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In Europe, ixodid ticks are important arthropod vectors of human and animal pathogens, but comprehensive
studies of the prevalence of all relevant pathogens in Central Europe are scarce. As a result of ecological
changes, the incidences of tick-borne infections are expected to increase. In this study, 1,394 nymphal and adult
Ixodes ricinus ticks sampled monthly during the active season from 33 ecologically distinct collection sites
throughout Luxembourg were screened for all human tick-borne pathogens relevant in Central Europe. Species
were identified by sequence analysis of detection PCR amplicons. Mean infection rates of ticks were 11.3% for
Borrelia burgdorferi sensu lato, 5.1% for Rickettsia sp., 2.7% for Babesia sp., and 1.9% for Anaplasma phagocy-
tophilum. No tick was found to be infected with Coxiella sp., Francisella tularensis subsp., or Tick-borne
encephalitis virus (TBEV). A total of 3.2% of ticks were infected with more than one pathogen species, including
mixed Borrelia infections (1.5%). Seasonal variations of tick infection rates were observed for Borrelia, Babesia,
and Anaplasma, possibly reflecting a behavioral adaptation strategy of questing ticks. A positive correlation
between the grade of urbanization and Borrelia infection rate of ticks was observed, suggesting an established
urban zoonotic cycle. We also found Hepatozoon canis (0.1%) and Bartonella henselae (0.3%), which so far have
not been found in questing Ixodes ricinus ticks in Central Europe.

In Western Europe, the hard tick Ixodes ricinus is the main
arthropod vector of various human and animal pathogens,
causing several tens of thousands of severe infections in hu-
mans every year (25, 37). The most common tick-borne infec-
tion is Lyme borreliosis. This multisystemic disorder is caused
by spirochetes of the Borrelia burgdorferi sensu lato complex,
which is comprised of at least 12 species worldwide (45).
Among the 6 European species, only Borrelia garinii, Borrelia
afzelii, and Borrelia burgdorferi sensu stricto are known as hu-
man pathogens, whereas the significance of Borrelia valaisiana,
Borrelia spielmanii, and Borrelia lusitaniae for human health is
not clear (24). In a metaanalysis of 154 European studies, a
mean of 13.7% of ticks were found to be infected with Borrelia
spp., predominantly with B. afzelii and B. garinii. However, the
prevalence of Borrelia species varies from 2 to 49% between
different regions (43).

Other tick-borne bacteria which cause disease in humans are
Rickettsia sp., Anaplasma phagocytophilum, Bartonella henselae
and Bartonella quintana, Coxiella burnetii, and Francisella tula-
rensis subsp., all of which show only relatively low prevalence
rates of 0.1 to 4.8% for European ticks (16, 23, 26, 42, 48, 52).
In addition, three species of the parasitic protozoan Babesia
are known to infect humans, namely, B. divergens, B. microti,
and the newly described Babesia sp. EU1 (5). Also, in Western
Europe, Tick-borne encephalitis virus (TBEV) has a relatively
low prevalence; however, this pathogen deserves special atten-
tion because of the severe disease it causes in humans. Tick-
borne encephalitis affects at least 10,000 humans in Europe

annually (13, 37), and up to 5% of ixodid ticks are infected in
areas where it is endemic (44, 54).

As a result of climatic changes and the human impact on the
environment, the prevalence of ticks and tick-borne infections
in Central Europe is expected to increase (20, 57). Neverthe-
less, recent studies of human pathogens are rare in Central
Europe (14, 15, 17, 31, 39, 48, 49), and comprehensive surveys
to assess risks to human health are warranted.

Here we present such a comprehensive study in Central
Europe which investigates all relevant human tick-borne
pathogens in questing nymphal and adult ticks from 33 repre-
sentative collection sites throughout the 2007 season.

