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ARTICLE INFO ABSTRACT

Keywords: The incidence of diseases caused by pathogens transmitted by the tick Ixodes ricinus vary over time and space

Acarﬂlogical_ rlS_k through incompletely understood mechanisms. An important determinant of the disease risk is the density of

II:Iymehblt?r;e.ho.sls infected ticks, which is the infection prevalence times the density of questing ticks. We therefore investigated the
eoenrlichiosis

spatial and temporal variation of four pathogens and one of the most abundant symbionts in Ixodes ricinus in
Spotted fever rickettsiosis questing nymphs over four years of monthly collections in 12 locations in the Netherlands. The infection
Prevalence prevalence of all microbes showed markedly different patterns with significant spatial variation for Borrelia
Seasonality burgdorferi (s.L), Neoehrlichia mikurensis, Rickettsia helvetica, and Midichloria mitochondrii, significant seasonal
variation of B. burgdorferi (s.L), N. mikurensis, and M. mitochondrii and a significant interannual variation of
R. helvetica. Despite its ubiquitous presence, no spatio-temporal variation was observed for the infection prev-
alence of B. miyamotoi. The variation in infection prevalence was generally smaller than the variation in the
density of nymphs, which fluctuated substantially both seasonally and between locations. This means that the
variation in the densities of infected nymphs for all pathogens was mostly the result of the variation in densities
of nymphs. We also investigated whether there were positive or negative associations between the symbionts,
and more specifically whether ticks infected with vertically transmitted symbionts like M. mitochondrii and
R. helvetica, have a higher prevalence of horizontally transmitted symbionts, such as B. burgdorferi (s.L.) and
N. mikurensis. We indeed found a clear positive association between M. mitochondrii and B. burgdorferi (s.L). The
positive association between R. helvetica and B. burgdorferi (s.L) was less clear and was only shown in two lo-
cations. Additionally, we found a clear positive association between B. burgdorferi (s.L) and N. mikurensis, which
are both transmitted by rodents. Our longitudinal study indicated strong between-location variation, some
seasonal patterns and hardly any differences between years for most symbionts. Positive associations between
symbionts were observed, suggesting that infection with a (vertically transmitted) symbiont may influence the
probability of infection with other symbionts, or that there is a common underlying mechanism (e.g. feeding on
rodents).

Relapsing fever borreliosis

1. Introduction climatic and environmental changes (Medlock et al., 2013; Kohler et al.,
2023). Annually, tens of thousands of people in Europe acquire Lyme

The incidence of tick-borne diseases (TBDs) has been predicted to borreliosis (LB) and tick-borne encephalitis (Dobler et al., 2020; Stark
increase in Europe due to a combination of human behaviour, and et al., 2023). In contrast, the incidences of other TBDs in Europe are
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currently unknown (Azagi et al., 2020; Hoornstra et al., 2022). These
TBDs are caused by a plethora of (potential) tick-borne pathogens
(TBPs) transmitted by Ixodes ricinus, including Borrelia burgdorferi (sensu
lato), Anaplasma phagocytophilum, Babesia divergens, Babesia microti,
Babesia venatorum, Borrelia miyamotoi, Neoehrlichia mikurensis, Rickettsia
helvetica, Rickettsia monacensis, and Spiroplasma ixodetis (Sprong et al.,
2018). Previous studies have shown that all these (potential) TBPs are
present in L ricinus in the Netherlands (Sprong et al., 2009; Coipan et al.,
2013; Esser et al., 2022; Krawczyk et al., 2022a).

With annually approximately one and a half million tick bites in the
Netherlands alone (Hofhuis et al., 2015) and roughly one third of the
ticks being infected with at least one (potential) TBP other than
B. burgdorferi (s.L), numerous individuals are exposed to TBPs each year
(Jahfari et al., 2016). Except for Lyme borreliosis, tick-borne encepha-
litis and a few cases of B. miyamotoi disease (Hoornstra et al., 2022) and
one case of human granulocytic anaplasmosis in 1999 (van Dobben-
burgh et al., 1999), other L ricinus-borne diseases in humans have not
been reported in the Netherlands. Lack of awareness, case definitions,
laboratory diagnostics, as well as a non-characteristic clinical presen-
tation are among the reasons why these other TBDs often go undiag-
nosed. Another explanation is that the risk of infection with these
(potential) TBP is very low or far more heterogeneously distributed than
B. burgdorferi (s.L), the causative agents of Lyme borreliosis. Indeed,
B. burgdorferi (s.1.) has been found in all locations sampled for ticks in the
Netherlands (Tijsse-Klasen et al., 2010; Coipan et al., 2013; Hartemink
et al., 2021; Krawczyk et al., 2022a). The risk of acquiring a TBD de-
pends on many different factors, of which the most important are the
density of questing I. ricinus ticks infected with one or more TBP, and
more specifically the density of infected nymphs (DIN), since nymphs
are responsible for the majority of human bites (Hofhuis et al., 2017)
and the level of human exposure to ticks (Lambin et al., 2010; Zeimes
et al., 2014). The DIN is in turn determined by the density of nymphs
(DON) and the nymphal infection prevalence (NIP). The DON can here
be considered as a proxy for the probability of acquiring a tick bite,
whereas the NIP can be regarded as an estimate of the probability that
the bite is from an infected tick. The NIP is thus an important determi-
nant of the risk of acquiring a TBD.

