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ABSTRACT To evaluate the importance of vertebrate species as tick hosts and as reservoir hosts in two
endemic areas for Lyme borreliosis in Switzerland, we applied molecular methods for the analysis of
bloodmeal sourceandBorrelia infection inquesting Ixodes ricinusL. ticks. In total, 1,326questing tickswere
simultaneously analyzed for Borrelia and for blood meal remnants by using reverse line blot. An overall
infection prevalence of 19.0% was recorded for Borrelia sp., with similar rates in both sites. Using a newly
developedmethodfor theanalysisofbloodmeal targeting the12SrDNAmitochondrial gene, identiÞcation
of host DNA from Þeld-collected ticks was possible in 43.6% of cases. Success of host identiÞcation at the
genus and species level reached 72%. In one site, host identiÞcation success reached its maximum in spring
(93% in May), decreasing in summer (20% in July) and rising in autumn (73% in October). In the other
site, identiÞcation rate in ticks remained low from April to July and increased in autumn reaching 68% in
OctoberandNovember.Themostprevalent identiÞedhostDNAwasartiodactyls inbothsites.Redsquirrel
DNA was signiÞcantly more frequently detected in ticks collected in one site, whereas insectivore DNA
wasmorefrequent in ticks in theothersite.DNAfrommorethanonevertebratehostwasdetected in19.5%
of nymphs and 18.9% of adults. Host DNA was identiÞed in 48.4% of the Borrelia infected ticks. Although
DNA from all Borrelia species was found in at least some ticks with DNA from mammals and some ticks
with DNA from birds, our results conÞrm a general association ofB. afzelii andB. burgdorferi sensu stricto
with rodents, and B. valaisiana and B. garinii with birds.
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The tick Ixodes ricinus L. is widespread in Europe
where a range of vertebrate species, including mam-
mals, birds, and reptiles play important roles for tick
cycle maintenance. This tick species is also the main
vector of Borrelia burgdorferi sensu lato (s.l.), the
etiologic agent of Lyme borreliosis. Seven different
Borrelia genospecies have been found associated with
I. ricinus: B. burgdorferi sensu stricto (s.s.), B. garinii,
B. afzelii, B. valaisiana, B. lusitaniae, B. bissettii, and B.
spielmanii (Rauter and Hartung 2005, Richter et al.
2006).Borrelia spirochetes are maintained in nature in
transmission cycles involving ticks and some of their
vertebrate hosts (Gern and Humair 2002). IdentiÞca-
tion of tick hosts and reservoir hosts is a difÞcult task,
because it requires animal trapping and even, if xe-
nodiagnosis is applied, their maintenance in the lab-
oratory. Application of molecular methods for the
analysis of bloodmeal remnants in questing ticks to
identify host DNA permits evaluation of the impor-
tance of vertebrate species as tick hosts as well as

reservoir hosts, even those rarely trapped (Tobo-
lewski et al. 1992; Kirstein and Gray 1996; Pichon et al.
2003, 2005, 2006; Estrada-Peña et al. 2005). The main
drawbacks to this approach are the small quantities of
bloodmeal remnants in questing tick guts and time
passed since the last bloodmeal.

Reverse line blotting (RLB) is a reliable technique
for the detection and identiÞcation of tick-borne
pathogens. A RLB was recently developed to identify
host DNA at the genus and species levels in questing
I. ricinus ticks targeting the 12S rDNA mitochondrial
gene (Humair et al. 2007). RLB was applied here to
identify host DNA that remains in tick guts since the
previous bloodmeal (Humair et al. 2007), as well as to
detect Borrelia DNA (Burri et al. 2007).

The current study is part of a 3-yr study (2003Ð2005)
on I. ricinus tick phenology and Borrelia infection
prevalence along two altitudinal gradients on the
north- and south-facing slopes of a mountain (Chau-
mont, Switzerland) (Morán Cadenas et al. 2007). The
aims of this study were to validate the bloodmeal
analysis method targeting the 12S rDNA mitochon-
drial gene and to concomitantly identify Borrelia in-
fection in ticks. Therefore, we applied the newly de-
veloped technique allowing identiÞcation of host
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DNA in ticks at the species level to a large number of
ticks (Humair et al. 2007) collected in 2005 in two sites
showing different Borrelia infection and tick popula-
tion patterns (Morán Cadenas et al. 2007). The Þnal
goal of identifying Borrelia genospecies and verte-
brate DNA together in the same tick is to obtain
information on both tick host and reservoir host di-
versity in different biotopes that helps comprehension
of pathogen circulation within the natural cycle be-
tween invertebrate vector and vertebrate host.

