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Summary 15 

 16 

We investigated the transmission dynamics of a community of tick-borne pathogenic bacteria  17 

in a common European songbird (Parus major).  Tick-naïve birds were recurrently exposed to 18 

field-collected Ixodes ricinus nymphs, carrying Ricketssia helvetica (16.9 %), Borrelia garinii 19 

(1.9 %), Borrelia miyamotoi (1.6 %), Anaplasma phagocytophylum (1.2 %), and Candidatus 20 

Neoehrlichia mikurensis (0.4 %), bacteria.  Fed ticks were screened for the pathogens after 21 

moulting to the next developmental phase.  We found evidence for an early stage transmission 22 

(within 2.75 days after exposure) of R. helvetica and B. garinii, and to a lesser extent of A. 23 

phagocytophylum based on the increased infection rates during the first exposure.  24 
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Throughout the course of infestations, R. helvetica infection rate remained constant.  On the 25 

other hand, the infection rate of B. garinii further increased, indicating a more gradual 26 

development of host tissue infection.  No interactions were found among the different 27 

bacterium species during transmission.  Birds did not act as transmitter, nor amplifier for the 28 

other bacterial species.  We experimentally show that one bird can simultaneously transmit 29 

several pathogenic bacterium species using different mechanisms, and that the transmission 30 

facilitation by the birds results in a strong increase of co-infections in ticks. 31 

 32 

Key words: songbird, Ricketssia helvetica, Anaplasma phagocytophylum, Candidatus 33 

Neoehrlichia mikurensis, Borrelia miyamotoi, Borrelia burgdorferi, Ixodes ricinus, reservoir, 34 

Lyme borreliosis, transmission, co-infections 35 

 36 

 37 

Introduction 38 

 39 

Simultaneous infections of multiple pathogen species (co-infection) can lead to increased 40 

pathogenicity, affect the pathogen’s proliferation dynamics, distribution in the body, and 41 

influence the host’s immune responses, but also can complicate the diagnosis and treatment of 42 

disease (Thomas et al., 2001; Moro et al., 2002; Regev-Yochay et al., 2004; Holden et al., 43 

2005; Civitello et al., 2010; Duncan et al., 2015; Susi et al., 2015).  Transmission dynamics of 44 

multiple vector-borne micro-organisms in wildlife hosts determine the pathogen communities 45 

within vector individuals to which susceptible hosts will be exposed.  Understanding the 46 

mechanisms underlying co-infections in ticks is important, as co-infections in hosts in which 47 

tick bites are relatively low (e.g. humans) can result from the attachment of a single co-48 

infected tick individual, usually rather than sequential bites of multiple singly-infected ticks 49 
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(Ginsberg, 2008). Not only mammals, but also birds are recognized to make a significant 50 

contribution to the distribution of tick-borne pathogenic bacteria.  However, only limited 51 

information is available on the competence of birds to sustain tick-borne zoonoses other than 52 

Lyme borreliosis (caused by Borrelia burgdorferi s.l.) (Richter et al., 2000; Humair, 2002; 53 

Heylen et al., 2014). 54 

In the Holarctic region, every year many questing ticks are exposed to high bird densities, 55 

largely consisting of juvenile songbirds (Gray, 1991; Marsot et al., 2012; Heylen et al., 2014).  56 

Juvenile birds are particularly important for the establishment of foci of tick-borne pathogens 57 

in endemic areas, as they have a low acquired resistance and hence facilitate the proliferation 58 

and transmission of ticks and their pathogens (Richter et al., 2000; Heylen et al., 2010; 59 

Dubska et al., 2011; Heylen et al., 2014).  Although many observational studies have reported 60 

infections in bird-derived ticks at the time of migration (Comstedt et al., 2006; Elfving et al., 61 

2010; Hornok et al., 2014), when birds introduce infected ticks along their passage routes, 62 

little information is available on the extent to which juvenile songbirds are able to maintain 63 

endemic pathogen transmission cycles.   64 

The main vector of the zoonotic tick-borne bacteria in Europe is the ixodid tick Ixodes 65 

ricinus, which infests a broad range of terrestrial vertebrates, including birds.  This tick has a 66 

three-stage life cycle (larva, nymph, and adult), with each stage feeding only once (except for 67 

the adult male which seldom feed). In addition to Borrelia burgdorferi sensu lato, other 68 

zoonotic pathogens, like B. miyamotoi, Rickettsia helvetica, Anaplasma phagocytophilum and 69 

