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a  b  s  t  r  a  c  t

In  Europe,  in  addition  to  Borrelia  burgdorferi  sensu  lato  and  tick-borne  encephalitis  (TBE)  virus,  other
zoonotic  pathogens,  like  B. miyamotoi,  a species  related  to the  relapsing  fever spirochaetes,  Candida-
tus  Neoehrlichia  mikurensis  (N. mikurensis),  Rickettsia  helvetica,  Rickettsia  monacensis,  and  Anaplasma
phagocytophilum  have  been  reported  in the  ixodid  tick Ixodes ricinus.  No  study  was conducted  to identify
reservoir  hosts  for these  pathogens.  Here,  we investigated  the  role  played  by  wild  rodents  in  the  natural
transmission  cycle  of  B. miyamotoi,  N.  mikurensis,  R.  helvetica,  R.  monacensis,  and  A.  phagocytophilum  in
Switzerland.  In  2011  and  2012,  small  mammals  were  captured  in an  area  where  these  pathogens  occur
in  questing  ticks.  Ixodes  ricinus  ticks  infesting  captured  small  mammals  were analysed  after  their  moult
by  PCR  followed  by  reverse  line  blot  to  detect  the  different  pathogens.  Xenodiagnostic  larvae  were  used
to evaluate  the  role  of  rodents  as  reservoirs  and  analysed  after  their  moult.  Most  of  the 108  captured
rodents  (95.4%)  were  infested  by  I. ricinus  ticks;  4.9%,  3.9%,  24.0%,  and  0%  of  the  rodents  were  infested  by
Borrelia,  N.  mikurensis,  Rickettsia  spp.,  and  A. phagocytophilum-infected larvae,  respectively.  Borrelia  afzelii,
naplasma phagocytophilum B.  miyamotoi,  N.  mikurensis,  Rickettsia  spp.,  and  A. phagocytophilum  were  detected  in 2.8%,  0.17%,  2.6%,
6.8%,  and  0%  of the  ticks  attached  to  rodents,  respectively.  Borrelia  afzelii  was  transmitted  by  4 rodents  to
41.2%  of the xenodiagnostic  ticks,  B.  miyamotoi  by 3  rodents  to  23.8%,  and  N. mikurensis  was transmitted
by  6 rodents  to 41.0%  of the  xenodiagnostic  ticks. None  of the tested  rodent  transmitted  Rickettsia  spp.  or
A.  phagocytophilum  to  I.  ricinus  xenodiagnostic  larvae.  This study  showed  that  rodents  are  reservoir  hosts
for B. miyamotoi  and  N. mikurensis  in Europe.

© 2014  Elsevier  GmbH.  All  rights  reserved.
ntroduction

In Europe, the hard tick Ixodes ricinus is the vector of pathogens
uch as viruses, protozoa, and bacteria. During the last decades,
ew molecular tools revealed an even larger spectrum of tick-borne
athogens in questing ticks, ticks collected from various hosts and

n host organs.
The Borrelia burgdorferi sensu lato complex is an important

roup of bacteria transmitted by I. ricinus.  At least 10 B. burgdorferi
ensu lato species have been described in I. ricinus (B. burgdorferi
ensu stricto (s.s.), B. afzelii,  B. garinii,  B. bavariensis, B. spielmanii,
. valaisiana,  B. finlandensis, B. bissettii, B. carolinensis, B. lusitaniae).

ost of them are known to cause Lyme borreliosis (Rudenko et al.,

011) and have known reservoir hosts (Piesman and Gern, 2004).
ecently, another Borrelia species, B. miyamotoi belonging to the

∗ Corresponding author. Tel.: +41 32 718 3070; fax: +41 32 718 3001.
E-mail address: caroline.burri@unine.ch (C. Burri).

877-959X/$ – see front matter © 2014 Elsevier GmbH. All rights reserved.
ttp://dx.doi.org/10.1016/j.ttbdis.2013.11.007
relapsing fever group usually transmitted by soft ticks (Argasidae)
has also been reported in hard ticks (Ixodidae). First recognized
in Ixodes persulcatus in Japan (Fukunaga et al., 1995), B. miyamo-
toi was then described in Ixodes scapularis (Scoles et al., 2001),
Ixodes dentatus (Scoles et al., 2001; Hamer et al., 2012), and Ixodes
pacificus (Mun  et al., 2006) in the USA, and in I. ricinus in Europe
(Fraenkel et al., 2002; Richter et al., 2003; Gern et al., 2010). Bor-
relia miyamotoi was  detected in one tick removed from human in
Sweden (Wilhelmsson et al., 2010), and clinical cases associated
with B. miyamotoi have been recently reported in Russia (Karan
et al., 2010; Platonov et al., 2011) and in North America (Gugliotta
et al., 2013). Borrelia miyamotoi was  reported in the mouse Per-
omyscus leucopus in North America (Bunikis and Barbour, 2005;
Hamer et al., 2010), in Apodemus argenteus (Fukunaga et al., 1995)
and Apodemus speciosus, Myodes rufocanus,  Myodes rutilus (Taylor