Materials and Methods

Collection of Ticks. This study was carried out in a
mixed forest dominated by deciduous trees on the
north- and south facing-slopes of Chaumont Mountain
(Neuchâtel, Switzerland) (Jouda et al. 2004, Morán
Cadenas et al. 2007). Questing ticks were collected
monthly from March to November 2005. A 1-m2 cotton
ßag was dragged across low vegetation over a variable
distance ranging between 100 and 150 m (Morán
Cadenas et al. 2007). Tick density was expressed as the
number of ticks collected per 100 m2. The ßag was
inspected every 25 m, and nymphs and adults were
placed separately in vials containing fresh grass and
kept alive at the laboratory for several days (at room
temperature and relative humidity close to 95%) until
detections of Borrelia sp. infections and analyses of
bloodmeal remnants for host identiÞcation were per-
formed.
DNA Extraction from Ticks and from Vertebrate
Hosts.Before DNA isolation, ticks were soaked in 70%
ethanol and air-dried. Isolation of DNA was achieved
using ammonium hydroxide (NH4OH) as described
previously (Guy and Stanek 1991, Rijpkema et al.
1996) and slightly modiÞed (Humair et al. 2007).
Brießy, entire ticks were individually boiled for 15 min
at 100�C in 100 �l of 0.7 M NH4OH, cooled quickly and
boiled again for 15 min in open vials to evaporate the
ammonia (10- or 20-�l samples were retained for poly-
merase chain reaction (PCR) analysis, according to
Borrelia or host DNA identiÞcation, respectively). To
check for cross-contamination, negative controls were
included during each DNA extraction procedure from
ticks, which consisted of 100 �l of 0.7 M NH4OH
without ticks.

To obtain positive controls for host DNA identiÞ-
cation, DNA was extracted from muscle, skin, or liver
tissues of vertebrates using a DNeasy tissue kit
(QIAGEN, Basel, Switzerland) according to the man-
ufacturer protocol. DNA was eluted in 200 �l of elu-
tion buffer (QIAGEN), the DNA concentration was
measured with a spectrophotometer, and DNA ex-
tracts were stored at �20�C until further use.
Identification of Borrelia sp. by PCR and RLB. I.
ricinus ticks were analyzed for detection of B. burg-
dorferi s.l. genospeciesbyPCRandRLBhybridization.
DNA ampliÞcation was performed in a reaction vol-
ume of 50 �l containing 10 �l of DNA samples. Primers
B5S-Bor and 23S-Bor were used to amplify the variable
spacer region between two repeated copies of the 23S
and 5S ribosomal genes described in Alekseev et al.

(2001). PCR ampliÞcations were run in a Tgradient
Thermocycler 96 (Whatman Biometra, Göttingen,
Germany) by using a touchdown PCR program mod-
iÞed from Schouls et al. (1999) and described in Burri
et al. (2007). Negative and positive controls were
included in each PCR. Isolates of B. burgdorferi s.s.
(B31), B. garinii (NE11), B. afzelii (NE632), B. lus-
itaniae (PotiB1, PotiB2, and PotiB3), and B. valaisiana
(VS116) were used as positive controls.

For Borrelia identiÞcation by RLB, PCR products
were hybridized to seven different oligonucleotide
probes (75 pmol) (Rijpkema et al. 1995, Poupon et al.
2006) blotted in lines on an activated Biodyne C
membrane (Pall Europe Ltd., Portsmouth, United
Kingdom) by using a Miniblotter 45 (Immunetic,
Cambridge, MA). Hybridization was visualized by in-
cubating the membrane with enhanced chemilumi-
nescence detection liquid (GE Healthcare, OtelÞn-
gen, Switzerland) and exposing the membrane to
X-ray Þlm (HyperÞlm; GE Healthcare).
Identification of Host DNA by PCR and RLB. Ver-

tebrate DNA remaining in tick guts was ampliÞed by
a touchdown PCR by using primers targeting the 12S
rDNA mitochondrial gene: 12S-6F (CAAACTGG-
GATTAGATACC) and B-12S-9R (5�biotin-AGAA-
CAGGCTCCTCTAG), followed by a RLB hybridiza-
tion carried out to identify host DNA as described in
Humair et al. (2007). DNA extraction from Þeld-col-
lected ticks was achieved using ammonium hydroxide
(see above), and 20 �l of tick lysates used as template.
For each PCR reaction, negative and positive controls
were included. Positive controls were 100 ng of ver-
tebrate DNA.

For host DNA identiÞcation by RLB, PCR products
were hybridized to a set of 35 different oligonucleo-
tide probes (Table 1) (100 pmol; except for lizard,
Sylvia and S. araneus probes: 500 pmol) that were used
to identify the bloodmeal at the genus or species level
within the major groups of vertebrates (small-,
medium- and large-mammals, birds, and lizards) (Hu-
mair et al. 2007). Hybridization was performed as
described above for Borrelia. To prevent contamina-
tion owing to the sensitivity of this technique, DNA
extraction, PCR setup, and sample addition were com-
pleted in separate rooms under UV-hoods dedicated
to host DNA identiÞcation.
Statistical Analysis. All statistics were calculated

with S-Plus 7.0 for Windows (Insightful, Seattle, WA).
The chi-square test was used for Borrelia infection
comparisons between stages and over Þeld sites
(north- and south-facing slopes) and to compare host
identiÞcation rates by exposure. The Fisher exact test
was used to compare frequency of associations be-
tween Borrelia genospecies and particular host
sources in infected ticks.