Insights in the spatial and temporal variation of this prevalence for
the different pathogens would be useful to gauge where and when the
risk of getting infected is the highest. While the spatio-temporal varia-
tion in prevalence in the Netherlands has been studied for B. burgdorferi
(s.L) (Hartemink et al., 2021) to some extent, not much is known about
spatio-temporal variation in several other (potentially pathogenic)
bacteria that depend on I. ricinus for their survival and propagation, i.e.
B. miyamotoi, N. mikurensis, R. helvetica, and M. mitochondrii. Whether or
not they cause disease in humans or not, these microorganisms can be
surely considered bacterial symbionts due to the intimate relationship
with their I ricinus host. For convenience, we therefore call them
‘symbionts’ here, irrespective of their pathogenicity for humans. In this
paper, we aim to determine the spatial and temporal variation in the
infection prevalence of these five I ricinus symbionts. The symbionts
vary in their transmission routes. Rickettsia helvetica and M. mitochondrii
are found in all tick life stages and are thought to be mainly vertically
transmitted (Krawczyk et al., 2022b), while B. burgdorferi (s.L), and
N. mikurensis are horizontally transmitted, between I. ricinus and their
hosts (mainly rodents). For B. miyamotoi, both horizontal and vertical
transmission have been reported (Burri et al., 2007; Rollend et al.,
2013). The extent of influence of abiotic and biotic factors on the
prevalence of these microorganisms likely varies depending on the type
of symbiont-tick relationship. Vertically transmitted symbionts are
believed to play a role in the fitness or reproduction of the ticks, and
therefore, all factors influencing ticks may affect the degree of trans-
ovarial and transstadial transmission of symbionts (Corbin et al., 2017).
The prevalence of horizontally transmitted symbionts has been shown to
be primarily affected by the presence and abundance of vertebrate
reservoir hosts (Gilbert et al., 2012; Hofmeester et al., 2017; Takumi
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et al., 2019). In addition, symbionts, which are transmitted from
infected nymphs to uninfected larvae via vertebrates, may be influenced
by climatic conditions that dictate the seasonal synchrony of tick life
stages. Finally, the symbionts might directly or indirectly affect each
other and either increase or decrease the prevalence of co-infections
(Vautrin and Vavre, 2009). Whether they do is poorly investigated
and the subject of this study.

2. Materials and methods
2.1. Data collection

The nymphs used in this study were systematically collected in 12
sites in the Netherlands within the framework of the Nature’s Calendar
project, for which details are provided elsewhere (Gassner et al., 2011;
Hartemink et al., 2019, 2021; Takken et al., 2017a). In total 15,090
questing I ricinus nymphs were collected between January 2012 and
December 2015. The 12 sites (with abbreviations used in the tables and
figures) are Bilthoven (BI), Dronten (DR), Ede (ED), Gieten (GI), Hoog
Baarlo (HB), Kwade Hoek KH), Montferland (MO), Schiermonnikoog
(SC), Twiske (TW), Vaals (VA), Veldhoven (VE) and Wassenaar (WA)
(Fig. 1). Of these 15,090 collected nymphs, 8230 were tested for pres-
ence of symbionts. Given the low numbers of tick captures in the winter
months (December-February) and the fact that this hampers the esti-
mation of prevalence, we excluded the observations from these months
from the analysis. As shown in Supplementary file 1: Table S1, the effect
on the number of observations was very small. The analysis in this paper
is thus performed on the 8104 tested nymphs out of a total of 14,948
nymphs that were captured in the months March-November of the years
2012-2015. Questing ticks were collected every month at each site by
dragging a white cotton cloth (1 m?) over two transects of 100 m? each,
for a total area of 200 m? per location (Hartemink et al., 2021). The cloth
was inspected every 25 m, and ticks were collected using forceps. All
samples were placed in individual containers with 70% ethanol,
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Fig. 1. Overview of the locations of the sampling sites in the Netherlands.



N. Hartemink et al.

counted, and stored at —20 °C until DNA extraction. The ixodid species
and life stage identification were performed at the Entomology group of
Wageningen University.

2.2. DNA extraction and bacteria detection

Collected nymphs were processed individually. DNA from a subset of
nymphs per month per location was extracted with ammonium hy-
droxide as previously described (Wielinga et al., 2006). The lysates were
stored at 4 °C prior to molecular analysis. Samples were analysed with
different (multiplex) real-time PCRs, based on various target genes from
the microorganism of interest, namely B. burgdorferi (s.L.) (Heylen et al.,
2013), B. miyamotoi (Hovius et al., 2013), N. mikurensis (Jahfari et al.,
2012), R. helvetica (de Bruin et al., 2015), and M. mitochondrii
(Garcia-Vozmediano et al., 2022). All qPCRs were carried out on a
LightCycler 480 (Roche Diagnostics Nederland B.V, Almere, The
Netherlands) in a final volume of 20 pl with iQ multiplex Powermix, 3 pl
of sample (~5% of tick lysate), primers with end concentration of 0.2
pM, and probes. Positive plasmid controls and negative water controls
were used on every plate tested. Cycling conditions included an initial
activation of the iTaq DNA polymerase at 95 °C for 5 min, followed by 60
cycles of a 5 s denaturation at 95 °C followed by a 35 s
annealing-extension step at 60 °C (ramp rate 2.2 °C s~ and a single
point measurement at 60 °C) and a final cooling cycle of 37 °C for 20 s.
To minimize contamination and false-positive samples, the DNA
extraction, PCR mix preparation, sample addition, and qPCR analyses
were performed in separated air-locked dedicated laboratories.