et al., 2013) in Japan, and in wild turkey, Meleagris gallopavo (Scott
et al., 2010), and in ticks removed from the Eastern chipmunk,
Tamias striatus (Hamer et al., 2010) in North America. In Europe,
B. miyamotoi was observed in Cervus elaphus (Wodecka, 2007) and

dx.doi.org/10.1016/j.ttbdis.2013.11.007
http://www.sciencedirect.com/science/journal/1877959X
http://www.elsevier.com/locate/ttbdis
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ttbdis.2013.11.007&domain=pdf
mailto:caroline.burri@unine.ch
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omestic ruminants (Richter and Matuschka, 2010). Ticks infected
y B. miyamotoi were also collected on 4 species of passerine birds
Fukunaga et al., 1995; Hamer et al., 2012). Borrelia miyamotoi is
nown to be transovarially transmitted from I. scapularis females
o their progeny, and P. leucopus has been identified as a reservoir
ost in North America (Scoles et al., 2001).

Rickettsiae of the spotted fever group (SFG) are known as obli-
ate intracellular Gram-negative bacteria. Two Rickettsia species
hat belong to the SFG group, R. helvetica (Beati et al., 1993) and R.
onacensis (Simser et al., 2002) are frequently reported in questing

. ricinus (e.g., Sprong et al., 2009; Lommano et al., 2012; Overzier
t al., 2013), in ticks feeding on various hosts (e.g., Burri et al.,
011; De Sousa et al., 2012; Speck et al., 2013; Overzier et al.,
013) and in host tissues (Sprong et al., 2009; Schex et al., 2011; De
ousa et al., 2012). Whether R. helvetica is pathogenic in humans
emains unclear, although cardiac and neurologic problems have
een reported (Nilsson et al., 1999, 2010). Transovarial transmis-
ion of R. helvetica in I. ricinus has been reported to be very frequent
nd effective (Burgdorfer et al., 1979), whereas nothing is known
n the transovarial transmission of R. monacensis.

In the late 1990s a new bacteria, Candidatus Neoehrlichia
ikurensis (N. mikurensis), first named Ehrlichia-like belonging

o the family of Anaplasmatacae was described in Ixodes ovatus
n Japan (Kawahara et al., 2004). Thereafter, N. mikurensis was
etected in field-collected I. ricinus ticks first in the Netherlands
Schouls et al., 1999), followed by reports from other European
ountries (Sanogo et al., 2003; Lommano et al., 2012; Silaghi et al.,
012). Candidatus Neoehrlichia mikurensis was also isolated from I.

rontalis ticks fed on one migratory bird (Movila et al., 2013). Candi-
atus Neoehrlichia mikurensis appeared as pathogenic for humans
nd was identified in the blood of febrile patients in different
ountries in Europe (Fehr et al., 2010; von Loewenich et al., 2010;

elinder-Olsson et al., 2010; Maurer et al., 2013) and in China
Li et al., 2012) as well as from one dog in Germany (Diniz et al.,
011). Candidatus Neoehrlichia mikurensis was detected in tissues
f wild rodents in Japan (Kawahara et al., 2004; Naitou et al., 2006)
nd in Europe (Beninati et al., 2006; Andersson and Raberg, 2011;
ahfari et al., 2012; Lommano et al., 2012; Silaghi et al., 2012;
ayssier-Taussat et al., 2012). Few investigations on the transo-
arial transmission of N. mikurensis have been undertaken (Jahfari
t al., 2012).

Initially known to infect livestock, Anaplasma phagocytophilum
as later recognized to be pathogenic for humans (Stuen et al.,

013). Anaplasma phagocytophilum is genetically diverse, has a
road host range, and has been detected in several tick species
Bown et al., 2003, 2007; Rar and Golovljova, 2011; Baráková,
., Derdáková, M.,  Carpi, G., Collini, M.,  Rosso, F., Tagliapietra, V.,
auffe, H. C., Rizzoli, A. (personal communication)). Studies on the

eservoir competence of rodents showed that their role remains
nclear (Stuen et al., 2013). Transstadial transmission of the bac-
erium can occur, but transovarial transmission has not been
emonstrated (Rar and Golovljova, 2011; Stuen et al., 2013).

