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A B S T R A C T

Ticks and ear biopsies were collected from wild small rodents in 2011 and 2012 in the northern Apennines
(Italy), up to 1650m above sea level. Apodemus spp. (n= 83) and Myodes glareolus (n= 22) were infested by
Ixodes ricinus (192 larvae and two nymphs), Dermacentor marginatus (179 larvae and 29 nymphs), and Ixodes
trianguliceps (three larvae and two nymphs). We detected several Borrelia burgdorferi sensu lato (s.l.) genospecies
(B. afzelii, B. burgdorferi sensu stricto, B. garinii, B. lusitaniae, B. valaisiana) in I. ricinus and skin biopsies. The most
common genospecies found in I. ricinus was B. valaisiana, while it was B. lusitaniae in tissues. Spotted fever group
(SFG) rickettsiae (Rickettsia monacensis, R. slovaca and R. raoultii) infected I. ricinus, D. marginatus and rodent
tissues. Rickettsia slovaca was the Rickettsia species most frequently found in our samples. Coinfections by B.
burgdorferi s.l. and SFG rickettsiae indicate an overlap of transmission cycles and potential risk for humans to be
infected by multiple pathogens, resulting in more severe symptoms. The findings of B. lusitaniae and R. slovaca in
bank voles, and of B. valaisiana in small rodents, open new questions about host-pathogen interactions. In ad-
dition, our results highlight the importance of small rodents as data sources for studying tick-borne pathogens.

1. Introduction

Data collection from small rodents is a valid method for detecting
presence and absence, as well as spatial and temporal trends of ticks
and tick-borne pathogens (TBPs) at local scale (Kiffner et al., 2011;
Mannelli et al., 2012; Paziewska et al., 2010; Silaghi et al., 2012).
Moreover, these animals can be used in tick-borne zoonoses surveil-
lance programs. For example, active data collection on wild small ro-
dents has been used for the surveillance on tick-borne encephalitis virus
(TBEV) in Germany: given the generally low prevalence of the agent in
tick vectors, these animals were considered the most effective data
source to detect the presence of the virus (Achazi et al., 2011).
In turn, associations between small rodents and ticks, and the role of

rodents in the transmission cycles of related zoonoses, are very relevant
with respect to the occurrence of multiple infections (Mihalca et al.,
2012; Morand et al., 2006). This is a topic of great public health in-
terest, because human patients coinfected by different TBPs may ex-
perience more severe and acute illness with atypical clinical symptoms
(Swanson et al., 2006). So far, Borrelia burgdorferi sensu lato (s.l.) was
found coexisting in patients with the agents of TBE (Cimperman et al.,

2002) and anaplasmosis (Santos et al., 2006); moreover, patients af-
fected by Lyme borreliosis were found co-infected by different B.
burgdorferi s.l. genospecies (Da Franca, 2004). The evaluation of TBP
co-occurrence is thus important for facilitating prognosis and drug
treatment in humans (Andersson et al., 2013; Milhano et al., 2010).
Despite many years of research on B. burgdorferi s.l. genospecies

specificity, the association among genospecies and rodent hosts is not
clear yet and it may vary in different geographic areas (Mannelli et al.,
2012). For example, in the case of B. burgdorferi sensu stricto (s.s.),
spirochetes are considered less specialized compared to B. afzelii and
they may thrive in both rodents and birds. With regards to spotted fever
group (SFG) rickettsiae, the relative importance of rodents and other
vertebrates in the transmission cycles is still under debate for several
Rickettsia species (Tomassone et al., 2018).
During our investigations on tick geographical range expansion in