MATERIALS AND METHODS

Tick collection and identification. A total of 33 representative tick habitats
distributed over all of Luxembourg were selected on the basis of plant cover,
microclimate, and other ecological parameters. From May to October 2007,
these sites were sampled every month for questing ticks using the cloth-dragging
method. This method samples mainly exophilic ticks, such as Ixodes ricinus, that
actively quest for hosts. After morphological identification of tick species, de-
velopmental stages, and sex of adults under a stereomicroscope, ticks were stored
individually at �80°C. Only adults and nymphs were further investigated for the
presence of tick-borne pathogens.

Nucleic acid extraction, PCR, and sequencing. Adult and nymphal ticks were
disrupted and homogenized individually with a rotor-stator homogenizer with
exchangeable generators (PRO Scientific Inc., Oxford, CT) or the TissueLyser II
(Qiagen, Venlo, Netherlands) in 300 �l lysis buffer of the QIAamp DNA blood
minikit (Qiagen, Venlo, Netherlands). Nucleic acid extraction was performed
according to the manufacturer’s protocol. As a quality control of the nucleic acid
extraction, the reverse transcription, and potential PCR inhibition, 20-�l aliquots
of 5 tick homogenates were pooled and spiked with measles virus culture super-
natant. A total of 200 �l of eluted nucleic acids were divided into 3 aliquots and
stored at �80°C. Reverse transcription of total RNA with random primers
(Invitrogen, Merelbeke, Belgium) and the measles virus PCR (for quality con-
trol) were performed as described previously (27). Specific detection PCRs of all
pathogens were carried out with previously published primers using 5 �l of raw
DNA or cDNA (references and details in Table 1). PCR products were purified
directly using the Jet Quick PCR purification spin kit (Genomed, Loehne, Ger-
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many), or in the case of multiple bands, fragments of the expected size were
extracted from 1.5% agarose gels (QIAquick gel extraction kit, Qiagen, Venlo,
Netherlands). Purified products were sequenced in both directions with a BigDye
Terminator (version 3.1) cycle sequencing kit (Applied Biosystems, Nieu-
werkerk, Netherlands) on a capillary sequencer (Model 3100 Avant; Applied
Biosystems) with PCR primers as sequencing primers.

Borrelia species were further characterized by sequencing the outer surface
protein A (OspA) gene (Table 1). In order to identify mixed Borrelia infections,
sequences with nucleotide ambiguities were cloned into pCR4-TOPO plasmid
vector (Invitrogen, Merelbeke, Belgium) and transformed into OneShot TOP10
electrocompetent Escherichia coli (Invitrogen, Merelbeke, Belgium) using the
manufacturer’s protocol. Sixteen clones per sample were picked, and the insert
was sequenced with M13 primers (Invitrogen, Merelbeke, Belgium).

Data analysis. A BLAST search was performed for all sequences, and species
identity was confirmed by phylogenetic analysis and distance calculations using
MEGA version 3.1 (33). Phylogenetic analysis was based on the neighbor-joining
method using the Kimura 2-parameter model with 1,000 bootstrap replicates and
pairwise deletion. To test for differences in the tick infection rates among geo-
graphic regions, the data of 4 to 8 collection sites in the North, Northeast, East,
South, West, and Center of Luxembourg were pooled (Table 2). Additionally,
the habitat of each collection site was characterized by the percentage of forest,
agricultural plains, water bodies, and urbanized areas (buildings and sealed
surfaces) in a 1-km2 area, with the collection site as the centroid using aerial
photographs (Google Earth). Thus, four ecological categories were defined (cat-
egory I, 0 to 4%; II, 5 to 9%; III, 10 to 24%; IV, 25 to 60% of urbanized area)
with 6 to 11 collection sites per category (Table 2). One-way analysis of variance
(ANOVA) tests were performed with SigmaStat3.1 (Systat Software, Erkrath,
Germany) on tick infection rates for geographic groups and habitat categories.
Pearson’s goodness of fit chi-square (GFX) test was performed on prevalence
data of nymphs and adults and of males and females. Below, in cases of statistical
significance, P values are given in parentheses.