Despite the frequent reports of these new pathogens, the nat-
ral cycle of most of them remains unknown. More specifically,
he identification of reservoir hosts responsible for their mainte-
ance in nature has been neglected. Reservoir hosts for tick-borne
athogens must fulfil different criteria. One criterion is that it must
e a source of infection for ticks and allow the pathogen to be trans-
itted to ticks feeding on them (Kahl et al., 2002). The fact that

athogens are detected in host organs determines carrier hosts
nd not reservoir hosts since it does not mean that these hosts
re infective for ticks (Kahl et al., 2002). Similarly, the detection of

athogens in ticks attached on hosts does not demonstrate unam-
iguously that pathogens have been transmitted from the hosts
o the ticks and hereby their reservoir role. The aim of the present
tudy was to investigate whether wild rodents act as reservoir hosts
 Diseases 5 (2014) 245–251

for B. miyamotoi,  R. helvetica, R. monacensis, N. mikurensis,  and A.
phagocytophilum in natural cycles.

Materials and methods

Study site

This study was carried out in a mixed deciduous forest named
Bois de l’Hôpital, located at 600 m above sea level (Neuchâtel,
Switzerland) (47◦00′23.67′′N; 6◦56′50.00′′E). Borrelia miyamotoi,  B.
burgdorferi s.l., A. phagocytophilum, N. mikurensis,  and Rickettsia spp.
were reported in questing I. ricinus ticks in this forest (Gern et al.,
2010; Lommano et al., 2012).

Rodent trapping and tick collection

Rodents were trapped in September, October, and November
2011 and in April and May  2012. For each trapping session, 100
wooden box traps (Czech trap model, http://members.vienna.at/
shrew/trapping.html) were used spaced at 5–10 m intervals and
baited with seeds, pieces of apple, and hay. Traps were set at sun-
set and checked early the following morning. The Department of
Agriculture and Nature from Canton of Neuchâtel approved the
capture of rodents. For maintenance and all experimental proce-
dures, the Department of Economy of Canton Neuchâtel delivered
authorization 2/2009. Captured rodents were brought to the lab-
oratory to be identified, sexed, and caged individually over a pan
of water until the engorged ticks dropped off. Engorged ticks were
collected from water, dried, identified (Cotty, 1985), and placed in
tubes at 98% RH and room temperature until moult. One month
after moult, ticks were washed in 70% ethanol and stored at −20 ◦C
until investigation for Borrelia spp., N. mikurensis,  Rickettsia spp.,
and A. phagocytophilum infection. A maximum of 10 nymphs per
captured rodent was analysed.

Xenodiagnosis

After all feeding ticks had dropped off, a xenodiagnosis was per-
formed on rodents to evaluate their reservoir capacity for Borrelia
spp., Rickettsia spp., and N. mikurensis.  Approximately 50 I. ricinus
larvae, from our laboratory colony (Graf, 1978) free of pathogen
infection, were placed on the head of each rodent and allowed to
feed until repletion. Engorged ticks were maintained as described
in the “rodent trapping and tick collection” section and were exam-
ined as moulted nymphs (maximum of 10 nymphs per rodents) for
Borrelia spp., Rickettsia spp., N. mikurensis, and A. phagocytophilum.
Rodents were then released at the trapping site. To confirm the
absence of Borrelia spp. and N. mikurensis in the ticks used for xen-
odiagnoses we screened 200 larvae derived from 5 females from
the laboratory colony. These larvae were tested in pools containing
20 individuals.

DNA isolation from blood

After tick drop-off, rodents were anaesthetized intramuscularly
with 0.03 ml  of Xylasol (GRAEUB, Bern, Switzerland) (0.02 ml) and
Ketasol-100 (GRAEUB) (0.01 ml), and blood was  obtained from the
retro-orbital sinus using Pasteur pipettes (1.1 mm diameter). A vol-
ume  of 125 �l of each blood sample was  placed directly on FTA
Classic Cards (Whatman®, Buckinghamshire, UK). Cards were left
open for 24 h and stored as indicated by the manufacturer. To obtain
DNA, 1.2 mm diameter discs were punched into FTA card blood spot

by using a Harris Micro-Punch® (Whatman®, Buckinghamshire,
UK). Between samples, the tip of the Harris Micro-Punch® was
rinsed in bleach and 70% alcohol and dried with sterile wipe.
Discs were washed 3 times in 200 �l FTA purification reagent

http://members.vienna.at/shrew/trapping.html
http://members.vienna.at/shrew/trapping.html
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Whatman®, Buckinghamshire, UK) and twice in 200 �l house-
ade TE-1 buffer (10 mM Tris-HCL, 0.1 mM EDTA, pH 8.0) in 300-�l

ubes as recommended by the manufacturer. Discs were dried at
6 ◦C in a stove and immediately used for PCR/RLB (reverse line
lot) (see below).