Results

In total, 1,326 ticks were analyzed for both host
DNA identiÞcation and Borrelia genospecies: 414 col-
lected on the north-facing slope and 912 on the south-
facing slope.
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Borrelia Identification and Infection Prevalence.
Overall infection prevalence of Borrelia spp. was
19.0% (252/1,326), with similar rates on both slopes of
the mountain, 19.8% (82/414) on the north-facing
slope of Chaumont and 18.6% (170/912) on the south-

facing slope. Details are presented in Table 2. Among
these 252 infected ticks, 23 ticks (16 nymphs and seven
adults) carried multiple Borrelia infection. Therefore,
276 Borrelia identiÞcations were achieved clustered
into four Borrelia species: B. afzelii (n � 122; 44.2%),
B. garinii (n � 42; 15.2%), B. burgdorferi s.s. (n � 51;
18.5%), and B. valaisiana (n � 34; 12.3%). Twenty-
seven (9.8%)Borreliacould not be typed at the species
level by the panel of probes used in this study.B. afzelii
was widely predominant in nymphs followed by B.
garinii, whereas B. burgdorferi s.s. and B. afzelii had a
fairly similar prevalence in adults (Table 2). Mixed
infections were B. afzelii and B. burgdorferi ss in 10
ticks,B. garinii andB. valaisiana in nine ticks,B. garinii
and B. afzelii in three ticks, and one triple infection
with B. afzelii, B. garinii, and B. burgdorferi ss.
TickHost DNA Identification. IdentiÞcation of tick

host DNA from Þeld-collected ticks by using RLB was
possible in 578 of the 1,326 analyzed ticks (43.6%).
Figure 1 shows the RLB pattern obtained with some
Þeld-collected ticks. IdentiÞcation success was signif-
icantly higher in adults (214/429, 49.9%) than in
nymphs (364/897, 40.6%) (P � 0.002; �2 test). Fur-
thermore, identiÞcation rate varied between sites, so
it was signiÞcantly higher on the north-facing slope
(204/414; 49.3%) than on the south-facing slope of
Chaumont (374/912; 41.0%) (P� 0.006; �2 test). Iden-
tiÞcation success varied greatly among months. On the
north-facing slope, host DNA identiÞcation success
reached its maximum in spring, 93% (75/81) in May,
decreasing to 20% (8/40) in July, and it was high again
in autumn (58%, 35/60 in September; and 73%, 22/30
in October) (Fig. 2A and B). On the south-facing
slope, identiÞcation rate in ticks remained low from
April to July and increased in autumn reaching 68% in
October and November (58/85 and 48/71, respec-
tively) (Fig. 2A and B). In 2005, questing tick densities
showed a bimodal distribution on both slopes of the
mountain. Tick density was higher on the south-facing
slope than on the north-facing slope, in 2005 and
during previous years (Morán Cadenas et al. 2007).

DNA from more than one host was detected in
111/578 ticks (71 nymphs and 40 adults) in which host
DNA was detected (south-facing slope: 80/374, 21.4%;

Table 1. Probes used in RLB assays and target vertebrates

Probe name Target organism

Small rodent Muroidea (Muridae, Cricetidae)
Artiodactyl Bovidae, Cervidae, Suidae
Bird Birds
Lizard Lizards
Clethrionomys Clethrionomys glareolus (bank vole)
Apodemus Apodemus sylvaticus (wood mouse), A. flavicollis

(yellow-necked mouse)
M. agrestis/

Micromys
Microtus agrestis (Þeld vole), Micromys minutus

(harvest mouse)
M. arvalis Microtus arvalis (common vole)
M. minutus Micromys minutus (harvest mouse)
R. norvegicus Rattus norvegicus (brown rat)
R. rattus Rattus rattus (black rat)
Sciurus Sciurus vulgaris (red squirrel)
Glis Myoxus glis (fat dormouse)
Lepus Lepus europaeus (European hare)
Erinaceus Erinaceus europaeus (European hedgehog)
S. araneus Sorex araneus (common shrew)
Neomys sp. Neomys anomalus (MillerÕs water shrew),

N. fodiens (Eurasian water shrew)
N. anomalus Neomys anomalus (MillerÕs water shrew)
T. europaea Talpa europaea (European mole)
Vulpes Vulpes vulpes (red fox)
Meles Meles meles (Eurasian badger)
M. erminea Mustela erminea (stoat/ermine)
M. putorius Mustela putorius (European polecat)
Capreolus Capreolus capreolus (roe deer)
Sus Sus scrofa (wild boar)
Turdus/Parus Turdus merula (black bird), T. iliacus (redwing),