Nucleotide sequence accession numbers. Sequences were submitted to GenBank
under accession numbers GU826702 to GU827130.

RESULTS

Tick numbers. A total of 1,500 ticks, including 106 larvae,
752 nymphs, and 642 adults (320 males and 322 females) were
collected. All ticks belonged to the species Ixodes ricinus. Tick
density ranged from 3.7 ticks per 100 m2 in the West to 9.3 in
the East. Higher densities were found in the habitats of cate-
gories II and III (8.7 and 7.8 ticks) than in the those of the
others (Table 2). The nymphal and adult tick activity was
highest in May and June (Fig. 1A). Larvae showed their main
activity in August (9 sites, 1 to 56 larvae/site). Despite consid-
erable variability in tick numbers per collection site (14 to 134

ticks/site and mean of 46), geographic region, and habitat cat-
egory, the highest numbers of nymphs and adults were always
observed in spring (data not shown).

Tick infection rates. Of the 1,394 adult and nymphal ticks, a
total of 19.5% (n � 272) were infected with at least one
pathogen. Nymphs had a significantly lower overall infection
rate (16.4%) than adults (23.2%, P � 0.01), with females

TABLE 2. Infection rates of ticks for geographic groups and habitat categoriesa

Geographic group
or habitat category CS TDb

TIR (%)

Total Borrelia Rickettsia Babesia Anaplasma Bartonella

Geographic groups
North 6 7.7 17.6 12.1 4.6 3.9 0 0.7
Northeast 4 5.9 27.1 21.9 6.5 4.5 0.6 0
East 6 9.3 20.1 9.1 7.8 1.6 4.5 0.3
West 4 3.7 10.3 2.8 4.7 1.9 2.8 0
Center 8 8.1 15.6 10.3 2.4 2.9 1.3 0
South 5 4.4 20.7 10.0 7.9 1.4 2.1 0.7

Habitat categories
I 6 5.5 16.9 8.9 4.7 3.0 1.3 0.8
II 11 8.7 18.1 9.0 5.3 1.1 2.5 0.4
III 10 7.8 22.9 14.0 5.1 2.7 2.4 0
IV 6 6.1 20.6 14.6 5.1 2.8 0.8 0

a CS, number of collection sites per group; TD, tick density; TIR, tick infection rate. Note that for the total tick infection rates, mixed infected ticks were counted
only once.

b Ticks per 100 m2.

FIG. 1. Overall seasonal activity of the developmental stages of I.
ricinus from 33 collection sites collected from May to October 2007
(A) and Borrelia infection rates of ticks (B). The letters M, J, J, A, S,
and O represent the months May, June, July, August, September, and
October, respectively. s.l., sensu lato; s.s., sensu stricto.
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showing a significantly higher infection rate (26.7%) than
males (19.7%, P � 0.05). A comparison of the infection rates
by geographic regions and habitat categories revealed consid-
erable variations (Table 2).

Borrelia. B. burgdorferi sensu lato was the predominant
pathogen group and was detected in 11.3% (n � 157) of all
ticks. As expected, the tick infection rate was significantly
higher in adults (15.0%; males, 14.7%; females, 15.2%) than in
nymphs (8.1%) (P � 0.01). Borrelia infection rates were high-
est in the Northeast (21.9%) and lowest in the West (2.8%)
(Table 2). The habitat classification showed a positive corre-
lation between infection rates and the extent of urbanization,
ranging from 8.9% in category I to 14.6% in category IV
(Table 2).