Candidatus Neoehrlichia mikurensis (N. mikurensis) have been reported in I. ricinus (Sprong 70 

et al., 2009; Jahfari et al., 2012; Tijsse-Klasen et al., 2013; Cochez et al., 2014; Jahfari et al., 71 

2014), but only in small mammals has effort been paid in identifying the reservoir hosts 72 

(Burri et al., 2014). The dominating Borrelia burgdorferi sensu lato genospecies in ticks 73 

collected from European songbirds are Borrelia garinii and B. valaisiana, both causing Lyme 74 
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borreliosis (Humair and Gern, 2000).  Borrelia miyamotoi is a member belonging to the 75 

relapsing fever group of Borrelia spirochaetes, and can be hosted by rodents (Burri et al., 76 

2014).  Rickettsia helvetica belongs to the spotted fever group, and is - in contrast to the 77 

spirochaetes - an obligate intra-cellular bacterium.  Neurological and cardiac problems in 78 

humans have been ascribed to this Rickettsia species (Nilsson et al., 1999; Nilsson et al., 79 

2010). Anaplasma phagocytophilum is a rickettsial bacterium obligate of neutrophils, causing 80 

granulocytic anaplasmosis in humans, livestock and companion animals (Dumler et al., 2005).   81 

The rickettsial bacterium N. mikurensis is associated with febrile patients (Maurer et al., 82 

2013), and has been detected in tissues of wild rodents (Burri et al., 2014; Szekeres et al., 83 

2015).  Further details on the status of the bacteria above, are reviewed in the work of Burri et 84 

al. (2014).  85 

Transmission of tick-borne bacteria via the host generally depends on the development of an 86 

infection in a susceptible host.  As the uninfected ticks feed on an infected host, the pathogens 87 

are taken up in the bloodmeal.  This transmission requires a time period between the hosts 88 

being bitten by an infected tick and becoming infective (‘latent period’), of which the duration 89 

depends on the host-pathogen combination.  However, transmission may also occur between 90 

infected and uninfected ticks co-feeding in close proximity on the same hosts, in the absence 91 

of or prior to the establishment of a systemic infection.  For this pathway, the latent period is 92 

generally very short (1-3 days) (Gern and Rais, 1996; Randolph et al., 1996).  93 

The main objective of our experimental study was to investigate to what extent songbirds 94 

facilitate the transmission and amplification of the bacterium community (R. helvetica, A. 95 

phagocytophylum, N. mikurensis, B. miyamotoi, B. garinii) of Ixodes ricinus ticks, by 96 

quantifying the infections in fed ticks from repeatedly exposed juvenile birds.  We used the 97 

great tit (Parus major L.) as a host, since this species is an abundant resident bird of 98 

woodlands and gardens in Europe, and is frequently infested by Ixodes ricinus ticks that are 99 
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themselves infected by a variety of bacterium species.  We used juvenile birds that had not 100 

been exposed to ixodid ticks before.  Birds were exposed to ticks in three sessions, each 101 

lasting 4-5 days (the normal time for ticks to engorge) and separated by 5-6 days without ticks 102 

(Fig. 1).  We hypothesized that when the birds facilitate transmission via a gradual infection 103 

development of host tissue, the infection rate in the fed ticks should significantly increase 104 

over successive infestation sessions (Richter et al., 2000; Massung et al., 2004; Heylen et al., 105 

2014).  If the birds facilitate transmission via co-feeding between ticks alone, we hypothesize 106 

that infection rates should increase in the fed ticks from the first infestation onwards, but do 107 

not increase over the course of the experiment (Zemtsova et al., 2010; Heylen et al., 2014).  108 

Furthermore, we expect that facilitation of pathogen transmission in the birds will change the 109 

bacterium community in the fed ticks, and will increase the occurrence of co-infected ticks.  110 