the Northern Apennines, Italy, we have captured rodents to study the
distribution of immature stages of hard ticks. Small rodents were found
infested, up to the altitudinal limit of the tree vegetation (1650m above
sea level - asl), by Ixodes ricinus and Dermacentor marginatus immatures
(Martello et al., 2014). We identified B. burgdorferi s.l. in questing I.
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ricinus nymphs, collected in sites up to 1370m asl (Ragagli et al., 2016),
and SFG rickettsiae in I. ricinus nymphs collected from lizards up to
1450m asl (Tomassone et al., 2017) and in D. marginatus collected from
small rodents up to 1220m asl (Martello et al., 2013). In this paper, we
report on prevalence and characterization of B. burgdorferi s.l. and SFG
rickettsiae in attached ixodid ticks and tissues from small rodents col-
lected up to 1650m asl in 2011-2012. These results complete the pic-
ture of our study area, integrating data on zoonotic agents from dif-
ferent sources (vectors and animals) (Martello et al., 2013; Ragagli
et al., 2016; Tomassone et al., 2017), to provide better knowledge of the
occurrence of a variety of TBPs of human relevance after the recent
altitudinal range expansion of I. ricinus (Martello et al., 2014). More-
over, our findings contribute to the knowledge of associations between
small rodents, ticks and different B. burgdorferi s.l. genospecies and SFG
rickettsiae, including the occurrence of coinfections.

2. Materials and methods

2.1. Study area and small rodent trapping

Data collection on small rodents was performed in the Tuscan side
of the Tuscan-Emilian Apennine National Park, province of Lucca, Italy
(44° 12′ N, 10° 22′ E). The study area is characterized by a favourable
forested habitat for ticks and is inhabited by several sylvatic animal
species (Mannelli et al., 1997; Ragagli et al., 2016).
Small mammal trapping locations were selected in order to collect

data at different altitudinal levels, as described by Martello and col-
leagues (2014). In 2011, from June to August, traps were set at an al-
titude ranging from 1140 to 1200m asl, in three 3×10 grids (30 traps,
10m apart) within 2 km from the park premises, for a total of 540 trap
nights. In 2012, from June to September, traps were set between
1200m and 1650m asl, 20m apart, in two parallel lines in three
transects, for a total of 764 trap nights.
Small rodents were trapped using Sherman live traps

(230×80×90mm, Sherman Live Traps Co., Tallahassee, FL, USA)
and Ugglan live traps (240×60×90mm, Grahnab, Hillerstorp,
Sweden), baited with cereals and apples. Cotton was provided to pro-
tect against cold temperature during the night.
Animals were anesthetized as described by Amore and colleagues

(2007). A microchip (transponder AEG ID162 ISO, AEG, Ulm,
Germany) was injected in the interscapular region of each individual
for identification. After recording trapping site, species, gender, and age
class (sub-adult, adult), rodents were screened for ticks on the entire
body. Then, all ticks and an ear biopsy were stored in 70% ethanol.
Animals were released at their capture site after reversing anaesthesia.
Animal capture and sampling procedures were approved by the
Bioethics Commission of the University of Turin.

2.2. Laboratory analyses

DNA was extracted from all small rodent ear biopsies regardless of
the tick infestation status of the rodents. Skin biopsies are commonly
tested for the detection of B. burgdorferi s.l. (Pospisilova et al., 2019;
Cutler et al., 2017) and SFG rickettsiae in vertebrate hosts (Schex et al.,
2011; Levin et al., 2016).
Ticks were identified to species using a taxonomic key (Manilla,

1998). From each infested rodent, a sample of I. ricinus and D. mar-
ginatus ticks was selected for DNA extraction. We measured the tick
engorgement rate (TEI) of all fed ticks (index 2 of Yeh et al., 1995) and
selected, from each rodent, the two most engorged larvae per each tick
species and all attached nymphs, if present.
DNA of ticks and tissues was extracted using the DNeasy blood and

tissue kit (QIAGEN GmbH, Hilden, Germany), according to the manu-
facturer’s instruction. We used negative controls (distilled water) to
verify possible cross-contaminations during this phase. Quality and
quantity of extracted DNA were evaluated with a spectrophotometer

(NanoDrop ND-1000, Peqlab, Erlangen, Germany). Success of DNA
extraction was verified by using a PCR assay for tick mitochondrial 16S
rDNA (d’Oliveira et al., 1997), and an assay targeting the cytB gene of
vertebrates (Lee et al., 2002).
Infection by B. burgdorferi s.l. in I. ricinus ticks and ear biopsies was

investigated by a PCR assay targeting the intergenic spacer (IGS) region
(Rijpkema et al., 1995). We used DNA of B. afzelii (Nancy strain) as
positive control.
For the specific detection of Rickettsia slovaca in ear tissues and D.