Six different Borrelia species were identified based on the
flagellin B (FlaB) gene (Fig. 2A). B. afzelii (33.1%; n � 52) and
B. garinii (29.9%; n � 47) were the most prevalent species,
followed by B. valaisiana (19.1%; n � 30), B. burgdorferi sensu
stricto (14.6%; n � 23), B. spielmanii (2.5%; n � 4), and B.
lusitaniae (0.6%; n � 1). Sequences for the outer surface pro-
tein A (OspA) were obtained for 133 FlaB-positive samples,
resulting in 9.3% B. burgdorferi sensu stricto, 37.7% B. afzelii,
19.1% B. garinii (serotypes 3 to 7, 2.6%, 0%, 2.6%, 10.6%, and
3.3%, respectively. Additionally, 11.9% of sequences formed
three distinct clusters most closely related to B. garinii strains
(Fig. 2B). OspA sequences of B. valaisiana and B. spielmanii
formed distinct clusters. The OspA sequence derived from tick
no. 172 (FlaB sequence clustered with B. lusitaniae) clustered
distinctly from all reference and sample sequences, suggesting
that the OspA sequence is also from B. lusitaniae. A total of 24
samples (1.7%) with nucleotide ambiguities were cloned, and
19 mixed infections were confirmed. In 2 additional samples,
the FlaB and the OspA fragments corresponded to different
Borrelia species. The most frequent combinations were B. val-
aisiana and B. garinii (10/21) (Table 3).

Seasonal evolution of Borrelia infections in ticks showed a
bimodal seasonal activity beginning with high numbers in May
and a second peak in September (Fig. 1B). On a species level,
different patterns of seasonality were observed (Fig. 1B).

Regional differences in the prevalence of Borrelia species
were also observed. B. afzelii was predominant in the North
(59.5%) and South (35.7%), whereas B. garinii was most prev-
alent (53.6%) in the East. B. valaisiana was the predominant
species in the Northeast (29.4%). In the West, B. garinii, B.
afzelii, and B. burgdorferi sensu stricto were equally prevalent
(33.3%).

Species composition varied between habitat categories (Fig.
3): B. afzelii and B. garinii were equally prevalent in all cate-

gories, except in IV, in which B. afzelii was predominant. In
category III, B. garinii, B. afzelii, B. burgdorferi sensu stricto,
and B. valaisiana showed similar prevalence rates (23.4 to
25.5%). Tick infection rates of B. garinii were similar in all
categories (3.0 to 4.0%), whereas B. afzelii seemed to prefer
category IV (6.7%) to the others (2.7 to 3.8%). The 1.6-fold
higher infection rates of categories III and IV (14.3%) in
comparison to I and II (9.0%) are caused by B. valaisiana and
B. burgdorferi (III) and by B. afzelii (IV), respectively.

Infection rates of adult ticks with B. garinii and B. valaisiana
were significantly higher (P � 0.01) than those for nymphs. A
higher adult infection rate was found with habitat categories II
to IV, whereas in category I both infection rates were similar
(data not shown).

Rickettsia. In 5.1% (n � 71) of ticks, Rickettsia species were
detected. These were identified as R. helvetica (n � 70) and R.
monacensis (n � 1) (Fig. 2C). No clear trend in the seasonal
variation of infected tick activity was observed (data not
shown). The highest tick infection rates were found in the
South, and the lowest rates in the Center (Table 2). All habi-
tats had similar infection rates (Table 2). Nymphal and adult
tick infection rates were similar (4.9% versus 5.3%), but the
prevalence of Rickettsia-infected females (7.8%) was signifi-
cantly higher than that of males (2.8%) (P � 0.01).

Babesia. Babesia species were detected in 2.7% (n � 37) of
ticks, with Babesia sp. EU1 being predominant (59.5%) and B.
microti being the second most common species (35.1%). B.
divergens and Hepatozoon canis were each detected in a single
tick only (2.7%) (Fig. 2D and E). The highest prevalence was
found in September (data not shown). Tick infection rates
ranged from 1.4% in the South to 4.5% in the Northeast and
from 1.1% to 3.0% in the different habitat categories (Table 2).
B. microti infection rates were twice higher for adults (1.3%)
than for nymphs (0.7%), whereas Babesia sp. EU1 was more
prevalent in nymphs (1.9%) than in adults (1.3%).

