).

3.3. Genotype analysis

Of the 15 rtPCR positive DNA samples analysed, 12 were positive to
conventional PCR. Moreover, the intensity of the electrophoretic band
was only strong enough for RFLP analysis in samples from 7 foxes. Com-
bining the information from the RFLP digestions and the in-silico analy-
sis allowed the assignation of the seven foxes to genotype B which cor-
responded to pattern I for all 9 enzymes tested (Cortes et al., 2006).

4. Discussion

Leishmania infantum infection was detected in foxes, rabbits, wood
mice, stone martens, wild cats, wolves and genets, providing evidence
that the parasite is present in a considerable proportion of native
wildlife in Southeast Spain. There were significant differences in the
prevalence of infection between host species, geographical areas and the
season when animals were sampled. Species also differed with respect
to the localization of infection in skin and organs.

All the species that tested L. infantum rtPCR-positive had been found
infected or were PCR-positive in previous studies (Quinnell and
Courtenay, 2009; Millán et al., 2014; Navea-Pérez et al., 2015). Except
for a few foxes, rabbits and wood mice Ct values in other PCR-pos-
itive animals were high, indicating a low parasite load. This is typi-
cal of wildlife (Tomassone et al., 2018) as it is arguably, the result of
evolutionary pressure selecting animals for an immunological response
able to control and maintain low parasite levels. Moreover, infection
in most rabbits was limited to the skin as shown in previous studies
(García et al., 2014; Ortega et al., 2017), whilst in foxes it was mainly
found in organs and not in the skin. In CanL subclinically infected dogs
from RM L. infantum DNA is commonly found in both skin and organs
(Chitimia et al., 2011a,b, c). Parasite visceralisation and subsequent dis-
ease development in dogs and humans is regulated by the host’s im
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mune response (McCall et al., 2013, Baneth et al., 2008). Neither the
rabbits nor the foxes in this study had clinical leishmaniosis and differ-
ences between them in the parasite’s predominant location could be im-
munologically controlled or possibly, associated to different L. infantum
strains and this should be further investigated. In any case, preferential
tissue tropism of the parasite has important diagnostic implications in
epidemiological studies of leishmaniosis in foxes and rabbits.

L. infantum rtPCR prevalence in RM, particularly in foxes, was great-
est in the South and West, intermediate in the North and Central and
lowest in the Southeast zones, exactly coinciding with the abundance of
the vector P. perniciosus found in farms and dog kennels in rural areas
in this region (Risueño et al., 2017). It suggests that vector density and
L. infantum prevalence are positively correlated and that phlebotomine
sand fly surveillance may be a useful indicator of the risk of L. infan-
tum infection. However, phlebotomine sand flies can feed from a variety
of hosts with different susceptibility to L. infantum infection; so, vector
infection rates, host density and other factors are also required for as-
sessing the risk of infection. CanL seroprevalence and HumL PCR preva-
lence in asymptomatic individuals in RM was also spatially heteroge-
neous and greatest in the South zone, strongly suggesting that this is
a high L. infantum risk zone (Goyena et al., 2016; Pérez-Cutillas et al.,
2015). Correlation between wildlife, dog and human prevalence in other
zones was lower, probably because of small-scale geographical variation
in vector and infection density. On a larger geographical scale however,
it can be concluded that L. infantum prevalence and vector abundance
in RM is highest in areas located 200m or more above sea level, with
comparatively low HR% and precipitation, moderately high spring-sum-
mer temperature and lower maximum wind speed (Goyena et al., 2016;
Pérez-Cutillas et al., 2015; Risueño et al., 2017).

There was some evidence of a seasonal pattern in L. infantum preva-
lence in foxes and it was lower in spring compared to other sea-
sons. Similarly, L. infantum PCR prevalence in apparently healthy dogs
in Murcia was lower in spring compared to autumn (Chitimia et al.,
2011a,b, c). Local adult P. perniciosus populations in RM are active
from March to November (Martínez Ortega and Conesa Gallego, 1987;
Risueño et al., 2017), and L. infantum infection rates in the vector in
other parts of Spain are greatest at the end of the phlebotomine sand fly
season (González et al., 2017). It would seem that some hosts infected
in the summer and autumn are able to eliminate infection beyond PCR
detection by spring, following several months of no exposure to infected
sand flies.