marginatus ticks, we used the quantitative PCR (qPCR) protocol de-
scribed by Tomassone et al. (2016). Briefly, we used the primers RafrS
and RafrA, and the specific TaqMan probe (CCTGCTGGCAGTCCTCAA)
marked 5′-FAM e 3′-TAMRA, targeting R. slovaca OmpA gene. The qPCR
was run in an Applied Biosystems 7300 thermal cycler; protocol: 50 °C
for 2min, 95 °C for 3min, [40x] 95 °C for 3 s, 60 °C for 30 s. In each
qPCR run, we included negative controls (RNase and DNase-free water),
and DNA from R. slovaca as positive control. Experiments were con-
ducted in duplicate, in a 10-μl volume. Dermacentor marginatus ticks and
ear biopsies which were negative for the R. slovaca qPCR, and all DNA
extracts from I. ricinus, were tested for the presence of other rickettsial
species by conventional PCR assays targeting fragments of the gltA and
OmpA genes (Martello et al., 2013). DNA from a Rickettsia conorii isolate
was used as positive control.
Amplicons were purified using ExoSAP-IT PCR Clean-up Kit (GE

Healthcare Limited, Chalfont, UK) and sent to an external service
(Macrogen Inc., Amsterdam, The Netherlands) for automatic sequen-
cing. The sequences were analyzed by Chromas 2.0 software
(Technelysium, Helensvale, Australia) and submitted to BLAST (http://
blast.ncbi.nlm.nih.gov/blast.cgi) to identify similarities to known se-
quences. We performed an in silico RFLP analysis and a ‘virtual hy-
bridization’ to confirm the genospecies identification of B. burgdorferi
s.l., as described by Rudenko et al. (2009).

2.3. Statistical analysis

Prevalence and 95% exact binomial confidence intervals (CIs) of
tick infestation on rodents and tick and tissue infection were calculated
using the FREQ procedure in SAS System 9.4 (SAS Institute Inc, 2013).
Mean numbers of ticks on rodents and 95% confidence intervals (CIs)
were obtained using intercept-only, generalized linear models (GLM)
using PROC GENMOD, with negative binomial error (log link) (Littell
et al., 2006; Martello et al., 2014). We used the Fisher exact test to
compare the proportions of infection in larvae and nymphs, by tick
species, in tissues from infested and not infested rodents, and in ticks
and tissues collected from different rodent species. Based on the low
number of I. ricinus nymphs collected from small rodent hosts, some
statistical analysis was only performed on larvae, or considering all
immatures together. A two-tailed significance level of α=0.05 was
adopted.
The degree of concurrent infection by B. burgdorferi s.l. and SFG

rickettsiae in the same tick and in the same individual rodent tissue was
tested by Kappa statistics. Kappa is commonly used as a measure of
agreement between categorical classification criteria, and a value not
significantly different from zero indicates no agreement beyond chance.
For most purposes, values> 0.75 indicate excellent agreement beyond
chance, whereas values between 0.40 and 0.75 indicate fair to good
agreement (Fleiss, 1981). Median (Q1, Q3) TEI were calculated for B.
burgdorferi s.l. and Rickettsia- positive and negative host-attached
larvae. The two sample Wilcoxon rank sum test was used to compare
medians.

3. Results

3.1. Rodent trapping and tick collection

In 2011, we trapped a total of 30 Apodemus spp. mice (19 males and
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11 females), and 18 bank voles (Myodes glareolus; 13 males and 5 fe-
males), while in the following year we collected 53 Apodemus mice (44
males and 9 females) and only 4 M. glareolus males. All Apodemus spp.
mice were classified as belonging to A. sylvaticus (wood mouse) and/or
A. flavicollis (yellow-necked mouse), but it was not possible to distin-
guish with certainty between the two species (Martello et al.,
2013,2014).
Immature ticks, but no adults, were found feeding on small rodent

hosts. The two tick species we collected most frequently over the two
year study period were I. ricinus (184 larvae and one nymph from
Apodemus mice; 8 larvae and one nymph from M. glareolus) and D.
marginatus (177 larvae and 20 nymphs from Apodemus mice; two larvae
and 9 nymphs from M. glareolus). In addition, we identified a few I.
trianguliceps - one larva on an Apodemus mouse and one on a M. glar-
eolus, whereas two nymphs were found on one M. glareolus and one on
one Apodemus mouse.
The prevalence (95% CI) of infestation by I. ricinus larvae was 55%