Anaplasma phagocytophilum. A total of 1.9% (n � 27) of ticks
were infected with A. phagocytophilum (Fig. 2F). There was a
clear unimodal seasonality for infected adult ticks with a peak
in September, but no such pattern was found for nymphs (data
not shown). The highest infection rate of A. phagocytophilum
was found for ticks collected in the East (4.5%) (Table 2). Tick
infection rates were lowest in habitat category IV (0.8%) and
highest in II (2.5%) (Table 2). Female ticks seem to be more
often infected (3.4%) than male (1.6%) or nymphal ticks
(1.5%).

Bartonella. Bartonella henselae was detected in 0.3% of all
ticks (Fig. 2G), and the 4 infected ticks were found at different
collection sites and in different months (data not shown). B.

FIG. 2. Phylogenetic trees for identification of pathogens to the species level based on 209 nucleotides of the FlaB gene of B. burgdorferi sensu
lato (nucleotides 151 to 359 of GQ918147.1), including 157 samples and 71 reference sequences (A), on 462 to 465 nucleotides of the OspA gene
of B. burgdorferi sensu lato (nucleotides 9441 to 9905 of CP001433.1), including 133 samples and 59 reference sequences (B), on 190 nucleotides
of the 17-kDa antigen gene of Rickettsia species (nucleotides 140 to 329 of GU292313.1), including 72 samples and 14 reference sequences (C),
on 343 to 370 nucleotides of the 18 rRNA of Babesia species (nucleotides 481 to 850 of EF413181.1), including 36 samples and 32 reference
sequences (D), on 293 nucleotides of the 18 rRNA of Hepatozoon species (nucleotides 171 to 461 of FJ608736.1), including 1 sample and 34
reference sequences (E), on 466 nucleotides of the groEL gene of Anaplasma species (nucleotides 45 to 510 of GQ988761.1), including 26 samples
and 55 reference sequences (F), and on 313 nucleotides of the 16S–23S region of Bartonella species (nucleotides 1782 to 2094 of AJ749669.1),
including 4 samples and 26 reference sequences (G). Bootstrap values above 60 are shown. Asterisks represent (clusters including) our sequences.
s.s., sensu stricto; DC, distinct cluster; ST, serotype.
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henselae was found only in the North, East, and South and in
habitat categories I and II (Table 2).

Coxiella sp., Francisella tularensis subsp., and TBEV. Coxiella
sp., Francisella tularensis, and TBEV were not detected in any
of the 1,394 ticks analyzed.

Mixed infections. Infections with more than one pathogen
occurred in 3.2% of all ticks (n � 44), most of which were
coinfections with two pathogens (n � 42) (Table 3). Combi-
nations of B. burgdorferi sensu lato and Babesia sp. (22.7%) and
B. burgdorferi sensu lato and R. helvetica (18.2%) were most
frequent. All coinfections involving Babesia microti were exclu-
sively with B. afzelii (n � 6). Additionally, no Anaplasma-
infected tick was coinfected with B. afzelii. Almost half of the
observed coinfections (n � 21) involved different Borrelia spe-
cies (also see above). Two coinfections with 3 pathogens (B.

garinii, A. phagocytophilum, and Babesia sp. EU1 as well as B.
garinii ST6, B. valaisiana, and Babesia sp. EU1) were found in
a male and nymph, respectively. The adult coinfection rate
(4.5%) was twice as high as the nymphal (2.0%) (P � 0.01),
and the great majority of multiply infected ticks (75%) were
collected in May and June (data not shown).

DISCUSSION

The present study is the most complete survey of all relevant
tick-borne human pathogens in Central Europe. Additionally,
it is among the very few studies with a monthly sampling of
multiple collection sites.