The spatial and temporal correlation between L. infantum prevalence
in wildlife, dogs and humans and, also, vector abundance does not nec-
essarily imply that domestic and sylvatic L. infantum transmission cycles
interact with each other. Comparative genetic analysis of L. infantum
strains across wild and domestic hosts is useful in this respect. Foxes in
the present study were classified as profile B in the kDNA RFLP analysis
and this was the second most common in dogs and humans in Portugal
after profile A (Cortes et al., 2006), and was the predominant in humans
and dogs from Morocco (El Hamouchi et al., 2017). Ongoing studies in
Murcia indicate that profile B is also the most common in dogs and peo-
ple in this region (Ortuño et al., 2017). These findings suggest a link be-
tween both transmission cycles.

The potential for wildlife to maintain L. infantum infection endemic-
ity in the absence of dogs is a matter of discussion (Tomassone et
al., 2018). L. infantum was found in rodents from the island of Mon-
tecristo in Italy, where no dogs are present. Xenodiagnostic experi-
ments have shown that several species including rodents, foxes and
lagomorphs can readily transmit the parasite to the vector, indicating
their potential to be primary reservoir hosts of infection (Quinnell and
Courtenay, 2009; Molina et al., 2012; Jiménez et al., 2014). From an
ecological point of view, several factors render them suitable reservoirs

of L. infantum. Foxes, rodents and lagomorphs live in dens and burrows
that are good sites for phlebotomine sand flies to breed and rest. Rabbits
are a key prey species for most Mediterranean predators in the Iberian
Peninsula, including the red fox (Cavallini and Volpi, 1996; Ferreras et
al., 2011). In Southeast Spain Martínez-Carrasco et al. (2007) showed
that foxes live in close contact with rabbits, sharing the same habi-
tat. Moreover, foxes have adapted well to anthropic environments and
have a diurnal-nocturnal daily cycle that coincides with vector activity
(López-Martín, 2010; Cancio et al., 2017). Their opportunism and ability
to track human and domestic animal discarded or unattended food are a
characteristic trait of this species. Foxes and other wildlife species con-
tact with phlebotomine sand flies in the domestic environment is likely
to affect L. infantum transmission dynamics, and constitutes a further
challenge for effective leishmaniosis control in Mediterranean countries.

5. Conclusions

Overlaping L. infantum infection distributions in wildlife, dogs and
humans and vectors in Southeast Spain, reinforces the idea that the of
infection risk is spatially heterogenous associated to specific environ-
mental factors. The existance in wildlife of a parasite genotype typical
of dogs and humans suggests that domestic and sylvatic cycles are inter-
conected. This evidence should be taken into account for improving L.
infantum control in Mediterranean countries.

Conflict of interest

The authors declare that there is no conflict of interest.

Acknowledgements

Financial support to carry out the study was provided by the Span-
ish Ministry of Science and Innovation (Pr. Ref: AGL2013-46981-R) and
the Instituto de Salud Carlos III within the Network of Tropical Diseases
Research (RICET RD06/0021/1007). María Ortuño was granted a Short
Scientific mission by COST Action TD1303 (European Network for Ne-
glected Vectors and Vector-borne infections) to do some of the present
work, and she and Clara Muñoz hold a “contrato predoctoral FPU” from
the Universidad de Murcia. Carla Maia and Sofia Cortes have the sup-
port of the Portuguese Ministry of Education and Science (via Fundação
para a Ciência e a Tecnologia), through an Investigator Starting Grants
(IF/01302/2015 and IF/0773/2015) and through GHTM (UID/Multi/
04413/2013).

References

Akhoundi, M., Kuhls, K., Cannet, A., Votýpka, J., Marty, P., Delaunay, P., Sereno, D., 2016.
A historical overview of the classification, evolution, and dispersion of Leishmania
parasites and sandflies. PLoS Negl. Trop. Dis. 10, e0004349.

Antoniou, M., Gramiccia, M., Molina, R., Dvorak, V., Volf, P., 2013. The role of indigenous
phlebotomine sandflies and mammals in the spreading of leishmaniasis agents in the
Mediterranean region. Euro Surveill. 18 (30), 20540.

Ashford, R., Bettini, S., 1987. Ecology and epidemiology: old world. Leishmaniases Biol.
Med. 1, 365–424.

Baneth, G., Koutinas, A.F., Solano-Gallego, L., Bourdeau, P., Ferrer, L., 2008. Canine leish-
maniosis–new concepts and insights on an expanding zoonosis: part one. Trends Par-
asitol. 24, 324–330.