T. philomelos (song thrush), T. pilaris
(Þeldfare), Parus major (great tit),
P. caeruleus (blue tit)

Erithacus Erithacus rubecula (European robin)
Parus Parus major (great tit), P. caeruleus (blue tit)
P. ater Parus ater (coal tit)
Fringilla/

Pyrrhula
Fringilla coelebs (chafÞnch), F. montifringilla

(brambling), Pyrrhula pyrrhula (Eurasian
bullÞnch)

Prunella Prunella modularis (dunnock/hedge accentor)
Sitta Sitta europaea (Eurasian nuthatch)
Sylvia Sylvia atricapilla (blackcap)
Troglodytes Troglodytes troglodytes (wren)
Garrulus Garrulus glandarius (Eurasian jay)

Table 2. Borrelia burgdorferi s.l. infection in questing I. ricinus ticks collected on the north- and south-facing slopes of Chaumont Mountain

Site

Nymphs Adults

No. (%)
Borrelia identiÞcation

No. (%)
Borrelia identiÞcation

af ga ss vs sl af ga ss vs sl

N1 32/116 (27.6) 22 6 4 2 1 3/40 (7.5) 0 1 2 0 0
N2 11/101 (10.9) 6 2 3 0 1 11/39 (28.2) 6 1 5 1 0
N3 21/90 (23.3) 9 6 4 3 3 4/28 (14.3) 1 0 1 1 1
Total N 64/307 (20.8) 37 (51.4) 14 (19.4) 11 (15.3) 5 (6.9) 5 (6.9) 18/107 (16.8) 7 (35.0) 2 (10.0) 8 (40.0) 2 (10.0) 1 (5.0)
S1 25/123 (20.3) 4 4 6 9 2 17/69 (24.6) 3 3 7 3 2
S2 23/149 (15.4) 18 3 2 3 1 25/94 (26.6) 12 2 9 2 2
S3 16/164 (9.8) 9 4 1 4 1 25/137 (18.2) 6 3 5 6 7
S4 36/154 (23.4) 26 5 2 0 5 3/22 (13.6) 0 2 0 0 1
Total S 100/590 (16.9) 57 (52.3) 16 (14.7) 11 (10.1) 16 (14.7) 9 (8.3) 70/322 (21.7) 21 (28.0) 10 (13.3) 21 (28.0) 11 (14.7) 12 (16.0)
N & S 164/897 (18.3) 94 (51.9) 30 (16.6) 22 (12.2) 21 (11.6) 14 (7.7) 88/429 (20.5) 28 (29.5) 12 (12.6) 29 (30.5) 13 (13.7) 13 (13.7)

Mixed infections were included in single columns. N1 to N3, sampling sites on the north-facing slope. S1 to S4, sampling sites on the
south-facing slope. af, B. afzelii; ga, B. garinii; ss, B. burgdorferi ss; vs, B. valaisiana; s1, untypeable Borrelia.
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north-facing slope: 31/204, 15.2%) (P� 0.09; �2 test).
Therefore, 712 host identiÞcations were achieved
from 578 ticks (Table 3). Multiple host DNA was
detected as frequently in nymphs (71/364; 19.5%) as
in adults (40/214; 18.7%) (P� 0.89; �2 test). In 62.6%
(446/712) host identiÞcation was possible at the spe-
cies level, in 9.4% (67/712) at the genus level and in
27.9% (199/712) at the group level only. Rodent DNA
and squirrel DNA were more frequently identiÞed in
nymphs than in adults (P � 0 and P � 0.04, respec-
tively; �2 test), and roe deer DNA more frequently in
adults than in nymphs P � 0; �2 test) (Table 3). For
other host DNA, no signiÞcant differences were ob-
served between tick stages.

On both slopes of Chaumont Mountain, the most
commonly identiÞed host DNA was from artiodactyls
(north- facing slope: 47%, 112/239; south-facing slope:
40%, 190/473) (Fig. 3). For artiodactyls, small rodents,
birds, and carnivores, no signiÞcant difference was
observed between both slopes. However, red squirrel
DNA was signiÞcantly more frequently detected in

ticks collected on the south-facing slope (100/473;
21%) (P � 0.0028; �2 test), whereas insectivore DNA
was signiÞcantly more frequently detected in those
from the north-facing slope (8/239; 3%) (P � 0.0052;
�2 test).
Reservoir Hosts for Borrelia spp. Host DNA iden-

tiÞcation was possible in 47.6% (39/82) and 48.8%
(83/170) of ticks infected with B. burgdorferi s.l. on
the north- and south-facing slopes, respectively.
Bloodmeal analyses in infected questing ticks are sum-
marized in Table 4.