NA isolation from ticks and identification of Borrelia spp.,
ickettsia spp., N. mikurensis, and A. phagocytophilum

DNA was isolated from ticks fed on rodents and xenodiagnos-
ic ticks by alkaline hydrolysis (Gern et al., 2010). A polymerase
hain reaction (PCR) followed by RLB was used for the identifica-
ion of Borrelia spp., N. mikurensis,  and Rickettsia spp. For Borrelia
enospecies, the amplification target was the variable spacer region
etween 2 repeated copies of the 23S and 5S ribosomal genes
Alekseev et al., 2001). For N. mikurensis,  the partial 16S rRNA
ene spanning the V1 region of Anaplasma spp. and Ehrlichia spp.
as amplified according to Schouls et al. (1999) and modified

rom Bekker et al. (2002). For Rickettsia spp., the 23S-5S internal
pacer gene was amplified according to Jado et al. (2006). All PCR
mplifications were run in a Tgradient Thermocycler 96 (What-
an  Biometra, Göttingen, Germany) by using a touchdown PCR

rogram (for Borrelia spp.: Burri et al., 2007; for Ehrlichia: Bekker
t al., 2002; for Rickettsia spp.: Jado et al., 2006). A real-time PCR
argeting the msp2 gene was used to amplify A. phagocytophilum
ccording to Courtney et al. (2004). Isolates of B. garinii (NE11) and
. valaisiana (VS116) were used as positive controls for Borrelia spp.,
. phagocytophilum (Webster strain, kindly provided by Ana Sofia
antos, CEVDI, Portugal) and R. conorii (kindly provided by Simona
asati, ICM, Bellinzona, Switzerland) for N. mikurensis and Rickettsia
pp., respectively, and pure water replaced DNA samples for nega-
ive controls. For identification of Borrelia genospecies by RLB, PCR
roducts were hybridized on 15 oligonucleotides probes (Rijpkema
t al., 1995; Poupon et al., 2006; Gern et al., 2010) blotted in line on
n activated Biodyne® C membrane (Pall Europe Ltd., Portsmouth,
K) placed in a Miniblotter 45 (Immunetic, Cambridge, MA,  USA).
etection and identification of N. mikurensis and Rickettsia spp. by
LB were performed following the procedure described in Schouls
t al. (1999) for N. mikurensis and Burri et al. (2011) modified after
ado et al. (2006) for Rickettsia spp. Hybridization was  visualized
y exposure of the membrane with an X-ray film (Hyperfilm, GE
ealthcare, UK) after adding chemiluminescence liquid detection

Amersham Biosciences, Europe, Switzerland). All samples were
rst tested in pools of maximum 10 ticks for Borrelia spp., Rick-
ttsia spp., and N. mikurensis.  Ticks from positive pools were further
nalysed individually. Candidatus Neoehrlichia mikurensis was  also
etected using a real-time PCR targeting GroEsl gene according to

ahfari et al. (2012). Briefly, primers and dNTPs all 10 �M,  4.8 �l
gCl2 (25 mM),  0.15 �l KapaTaq hotstart (Kapabiosystems by Lab-

ene Scientific) (0.75U per test), 4 �l Kapa Buffer (5×),  and 2 �l of
NA sample were used in a reaction volume of 20 �l in an iCycler

Biorad). For each reaction, 2 �l of N. mikurensis DNA sample that
as been tested positive by RLB were used as a positive control. Pure
ater was used as a negative control. The cycling conditions started
ith an initial activation at 95 ◦C for 5 min  followed by 60 cycles at

5 ◦C for 5 s and 60 ◦C for 30 s.

NA sequencing

For B. miyamotoi sequencing, a 437-bp product of flagellin
artial gene was designed to amplify B. miyamotoi samples

hat were detected positive by PCR/RLB. Primers and dNTPs all
0 �M (1 �l Flafor 5′-CAGAYAGAGGTTCTATWCA-3′, 1 �l Flarev 5′-
CTCTTTGATCASTTAYCA-3′, 1 �l dNTPs), 0.25 �l MgCl2 (25 mM),
.3 �l Taq (Qiagen) (1.5U per test), 4 �l Buffer (10×), and 10 �l of
 Diseases 5 (2014) 245–251 247

DNA sample were used in a reaction volume of 50 �l. The ampli-
fication conditions started with an initial activation at 94 ◦C for
3 min  followed by 50 cycles at 94 ◦C for 15 s, 50 ◦C for 30 s, 72 ◦C
for 1 min, and a final extension at 72 ◦C for 7 min. In addition, a
532-bp fragment of the p66 partial gene was  amplified to sequence
B. miyamotoi (Fomenko et al., 2010). Briefly, 2 sets of external and
inner primers, M1F  and M2R, M3F  and M4R, respectively, were used
in a final volume of 25 �l with 3 �l of DNA at the following con-
ditions: 35 cycles at 94 ◦C for 5 s, 50 ◦C for 10 s, 72 ◦C for 30 s. For
the nested PCR conditions, the denaturation, annealing, and elon-
gation time was increased to 10 s, 15 s, and 45 s, respectively. For
N. mikurensis,  a 426-bp fragment of the 16S rRNA partial gene was
sequenced. Samples of B. miyamotoi and N. mikurensis were puri-
fied with a kit (Promega, Madison, WI)  and sent to Microsynth AG
(Balgach, Switzerland) for sequencing. Each obtained sequence was
compared with sequences from an international database (NCBI
BLAST).