 111 

 112 

Results 113 

 114 

A schematic overview of the study design is summarized in Fig. 1.  The infection rates in the 115 

questing ticks and the mean infection rates per bird over the three infestation sessions are 116 

presented for each bacterium species in Fig. 2.   117 

Overall, infection rates strongly varied among the bacterium species in the 1225 questing 118 

ticks (Ricketssia helvetica (16.9 %), Anaplasma phagocytophylum (1.2 %), Neoehrlichia 119 

mikurensis (0.4 %), Borrelia garinii (1.9 %), Borrelia miyamotoi (1.6 %)), as well as in the 120 

854 experimentally fed ticks after moulting (R. helvetica (50 %), A. phagocytophylum (2.3 121 

%), N. mikurensis (0.0 %), B. garinii (31.9 %), B. miyamotoi (1.4 %)). Note that N. 122 

mikurensis (5 questing ticks and 0 fed ticks) is not included in the statistical models reported 123 

below, because of the small sample size.  124 
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Infection profiles 125 

 126 

The infection rate in the fed ticks obtained from the first infestation was significantly higher 127 

compared to the questing ticks for: B. garinii (Odds Ratio (O.R.) (inf.1 – questing) [95% 128 

confidence limits]: 4.80 [2.68 – 8.54], t  = 5.62, df = 21.56, P < 0.0001), R. helvetica (3.98 129 

[1.75 – 9.05], t  = 3.31, df = 228, P = 0.0011) and A. phagocytophylum (3.03 [1.61 – 5.70], t  = 130 

3.66, df = 19.3, P = 0.002), but not for B. miyamotoi (0.89 [0.59 – 1.33], t  = -0.58, df = 133.3, 131 

P = 0.57).  The B. garinii’s  increase did not differ from that of R. helvetica (t = -0.77, df = 132 

38.3, P = 0.45), but was higher than the A. phagocytophylum’s increase (t  = -1.96, df = 136.7, 133 

P = 0.052).  During the first infestation, for each of the latter pathogens we found significantly 134 

higher infection rates in the fed ticks compared to the questing ticks, starting from 2.75 days 135 

after exposure (Table 1). 136 

 137 

The change in infection rate over the course of successive infestations differed significantly 138 

among the bacterium species (interaction change x bacterium species: F4,196.6 = 18.78, P < 139 

0.0001).  For B. garinii (O.R.: 3.46 [2.59 – 4.63]/session; t = 8.56, df = 57.02.4, P < 0.0001) 140 

the infection rate increased, while for all other pathogens, including R. helvetica (1.12 [0.92 – 141 

1.36]/session, t = 1.15, df = 270.4, P = 0.25), the infection rate in the fed ticks remained 142 

unchanged.  143 

Overall, in twenty-four birds in which the R. helvetica infection rates increased, also these of  144 

B. garinii went up (Fisher’s P = 0.042).  Based on the empirical Bayes estimates for the bird 145 

individual’s infection rate profiles, there were no correlations between the different bacteria, 146 

neither in the changes over the three sessions, nor in the difference with the questing ticks.  147 

 148 

 149 
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Co-infections after exposure to the experimental birds 150 

 151 

As a result of the differential transmissions, the bacterium community in the fed ticks 152 

increasingly deviated from that found in the questing ticks (Fig. 3).  The proportion of the 153 

ticks with co-infections was higher in the first infestation session (7 %) compared to the 154 

questing ticks (0.97 %)  (O.R.: 7.63 [4.02 – 14.49]; t = 6.50, df = 28, P < 0.0001), and further 155 

increased during the course of infestations (2.49 [1.81 – 3.42]/session; t = 5.69, df = 77, P < 156 

0.0001). Of the fed ticks with co-infections, by far the most dominant combination was B. 157 

garinii x R. helvetica (17.1 %).  In 0.1 % of the co-infected fed ticks, we found three different 158 

bacterium species (B. garinii x R. helvetica x B. miyamotoi). 159 

 160 

 161 

Discussion 162 

 163 

This is the first study that experimentally demonstrates differential transmission in a 164 

community of endemic tick-borne bacterium genera exposed to a songbird.  With the 165 

exception of N. mikurensis, the presence of all bacterium species (R. helvetica, A. 166 

phagocytophylum, B. garinii, B. miyamotoi) after the ticks have moulted gives proof for 167 

successful trans-stadial transmission after being exposed to the bird’s skin and blood.  168 