From previous reports, it is known thatB. afzelii and
B. burgdorferi s.s. are associated with rodents (small
mammals and squirrels) and that B. garinii and B.
valaisiana are associated with birds (Hu et al. 1997;
Humair and Gern 1998; Humair et al. 1998, 1999; Kur-
tenbach et al. 1998a; Hanincová et al. 2003a,b). To
examine host-Borrelia associations thoroughly, we ex-
cluded ticks in which more than one host source was
identiÞed and those infected with untypeable Borre-
lia. Moreover, since B. burgdorferi is known to be
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Small rodent
Artiodactyl
Bird
Lizard
Clethrionomys
Apodemus
M. agrestis/Micromys
M. arvalis
M. minutus
R. norvegicus
R. rattus
Sciurus 
Glis
Lepus
Erinaceus
Neomys sp.
N. anomalus
T. europaea
Vulpes
Meles
M. erminea
M. putorius
Capreolus
Sus
Turdus/Parus
Erithacus
Parus
P. ater
Fringilla/Pyrrhula
Prunella
Sitta
Sylvia
Troglodytes
Garrulus
S. araneus

Fig. 1. RLB results for host DNA identiÞcation in Þeld-collected ticks by using 12S rDNA as genetic marker (Humair et
al. 2007). Probe names are listed on the left. N, nymphs. M, males. F, females.
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transstadially maintained, only nymphs were consid-
ered in the analysis of hostÐBorrelia association. So,
among Borrelia species identiÞed in nymphs fed on
small rodents and on squirrels, 4/4 (100%) and 12/14
(86%), respectively, were B. afzelii and B. burgdorferi
s.s. In infected ticks fed on birds, 7/15 (47%) carried
B. garinii andB. valaisiana. B. afzelii andB. burgdorferi
s.s. were more frequently identiÞed in ticks fed on
rodents than on birds; likewise, B. garinii and B. val-
aisianawere more frequently identiÞed in ticks fed on
birds than on rodents (P � 0.047; Fisher exact test).

Discussion

In the current study, molecular analysis of blood-
meals in I. ricinus ticks allowed assessment of the
importance of host species for I. ricinus on a large
number of ticks collected in two sites, on the north-
and south-facing slopes of Chaumont Mountain.
Host DNA detection success signiÞcantly varied in
both studied biotopes between 49.3% and 41.0%.
Temperatures on the south-facing slope are higher

than on the north-facing slope (Morán Cadenas et
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     no. host identified 3 25 75 16 8 20 35 22

no. host not identified 1 60 6 53 32 25 25 8

     no. host identified 47 39 25 41 29 38 49 58 48

no. host not identified 59 100 103 82 53 30 61 27 23

A

B

Fig. 2. Monthly host identiÞcation success in Þeld-ticks collected on both slopes of Chaumont Mountain (left scale).
Questing tick densities (expressed as the number of ticks collected per 100 m2) showed a bimodal distribution (right scale).
(A) North-facing slope of Chaumont. (B) South-facing slope of Chaumont. Percentages of identiÞed and not identiÞed hosts
are shown by Þlled bars and by open bars, respectively. Numbers are presented on the table.
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al. 2007), and they may induce a faster digestion of
blood, explaining the lower success of DNA detec-
tion in ticks collected on the south-facing slope. The
ability to detect host DNA in adult ticks was signif-
icantly higher than in nymphs, probably due to the
higher quantity of blood ingested by ticks during
their previous bloodmeals as nymphs and as larvae.
Success of host identiÞcation at the genus and spe-
cies levels reached 72% among ticks with identiÞed
host DNA. Previous studies on host identiÞcation in
ticks by using 18S rRNA and 12S rRNA were unable
to identify host DNA at the species level (Pichon et
al. 2003, 2005, 2006; Estrada-Peña et al. 2005). Over-

all, the most frequent bloodmeal source detected in
Þeld-collected ticks was artiodactyls when identiÞ-
cation was possible only at the group level, and wild
boar, red squirrel, and red fox when identiÞcation
succeeded at the species level. These results are in
line with reports from the Swiss Federal OfÞce of
Environment, OFEV, www.wildtier.ch/stat-chasse.
In fact, artiodactyls (deer and chamois) populations
increased in Neuchâtel in 2004 and decreased
slightly in 2005 due to the harsh winter, whereas
wild boar population increased in 2002Ð2005. Other
hosts are differently represented according to the
site. Red squirrel DNA was more frequently de-
tected in ticks collected on the south-facing slope,
whereas insectivore DNA was further detected in
ticks from the north-facing slope, suggesting that
host distribution differed in the two biotopes.

In almost 20% of ticks in which host DNA was
identiÞed, DNA from multiple vertebrate hosts was
detected. This observation suggests that interrupted
feeding may occur more frequently than expected in
I. ricinusas formerly observed in I. scapularis(Piesman
1991). Alternately, external DNA contamination of
ticks due to contacts with hosts without success of
attachment is also possible. Nevertheless, this infor-
mation is useful because it indicates the diversity of
host fauna in a biotope.