Statistical analysis

Statistical analyses were performed using R 2.15.1 (R
Development Core Team, 2012). A 95% confidence interval (CI) was
calculated for prevalence of pathogens. A Chi-square test was used
to compare the moulting success of ticks infesting captured voles
and mice. Fisher’s exact test was used to compare infections in voles
and mice.

Results

A total of 108 rodents belonging to A. flavicollis (n = 45), A. syl-
vaticus (n = 35), Apodemus spp. (n = 9), and M. glareolus (n = 19) was
captured. All ticks that detached from the 103 rodents that were
infested by ticks (95.4%, 103/108, 95% CI: 91.4–99.3%) were iden-
tified as I. ricinus.  All were larvae except one which was  a nymph.
The mean infestation level was 12.7 ± 16.5 standard deviation (SD)
larvae for A. sylvaticus,  8.9 ± 8.9 SD for A. flavicollis, 6.6 ± 5.8 SD for
undetermined Apodemus,  and 9.7 ± 13.3 SD larvae for M.  glareolus.

Moulting success of the 1086 larvae fed on the 103 infested
rodents was 81% (n = 878) (95% CI: 78.5–83.2%) and was higher
for ticks fed on M. glareolus (89%, 95% CI: 84–93%) than for those
fed on Apodemus species (79%, 95% CI: 76.6–81.9%), chi-square test
p = 0.004. A total of 575 larvae was screened as nymphs for the
presence of Borrelia spp., N. mikurensis,  Rickettsia spp. and A. phago-
cytophilum. Some of the captured individuals died, hence blood
samples from 100 rodents could be collected and screened for
pathogens, and xenodiagnosis could be performed on 94 rodents.
Moulting success on the 4041 xenodiagnostic larvae fed on 94
rodents was 71% (n = 2886) (95% CI: 70–72.8%) and was higher for
ticks fed on Apodemus species (73%, 95% CI: 71.3–74.1%) than on
M. glareolus (57%, 95% CI: 51.9–62.4%), chi-square test p < 0.005. A
total of 841 xenodiagnostic ticks was analysed after their moult.
Tables 1–3 show details on rodents that were infected by Borre-
lia spp., N. mikurensis,  and/or Rickettsia spp., respectively, or that
carried infected ticks. Screening of 200 unfed larvae from the lab-
oratory colony which were part of batches used for xenodiagnoses
showed that none of them were infected.

Borrelia spp. infection

Among ticks fed on the 103 rodents that were infested by
ticks, 3% (17/575, 95% CI: 1.6–4.3%) were infected by Borrelia spp.
(Table 1). Borrelia afzelii infected 2.8% (16/575, 95% CI: 1.4–4.1%) of

the ticks, and B. miyamotoi 0.17% (1/575, 95% CI: 0–0.5%). These
Borrelia-infected ticks were collected from 5 captured rodents
(4.9%, 5/103, 95% CI: 0.7–9%). Ticks from these 5 rodents showed an
infection prevalence of 42.5% (17/40, 95% CI: 27.2–57.8%). Only one
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Table 1
Apodemus spp. and Myodes glareolus individuals displaying Borrelia spp. infection in blood, in ticks fed on them, and/or in xenodiagnostic ticks.

Sample ID Rodent species Blood sample Infected ticks fed on
rodents in nature/Total
ticks analysed

Infected xenodiagnostic
ticks/Total ticks analysed

Borrelia
genospecies

17 A. sylvaticus Negative 5/10 6/10 B. afzelii
23  A. flavicollis Negative 4/10 6/10 B. afzelii
67  M.  glareolus Positive 0/10 1/4 B. afzelii
72  M.  glareolus Negative 2/6 0/7 B. afzelii
92  M.  glareolus Negative 5/10 1/10 B. afzelii
60  M.  glareolus Negative 0/2 3/10 B. miyamotoi
77  A. flavicollis Negative 0/10 1/10 B. miyamotoi
80  M.  glareolus Negative 1/4 1/1 B. miyamotoi

Table 2
Apodemus spp. and Myodes glareolus individuals displaying N. mikurensis infection in blood, in ticks fed on them, and/or in xenodiagnostic ticks. ND, no data.