Furthermore, this study shows for the first time that songbirds effectively facilitate the 169 

transmission of R. helvetica to ticks, which - in addition to the yet proven development of 170 

bacteraemia (Hornok et al., 2014) - gives evidence for their role as amplifying hosts in R. 171 

helvetica’s epidemiology.   172 

In the ticks of the first infestation session, considerably higher infection rates (after moulting 173 

to the adult stage) compared to the questing ticks were observed for R. helvetica, B. garinii 174 
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and – to a lesser extent - A. phagocytophylum, which cannot be due to the presence of the 175 

bacteria in the naïve birds prior to feeding.  For Borrelia, the relatively slow dissemination of 176 

the spirochetes through the tissues of the vertebrate host, means that more distantly located 177 

tissues will become infectious after the latent period (ca. 7 days, cf. American robins (Richter 178 

et al., 2000)), thereby strongly increasing the transmission probability. However, the site of 179 

the tick bite can become infectious before the end of this latent period, when ticks co-feed, 180 

likely explaining the significant increase during the first days after exposure (Table 1).  To 181 

obtain further evidence for this co-feeding transmission pathway of B. garinii in songbirds, 182 

we need experiments to test whether naïve ticks get infected when placed in close proximity 183 

to an infected nymph, whilst those placed further away remain naïve. Studies in laboratory 184 

mammalian hosts have shown this pathway could be relevant for B. garinii in the wild (Sato 185 

and Nakao, 1997; Hu et al., 2003)).  Nevertheless, seen the strong Borrelia infection increase 186 

over the three infestation sessions, it is more than likely that the spirochetes have 187 

disseminated over larger areas of tissue than only the sites of tick bites, which potentially 188 

leads to the development of systemic infections (Humair et al., 1998; Kurtenbach et al., 1998; 189 

Hanincova et al., 2003; Heylen et al., 2013a; Lommano et al., 2014).   190 

Information on the infection dynamics of rickettsial bacteria (R. helvetica and A. 191 

phagocytophylum) in songbirds is still lacking.  Screenings of bird blood have shown that 192 

songbirds can become bacteraemic for R. helvetica and A. phagocytophilum (Hornok et al., 193 

2014).  In addition, a number of studies have shown that wild birds often carry infected ticks, 194 

including larvae (Santos-Silva et al., 2006; Elfving et al., 2010; Jahfari et al., 2014; 195 

Wallmenius et al., 2014) indicating successful transmissions via host tissue.  Here we show a 196 

a rapid increase in R. helvetica infected ticks, from the first infestation session onwards.  This 197 

observation again suggests co-feeding transmission (cf. mammals: Levin and Fish, 2000; 198 

Kocan and de la Fuente, 2003; Zemtsova et al., 2010) and/or a very rapid systemic infection 199 
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as found in mammals experimentally injected with different rickettsial strains (Beati et al., 200 

1999).  On the other hand, the low infection rates of A. phagocytophylum give evidence that 201 

great tits do not act as competent reservoirs for this bacterium species.  However, this 202 

observation should not preclude the possibility that other songbird species do transmit the 203 

pathogen (Hornok et al., 2014; Jahfari et al., 2014).  204 

 205 

In the Borrelia genospecies, our study showed that the infection susceptibility in the great tit 206 

was high for B. garinii, while the transmission of B. miyamotoi was not facilitated at all.  The 207 

outcome suggests that this common European songbird is neither a competent reservoir, nor 208 

transmitter for latter bacterium.  While in the USA and Europe small rodent species have been 209 

implicated as reservoirs for latter genospecies (Scoles et al., 2001; Burri et al., 2014), the role 210 

of native bird species remain unclear.  The transmission dynamics of other Borrelia 211 

genospecies (B. afzelii, B. spielmanii, B. burgdorferi s.s. and B. valaisiana) in the bird species 212 

under study, have been  discussed  in previous work (Heylen et al., 2014).  213 

 214 

Despite the slight initial increase of the A. phagocytophylum infected ticks, the infection rates 215 

remained very low.  Also N. mikurensis, a bacterium that is considered to be mammal 216 

associated (Burri et al., 2014) and so far has not been detected in bird tissues (Hornok et al., 217 