2.3. Statistical analysis

The analysis was performed in the statistical program R (R Core
Team, 2023). We investigated the spatial and temporal variation in
nymphal infection prevalence (NIP, for which results are in the main
text), as well as in the DON and DIN (with results in the Supplementary
file 1). The NIP was calculated as the number of positive nymphs divided
by the number of tested nymphs. The DIN was calculated by multiplying
the infection prevalence (NIP) and the density of nymphs (DON). The
DIN and DON were expressed as the number of nymphs per 100 m?.

We used generalized linear mixed models (GLMMs) to analyse how
the NIP, DON and DIN depend on the year, month and location. GLMMs
were used because this type of model can handle non-normally
distributed data such as count data as well as (multiple) random ef-
fects. We used the glmmTMB package (Brooks et al., 2017), which
handles betabinomial distributions as well as crossed and nested random
effects. For the NIP we used the model that assumes a beta-binomial
distribution, and a logit link function. We included the variables Loca-
tion, Year and Month as fixed effect. Locations within Year were
included as random effect (1 | Year: Location), to account for the fact
that observations from the same year-location combination are not in-
dependent. We tested for each fixed factor, Location, Year and Month,
whether they had any predictive power in the model, by applying a
Likelihood Ratio Test (LRT) on the single term deletions (using the
dropl() function). Estimated marginal means were calculated for each
month, year and location, using the emmeans package (Lenth, 2020).
Estimated marginal means should be interpreted as predicted averages
over all factors (based upon the fitted model); e.g. the estimated mar-
ginal mean NIP for a specific month is averaged over all years and all
locations. Given that there were only four years, we did not test for
(linear) trends over the years by running the GLMM models with year as
numerical fixed factor. The DON and DIN were analysed using a similar
GLMM model, with a negative binomial distribution, and a log link
function.

We assessed whether the observed spatial and temporal variation in
the NIP could be explained by climatic factors. To this end, weather data
were obtained from the data center of the Royal Netherlands Meteoro-
logical Institute (KNMI). Daily values for minimum and maximum
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temperature and relative humidity, based on interpolated data from 34
automatic weather stations, were extracted for each of the 12 locations.
The mean temperature was calculated from the minimum and maximum
temperature. From the mean temperature and relative humidity, we
calculated the saturation deficit according to the definition by Randolph
and Storey (1999). We tested whether using the mean temperature
(Temperature) and saturation deficit (SD) in the months before the
sampling as explanatory variables, improved the model fit. We did this
by comparing several models: (1) a null model, with only a random
effect for Location within Year; (2) a model with Year, Month and
Location; (3) a model with Temperature and SD in the month before the
sampling took place; (4) a model with Year, Month, Location and
Temperature and SD in the month before the sampling took place; (5) a
model with Temperature and SD in the two months before the sampling
took place; and (6) a model with Year, Month, Location and Tempera-
ture and SD in the two months before the sampling took place. All six
models had a random effect for Location within Year.

2.4. Co-infection analysis

Lastly, we analysed whether there were any positive or negative
correlations between the symbionts, that is, whether ticks infected with
one symbiont were more (or less) likely to be infected with another
symbiont.

Co-infection of ticks by pairs of symbionts was tested by fitting
generalized linear mixed models to the binary absence/presence records
for the two symbionts per tick, using PROC GLIMMIX of the SAS pro-
gram (SAS Institute Inc, 2017). A binomial distribution (with n = 1) and
logit link function was taken. To correct for possible confounders fixed
effects of Species, Location, Year and Month combinations and two-way
interactions of Species with Location, Year and Month were introduced
into the models, and the two binary observations (for the two symbionts)
per tick were allowed to correlate. The correlation was tested to be zero,
using the conditional independence test as available in the software.

We also calculated the odds ratios for each combination of symbi-
onts, based on the outcomes of logistic regression models where the
binomial presence/absence of a symbiont in a tick is predicted using the
binary presence/absence score of another symbiont as explanatory
variable (with Year, Month and Location as fixed effects, and Location
within Year as random effect). The odds ratio for a pair of symbionts, let
us for example refer to them as symbiont A and B, represents the ratio of
the odds of infection with A given infection with B and the odds of
infection with A when B is not detected.

3. Results

The raw number of captured and tested nymphs and the infection
percentage for each of the locations are shown in Table 1. Out of 14,948
captured nymphs, a total number of 8104 nymphs was tested. The
overall infection percentage was highest for M. mitochondrii (69.7%) and
lowest for B. miyamotoi (2.4%). The overall infection prevalences of
N. mikurensis, B. burgdorferi (s.L) and R. helvetica were 7.4%, 12.9% and
19.7%, respectively.