(44, 66) on Apodemus mice, with a mean (95% CI) number of 2.2 (1.5,
3.2). ForM. glareolus, 18% (5, 40) were infested by I. ricinus larvae, with
a mean number of 0.4 (0.1, 1.1). The prevalence (95% CI) of infestation
by D. marginatus larvae was 23% (14, 33) on Apodemus mice with a
mean (95% CI) number of 2.1 (0.9, 4.8). Only two M. glareolus (9%;
95% CI: 1, 29) were infested by one D. marginatus larva each, while
seven (32%; 95% CI: 14, 55) carried nymphs. The mean (95% CI)
number of nymphs on M. glareolus was 0.4 (0.4, 0.8).
The median engorgement status of larvae, as evaluated by TEI, was

2.4 (Q1=1.8, Q3= 2.8) in I. ricinus and 2.1 (Q1=1.7, Q3=2.6) in
D. marginatus.

3.2. Pathogen detection

3.2.1. Detection of B. burgdorferi s.l.
The overall infection prevalence by B. burgdorferi s.l. in rodent-

feeding I. ricinus larvae (n=67) in the study period was 21% (n= 14
positives). The only two I. ricinus nymphs collected from rodents tested
negative. No significant difference in infection prevalence of larvae
(OR=1.3, 95% CI: 0.13–68.9) was detected between the ones collected
from mice (21%, 95% CI: 12–34) and from voles (17%, 95% CI: 1–61).
Borrelia-positive amplicons were identified as B. afzelii, B. burgdorferi
s.s., B. garinii, B. lusitaniae, and B. valaisiana (Table 1). Sequences were
identical to those previously identified in the study area (Ragagli et al.,
2016).
Overall, 11% (n=11 positives) of the tested ear biopsies collected

from animals (n=102, infested and non-infested by I. ricinus ticks)
were infected with Lyme borreliosis spirochetes, namely B. lusitaniae, B.
afzelii and B. valaisiana (Table 1). Some of the amplicons could not be
identified by genospecies and were classified as B. burgdorferi s.l. The
difference in infection prevalence between the small rodents infested
(10%, 95% CI 3–22) and the non-infested (13%, 95% CI 5–25) by I.

ricinus ticks, was not significant (OR=0.8, 95% CI 0.2–3.1). Borrelia
burgdorferi s.l. infection prevalence was higher in bank voles (24%, 95%
CI: 8–47) than in mice (7%, 95% CI: 3–15), but the difference was not
significant (OR=3.8, 95% CI: 0.8–17.3). The TEI was not significantly
different (p=0.7) between infected and non-infected larvae.
Details on infection rates and genospecies classification by tick stage

and rodent group are further summarized in Table 1.

3.2.2. Detection of SFG rickettsiae
Results from the R. slovaca-specific qPCR assay revealed a 46%

(n= 26 positives; 95% CI: 33–60) infection prevalence in D. marginatus
ticks collected from the two rodent groups. We did not detect differ-
ences in infection prevalence between larvae (15 positives; 479%, 95%
CI: 29–65) and nymphs (11; 46%, 95% CI: 26–67) (OR=1.04, 95% CI:
0.3–3.4). The proportion of infected D. marginatus carried by M. glar-
eolus (55%, 95% CI 23–83) and Apodemus spp. (44%, 95% CI: 30–60)
was not significantly different (OR=1.5, 95% CI: 0.3–7.2).
Overall, 6% of rodent tissues were infected by R. slovaca. Among the