Chitimia, L., Muñoz-García, C.I., del Río, L., Jiménez-Montalbán, P., Martínez-Ramírez, A.,
Meseguer-Meseguer, J.M., Murcia, L., Segovia, M., Berriatua, E., 2011. Seasonal Dy-
namics of Asymptomatic Leishmania Infection in Dogs in Spain, World Association
for the Advancement of Veterinary Parasitology (WAAVP), Buenos Aires, Argentina,
21-15 August 2011.

Cancio, I., González-Robles, A., Bastida, J.M., Isla, J., Manzaneda, A.J., Salido, T., Rey,
P.J., 2017. Landscape degradation affects red fox (Vulpes Vulpes) diet and its ecosys-
tem services in the threatened Ziziphus lotus scrubland habitats of semiarid Spain. J.
Arid. Environ. 145, 24–34.

Cavallini, P., Volpi, T., 1996. Variation in the diet of the red fox in a Mediterranean area.
Rev. Eco. (Terre Vie) 51, 174–189.

6



UN
CO

RR
EC

TE
D

PR
OO

F

J. Risueño et al. Veterinary Parasitology xxx (2018) xxx-xxx

Cortes, S., Mauricio, I., Almeida, A., Cristovão, J.M., Pratlong, F., Dedet, J.P., Campino,
L., 2006. Application of kDNA as a molecular marker to analyse Leishmania infantum
diversity in Portugal. Parasitol. Int. 55, 277–283.

Cortes, S., Rolão, N., Ramada, J., Campino, L., 2004. PCR as a rapid and sensitive tool in
the diagnosis of human and canine leishmaniasis using Leishmania donovani sl-spe-
cific kinetoplastid primers. Trans. R. Soc. Trop. Med. Hyg. 98, 12–17.

Chicharro, C., Llanes-Acevedo, I.P., García, E., Nieto, J., Moreno, J., Cruz, I., 2013. Molec-
ular typing of Leishmania infantum isolates from a leishmaniasis outbreak in Madrid,
Spain, 2009 to 2012. Eurosurveillance 18, 20545.

Chitimia, L., Muñoz-Gracía, C.I., del Río, L., Jiménez-Montalbán, P., Martínez-Ramírez,
A., Meseguer-Meseguer, J.M., Murcia, L., Segovia, M., Berriatua, E., 2011. Seasonal
dynamics of asymptomatic Leishmania infection in dogs in Spain. Buenos Aires, Ar-
gentina. Proceedings of the World Association for the Advancement of Veterinary Par-
asitology

Chitimia, L., Muñoz-García, C., Sánchez-Velasco, D., Lizana, V., Del Río, L., Murcia, L.,
Fisa, R., Riera, C., Giménez-Font, P., Jiménez-Montalbán, P., 2011. Cryptic Leishman-
iosis by Leishmania infantum, a feature of canines only? A study of natural infection
in wild rabbits, humans and dogs in southeastern Spain. Vet. Parasitol. 181, 12–16.

Del Río, L., Chitimia, L., Cubas, A., Victoriano, I., De la Rúa, P., Gerrikagoitia, X., Barral,
M., Muñoz-García, C.I., Goyena, E., García-Martínez, D., Fisa, R., Riera, C., Murcia,
L., Segovia, M., Berriatua, E., 2014. Evidence for widespread Leishmania infantum in-
fection among wild carnivores in L. infantum periendemic northern Spain. Prev. Vet.
Med. 113, 430–435.

Dujardin, J.C., Campino, L., Cañavate, C., Dedet, J.P., Gradoni, L., Soteriadou, K., Mazeris,
A., Ozbel, Y., Boelaert, M., 2008. Spread of vector-borne diseases and neglect of Leish-
maniasis. Eur. Emerg. Infect. Dis. 14, 1013–1018.

El Hamouchi, A., Ejghal, R., Hida, M., Lemrani, M., 2017. Intraspecific genetic variabil-
ity in a population of Moroccan Leishmania infantum revealed by PCR-RFLP of kDNA
minicircles. Acta Trop. 169, 142–149.

Ferreras, P., Díaz-Ruiz, F., Alves, P.C., Monterroso, P., 2011. Factores de la coexistencia de
mesocarnívoros en parques nacionales de ambiente mediterráneo. Proyectos de Inves-
tigación enEn Parques Nacionales, 2011-2014.