2014), was not detected after the first infestation.  The infection progression of both bacteria 218 

suggests a lack of transmission and amplification, possibly due to an efficient innate immune 219 

response.  However, since both bacteria were found to be rare in the questing I. ricinus, their 220 

absence in fed ticks may simply represent a chance outcome and/or the infection prevalence 221 

was too low to provide successful amplification.     222 

 223 
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As a result of the differential transmission and amplification, the bacterium community of the 224 

questing ticks significantly changed after feeding on the birds.  However, the changes in each 225 

of the bacterium species did not show any interaction: neither the increase over different 226 

infestation sessions, nor the initial difference with the unfed questing nymphs showed any 227 

correlation among the bacterium species.  To gain better insights into whether pathogens 228 

within hosts show negative (competition) or positive (facilitation) interactions (Ginsberg, 229 

2008), future experiments are required in which bacterium proliferations in single- and co-230 

infections are compared with each other.   231 

 232 

This study is the first that experimentally simulates the transmission dynamics in a situation 233 

whereby resident songbirds are recurrently exposed to a natural community of tick-borne 234 

bacteria genera that are pathogenic to humans.  Birds act as hosts that are permissive for a 235 

broad range of bacterium species, but selectively amplify a narrower range.  Our data show 236 

that in the bird-tick system, simultaneous transmission occurs of different bacterium species, 237 

in particular R. helvetica  and Lyme B. garinii spirochaetes, leading to mixed infections in the 238 

detached tick. This raises the problem of co-infection in vertebrates, a poorly studied issue but 239 

with strong potential implications and relevance for public health (Ginsberg, 2008; Civitello 240 

et al., 2010). Further experimental work on the reservoir and transmission competence of 241 

other avian hosts, tick species and their pathogenic agents will further improve our 242 

understanding of the transmission dynamics of bacteria communities in the wild, and the 243 

generalizability of the outcomes in the system we investigated in current study. 244 

 245 

 246 

 247 

 248 
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 261 

 262 

Experimental procedures 263 

 264 

Birds 265 

 266 

The great tit (body mass 15-20 g) commonly breeds in rural and urbanized areas throughout 267 

the Palearctic.  Nest boxes are often used as surrogates for tree-holes, in which they naturally 268 

breed and roost.  Great tits are abundant (estimated European population: 31 - 52 million 269 

individuals; 5 breeding pairs/ha producing on average 7-8 nestlings per nest in optimal habitat 270 

(Hagemeijer and Blair, 1997)), and birds in our Belgian study population frequently host 271 

relatively high I. ricinus tick burdens (maximum number of larvae: 40, nymphs: 17) (Heylen 272 

et al., 2009; Heylen et al., 2013b).  Great tits tolerate infestations with I. ricinus nymphs 273 
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(Heylen et al., 2010).  They act as general transmitters for several Borrelia burgdorferi s.l. 274 

genospecies, allowing trans-stadial transmissions, but develop strong infections in bird tissue 275 

only for B. garinii (Dubska et al., 2009; Heylen et al., 2013a; Heylen et al., 2014).  276 

Tick-naïve birds were obtained by collecting nestlings from parasite-free boxes in the wild 277 

and introducing them with their parents into tick-free aviaries (for details see Heylen et al., 278 

2010). During the month preceding the breeding season (March), selected nest boxes were 279 

sprayed twice with permethrin (2.2 g/L).  Permethrin has a low toxicity to birds and mammals 280 

(Elliott, 1977).  In addition, after hatching of the chicks, nest material was microwaved three 281 

times at 4-day intervals.  A few days before fledging, nestlings and parents of  five nests were 282 

transferred into outdoor aviaries located on the University of Antwerp (Belgium), where 283 

parents continued to feed the nestlings until independence.  In total 29 naïve P. major 284 

individuals participated in the experiment.  During the experiment, five individuals died.  285 