3.1. Spatial variation in NIP

We modelled the effect of the Month, Year, and Location on the
infection prevalence of the nymphs. Except for B. miyamotoi, all sym-
bionts showed significant spatial variation, with Location being a sig-
nificant variable in the model, as tested by the LRT on the single-term
deletions (Table 2). Note that the estimated prevalences obtained from
this model are adjusted for Month and Year, and are hence slightly
different from the raw data presented above.

The estimated prevalence for each of the locations is shown in Fig. 2.
The prevalence of B. burgdorferi (s.L) was highly variable between lo-
cations, with very high prevalences in Kwade Hoek and Dronten and low
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Table 1
Raw data for infection percentage per location.
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Location Total no. of nymphs No. of tested nymphs Number of positive nymphs (%)

M. mitochondrii B. miyamotoi N. mikurensis B. burgdorferi R. helvetica
BI 408 352 237 (67.3) 11 3.1 29 (8.2) 24 (6.8) 37 (10.5)
DR 392 360 263 (73.1) 6 (1.7) 18 (5.0) 83 (23.1) 56 (15.6)
ED 983 721 464 (64.4) 17 (2.4) 62 (8.6) 97 (13.5) 48 (6.7)
GI 2803 1195 921 (77.1) 21 (1.8) 133 (11.1) 142 (11.9) 227 (19.0)
HB 1436 816 651 (79.8) 20 (2.5) 30 (3.7) 35 (4.3) 62 (7.6)
KH 84 73 66 (90.4) 1(1.4) 9 (12.3) 20 (27.4) 22 (30.1)
MO 1328 781 560 (71.7) 15 (1.9) 61 (7.8) 107 (13.7) 121 (15.5)
SC 159 155 87 (56.1) 1 (0.6) 26 (16.8) 25 (16.1) 31 (20.0)
T™W 973 620 385 (62.1) 15 (2.4) 13 (2.1) 52 (8.4) 120 (19.49)
VA 550 447 294 (65.8) 7 (1.6) 7 (1.6) 60 (13.4) 34 (7.6)
VE 2899 1251 898 (71.8) 36 (2.9) 126 (10.1) 156 (12.5) 123 (9.8)
WA 2933 1333 819 (61.4) 42 (3.2) 85 (6.4) 245 (18.4) 716 (53.7)
Total 14,948 8104 5645 (69.7) 192 (2.4) 599 (7.4) 1046 (12.9) 1597 (19.7)

Notes: For each location, the total number of nymphs captured, the number of nymphs tested, and the number and percentage (in brackets) of nymphs tested positive

for each symbiont are presented.

Table 2
Significance of the Likelihood Ratio Test in the single term deletions.

Spatial P-value of LRT test for Seasonal P-value of LRT test for Interannual P-value of LRT test for
variation “Location” variation “Month” variation “Year”

M. mitochondrii Yes 3.37 x 107 0x** Yes 4.36 x 10 *xx* No 7.3 x 107!

R. helvetica Yes 3.18 x 10 14 No 1.2x 107! Yes 1.84 x 107 3=

B. miyamotoi No 3.27 x 107! No 5.35 x 107! No 9.49 x 107!

N. mikurensis Yes 8.02 x 107 Sx** Yes 1.719 x 1072+ No 1.19 x 1071

B. burgdorferi(s.)  Yes® 5.26 x 10 0xxx? Yes 3.379 x 107 3= No 6.47 x 107!

Note: ***P < 0.0005, **P < 0.005, *P < 0.05.

@ Since the model for B. burgdorferi (s.1.) had convergence issues, the result for Location had to be obtained using Location as random effect, instead of Location with

Year.

B. burgdorferi s.I. (cyan) and B. miyamotoi (pink)
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Fig. 2. Estimated marginal mean prevalence per location for B. burgdorferi (s.1.) and B. miyamotoi (A), M. mitochondrii (B), N. mikurensis (C) and R. helvetica (D). The
white dots represent the estimated marginal mean prevalence and the bars the asymmetric 95% confidence intervals. Locations are ordered based on the mean
estimated B. burgdorferi (s.L) prevalence (high to low). Note the different scales on the Y-axes.

prevalences in Bilthoven and Hoog Baarlo (Fig. 2A). The mean estimated
B. miyamotoi prevalence (Fig. 2A) was very low, between 0.6% (in
Schiermonnikoog) and 3.2% (in Bilthoven). For M. mitochondrii, the
prevalence was high in all locations, ranging between 53% (in Schier-
monnikoog) and 88% (in Kwade Hoek) (Fig. 2B). The prevalence of
N. mikurensis varied ranged between 1.3% (in Vaals) and 13% (in
Schiermonnikoog) (Fig. 2C). The prevalence of R. helvetica was clearly

highest in Wassenaar (53%) and ranged between 6% and 28% in the
other locations (Fig. 2D).