six positive ear biopsies, only one was sampled from M. glareolus (21
tissues tested, prevalence: 5%, 95% CI: 0–24) and the other five from
Apodemus spp. (81; 6%, 95% CI: 2–14). Based on the gltA/OmpA gene
sequences, we identified R. raoultii in a few D. marginatus: one larva
from an Apodemus mouse and one larva and one nymph from two M.
glareolus. Sequences of R. slovaca and R. raoultii were identical to the
ones previously identified in the study area (Martello et al., 2013).
Moreover, we identified R. monacensis in attached I. ricinus immatures:
this agent infected 18% of the tested larvae (12 positives), and one of
the two nymphs. The OmpA sequence (GenBank Accession No.
MK543506) was 99% identical to R. monacensis from I. ricinus in Emilia
Romagna, central Italy (HM161785). Further details on Rickettsia spp.
detection are reported in Table 2.
The TEI was not significantly different between larvae infected and

non-infected by Rickettsia spp., either for I. ricinus (p= 0.4) or D.
marginatus (p= 0.5).

3.2.3. Borrelia burgdorferi s.l. and SFG rickettsiae coinfection
We observed coinfection by B. burgdorferi s.l. and SFG rickettsiae in

two Apodemus spp. ear biopsies (2%, 95% CI: 0–7), both positive for R.
slovaca, and coinfected with B. lusitaniae and B. valaisiana, respectively.
Kappa, as a measure of concurrent infection by the two pathogens in the
same individual tissue, indicated a low level of coinfection
(Kappa=0.17, 95% CI: -0.01-0.4).
Dual infections were also detected in three I. ricinus larvae from

different Apodemus individuals (Kappa= 0.06, 95% CI: -0.2-0.3), two
with a combination of R. monacensis and B. garinii and one with R.
monacensis and B. afzelii. None of the dually infected mice carried in-
fected ticks, and none of the animals carrying dually infected ticks was
infected by any of the pathogens under study. No M. glareolus sample
was found coinfected.

Table 1
Infection rates and genospecies classification of Borrelia burgdorferi s.l. in ticks and ear biopsies collected from small rodents (Apodemus spp. and Myodes glareolus) in
2011–2012, in the Northern Apennines, Italy.

Borrelia burgdorferi s.l.

Source [no.] % prevalence
(95% CI)

no. infected

Bafz Bgar Blus Bb ss Bval NIc

I. ricinus Larvae [67] 21 (12-33) 1a 1a 1a 1a 5a 4a+1b

Nymphs [2] 0 (0-84) – – – – – –
total [69] 20 (12-32)

Ear biopsy [102] 11 (6-19) 1a – 2 a+3b – 2 a 1a+2b

Bafz: B. afzelii; Bgar: B. garinii; Blus: B. lusitaniae; Bb ss: B. burgdorferi sensu stricto; Bval: B. valaisiana.
a Data refers to Apodemus spp.
b Data refers to Myodes glareolus.
c NI: genospecies not identified.

E. Martello, et al. Ticks and Tick-borne Diseases 10 (2019) 862–867

864

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=MK543506
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=HM161785


The detection of the same disease agent in an ear tissue and in at
least one attached tick from the same rodent was a rare finding in our
study. As for B. burgdorferi s.l., all tested I. ricinus collected from in-
fected rodents were negative, while all positive ticks were feeding on
negative individuals. Regarding SFG rickettsiae, one Apodemus ear
sample tested positive for R. slovaca, and two D. marginatus larvae and
two nymphs attached on this animal were infected by the same agent.
In another four cases, infection in tissues and in attached ticks was not
caused by the same disease agent: two mice infected by R. slovaca
carried I. ricinus larvae infected by R. monacensis and B. burgdorferi s.l.
respectively; one B. afzelii positive animal carried two D. marginatus
larvae, one infected by R. slovaca and one by R. raoultii. Finally, one M.
glareolus infected by B. burgdorferi s.l. carried a D. marginatus larva in-
fected by R. raoultii.