In 2005, a clear bimodal seasonal pattern of tick
density occurred on both slopes of Chaumont. On the
south-facing slope, clearly host DNA detection suc-
cess was higher in autumn than in spring, reaching 68%
in October and November. Pichon et al. (2005) re-
ported similar improvement of host source identiÞca-
tion in nymphs collected in October in Ireland. Sen-
sitivity of host DNA detection in ticks is dependent on

Table 3. Identification of host origin of the bloodmeal remnants in ticks (nymphs and adults) collected on the north- and south-facing
slopes of Chaumont Mountain

Host DNA
identiÞcation

Nymphs Adults Total

North South Total North South Total North South Total

Small rodents 1 5 6 1 1 1 6 7
Apodemus sp. 5 19 24 1 1 6 19 25
Clethrionomys glareolus 14 12 26 1 4 5 15 16 31
Sciurus vulgaris 18 53 71 10 47 57 28 100 128
Artiodactyls 40 58 98 13 32 45 53 90 143
Capreolus capreolus 5 10 15 17 15 32 22 25 47
Sus scrofa 30 38 68 7 37 44 37 75 112
Birds 13 17 30 6 13 19 19 30 49
Erithacus rubecula 1 1 2 1 1 2 2 2 4
Fringilla/Pyrrhula 1 6 7 1 6 7
Garrulus glandarius 1 1 1 1 2 2
Parus ater 1 1 1 1
Parus sp. 1 1 2 1 1 2
Sylvia atricapilla 11 11 3 3 14 14
Turdus sp. 6 15 21 2 8 10 8 23 31
Vulpes vulpes 9 27 36 1 23 24 10 50 60
Meles meles 1 4 5 6 6 1 10 11
Mustela erminea 1 1 1 1 1 1 2
M. putorius 19 19 7 7 26 26
Neomys anomalus 1 1 1 1
Neomys sp. 2 2 2 2
Sorex araneus 0 1 1 1 1
Talpa europaea 6 6 6 6
Total 172 281 453 67 192 259 239 473 712

(n=204) (n=374)
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Fig. 3. Distribution of host DNA identiÞcation in I. ric-
inus ticks collected on the north- and south-facing slopes of
Chaumont Mountain. *, insectivores, more abundant on the
north-facing slope of the mountain (P� 0.05). **, red squir-
rels, more abundant on the south-facing slope of the moun-
tain (P � 0.05).
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the interval from molting until the next questing ac-
tivity (i.e., the time when ticks are collected and an-
alyzed). According to Randolph et al. (2002), a single
cohort of each stage of ticks emerges each year in the
autumn. This is based on the fact that in various sites
in United Kingdom, ticks with high fat content ap-
peared each year in autumn and that a temperature-
dependent development model predicted also the
mean emergence of ticks in autumn. That detection
success of host DNA was higher in autumn than in
spring on the south-facing slope supports the inter-
pretation of I. ricinus population dynamics evidenced
by Randolph et al. (2002) in the United Kingdom and
supported by Jensen and Kaufmann (2003) in Den-
mark. However, the situation on the north-facing
slope seems different because two peaks in host DNA
detection success emerged, one peak in May with host
identiÞcation in 93% of ticks, suggesting that ticks
molted in spring, and a second peak in October with
host identiÞcation of 73%. Although these results con-
cern only 1 yr, they give reason to question whether
local I. ricinus population dynamics may be different
from a dynamic with a single cohort in autumn and
whether this might be due to very speciÞc climatic
conditions.

The capacity of several vertebrates to serve as res-
ervoir hosts for Lyme disease spirochetes has been
more extensively evaluated for rodents, birds, and
deer. Little is known concerning the status of other
potential hosts, such as carnivores, foxes, or edible
dormice (Matuschka et al. 1994, Kahl and Geue 1998,

Liebisch et al. 1998). We present here Þeld evidence
that conÞrms the reservoir status of foxes (Kahl and
Geue 1998, Liebisch et al. 1998) and that sheds light on
the possible reservoir roles of some hosts hitherto not
studied, such as badger, polecat, and wild boar. For
example, we identiÞed B. afzelii in ticks in which wild
boar DNA was detected. A similar association be-
tween B. afzelii and wild boar DNA was recently
reported in Spain by Estrada-Peña et al. (2005) tar-
geting the same gene. Additional similar studies in
other areas may help us better understand the reser-
voir status of these hosts, which are difÞcult to capture
and maintain in the laboratory.