García, N., Moreno, I., Alvarez, J., De La Cruz, M.L., Navarro, A., Pérez-Sancho, M.,
García-Seco, T., Rodríguez-Bertos, A., Conty, M.L., Toraño, A., 2014. Evidence of
Leishmania Infantum Infection in Rabbits (Oryctolagus Cuniculus) in a Natural Area
in Madrid. BioMed research international, Spain, 2014.

Gomes, Y., Cavalcanti, M.P., Lira, R., Abath, F., Alves, L., 2008. Diagnosis of canine vis-
ceral leishmaniasis: biotechnological advances. Vet. J. 175, 45–52.

González, E., Jiménez, M., Hernández, S., Martín-Martín, I., Molina, R., 2017. Phle-
botomine sand fly survey in the focus of leishmaniasis in Madrid, Spain (2012–2014):
seasonal dynamics, leishmania infantum infection rates and blood meal preferences.
Parasites Vectors 10, 368.

Goyena, E., Pérez-Cutillas, P., Chitimia, L., Risueño, J., García-Martínez, J., Bernal, L.,
Berriatua, E., 2016. A cross-sectional study of the impact of regular use of insecticides
in dogs on canine leishmaniosis seroprevalence in southeast Spain. Prev. Vet. Med.
124, 78–84.

Hoverman, J.T., Searle, C.L., 2016. Behavioural influences on disease risk: implications for
conservation and management. Anim. Behav. 120, 263–271.

Jiménez, M., González, E., Iriso, A., Marco, E., Alegret, A., Fúster, F., Molina, R., 2013.
Detection of Leishmania infantum and identification of blood meals in Phlebotomus
perniciosus from a focus of human leishmaniasis in Madrid, Spain. Parasitol. Res. 112,
2453–2459.

Jiménez, M., González, E., Martín-Martín, I., Hernández, S., Molina, R., 2014. Could wild
rabbits (Oryctolagus cuniculus) be reservoirs for Leishmania infantum in the focus of
Madrid, Spain?. Vet. Parasitol. 202, 296–300.

Katoh, K., Toh, H., 2008. Improved accuracy of multiple ncRNA alignment by incorporat-
ing structural information into a MAFFT-based framework. BMC Bioinform. 9, 212.

Kirkwood, B.R., Sterne, J.A., 2003. Essential Medical Statistics, 2nd ed. Blackwell Publish-
ing, John Wiley & Sons, Oxford,UK.

Kleinbaum, D., Klein, M., 2010. Statistics for Biology and Health. Logistics Regresion. A
Self-Learning Text, 3rd ed. Springer, New York, USA.

Kurek, P., Kapusta, P., Holeksa, J., 2014. Burrowing by badgers (Meles Meles) and foxes
(Vulpes Vulpes) changes soil conditions and vegetation in a European temperate for-
est. Ecol. Res. 29, 1–11.

López-Martín, J.M., 2010. Zorro–Vulpes vulpes Linnaeus, 1758. Enciclopedia Virtual de los
Vertebrados Españoles.

Mackay, I.M., 2007. In: Mackay, I.M. (Ed.), Real-Time PCR in Microbiology: from Diagno-
sis to Characterization. Sir Albert Sakzewski Virus Research Centre, Caister Academic
Press, Queensland, Australia.

Marín Iniesta, F., Marín Iniesta, E., Martín Luengo, F., 1982. Papel de perros y zorros como
reservorio de leishmaniosis en la region Murciana. Resultados preliminares. Revista
iberica de parasitologia.

Martínez-Carrasco, C., De Ybáñez, M., Sagarminaga, J., Garijo, M., Moreno, F., Acosta,
I., Hernandez, S., Alonso, F., 2007. Parasites of the red fox (Vulpes Vulpes Linnaeus,
1758) in Murcia, southeast Spain. Revue de Med. Vet. 158, 331–335.

Martínez Ortega, E., Conesa Gallego, E., 1987. Los flebótomos (Diptera, Psychodidae) del
sureste de la Península Ibérica, presentación del habitat y metodología del muestreo.
Mediterránea. Serie de Estudios Biológicos. N. 9 (marzo 1987). 63–86.

Mary, C., Faraut, F., Lascombe, L., Dumon, H., 2004. Quantification of Leishmania in-
fantum DNA by a real-time PCR assay with high sensitivity. J. Clin. Microbiol. 42,
5249–5255.