3.2. Seasonal variation in NIP

For both B. burgdorferi (s.L) and M. mitochondrii, we observed a clear
seasonal pattern, with an increase in the estimated mean nymphal
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infection prevalence (NIP) from spring to summer, and a slight decrease
from summer to autumn (Fig. 3A and B). The seasonal pattern for
N. mikurensis was different; the NIP first increased between March and
June, then decreased until August and then increased again until
November (Fig. 3C). For B. burgdorferi (s.L), M. mitochondrii and
N. mikurensis, the variable Month was significant, as tested by a LRT on
the single term deletions (Table 2), which indicates that Month has
predictive power in the model. For R. helvetica, the mean prevalence
increased slightly towards late summer (August) and then decreased
again (Fig. 3D), but Month was not a significant variable in the model
(Table 2). For B. miyamotoi, there is no pattern visible in the prevalence
and Month was not significant.

3.3. Interannual variation in NIP

For most symbionts, no substantial changes in NIP occurred in the
four-year period of this study (Fig. 4A-C). Only for R. helvetica, the
prevalence increased slightly over the years (Fig. 4D). The four-year
period of the study is too short to test for trends over time (by
including year as numerical fixed factor), but we did test whether
including the factor Year improved the model using the LRT. This test
showed that only for R. helvetica, Year was a significant variable in the
model, while this was not the case for the other four symbionts (Table 2).

3.4. Climatic factors

We investigated whether the observed spatial and temporal variation
could be explained by climatic factors, such as the temperature or
saturation deficit (SD) in the months before the sampling, by comparing
six different models.

As judged by the AIC values of the models (Supplementary file 1:
Table S2), the best-fitting model for most symbionts was model 2, with
only Year, Month and Location as explanatory variables. Adding cli-
matic factors (models 4 and 6) or replacing Year, Month and Location by
climatic factors (models 3 and 5) resulted in similar or higher AIC values
and did not improve the fit.
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3.5. The effect of density of nymphs and the infection prevalence on the
DIN

The risk for humans to be bitten by an infected tick depends, besides
human behaviour (activities, protection, etc.), on the density of infected
ticks, and more specifically on the density of infected nymphs (DIN), as
tick bites on humans are predominantly done by nymphs (Mather et al.,
1996; Eisen et al., 2010; Diuk-Wasser et al., 2012). The DIN is therefore
also referred to as the acarological risk of exposure to tick-borne path-
ogens (Eisen et al., 2010; Pepin et al., 2012; Takken et al., 2017b). While
the results of our study show that there is variation in the prevalence
(NIP) over space and time, most of the variation in acarological risk
(DIN) is due to variation in the DON. The estimated value for DON is
shown in Supplementary file 1: Fig. S1 for each location, month and
year. In Supplementary file 1: Figs. S2-56, the NIP (panels A, B and C)
and DIN (panels E, F and G) are shown for each pathogen.

For most symbionts, the values for the DIN (panels E, F and G in
Supplementary file 1: Figs. S2-S6), had very similar patterns to the
patterns in the DON (Supplementary file 1: Fig. S1, panels A, B and C).
For R. helvetica, we observed that the high values for DON and NIP cause
a high DIN in Wassenaar, while in other locations (Kwade Hoek,
Schiermonnikoog and Twiske), high values of the NIP are counteracted
by the lower DON values and the overall DIN was not much higher than
for locations with lower NIP values (Supplementary file 1: Fig. S6, panels
A and D)

This means that as a rule-of-thumb, we can say that for most path-
ogens, the risk is highest in areas and at times with many questing
nymphs present, and that the variation in prevalence (NIP) is less than
the variation in the DON.

3.6. Analysis of co-infections

The results of the analysis of the correlations between the pairs of
symbionts are shown in Table 3. Correlation estimates above zero
indicate a positive association (higher infection prevalence for one
symbiont when the other symbiont is present). Estimates below zero
indicate a negative association (lower prevalence when the other sym-
biont is present). The results for the Chi-square test (y?-value and P-
value) are also shown. The last column shows the odds ratios and their
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Table 3

Results of analysis of associations between symbionts; correlation estimate (CE), Chi-square ng—value) test and odds ratios (with 95% confidence intervals).
Combination of symbionts CE 22-value P-value Odds ratio (95% CI)
B. burgdorferi (s.L) N. mikurensis 0.131 139.20 <0.0001 3.1 (2.5-3.8)
B. burgdorferi (s.L) M. mitochondrii 0.085 58.09 <0.0001 1.9 (1.6-2.2)
B. burgdorferi (s.L) R. helvetica 0.039 12.26 0.0005 1.4 (1.2-1.6)
B. burgdorferi (s.L) B. miyamotoi 0.021 3.58 0.0583 1.4 (0.9-2.1)
N. mikurensis B. miyamotoi 0.020 3.27 0.0706 2.0 (1.2-3.6)
N. mikurensis M. mitochondrii —0.019 2.84 0.0921 0.8 (0.7-1.0)
R. helvetica B. miyamotoi 0.015 1.84 0.1753 1.1 (0.8-1.6)
M. mitochondrii B. miyamotoi —0.011 1.00 0.3163 0.8 (0.6-1.2)
N. mikurensis R. helvetica 0.006 0.31 0.5766 1.1 (0.9-1.4)
R. helvetica M. mitochondrii 0.004 0.14 0.7034 1.0 (0.9-1.1)

confidence intervals. An odds ratio above one indicates a positive as-
sociation and below one a negative association.