4. Discussion

In the present study, B. burgdorferi s.l. and SFG rickettsiae were
detected in ear tissues and ticks collected from small rodents in all study
sites, including the highest altitude site. Our results demonstrate the
altitudinal range expansion of these agents in the study area, as pre-
vious studies at the same location in 1994, showed that I. ricinus was
very rare, and B. burgdorferi s.l. was not found in small rodent samples
(Mannelli et al., 1997).
Both rodent groups were found infected by B. burgdorferi s.l.; in

literature, it was shown that the contribution of bank voles to the in-
fection of ticks appears to be higher, despite their acquired resistance to
I. ricinus (Dizij and Kurtenbach, 1995) and lower infestation levels by
this tick species, compared to mice (Biernat et al., 2016; Martello et al.,
2014).
We detected several B. burgdorferi s.l. genospecies, which we had

previously reported from ticks collected on the vegetation and from
lizards in the same study area (Ragagli et al., 2016; Tomassone et al.,
2017). Based on the low probability to have transovarially infected
larvae feeding on hosts (Bellet-Edimo et al., 2005; Karbowiak et al.,
2018), our Borrelia-infected ticks may have acquired the infection by
feeding on infected rodents, or by co-feeding with infected nymphs. The
first hypothesis is well supported by the role of rodents as reservoirs, or
potential reservoirs, for some genospecies, even if the number of spir-
ochetes circulating in the host may not always be enough to be detected
in tissues (Kurtenbach et al., 1998). The hypothesis of transmission via

co-feeding is countered by the fact that few nymphs were found feeding
on hosts during the collection period.
The identification of B. afzelii in our samples confirms its association

with rodents (Kurtenbach et al., 2006). However, the finding of B.
burgdorferi s.l. genospecies other than B. afzelii may indicate a generally
great level of B. burgdorferi s.l. transmission in the area.
As regards B. burgdorferi s.s., detection in a single larva may reflect

its low transmission efficiency in the I. ricinus vector (Richter et al.,
2004), although rodents were identified as reservoir for this genos-
pecies (Michalik et al., 2005). Borrelia garinii was also detected in
feeding larvae; it is a very genetically and immunologically hetero-
geneous genospecies and, even though it is mainly associated with
birds, some strains have been detected in rodents (Radzijevskaja et al.,
2011).

Borrelia lusitaniae infected tissues from both Apodemus spp. and M.
glareolus; it is normally associated with lizards (Amore et al., 2007;
Dsouli et al., 2006; Richter and Matuschka, 2006; Tomassone et al.,
2017) and birds (Marie-Angele et al., 2006), but also mice were in-
dicated as possible reservoir hosts (de Carvalho et al., 2010). Our re-
sults confirm that mice may be involved in the B. lusitaniae transmission
cycle and suggest that also M. glareolus might be involved.
Finally, ear samples and attached larvae were found infected by B.

valaisiana, which we had already detected in our study area both in
questing ticks and lizard ticks (Ragagli et al., 2016; Tomassone et al.,
2017). This finding was unexpected because B. valaisiana is considered
to be bird-associated (Amore et al., 2007), so further studies are needed
to assess the role of small rodents in its transmission.
We observed a total absence of matching results on B. burgdorferi s.l.

infection in tissue and in ticks collected from the same rodent. This
could be explained first by the low number of Borrelia spirochetes
present in a vertebrate host, therefore the detection of DNA in skin
biopsy specimens may not always be possible, as shown by Kurtenbach
and colleagues (1998). Secondly, ticks feeding on infected rodents are
not always able to acquire the infection (Mather et al., 1989). Thirdly,
ticks may have been removed prior to completing their feeding, thereby
reducing the chance of pathogen acquisition. Finally, the results could
be due to the limited number of fed ticks, collected on infected rodents,
that we tested.
The only SFG rickettsia found in our I. ricinus was R. monacensis, the

agent of Mediterranean spotted fever–like cases in humans. This was
also the dominant rickettsial species in I. ricinus larvae and nymphs that
we collected from lizards (Tomassone et al., 2017), indicating that this
pathogen is widespread in the area. In contrast with previous findings
on lizards, we did not detect R. helvetica, the etiological agent of un-
eruptive tick bite fever in humans, either in rodent tissues or ticks
collected from the rodents. This could be due to the limited number of
samples we tested. Conversely, studies in Germany (Fischer et al., 2018;
Obiegala et al., 2017) and Lithuania (Mardosaite-Busaitiene et al.,
2018) reported R. helvetica infection in small rodents, including A.
flavicollis and M. glareolus.
We identified other SFG rickettsiae transmitted by D. marginatus, R.