The densities of I. ricinus at most collection sites (3.6 to 9.5
ticks/100 m2) correspond to the category “low tick abundance”

TABLE 3. Coinfections of Ixodes ricinus, potential reservoir hosts, and mode of acquisitiona

Developmental
stage/sex of

ticks

Pathogen species Reservoir host
preferences

Acquisition of
coinfectionBorrelia Borrelia Rickettsia Babesia Anaplasma

F afzelii microti R � R SIM
F afzelii microti R � R SIM
F afzelii helvetica R � R/D SIM or CON
F valaisiana helvetica R � R/D SIM or CON
F valaisiana helvetica R � R/D SIM or CON
F valaisiana helvetica R � R/D SIM or CON
F valaisiana phagocytophilum R � B/D CON
F helvetica phagocytophilum R/D � B/D SIM or CON
F helvetica sp. EU1 R/D � D SIM or CON
F garinii ST3 garinii ST7 B � B SIM
F garinii ST6 valaisiana B � B SIM
F garinii ST6 valaisiana B � B SIM
F garinii DC valaisiana Unclear � B SIM or CON
F burgdorferi sensu stricto Species unclear R/B � Unclear SIM or CON
M afzelii microti R � R SIM
M afzelii sp. EU1 R � D CON
M afzelii sp. EU1 R � D CON
M garinii helvetica R/B � R/D SIM or CON
M garinii helvetica B � R/D CON
M garinii sp. EU1 phagocytophilum B � D � B/D CON
M afzelii burgdorferi sensu stricto R � R/B SIM or CON
M afzelii spielmanii R � R SIM
M afzelii spielmanii R � R SIM
M garinii burgdorferi sensu stricto R/B � R/B SIM or CON
M garinii valaisiana R/B � B SIM or CON
M garinii valaisiana R/B � B SIM or CON
M garinii ST7 valaisiana B � B SIM
M garinii DC valaisiana Unclear � B SIM or CON
M valaisiana burgdorferi sensu stricto B � R/B SIM or CON
N afzelii helvetica R � R/D SIM or CON
N afzelii helvetica R � R/D SIM or CON
N afzelii microti R � R SIM
N afzelii microti R � R SIM
N afzelii microti R � R SIM
N garinii ST6 valaisiana sp. EU1 B � B � D CON
N helvetica phagocytophilum R/D � B/D SIM or CON
N helvetica phagocytophilum R/D � B/D SIM or CON
N helvetica sp. EU1 R/D � B/D SIM or CON
N afzelii garinii R � R/B SIM or CON
N afzelii burgdorferi sensu stricto R � R/B SIM or CON
N garinii ST3 valaisiana B � B SIM
N garinii ST5 garinii ST6 B � B SIM
N garinii ST5 garinii ST6 B � B SIM
N garinii DC valaisiana Unclear � B SIM or CON

a N, nymph; M, male; F, female; ST, serotype; DC, distinct cluster; R, rodents; B, birds; D, deer; SIM, simultaneously; CON, consecutively. Reservoir host preferences
were taken from the literature (4, 12, 18, 30, 34, 53).
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(3 to 10 ticks/100 m2) according to Schwarz et al. (47). The
observed infection rates of B. burgdorferi sensu lato (11.3%), R.
helvetica (5.1%), and A. phagocytophilum (1.9%) in Luxem-
bourg are comparable to those reported from neighboring
countries Germany (2002 to 2005: Borrelia, 13.9 to 24%; Rick-
ettsia, 8.9%; Anaplasma, 1.0% [23, 35, 40]), Belgium (1998:
Borrelia, 23% [39]), and France (2006: Borrelia, 20.4%;
Anaplasma, 0.5%; Rickettsia, 16% of tick pools [16, 22]).

In Europe, the most prevalent Borrelia species is either B.
afzelii (7, 29, 35) or B. garinii (6, 39). We observed marked
differences in the prevalence levels of Borrelia species for both
the geographic regions and the habitat categories, which may
be related to the specific host preferences of the different
Borrelia species. Based on their sensitivity to reservoir host
complement, Borrelia species have been divided into three
ecological groups (34). Thus, B. afzelii and certain B. garinii
strains (OspA serotype 4) are associated mainly with rodents
and B. valaisiana and other B. garinii strains (OspA serotypes
3, 5, 6, and 7) with birds, whereas B. burgdorferi sensu stricto is
found in both rodents and birds (34). In categories III and IV,
higher Borrelia infection rates are caused by B. burgdorferi
sensu stricto, B. valaisiana, and B. afzelii, suggesting an estab-
lished urban zoonotic cycle with synanthropic rodents and
songbirds as main hosts. Urban zoonoses have been described
for other arthropod- and tick-borne pathogens, e.g., Bartonella,
Coxiella, Ehrlichia, and Rickettsia, and their increasing inci-
dence has been linked to various extrinsic and intrinsic factors
(10).