One important Þnding in Lyme borreliosis ecol-
ogy in the past 10 yr is the observation of an asso-
ciation between different Borrelia genospecies or
strains with different vertebrate host species (Kur-
tenbach et al. 1998b). B. afzelii was the most fre-
quent genospecies identiÞed in ticks collected on
both slopes of the mountain. High prevalence of B.
afzelii in infected nymphs suggested that small ro-
dents, such as bank vole, woodmouse, and yellow-
necked mouse, might be relatively important as res-
ervoir hosts for feeding larvae in our region (Humair
et al. 1995, 1999; Hu et al. 1997). Unexpectedly,
molecular analysis of bloodmeal remnants in
nymphs showed that small rodents were relatively
scarce as reservoir hosts of Borrelia spp. and as hosts
for ticks in our study sites. The implications of these
observations are not clear, and they are possibly
related to reduced populations of mice and voles

Table 4. Host origin of the bloodmeal remnants in infected ticks (nymphs and adults) collected on the north- and south-facing slopes
of Chaumont Mountain

Chaumont
Mountain

Host DNA

Borrelia identiÞcation

Nymphs (n � 31) Adults (n � 8)

af ss ga vs sl Total af ss ga vs sl Total

North Apodemus sp. 1 1 2
Clethrionomys glareolus 2 2
Sciurus vulgaris 4 1 1 6
Artiodactyls 3 1 2 2 8 1 1 2
Sus scrofa 3 1 4 2 1 1 4
Vulpes vulpes 2 2
Mustela putorius 2 2
Birds 2 1 3
Turdus sp. 1 2 3
Mixture of DNA 5 2 7 1 1
Total N 22 5 5 2 3 37 3 4 1 0 1 9

Nymphs (n � 44) Adults (n � 39)

South Small rodents 1 1 1 1
Sciurus vulgaris 4 3 1 1 9 1 7 1 9
Artiodactyls 5 2 1 8 2 1 1 4
Capreolus capreolus 1 1
Sus scrofa 5 1 1 7 1 2 3 6
Vulpes vulpes 5 1 1 7 1 2 2 5
Meles meles 1 1
Birds 1 2 3 1 1 2
Turdus sp. 2 2 2 6 1 1 2
Sylvia atricapilla 2 2 1 1
Mixture of DNA 5 1 1 7 2 1 4 7
Total S 29 8 4 6 3 50 8 9 6 6 10 39
Total N & S 51 13 9 8 6 87 11 13 7 6 11 48

Mixed infections were included in single columns. af, B. afzelii; ga, B. garinii; ss, B. burgdorferi ss; vs, B. valaisiana; sl, untypeable Borrelia.
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during the study period. Moreover, previous studies
in this area showed the importance of small mam-
mals as tick hosts and as reservoirs for Borrelia
(unpublished data). Most probably other rodents,
such as red squirrels, acted more successfully as
reservoir hosts for Borrelia spirochetes than did
mice during the study period. Red squirrels have
been shown to be heavily infested by I. ricinus larvae
and nymphs and to transmit B. afzelii and B. burg-
dorferi ss to ticks (Humair and Gern 1998).

As expected, we observed thatB.burgdorferi s.s. and
B. afzeliiwere associated with small mammals and red
squirrels, and B. valaisiana and B. garinii with birds
(Gern and Humair 2002), although theseBorrelia spe-
cies were not entirely conÞned to rodents or birds.
The absence of a strict association between Borrelia
spp. and particular hosts is not surprising. Similar re-
sults were obtained in Switzerland and France, show-
ing no restricted speciÞcity between Borrelia species
and some host species, such as badgers (unpublished
data), hedgehogs, and deer (Gern et al. 1997, Pichon
et al. 2000). Other studies on bloodmeal analysis sim-
ilarly showed strict and loose associations between
Borrelia spp. and hosts (Pichon et al. 2003, 2005, 2006;
Estrada-Peña et al. 2005). This implies that some host
species that are not generally considered as reservoir
hosts could in fact serve as reservoirs, such as artio-
dactyls (particularly Cervidae and Bovidae). Alterna-
tive explanations for this absence of speciÞcity could
be cofeeding transmission of Borrelia without sys-
temic infections (Gern and Rais 1996, Hu et al. 2003)
as already described for artiodactyls, for sika deer in
Japan, and for sheep in the United Kingdom (Kimura
et al. 1995, Ogden et al. 1997). Additionally, transo-
varially transmitted spirochetes (Bellet-Edimo et al.
2005), interrupted feeding (Piesman 1991) on various
infected hosts or external DNA contamination due
to unsuccessful attachment to a host might be re-
sponsible for the variety of Borrelia in the different
hosts.

In this study, we were able to validate our method
for host DNA identiÞcation in a large number of
Þeld-collected ticks, to corroborate the association
between Borrelia species and birds and rodents, to
conÞrm the role of red foxes as reservoir hosts and
to provide evidence for the role of wild boar as
reservoir host for B. afzelii. Interestingly, the pres-
ence of multiple host DNA in ticks and the loose
association between some hosts and Borrelia geno-
species were rather frequent. This suggests that
interrupted feeding of ticks is a common phenom-
enon in nature, that reservoir hosts for Borrelia are
more diverse that previously thought and that some
Borrelia species or strains are not conÞned to some
host species. Cofeeding transmission may also be an
explanation, adding to the range of reservoir hosts
additional animal species that do not develop sys-
temic infection, and yet might contribute signiÞ-
cantly to the transmission of the pathogens (Ran-
dolph et al. 1996).
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Humair, P.-F., O. Péter, R. Wallich, and L. Gern. 1995.
Strain variation of Lyme disease spirochetes isolated from
Ixodes ricinus ticks and rodents collected in two endemic
areas in Switzerland. J. Med. Entomol. 32: 433Ð438.