Birds received food and water ad libitum, and birds had the opportunity to take a bath in fresh 286 

water.  Ringing procedures and experiments were carried out in accordance with national 287 

environmental legislation and university regulations.   288 

 289 

Study design 290 

 291 

When birds were 9 weeks old, individuals were infested with I. ricinus nymphs three times in 292 

succession (Infestation 1-3; Fig. 1; for details see also Heylen et al. 2010).  Each infestation 293 

lasted 4 - 5 days, and birds were kept free of ticks for a duration of 5 - 6 days between the 294 

consecutive infestations.  In an area suspected to be endemic for tick-borne bacteria,  295 

approximately 3000 I. ricinus nymphs were caught by dragging a white flannel flag over 296 

suitable vegetation.  After capture, the ticks were kept under sterile conditions in a climate 297 

room at > 90% relative humidity and 16h:8h (light:dark photoperiod; 25°C:15°C temperature 298 
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cycle) until infestation.  We infested the birds with tick loads around the maximum level 299 

found under natural conditions in our study population (Heylen et al., 2013b).  Using 300 

moistened tweezers 17 nymphs for P. major were put underneath the feathers on the head of 301 

each bird in each infestation session.  Immediately afterwards birds were kept for 2 h in an 302 

air-permeable cotton bag (sized: 20 cm x 15 cm) inside a darkened cage which kept them 303 

inactive (Heylen and Matthysen, 2008).  After tick exposure, birds were placed in individual 304 

cages with a wire-mesh floor (40 cm x 80 cm).  Below the wire-mesh was a plastic tray 305 

containing damp filter paper and edges were streaked with vaseline to prevent nymphs from 306 

escaping.  The engorged nymphs that dropped through the mesh cage were collected at 7 a.m. 307 

and 7 p.m. each day with minimal disturbance to the host.  The proportion (%) of ticks that 308 

successfully engorged was high over all infestation sessions( ≥ 67  + 4 %/session) (for details 309 

see Heylen et al., 2010).  Engorged nymphs were kept in individual tubes at 25°C and > 90 % 310 

relative humidity until moulting to the adult stage was completed.  The moulting success (%) 311 

was high over all infestation sessions( ≥ 82 + 4%/session).  As a consequence of the lack of 312 

resistance against the I. ricinus nymphs, birds were unable to prevent the direct harm (acute 313 

blood depletions) caused by tick feeding.  However, birds compensated the erythrocyte loss, 314 

without reduction in general body condition (Heylen et al., 2010).   315 

 316 

DNA extraction and PCR-based detection of bacterium species 317 

 318 

1225 questing nymphs and 854 nymphs that had fed and moulted to the adult stage, were 319 

immersed in 70% ethanol and stored at -20°C before testing.  All the ticks were screened for 320 

the presence of Ricketssia helvetica, Anaplasma phagocytophylum, Neoehrlichia mikurensis, 321 

Borrelia garinii, Borrelia miyamotoi.  DNA was extracted by alkaline lysis (Schouls et al., 322 

1999).  Details of the qPCR protocols for genospecies determinations by PCR amplification 323 
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and the detection of B. burgdorferi s.l. (Heylen et al., 2013a), Borrelia miyamotoi (Cochez et 324 

al., 2014), Candidatus Neoehrlichia mikurensis (Jahfari et al., 2012), and Anaplasma 325 

phagocytophylum (Jahfari et al., 2014) are given in the respective references.  For the 326 

detection of Rickettsia helvetica, a duplex qPCR was designed consisting of a specific qPCR 327 

for Rickettsia helvetica and an already existing qPCR for spotted fever and typhus group 328 

rickettsia (Stenos et al., 2005; PMID: 16354816). Briefly, we used 5'-tcgcaaatgttcacggtacttt-'3 329 

and 5'-atgatccgtttaggttaataggcttcggtc-3' as forward primers, 5'-tcgtgcatttctttccattgtg-'3 and 5'-330 

ttgtaagagcggattgttttctagctgtc-3' as reverse primers and 5'-Atto520-tgc aat agc aag aac cgt agg 331 

ctg gat g-BHQ1-3' and 5'-Atto425-cgatccacgtgccgcagt-BHQ1-3' were used as probes. For the 332 

qPCR-protocol, sequences of primers and probes were based on the DNA sequences of these 333 

gene fragments available in Genbank and were evaluated using Bionumerics (Applied Maths 334 