Overall, we found several significant positive associations between
symbionts (Table 3). The strongest and most significant correlations
were found between B. burgdorferi (s.1.) and N. mikurensis (P < 0.0001)
and between B. burgdorferi (s.1.) and M. mitochondrii (P < 0.0001). A
positive correlation was also shown between B. burgdorferi (s.L) and
R. helvetica (P = 0.0005).

The other combinations of symbionts did not show significant asso-
ciations when using a level of significance of 0.05 (¢ = 0.05). Some
associations had P-values between 0.05 and 0.10: B. miyamotoi and
B. burgdorferi (s.L) (P = 0.0583); B. miyamotoi and N. mikurensis (P =
0.0706) and N. mikurensis and M. mitochondrii (P = 0.0921).

4. Discussion
4.1. Spatial variation and overall prevalences

In this study, based on monthly observations from March till
November for four consecutive years in 12 locations in the Netherlands,
we explored the spatio-temporal variation in infection prevalence for
five symbionts in I ricinus nymphs. The findings for B. burgdorferi (s.L)
have been described and discussed previously (Hartemink et al., 2021)
and here are presented for comparison only. The overall observed
prevalence was highest for M. mitochondrii (70%). The overall preva-
lences for R. helvetica (20%), B. burgdorferi (s.L) (13%) and N. mikurensis
(7%) were much lower, and the lowest prevalence was observed for
B. miyamotoi (2%).

While all five symbionts were found in all 12 locations in this study,
there were marked differences in the level of spatial variation. Both
M. mitochondrii and B. miyamotoi were distributed rather evenly over the
locations. In contrast, the prevalence of R. helvetica varied substantially
between locations; the prevalence in Wassenaar (53%) was approxi-
mately eight times as high as that in Hoog Baarlo, Ede and Vaals (6-7%).
The spatial variations in the prevalence of these symbionts are generally
in line with previous findings from cross-sectional studies in the
Netherlands (Coipan et al., 2013; Cochez et al., 2015; Silaghi et al.,
2016; Garcia-Vozmediano et al., 2022; Krawczyk et al., 2022a).

High prevalences (between 60% and 80%) of M. mitochondrii in
I. ricinus nymphs have recently been reported in locations in the
Netherlands, Belgium, Sweden and Italy (Garcia-Vozmediano et al.,
2022). In the same paper, lower prevalences were reported for the UK
and Germany (45% and 36%, respectively). The high prevalence of
M. mitochondrii may not be surprising, since it is thought to provide
fitness advantages for the tick. For instance, it has been shown that
M. mitochondrii-free I ricinus females, which were generated by an
antibiotic treatment, produce larvae that are less successful during
blood-feeding (Guizzo et al., 2023). The cause for the statistically sig-
nificant differences in infection prevalence between locations is not
known. Possibly, the male-female ratio in local populations plays a role,
as the M. mitochondrii symbiont appears to be ubiquitous in the females
of I. ricinus and less prevalent in males across its distribution; one study
observed a significantly higher prevalence in females (100 %) than in
males (44 %) (Sassera et al., 2006). This suggests that a higher preva-
lence could be an indication of a higher proportion of the nymphs being
female, but this is just a hypothesis that needs further research.
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The overall prevalence for N. mikurensis of 7% is in line with the
average prevalence of around 6-8% reported in a review based on
studies from 17 different European countries (Silaghi et al., 2016). In the
UK, N. mikurensis has not been reported so far (Silaghi et al., 2016;
Olsthoorn et al., 2021). Findings from different sites in Central Europe
(Slovakia, Austria and Czech Republic) ranged from 1.1% to 23.5%
(Derddkova et al., 2014), indicating that there can be substantial vari-
ation between sites.

The findings for R. helvetica were in also accordance with previous
studies in the Netherlands (Krawczyk et al., 2022a). For comparison, the
prevalence of this symbiont in other European countries was found to be
much lower and ranged from 0.04% in Scotland to 9.3% in Germany
(Olsthoorn et al., 2021). In one study conducted in southern Scandi-
navia, the individual nymph prevalence (calculated from pool preva-
lences) was estimated to range from 0% to 22% depending on the
location (Kjeer et al., 2020), indicating spatial variation.

The low prevalence of B. miyamotoi in this study is in accordance
with the results of a meta-analysis, where the average prevalence of
B. miyamotoi in I. ricinus ticks in Europe, based on 84,688 ticks, was 1.0%
(Hoornstra et al., 2022). Studies in countries nearby the Netherlands
found infection prevalences of 2% in Germany (Crowder et al., 2014)
and an even lower prevalence in a study in England where only 2 out of
349 nymphs collected during 2013 and 2014 tested positive for
B. miyamotoi (Hansford et al., 2017). It is an intriguing question how this
symbiont is still able to persist at all locations, despite the very low
prevalence (and hence the low numbers of infected ticks). While its
transmission is partly vertical and partly horizontal, both routes seem to
rely on small numbers of infections: the transstadial retention rate is low
(Lynn et al., 2019) and the short duration of infection in rodents implies
that the chances for a tick to bite an infected rodent are low. The latter
may be compensated by a high transmission probability per bite (from
host to tick). The fact that the prevalence of B. miyamotoi is so low, also
means that the numbers of observed infected ticks are very low per
location. Due to these low numbers, any spatial variation that would be
present, would not be statistically significant.