Humair, P.-F., and L. Gern. 1998. Relationship between
Borrelia burgdorferi sensu lato species, red squirrels
(Sciurus vulgaris) and Ixodes ricinus in enzootic areas in
Switzerland. Acta Trop. 69: 213Ð227.

1116 JOURNAL OF MEDICAL ENTOMOLOGY Vol. 44, no. 6



Humair, P.-F., D. Postic, R. Wallich, and L. Gern. 1998. An
avian reservoir (Turdus merula) of the Lyme borreliosis
spirochetes. Zentralbl. Bakteriol. 287: 521Ð538.

Humair, P.-F., O. Rais, and L. Gern. 1999. Transmission of
B. afzelii fromApodemusmice andClethrionomys voles to
Ixodes ricinus ticks: differential transmission pattern and
overwintering maintenance. Parasitology 118: 33Ð42.

Humair, P.-F., V. Douet, F. Morán Cadenas, L. Schouls, I.
VanDe Pol, and L. Gern. 2007. Molecular identiÞcation
of blood meal source in Ixodes ricinus ticks using 12S
rDNA as a genetic marker. J. Med. Entomol. 44: 869Ð880.

Jensen, P. M., and U. Kaufmann. 2003. Seasonal and diel
activity of Ixodes ricinus(Acari: Ixodidae) subpopulations
in Denmark. Aspects of size, physiological age, and malate
dehydrogenase genotype in a forest site without any
undergrowth. Exp. Appl. Acarol. 30: 289Ð303.

Jouda, F., J.-L. Perret, and L. Gern. 2004. Ixodes ricinus
density, and distribution and prevalence ofBorrelia burg-
dorferi sensu lato infection along an altitudinal gradient.
J. Med. Entomol. 41: 162Ð169.

Kahl, O., andL.Geue. 1998. Laboratory study on the role of
the European fox,Vulpes vulpes, as a possible reservoir of
Borrelia burgdorferi s.l., pp. 239. InProceedings of the 2nd
International Conference on Tick-Borne Pathogens at
the Host-Vector Interface: a global perspective, 28
AugustÐ1 September 1995, Kruger National Park, South
Africa.

Kimura, K., E. Isogai, H. Isogai, Y. Kamewaka, T. Nishikawa,
N. Ishii, and N. Fujii. 1995. Detection of Lyme disease
spirochetes in the skin of naturally infected wild sika deer
(Cervus nippon yesoensis) by PCR. Appl. Environ. Micro-
biol. 61: 1641Ð1642.

Kirstein, F., and J. S.Gray. 1996. A molecular marker for the
identiÞcation of the zoonotic reservoirs of Lyme borre-
liosis by analysis of the blood meal in its European vector
Ixodes ricinus. Appl. Environ. Microbiol. 62: 4060Ð4065.

Kurtenbach, K., M. Peacy, S.G.T. Rijpkema, A. N. Hoodless,
P. A. Nuttall, and S. E. Randolph. 1998a. Differential
transmission of the genospecies of Borrelia burgdorferi
sensu lato by game birds and small rodents in England.
Appl. Environ. Microbiol. 64: 1169Ð1174.

Kurtenbach, K., H.-S. Sewell, N. H. Ogden, S. E. Randolph,
and P. A. Nuttall. 1998b. Serum complement sensitivity
as a key factor in Lyme disease ecology. Infect. Immunol.
66: 1248Ð1251.

Liebisch, G., B. Dimpfl, B. Finkbeiner-Weber, A. Liebisch,
and M. Frosch. 1998. The red fox (Vulpes vulpes) a res-
ervoir competent host for Borrelia burgdorferi sensu lato,
pp. 238. In Proceedings of the 2nd International Confer-
ence on Tick-Borne Pathogens at the Host-Vector Inter-
face: a global perspective, 28 AugustÐ1 September 1995,
Kruger National Park, South Africa.

Matuschka, F.-R., H. Eiffert, A. Ohlenbusch, and A. Spiel-
man. 1994. Amplifying role of edible dormice in Lyme
disease transmission in central Europe. J. Infect. Dis. 170:
122Ð127.

MoránCadenas,F.,O.Rais, F. Jouda,V.Douet, P.-F.Humair,
J. Moret, and L. Gern. 2007. Phenology of Ixodes ricinus
and infection with Borrelia burgdorferi sensu lato along a
north- and south-facing altitudinal gradient on Chaumont
Mountain, Switzerland. J. Med. Entomol. 44: 683Ð693.

Ogden, N. H., P. A. Nuttall, and S. E. Randolph. 1997. Nat-
ural Lyme disease cycles maintained via sheep by co-
feeding ticks. Parasitology 115: 591Ð599.

Pichon, B., B. Gilot, and C. Pérez-Eid. 2000. Detection of
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