McCall, L.-I., Zhang, W.-W., Matlashewski, G., 2013. Determinants for the development of
visceral leishmaniasis disease. PLoS Pathog. 9, e1003053.

Michel, G., Pomares, C., Ferrua, B., Marty, P., 2011. Importance of worldwide asympto-
matic carriers of Leishmania infantum (L. chagasi) in human. Acta Trop. 119, 69–75.

Millán, J., Ferroglio, E., Solano-Gallego, L., 2014. Role of wildlife in the epidemiology of
Leishmania infantum infection in Europe. Parasitol. Res. 113, 2005–2014.

Miró, G., Petersen, C., Cardoso, L., Bourdeau, P., Baneth, G., Solano-Gallego, L., Pennisi,
M.G., Ferrer, L., Oliva, G., 2017. Novel areas for prevention and control of canine
leishmaniosis. Trends Parasitol. 33, 718–730.

Molina, R., Jiménez, M., Cruz, I., Iriso, A., Martín-Martín, I., Sevillano, O., Melero, S.,
Bernal, J., 2012. The hare (Lepus granatensis) as potential sylvatic reservoir of Leish-
mania infantum in Spain. Vet. Parasitol. 190, 268–271.

Navea-Pérez, H., Díaz-Sáez, V., Corpas-López, V., Merino-Espinosa, G., Morillas-Márquez,
F., Martín-Sánchez, J., 2015. Leishmania infantum in wild rodents: reservoirs or just
irrelevant incidental hosts?. Parasitol. Res. 114, 2363–2370.

Ortega, M.V., Moreno, I., Domínguez, M., de la Cruz, M.L., Martín, A.B., Rodríguez-Bertos,
A., López, R., Navarro, A., González, S., Mazariegos, M., 2017. Application of a specific
quantitative real-time PCR (qPCR) to identify Leishmania infantum DNA in spleen,
skin and hair samples of wild Leporidae. Vet. Parasitol. 243, 92–99.

Ortuño, M., Risueño, J., Muñoz, C., Bernal, A., Maia, C., Cristovão, J.M., Pereira, A.,
Campino, L., Berriatua, E., 2017. Intraspecific diversity of Leishmania infantum from
humans, domestic and wild animal hosts. 11-13 September 2017, Chania, Crete,
Greece. COST Action TD1303 - Neglected Vectors and Vector-Borne Diseases (Eu-
rNegVec) Final Conference

Pérez-Cutillas, P., Goyena, E., Chitimia, L., De la Rúa, P., Bernal, L., Fisa, R., Riera, C.,
Iborra, A., Murcia, L., Segovia, M., Berriatua, E., 2015. Spatial distribution of human
asymptomatic Leishmania infantum infection in southeast Spain: a study of environ-
mental, demographic and social risk factors. Acta Trop. 146, 127–134.

Quinnell, R.J., Courtenay, O., 2009. Transmission, reservoir hosts and control of zoonotic
visceral leishmaniasis. Parasitology 136, 1915–1934.

Risueño, J., Muñoz, C., Pérez-Cutillas, P., Goyena, E., Gonzálvez, M., Ortuño, M., Bernal,
L.J., Ortiz, J., Alten, B., Berriatua, E., 2017. Understanding Phlebotomus perniciosus
abundance in south-east Spain: assessing the role of environmental and anthropic fac-
tors. Parasites Vectors 10, 189.

Sanz, J.J., Barja, I., de Stephanis, R., Serra-Cobo, J., 2017. Enciclopedia Virtual de los ver-
tebrados españoles. Museo Nacional de Ciencias Naturales, Madrid, In: http://www.
vertebradosibericos.org/.

Solano-Gallego, L., Koutinas, A., Miró, G., Cardoso, L., Pennisi, M.G., Ferrer, L., Bourdeau,
P., Oliva, G., Baneth, G., 2009. Directions for the diagnosis, clinical staging, treatment
and prevention of canine leishmaniosis. Vet. Parasitol. 165, 1–18.

Tomassone, L., Berriatua, E., De Sousa, R., Duscher, G.G., Mihalca, A.D., Silaghi, C.,
Sprong, H., Zintl, A., 2018. Neglected vector-borne zoonoses in Europe: into the wild.
Vet. Parasitol. 251, 17–26.

Ustrnul, Z., Czekierda, D., 2005. Application of GIS for the development of climatological
air temperature maps: an example from Poland. Meteorol. Appl. 12, 43–50.

7


	
	
	