4.2. Seasonal patterns

The results of our analysis show a striking seasonal pattern with
highest infection prevalences in summer for both B. burgdorferi (s.L) and
M. mitochondrii. For B. burgdorferi (s.L), this pattern had been reported
before (for the same locations, in the periods 2006-2011 (Takken et al.,
2017b) and 2009-2016 (Hartemink et al., 2021)). In the latter paper, the
seasonal pattern was speculated to be linked to seasonality in host
availability (e.g. rodent populations are strongly seasonal, with lower
numbers in winter) or seasonality in the B. burgdorferi (s.L) prevalence in
hosts (Hartemink et al., 2021). However, our results show that the
vertically transmitted symbiont M. mitochondrii, which is not trans-
mitted to or from hosts as far as we know, shows a similar pattern. This
suggests that there may be a yet unknown environmental or (micro)
climatic factor that affects M. mitochondrii and B. burgdorferi (s.L) in a
similar way. Alternatively, a factor underlying the pattern in
M. mitochondrii may indirectly be responsible for the pattern in
B. burgdorferi (s.L), given the positive association between the two
symbionts. An association between M. mitochondrii infection and
increased tick weight has been found (Bakker et al., 2023), and this
higher weight could in turn be associated with the opportunity to take
larger blood meals and having a higher chance of acquiring a
B. burgdorferi (s.L) infection from an infected host. However, these as-
sociations need to be studied further, both in the laboratory and in the
field. As far as we know, there are no other studies on the seasonal
variation of M. mitochondrii.

We can speculate that while it may be advantageous for the tick to
carry certain symbionts, it may also have fitness costs. For example,
M. mitochondrii has been suggested to have a positive effect on the blood
meal size that ticks can take (Guizzo et al., 2023), although we have to
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keep in mind that this result is based on poor blood-feeding of offspring
from ticks that have been treated with antibiotics, which maybe have
other effects as well. Ticks may also benefit from Borrelia spp. infection
by an increased lifespan (more fat and more resistance to desiccation)
and by an increased questing period (less need to move to the litter zone
to rehydrate), which enhances tick chances to find a host and to sub-
sequently transmit the pathogens (Herrmann and Gern, 2015). How-
ever, there are likely also costs that come with infection, as symbionts
may require energy for maintenance. How these fitness benefits and
fitness costs play out at different life stages and different times of the
year is unknown, but if we would like to unravel the seasonality of
infection prevalence this would deserve attention.

The observed pattern in B. burgdorferi (s.L) is in concordance with
earlier findings in southern Germany, where nymphal infection preva-
lence was found to rise from 9.3% in spring to 16.1% in summer
(Fingerle et al., 1994), but not with other findings, from e.g. Sweden and
Norway, where prevalences in late spring and early summer were found
to be higher than in late summer and autumn. More information from
other locations would be useful to see how spatially heterogeneous the
seasonality patterns are.

For R. helvetica, our study found the highest prevalence in August. A
study in Thuringia, Germany, also found the highest prevalence in July
and August (Hildebrandt et al., 2010) for Rickettsia spp., but there are
other studies that found higher prevalences in May than in summer
(Kantsg et al., 2010).

For N. mikurensis the seasonal pattern consisted of a slightly higher
prevalence in June than in the late summer. A previous study in a low-
prevalence region in Norway found no seasonal patterns and another
study in the Netherlands found the highest prevalence in autumn
(Coipan et al., 2013).

The low prevalences of B. miyamotoi make it hard to find any sig-
nificant patterns or associations.

4.3. Co-infection

Symbionts might directly or indirectly affect each other and either
increase or decrease the prevalence of co-infections. This is especially
interesting if vertically-transmitted symbionts (M. mitochondrii and
R. helvetica, and partially B. miyamotoi) might influence the chance of
acquiring infection with the horizontally transmitted symbionts like
B. burgdorferi (s.L) and N. mikurensis.

Indeed, we found a significant positive correlation between
B. burgdorferi (s.L) and M. mitochondrii (P < 0.0001), which is in line
with previous research (Krawczyk et al., 2022b). Since M. mitochondrii is
transmitted vertically and transstadially, it is assumed to be present in
the tick throughout the tick’s lifetime. This means that its presence is
unlikely to be affected by B. burgdorferi (s.l.), which is acquired by a
larva during its first blood meal on an infected host. It is much more
likely that it is the other way around; the presence of M. mitochondrii
might increase the probability that a tick acquires an infection with
B. burgdorferi (s.L). The fitness effects described above, such as improved
blood-feeding of M. mitochondrii-infected larva (Guizzo et al., 2023),
may play a role here, as larger blood meals might lead to higher chances
of acquiring B. burgdorferi (s.L) during the feeding.