NV, Sint-Martens-Latem, Belgium). The specificity of primers and probes was tested with 335 

tick lysates containing the DNA from the following microorganisms: R. africae, R. conorii, R. 336 

helvetica, R. rickettsii, R. monacensis, R. raoultii. Correct sizes of DNA fragments of qPCR-337 

amplicons were regularly confirmed on a bioanalyzer (Agilent Technologies, Palo Alto, CA). 338 

qPCR was performed using the iQ Multiplex Powermix PCR reagent kit, which contains iTaq 339 

DNA polymerase (Bio-Rad Laboratories, Hercules, USA), in a LightCycler 480 Real-Time 340 

PCR System (F. Hoffmann-La Roche, Basel, Switzerland). Optimal reaction conditions in a 341 

final volume of 20ul were
 
iQ multiplex Powermix, primers 200 nM each, probes at 100 nM 342 

each, and 3 µl of template DNA. Cycling
 
conditions included an initial activation of the iTaq 343 

DNA polymerase
 
at 95°C for 5 min, followed by 60 cycles of a 5 s denaturation

 
at 95°C 344 

followed by a 35 s annealing-extension step at
 
60°C (Ramp rate 2.2 °C/s and a single point 345 

measurement at 60 °C) and a cooling-cycle of 37 °C for 20 s. Analysis was performed using 346 

the second derivative calculations for cp (crossing point) values. Amplification curves were 347 

assessed visually. Samples with positive scores for both targets and only positive for the 348 
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specific R. helvetica qPCR were assumed to be positive for R. helvetica. Specificity of the 349 

positive signals was confirmed using a conventional PCR and sequencing as described 350 

(Sprong et al., 2009). For each PCR and multiplex qPCR, positive, negative controls and 351 

blank samples were included. In order to minimize contamination, the PCR proceedings were 352 

performed in three separate rooms, of which the reagent setup and sample addition rooms 353 

were kept at positive pressure, whereas the DNA extraction room was kept at negative 354 

pressure. All rooms had airlocks. 355 

 356 

Statistical analysis 357 

 358 

Generalized linear mixed effects models (GLMM) were fitted to test hypotheses on bacterium 359 

infection rates (logit-link, binomial-distributed residuals), taking into account the correlation 360 

structure of the repeated measurements from the same individual (Verbeke and Molenberghs, 361 

2001; Molenberghs and Verbeke, 2005).  Infection rates in the fed ticks of the first session 362 

(Inf. 1) were compared with these of the questing ticks, to test whether co-feeding 363 

transmission and/or an early systemic infection took place. To test whether the linear trend 364 

(change) with infestation order differed among bacterium species, we modeled the interaction 365 

terms change x bacterium and added a random intercept and slope on the level of the bird 366 

individual and nest of origin.  The bird’s nest of origin did not significantly explain the 367 

variation in the bacterium infection profiles (all P-values > 0.05) and therefore its random 368 

effects were excluded from the statistical analyses.  For the inference of the maximum 369 

likelihood estimates of the fixed effects, Kenward Roger approximation was used to estimate 370 

the denominator degrees of freedom of the F-distributed test statistics, which takes into 371 

account the correlation of observations within the same cluster (Verbeke and Molenberghs, 372 

2001; Molenberghs and Verbeke, 2005).  Odds ratio estimates are reported with their 95% 373 
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confidence limits.  Odds ratio estimates of continuous variables are assessed as one unit 374 

offsets from the mean.  All data manipulations and statistical analyses were performed using 375 

SAS v9.2 (SAS Institute, Cary, North Carolina, USA).   376 

 377 
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 530 

 531 

Table legends 532 

 533 

Table 1. The distribution of infected fed ticks over the time after exposure to great tits 534 

(Infestation 1).  P-values of Fisher’s exact tests by which the proportions of pathogen-infected 535 

fed ticks are compared with these in the set of unfed questing nymphs are shown. When 536 

sample sizes were too low (< 5), no statistical conclusions were drawn. 537 

 538 

 539 

Figure captions 540 

  541 

Fig. 1 Schematic overview of the study design.  Three times in succession, tick-naïve great tit 542 

individuals were exposed to 17 questing I. ricinus nymphs carrying a bacterial community 543 
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consisting of Ricketssia helvetica, Anaplasma phagocytophylum, Neoehrlichia mikurensis, 544 