Sample ID Rodent species Blood sample Infected ticks fed on rodents in
nature/Total ticks analysed

Infected xenodiagnostic
ticks/Total ticks analysed

13 Apodemus spp. ND 5/10 ND
17  A. sylvaticus Positive 0/10 9/10
18  A. sylvaticus Positive 0/10 0/10
45  A. sylvaticus Positive 0/1 3/10
51  M.  glareolus Positive 0/1 7/10
67  M.  glareolus Positive 2/10 1/4
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73  M.  glareolus Positive 

74  A. flavicollis Positive 

112  A. sylvaticus Positive 

odent displayed a Borrelia infection in the blood (Table 1). Xeno-
iagnosis performed on 94 rodents showed that 7 of them (7.4%,
5% CI: 1.4–11.3%) transmitted Borrelia spp. to ticks (Table 1). Four
odents (one A. flavicollis, one A. sylvaticus,  and 2 voles) transmitted
. afzelii to 41.2% (14/34, 95% CI: 24.63–57.72) of the xenodiag-
ostic ticks (Table 1). In addition, 3 rodents (2 M.  glareolus and
ne A. flavicollis) transmitted B. miyamotoi to 23.8% (5/21, 95% CI:
.6–42%) of the xenodiagnostic ticks (Table 1). Sequencing of the
artial p66 and flagellin genes of B. miyamotoi isolates from one

ick fed on captured rodents and 3 xenodiagnostic ticks from 3
odents yielded identical sequences. The p66 gene sequences of
. miyamotoi (GenBank accession numbers KF054067, KF054068,
F054069, KF054070) shared 100% homology with the sequence

able 3
podemus spp. and Myodes glareolus individuals displaying Rickettsia spp. infection in blo

Sample ID Rodent species Blood sample Infected ticks 

nature/total ti

12 A. sylvaticus Negative 1/10 

13  Apodemus spp. ND 1/10 

15  A. sylvaticus Negative 1/10 

16  A. flavicollis Negative 1/3 

18  A. sylvaticus Negative 1/10 

21  A. flavicollis Negative 1/9 

26  A. sylvaticus ND 1/7 

29  A. flavicollis Negative 1/10 

30  A. sylvaticus Negative 2/10 

31  A. flavicollis Negative 1/10 

33  M. glareolus Negative 1/6 

38  A. flavicollis Negative 1/10 

44  M. glareolus Negative 2/5 

59  A. sylvaticus Negative 1/10 

73  M. glareolus Negative 1/10 

88  A. sylvaticus Negative 1/10 

92  M. glareolus Negative 3/10 

93  A. sylvaticus Negative 1/3 

94  A. sylvaticus Negative 1/7 

95  M. glareolus Negative 4/7 

99  A. flavicollis Negative 1/4 

103  A. sylvaticus Negative 1/4 

104  A. sylvaticus Negative 3/5 

112  A. sylvaticus Negative 3/4 

116  A. sylvaticus Negative 4/4 
7/10 0/10
0/7 1/10
1/4 1/10

AY363723, and the flagellin gene sequences (GenBank accession
numbers KF054063, KF054064, KF054065, KF054066) were 100%
identical to JF951386.1.

Candidatus Neoehrlichia mikurensis infection

Screening of ticks that were fed on the 103 rodents showed
that 2.6% (15/575, 95% CI: 1.3–3.9%) of ticks were infected by N.
mikurensis (Table 2). Infected ticks were collected from 4 captured

rodents (3.9%, 4/103, 95% CI: 0.2–7.6%). Ticks feeding on these 4
rodents showed an infection rate of 44% (15/34, 95% CI: 27.4–60.8%).
Candidatus Neoehrlichia mikurensis was  also detected in the blood
of 8/100 rodents (Table 2). Among the 94 rodents submitted to

od, in ticks fed on them, and/or in xenodiagnostic ticks. ND, no data.

fed on rodents in
cks analysed

Infected xenodiagnostic
ticks/total ticks analysed

Rickettsia species

0/10 R. helvetica
ND R. helvetica
0/10 R. monacensis
ND R. helvetica
0/10 R. helvetica
0/10 R. helvetica
ND R. helvetica
0/10 R. helvetica
0/10 R. helvetica
0/10 R. helvetica
0/10 R. helvetica
0/10 R. helvetica
0/10 R. helvetica
0/10 R. helvetica
0/10 R. helvetica
0/10 R. helvetica
0/10 R. helvetica
0/10 R. helvetica
0/10 R. helvetica
0/10 R. helvetica
0/10 R. helvetica
0/10 R. helvetica
0/10 R. helvetica
0/10 R. helvetica
0/10 R. helvetica