slovaca and R. raoultii, in ticks and ear tissues, demonstrating their
occurrence also at high altitudes. These rickettsiae cause TIBOLA/
DEBONEL, a disease that affects the human population in the study area
(Selmi et al., 2008), and we had already detected them in rodents
(Martello et al., 2013) and wild boar (Selmi et al., 2009). Infection of
bank voles by R. raoultii – but not by R. slovaca - had already been
reported in Germany (Obiegala et al., 2017).
The coinfection by B. burgdorferi s.l. and SFG rickettsiae in our ro-

dents and ticks was low. This may be due to the distinct transmission
cycles and also associated with different monthly infestation patterns of
the two tick species on rodents (Martello et al., 2014). In addition,
according to Raulf et al. (2018), the associations of Borrelia and Rick-
ettsia spp. are probably influenced by environmental factors. Rodent
tissues were found infected by R. slovaca in association with B. burg-
dorferi s.l. At our knowledge, this is the first report of a rodent infected

Table 2
Infection rates and species classification of SFG rickettsiae in ticks and ear
biopsies collected from small rodents (Apodemus spp. and Myodes glareolus) in
2011–2012, in the Northern Apennines, Italy.

SFG rickettsiae

Source [no.] Prevalence (%[95% CI])

R. slovaca R. raoultii R. monacensis

I. ricinus Larvae [67] 0 0 18 (10-29)
Apodemus sp. [61] 0 0 16 (8-28)
M. glareolus [6] 0 0 33 (4-78)
Nymphs [2] 0 0 50 (1-99)
Apodemus sp. [1] 0 0 0 (0-98)
M. glareolus [1] 0 0 100 (3-100)
total [69] 0 0 19 (11-31)

D. marginatus Larvae [32] 47 (29-65) 6 (1-21) 0
Apodemus sp. [30] 47 (28-66) 3 (0-17) 0
M. glareolus [2] 50 (1, 99) 50 (1, 99) 0
Nymphs [24] 46 (26-67) 4 (0-21) 0
Apodemus sp. [15] 40 (16-68) 0 (0-22) 0
M. glareolus [9] 56 (21-86) 11 (0-48) 0
total [56] 46 (33-60) 5 (1-15) 0

Ear biopsy [102] Apodemus sp. [81] 6 (0-14) 0 0
M. glareolus [21] 5 (0-2) 0 0
total [102] 6 (2-12) 0 0
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by R. slovaca and B. lusitaniae, while this same association was reported
in D. marginatus ticks collected from vegetation in Portugal (Milhano
et al., 2010). In addition to dual infections in tissues, we observed R.
monacensis in association with B. garinii and B. afzelii in feeding I. ricinus
larvae. This, once again, could be due to rodent infection (even if not
detected by our analysis), co-feeding transmission, and to transovarial
transmission in the case of R. monacensis.
In conclusion, our study provides new insights on tick and TBP

occurrence at high altitude in the Northern Appennines; since this work
was conducted in a park frequented by tourists and workers, our results
are of importance for public health. Historical tick and pathogen dis-
tribution data were useful for making comparisons with more recent
data in the same area, giving the most valuable evidence on how ticks
and TBPs are spreading. In general, hosts exposed to multiple microbial
species as well as the presence of co-infections indicate that there is an
overlap of transmission cycles. In particular, our results suggest that
small rodents have a crucial role in co-infections, since they are the
natural hosts of several TBPs and they can be infected with more than
one of these agents at the same time. Investigations carried out on the
same samples for detecting multiple pathogens and on different data
sources from the same area represent a valuable approach in order to
have a comprehensive picture of the risk posed by ticks to public health.
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