Borrelia miyamotoi, Borrelia burgdorferi sensu lato.  Fed nymphs were kept in individual 545 

tubes until moulting to the adult stage was completed, and were subsequently screened for the 546 

presence of the bacteria species. 547 

 548 

Fig. 2 Mean infection rates (+ 1 standard error) of bacteria in Ixodes ricinus ticks that fed as a 549 

nymph on naïve great tit individuals (‘Inf. 1-3’).  Great tit individuals were repeatedly 550 

infested with 17 nymphs collected from the vegetation in an a pathogen endemic area 551 

(‘Questing’).  Symbols for the bacterial species are indicated in the figure’s legend. 552 

 553 

Fig. 3  Proportions of infected unfed (‘Questing’) ticks and ticks that fed on the juvenile great 554 

tits (‘Inf.1-3’).  Different colors represent bacterium (co-) infections. Plain parts indicate the 555 

proportion of co-infected ticks, hatched parts singly-infected.  Number of positive ticks and 556 

the prevalence of co-infected ticks are presented below each pie chart. 557 
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FIGURES 568 

 569 

Figure 1 570 

 571 

 572 

 573 

 574 

Fig. 1 Schematic overview of the study design.  Three times in succession, tick-naïve great tit individuals were exposed to 17 questing I. ricinus 575 

nymphs carrying a bacterial community consisting of Ricketssia helvetica, Anaplasma phagocytophylum, Neoehrlichia mikurensis, Borrelia 576 

miyamotoi, Borrelia burgdorferi sensu lato.  Fed nymphs were kept in individual tubes until moulting to the adult stage was completed, and were 577 

subsequently screened for the presence of the bacteria species. 578 
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Figure 2 579 
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 582 

Fig. 2 Mean infection rates (+ 1 standard error) of bacteria in Ixodes ricinus ticks that fed as a nymph on naïve great tit individuals (‘Inf. 1-3’).  583 

Great tit individuals were repeatedly infested with 17 nymphs collected from the vegetation in an a pathogen endemic area (‘Questing’).  584 

Symbols for the bacterial species are indicated in the figure’s legend. 585 

 586 
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Figure 3 587 

 588 

 589 

Fig. 3  Proportions of infected unfed (‘Questing’) ticks and ticks that fed on the juvenile great tits (‘Inf.1-3’).  Different colors represent 590 

bacterium (co-) infections. Plain parts indicate the proportion of co-infected ticks, hatched parts singly-infected.  Number of positive ticks and the 591 

prevalence of co-infected ticks are presented below each pie chart. 592 

 593 

 594 
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Table 1. The distribution of infected fed ticks over the time after exposure to great tits (Infestation 1).  P-values of Fisher’s exact tests by which 595 

the proportions of pathogen-infected fed ticks are compared with these in the set of unfed questing nymphs are shown. When sample sizes were 596 

too low (< 5), no statistical conclusions were drawn. 597 

 Days after exposure 

(N detached) 

 

 

Borrelia garinii   

(N positives; P-value) 

 

 

Rickettsia helvetica  

(N positives; P-value) 

 

 

Anaplasma phagocytophylum 

(N positives; P-value)  2.75 (164)  0.09 (15; < 0.0001) *  0.42 (69; < 0.0001) *  0.04 (7; 0.10) * 

3.25 (26)  0.12 (3; 0.017) *  0.62 (16; < 0.0001) *  0 (0; 1.0) 

3.75 (136)  0.10 (13; < 0.0001) *  0.48 (65; < 0.0001) *  0.03 (4; 0.11) 

4.25 (28)  0.07 (2; 0.11)  0.43 (12; 0.0014) *  0.04 (1; 0.31) 

4.75 (4)  0 (0)  0.5 (2)  0 (0) 

5.25 (1)  0 (0)  1 (1)  0 (0) 

       
Infection rate in the 1225 field-collected unfed questing nymphs (N positives): 

 

Borrelia garinii: 0.019 (24) 

Rickettsia helvetica: 0.169 (208) 

Anaplasma phagocytophylum : 0.012 (15) 

 

* Fisher’s exact test P-value < 0.05  

  598 

 599 