-borne

x
s
(
s
K

R

1
o
(
r
v
1
t
t

A

t
t
b
a

C

o
i
p
(
I
(
w
F
a

(
t
o
p

D

o
h
t
s
C
b
i
h
o
e
t
w
a
p
l
a
(
r

C. Burri et al. / Ticks and Tick

enodiagnoses, 6 (6.4%, 95% CI: 1.4–11.3%) transmitted N. mikuren-
is to 41% (22/54, 95% CI: 27.6–53.8%) of xenodiagnostic ticks
Table 2). Sequencing of the partial 16S rRNA gene of one blood
ample infected with N. mikurensis (GenBank accession number
F054062) showed 100% homology with the sequence JQ014620.1.

ickettsia spp. infection

Finally, 6.8% (39/575, 95% CI: 4.7–8.8%) of ticks fed on the
03 infested rodents were infected with Rickettsia spp., most
f them with R. helvetica (n = 38) and one with R. monacensis
Table 3). Rickettsia-infected ticks were collected from 25 captured
odents (24%, 25/103, 95% CI: 16–32.5%). Ticks fed on these indi-
iduals showed an infection prevalence of 20.7% (39/188, 95% CI:
4.9–26.5%). No Rickettsia spp. was detected in the blood samples of
he 100 examined rodents (Table 3). None of the rodents transmit-
ed R. helvetica or R. monacensis to xenodiagnostic ticks (Table 3).

naplasma phagocytophilum infection

Anaplasma phagocytophilum infection was detected neither in
icks that were fed on captured rodents nor in xenodiagnostic
icks. Blood of rodents was not investigated for A. phagocytophilum
ecause FTA cards could not be processed in the RT-PCR system
vailable in our laboratory.

o-infections with different pathogens

Co-infections with more than one pathogen species were
bserved in the blood, in ticks feeding on captured rodents, and
n xenodiagnostic ticks. One M.  glareolus (Sample ID 67) dis-
layed a co-infection with B. afzelii and N. mikurensis in the blood
Tables 1 and 2). Two ticks attached on 2 captured rodents (Sample
D 13 and 112) were co-infected with N. mikurensis and R. helvetica
Tables 2 and 3), and 2 ticks fed on another rodent (Sample ID 92)
ere co-infected with R. helvetica and B. afzelii (Tables 1 and 3).

inally, one A. sylvaticus (Sample ID 17) transmitted both B. afzelii
nd N. mikurensis to xenodiagnostic ticks (Tables 1 and 2).

In the studied rodent population, 53% of M.  glareolus voles
10/19) versus 28% Apodemus spp. mice (25/89) displayed infec-
ion by at least one pathogen in their blood and/or in ticks that fed
n them. The difference was almost significant (Fisher’s exact test

 = 0.057).

iscussion

Currently, many studies on tick-borne pathogens focus mainly
n the identification of emerging pathogens, like B. miyamotoi,  R.
elvetica, R. monacensis, N. mikurensis,  and A. phagocytophilum in
icks, organs, or blood of different hosts, but very few have con-
idered the identification of hosts acting as reservoirs in nature.
lassically, 2 methods are used to identify reservoir hosts of tick-
orne pathogens. The first approach consists in comparison of the

nfection rate of questing larvae with that of larvae fed on suspected
osts in the same habitat. A higher infection rate in larvae feeding
n tested hosts is a good indication that the host is a reservoir. How-
ver, this method is not strong enough particularly for pathogens
hat are transovarially transmitted from the female to the eggs,
hich gives rise to infected questing larvae. In contrast, the second

pproach, xenodiagnosis, used in this study, appears more appro-
riate. It consists of feeding uninfected ticks, usually larvae from a
aboratory colony that is pathogen-free, on the tested host and in
nalysing them for pathogens after their moult to the next stage
Gern and Humair, 2002). This method gives information on the
eservoir role of the tested host.
 Diseases 5 (2014) 245–251 249

Since small mammals are important hosts for immature stages
of I. ricinus,  we evaluated their capacity to transmit emerg-
ing pathogens to ticks. We  performed xenodiagnoses on rodents
captured in an area where Borrelia spp., N. mikurensis,  A. phagocy-
tophilum and Rickettsia spp. were found in questing nymphs (Gern
et al., 2010; Lommano et al., 2012). Captured rodents carried ticks
infected by B. afzelii,  B. miyamotoi,  N. mikurensis,  R. helvetica, and
R. monacensis. Using xenodiagnoses, we  confirmed that Apodemus
spp. mice and M.  glareolus transmit B. afzelii to ticks (Humair et al.,
1999; Pérez et al., 2012). In addition, Apodemus spp. mice and M.
glareolus transmitted B. miyamotoi to 23.8% of xenodiagnostic ticks.
Nevertheless, it is known that B. miyamotoi can be transmitted
transovarially in ticks (Scoles et al., 2001; Rollend et al., 2013) and
that laboratory colonies of ticks may  be infected by this relaps-
ing fever-related spirochaete (Scoles et al., 2001). Control of 200
larvae from our colony as well as regular controls of this colony
(data not shown) showed that it is not contaminated by B. miyamo-
toi. In addition, previous examination by immunofluorescence of
more than 1300 larvae from the same colony was negative (Bellet-
Edimo et al., 2005). We  were not successful in the detection of B.
miyamotoi in blood using PCR/RLB, however observation of blood
smears stained with Giemsa allowed observation of spirochaetes
in 5 captured rodents, one of which transmitted B. miyamotoi to
xenodiagnostic ticks (data not shown). Sequencing of B. miyamo-
toi showed that all samples belonged to the European type (Geller
et al., 2012).