The prevalence rates of Babesia species in our study are
similar to those in reports from Germany (1%) (8, 23) but are
much lower than those in France (20.0%) (21). However, in
Germany, B. divergens is by far the most prevalent species (23),
whereas in Luxembourg Babesia sp. EU1 and B. microti are
predominant. We also detected H. canis, which has never been
found in questing I. ricinus ticks from Central Europe before.
The causative agent of canine hepatozoonosis is endemic in
Southern Europe, Africa, and the Middle and Far East, where
it is transmitted to dogs by oral uptake of infected Rhipiceph-

alus sanguineus ticks during grooming (2). International tour-
ism, including the importation of pet animals (2), may explain
the introduction of pathogens to areas where they are nonen-
demic. The finding of H. canis in a questing female I. ricinus
tick suggests the successful transmission from an infected dog
to a feeding instar in Luxembourg that maintained the infec-
tion transstadially. Whether I. ricinus is a competent vector and
whether ecological factors favor the establishment and spread
of this pathogen in Central Europe require further attention.

Bartonella henselae (0.3%) has not been found in questing I.
ricinus ticks in Central Europe before. This pathogen is com-
monly transmitted by infected cats and causes the cat scratch
disease in humans. Only recently, the role of I. ricinus as a
competent vector for B. henselae has been confirmed experi-
mentally (11).

Although no TBEV-infected tick was found in this study,
findings from France and recently also from Luxembourg’s two
neighboring German states Saarland and Rhineland-Palati-
nate (46, 55) suggest a further spread of this virus.

Since transovarial transmissions are rare, coinfections in I.
ricinus ticks may shed some light on the route of infection, e.g.,
consecutive feedings, coinfected hosts, or cofeeding. Interest-
ingly, analysis of reservoir host preferences of each pathogen
(Table 3) revealed that pathogen combinations which normally
do not occur in the same host were about eight times more
frequent in adults (0.8%) than in nymphs (0.1%). In contrast,
pathogen combinations that occur in the same host had slightly
higher rates for adults (1.4%) than for nymphs (0.8%). This
suggests that coinfections of nymphs are acquired during larval
feeding on coinfected hosts, while in adults consecutive feed-
ings are the main source of coinfections.

Only few studies have taken the seasonal variations of tick
infection rates into account. Intriguingly, tick infection rates of
Borrelia sp. and Babesia sp. were low in summer (July and
August) and significantly increased in September (6.7 to 14.1%
[P � 0.05] and 1.7 to 3.9% [P � 0.05], respectively). For A.
phagocytophilum, a similar pattern was observed (1.4 to 5.1%),
which may reflect a behavioral adaptation strategy of ticks.
Aridity can force ticks to undergo quiescence in order to avoid
critical loss of energy, which may be exacerbated by pathogen
infections (19, 32, 41, 51) and thus contribute to preferential
collection of uninfected ticks and to the observed seasonal
variations in the tick infection rates.

In conclusion, the habitat influences not only tick densities
and vertebrate host population but also the prevalence of Bor-
relia species. The observed seasonality of Borrelia, Anaplasma,
and Babesia species has not been reported before, and, to-
gether with the possibility of urban zoonoses, it has major
implications for human health. In addition, imported or ne-
glected pathogens, like H. canis and B. henselae, as well as
coinfections with various pathogen combinations, may repre-
sent new potential threats to human and animal health.
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