We found a very strong positive correlation between N. mikurensis
and B. burgdorferi (s.L). Since B. burgdorferi (s.L) infections in L ricinus in
the Netherlands mainly consist of B. afzelii (Hartemink et al., 2021),
which is associated with rodents, this does not come as a surprise, as
both symbionts are mainly transmitted between rodents and ticks. Ticks
that carry one of these symbionts are very likely to have fed on a rodent
at the larval stage. There is a probability that the rodent was co-infected
by both N. mikurensis and B. afzelii, which could lead to simultaneous
transmission of both symbionts to the tick. Our results are in line with
the results of an analysis of co-infections in nymphs collected in 19 sites
(different than in this study) in the Netherlands using the Hmsc package,
that revealed positive associations between B. burgdorferi (s.l) and
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N. mikurensis (Krawczyk et al., 2022b). It is also in accordance with
earlier findings, in southern Sweden, where 2.1% of the host-seeking
ticks was co-infected with both N. mikurensis and B. afzelii, which is
significantly more than expected under random co-occurrence. As the
infection intensity (number of bacterial cells) of N. mikurensis was not
affected by co-infection with B. afzelii, and vice versa, it was hypothe-
sized that the two symbiont co-occur due to simultaneous transmission
of these two tick-borne pathogens between ticks and rodents (Andersson
et al., 2013). A study in Sweden also showed a higher-than-expected
prevalence of co-infection of N. mikurensis and B. afzelii in bank voles
(Andersson et al., 2014).

A positive correlation was also shown between B. burgdorferi (s.L)
and R. helvetica (P = 0.0005). When we applied a simple y? test to the
separate locations (not corrected for Month or Year), it turned out that
the significant positive association was found in only two specific lo-
cations, Wassenaar and Veldhoven. While the prevalence of R. helvetica
was very high in Wassenaar, it was rather low in Veldhoven and why the
association was observed in only these specific locations is not clear yet.
It could be just due to chance, as the P-value is not that low, especially
taking into account that we are not correcting for multiple testing here.
A study in northern Germany found no association between
B. burgdorferi (s.L) and Rickettsia spp. infections (Knoll et al., 2021).
Elucidating the roles of R. helvetica in tick physiology might help un-
derstand its spatial variation and its interactions with other tick-borne
pathogens and symbionts.

For B. miyamotoi, we found non-significant positive associations with
B. burgdorferi (s.1) (P = 0.0583) and with N. mikurensis (P = 0.0706).
This could be linked to the fact that B. miyamotoi is (partially) trans-
mitted horizontally between ticks and rodents (Hoornstra et al., 2022),
similar to the association between N. mikurensis and B. burgdorferi (s.L).
The low infection grades for B. miyamotoi and the resulting low numbers
of observations of co-infections with B. miyamotoi, may explain the lack
of significant results for this symbiont.

For N. mikurensis and M. mitochondrii, a non-significant negative
association was observed (P = 0.0921). This is somewhat surprising,
since both are positively associated with B. burgdorferi (s.L.), and one
would expect the same for the combination of the two. Also, another
study, also in the Netherlands, but on different sites than in this study,
found a positive association between M. mitochondrii and N. mikurensis
(Krawczyk et al., 2022b). The other combinations of symbionts did not
show any significant associations or even trends towards associations.

In short, we observed significant spatial variation between the sites
in this study for all symbionts except B. miyamotoi and seasonal variation
for all symbionts except B. miyamotoi and R. helvetica. Given the differ-
ences between the sites in terms of vegetation, (unmeasured) host
composition and climatic factors, this may not be surprising. We were
unable to attribute the variation to short-term climatic factors, indi-
cating that a more intricate web of interacting factors may determine the
prevalences at the local scale. These interaction factors may include the
presence of other symbionts, as suggested by the observed associations.
Since (long-term) climatic factors also partly determine vegetation and
other biotic factors, location and climatic factors will always be corre-
lated and disentangling the effect of (short-term) climatic factors and
location proves to be difficult, perhaps even more so since the life span
of ticks and the time between infection and onward transmission can be
so long, that short-term effects cannot be observed. When we zoom out
and look at the prevalences at a larger scale (averaged over time and the
different locations), a picture emerges where each symbiont has a
certain range within which the prevalences lie: very high for
M. mitochondrii, very low for B. miyamotoi, and in between for the other
symbionts, suggesting that symbiont-specific factors like transmission
routes, host species, duration of bacteraemia, etc., play an important
role in determining the transmission dynamics. For the risk for humans,
it is also important to realize that the density of infected nymphs is
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determined by both the nymphal infection prevalence and the density of
nymphs, with the latter being the more variable in time and space. The
variation in risk is thus to a large extent determined by the variation in
abundance of nymphs.

5. Conclusions

Our findings indicate strong between-location variation, some sea-
sonal patterns and hardly any differences between years for most sym-
bionts. Positive associations between symbionts were observed,
suggesting that infection with a (vertically transmitted) symbiont may
influence the probability of infection with other symbionts, or that there
is a common underlying mechanism (e.g. feeding on rodents). Studying
the effect of climatic conditions on the spatial and temporal variation of
ticks and tick-borne pathogens require longer longitudinal studies,
complemented with laboratory measurements to identify underlying
mechanisms on tick survival in the presence of various combinations of
tick symbionts.
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