Xenodiagnosis also allowed us to show that rodents transmit-
ted N. mikurensis to uninfected ticks. Only 6.4% of rodents were
infective for ticks, but some individuals were very efficient in their
infectivity for ticks that reached 70–90%. Eight rodents (8%) were
harbouring N. mikurensis in their blood, which confirms previous
observations (Beninati et al., 2006; Andersson and Raberg, 2011;
Silaghi et al., 2012), and 7 of them transmitted N. mikurensis either
to ticks fed on them when they were captured or to xenodiagnos-
tic ticks. These results suggest that transmission of N. mikurensis to
ticks is high when rodents are infected. Jahfari et al. (2012) could
not detect N. mikurensis in questing larvae and, in the present study,
examination of unfed larvae from the laboratory colony used for
xenodiagnoses showed that none was  infected by N. mikurensis.
These results suggest that transovarial transmission of N. mikuren-
sis does not occur.

Recently, some authors reported the detection of R. helvetica in
the blood of roe deer and wild boar (Sprong et al., 2009), whereas
others were not able to detect R. helvetica in the spleen and blood
of roe deer (Overzier et al., 2013). One study reported the pres-
ence of R. helvetica in the blood of 29% of mice in the Netherlands
(Sprong et al., 2009), but unfortunately the authors did not specify
the mouse species, which might be important as mentioned below.
In our study, blood samples from all rodents were negative for R.
helvetica and R. monacensis. Interestingly, although 20.7% of larvae
attached on captured rodents were infected by R. helvetica, none
of the xenodiagnostic ticks fed on rodents were found infected by
R. helvetica or R. monacensis, suggesting that rodents do not repre-
sent an important source of infection for ticks. To our knowledge,
only one study investigated the reservoir role of rodents for R. hel-
vetica using xenodiagnosis (Péter, 1984). This author showed that
A. sylvaticus and M. glareolus did not transmit R. helvetica to ticks
feeding on them, whereas A. flavicollis transmitted it very rarely,
probably due to a very fast and intense immune answer accord-
ing to this author. Since transovarial transmission in ticks has been
described for R. helvetica (Burgdorfer et al., 1979), the infection rate
(20.7%) observed in larvae fed on captured rodents was  most prob-

ably the result of either an extremely short rickettsiaemia or of
transovarial transmission. Due to high transovarial transmission of
R. helvetica, the tick itself is most probably the main reservoir host
for this pathogen, as also suggested by Sprong et al. (2009).
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In the present study, we assessed wild rodent infectivity for ticks
sing xenodiagnosis. We  showed that M.  glareolus and A. flavicollis
ransmitted B. miyamotoi to uninfected ticks and that these hosts
re reservoirs for B. miyamotoi.  Similarly, we identified M.  glare-
lus, A. sylvaticus,  and A. flavicollis as reservoirs for N. mikurensis.
owever, although R. helvetica and R. monacensis were detected in

icks fed on captured rodents, none of the rodents transmitted these
ickettsia species to xenodiagnostic ticks confirming that the inves-
igated rodent species are not important reservoirs for R. helvetica
Péter, 1984).

Finally, A. phagocytophilum was detected neither in I. ricinus ticks
nfesting captured rodents nor in xenodiagnostic ticks. This is inter-
sting because this pathogen was detected in questing I. ricinus
icks in the studied area (Lommano et al., 2012) and because a sim-
lar situation has been reported in other sites in Switzerland (Burri
t al., 2011). This suggests that questing I. ricinus ticks in the stud-
ed area have not acquired A. phagocytophilum while feeding on
podemus and Myodes rodents and that probably other hosts were
he source of their infection. However, because the method used to
ollect blood in this study (FTA cards) revealed to be incompatible
ith our RT-PCR system, we were unable to find out if rodent blood
as infected. Hence, we cannot exclude that rodents in the area are

eservoirs for subpopulations of A. phagocytophilum maintained by
nother tick species, like I. trianguliceps (Bown et al., 2003, 2009).

In the studied rodent population, M.  glareolus voles were slightly
ore often found infected with the studied pathogens in their blood

nd/or in ticks that fed on them than mice suggesting that voles
lay an important role in the maintenance of the diversity of these
athogens (unknown for A. phagocytophilum) in the studied area.
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