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Temporal patterns in Ixodes ricinus ")
microbial communities: an insight into tick-
borne microbe interactions
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A. Cougoul”® P. Gasqui’®, J. F. Cosson’', K. Chalvet-Monfray”®, M. Vayssier-Taussat” and T. Pollet'""

Abstract

Background: Ticks transmit pathogens of medical and veterinary importance and are an increasing threat to
human and animal health. Assessing disease risk and developing new control strategies requires identifying
members of the tick-borne microbiota as well as their temporal dynamics and interactions.

Methods: Using high-throughput sequencing, we studied the Ixodes ricinus microbiota and its temporal dynamics.
371 nymphs were monthly collected during three consecutive years in a peri-urban forest. After a Poisson
lognormal model was adjusted to our data set, a principal component analysis, sparse network reconstruction, and
differential analysis allowed us to assess seasonal and monthly variability of /. ricinus microbiota and interactions
within this community.

Results: Around 75% of the detected sequences belonged to five genera known to be maternally inherited
bacteria in arthropods and to potentially circulate in ticks: Candidatus Midichloria, Rickettsia, Spiroplasma,
Arsenophonus and Wolbachia. The structure of the /. ricinus microbiota varied over time with interannual recurrence
and seemed to be mainly driven by OTUs commonly found in the environment. Total network analysis revealed a
majority of positive partial correlations. We identified strong relationships between OTUs belonging to Wolbachia
and Arsenophonus, evidence for the presence of the parasitoid wasp Ixodiphagus hookeri in ticks. Other associations
were observed between the tick symbiont Candidatus Midichloria and pathogens belonging to Rickettsia. Finally,
more specific network analyses were performed on TBP-infected samples and suggested that the presence of
pathogens belonging to the genera Borrelia, Anaplasma and Rickettsia may disrupt microbial interactions in /. ricinus.

Conclusions: We identified the /. ricinus microbiota and documented marked shifts in tick microbiota dynamics
over time. Statistically, we showed strong relationships between the presence of specific pathogens and the
structure of the /. ricinus microbiota. We detected close links between some tick symbionts and the potential
presence of either pathogenic Rickettsia or a parasitoid in ticks. These new findings pave the way for the
development of new strategies for the control of ticks and tick-borne diseases.

Introduction health. While these arthropods are among the main vec-
Ticks are vectors of many zoonotic pathogens and are tors of pathogens that affect humans and animals world-
an important and increasing threat to human and animal ~ wide, it is now well established that tick-borne

pathogens (TBPs) coexist with many other microorgan-

isms in ticks. These other members of the microbiota,
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tick hosts and can play various roles in nutritional adap-
tation, development, reproduction, defense against envir-
onmental stress and immunity [1, 2]. They may also
interact with tick-borne pathogens thereby influencing
the competence of the tick vector [3, 4]. Identifying and
characterising the tick microbiota is thus crucial to bet-
ter understand tick-microbe interactions. With the de-
velopment of high-throughput sequencing technologies,
the number of studies dealing with tick microbiota has
considerably increased in the past decade and revealed
unexpected microbial diversity in ticks [5-14]. The
microbiota of several tick species belonging to the gen-
era Ixodes, Dermacentor, Haemaphysalis, Rhipicephalus
and Amblyomma has been studied [15], revealing key
details on microbial communities in ticks and improving
our knowledge of tick microbiota ecology in general.
However, while Ixodes ricinus is the main tick species
present in western Europe, able to transmit the widest
range of pathogens (including the agent of Lyme disease,
Borrelia burgdorferi s.l.), the ecological factors driving
variations in its microbiota have been the subject of few
studies [16]. Moreover, several of the previous studies of
the Ixodes ricinus microbiota [6, 12, 16-22], may have
overestimated microbiota diversity due to contamination
during the extraction step and the absence of negative
controls in their analysis [22]. Studies of I ricinus micro-
biota pointed to complex microbial assemblages inhabit-
ing ticks including pathogens, specific endosymbionts,
commensal and environmental microorganisms. As
already reported for pathogens [23-26], the other mem-
bers of these biological assemblages are probably dy-
namic and likely to vary over time. While the
observation scale affects our view of the dynamics of tick
microbiota [27], little information is currently available
on the temporal patterns of the I ricinus microbiota.
Does the L ricinus microbiota vary with the season? Are
these potential temporal patterns repeated annually? An-
swering these questions is a crucial first step to better
understand both the tick and tick microbiota ecology.
While it is now accepted that tick microbiota may also
play a role in driving transmission or multiplication of
tick-borne pathogens [28], little information is currently
available on the interactions between I ricinus-borne
microbiota members and on the potential co-occurrence
of pathogens and the I ricinus microbiota [16]. This in-
formation is needed to identify potential strategies for
the control of ticks and tick-borne diseases in the future.
I ricinus nymphs were collected monthly in three con-
secutive years in a peri-urban forest. High-throughput
sequencing was used to identify the I ricinus microbiota
and its temporal dynamics. Using multivariate and par-
tial correlation network analyses, the aim of this study
was to identify direct statistical associations between
members of the microbiota, including pathogenic
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genera, and to assess the influence of the presence of
TBPs on tick microbiota structure and interactions.

Material and methods

Tick collection

Questing Ixodes ricinus nymphs were collected for 3
years by dragging (from April 2014 to May 2017) in the
Sénart forest in the south of Paris. More details on the
sampling location and design, and tick collection, are
available in Lejal et al. [26].

Tick homogenisation and DNA extraction

In total, 998 nymphs have been collected over the 3
years [26]. As detailed in our previous studies [26, 29],
ticks were first washed once in ethanol 70% for 5 min
and rinsed twice in sterile MilliQ water. They were then
individually homogenised in 375 puL of Dulbecco’s modi-
fied Eagle’s medium with decomplemented foetal calf
serum (10%) and six steel beads using the homogeniser
Precellys®24 Dual (Bertin, France) at 5500 rpm for 20s.
DNA extraction was performed on 100 pL of tick hom-
ogenate, using the NucleoSpin® Tissue DNA extraction
kit (Macherey-Nagel, Germany).

DNA amplification and multiplexing

Among the 998 nymphs, 557 have been chosen to char-
acterise the temporal dynamics of I ricinus microbiota.
Thanks to our previous study using microfluidic PCR
[26], we knew the infection rate of all collected ticks. For
each collecting month, while all infected nymphs have
been compulsory integrated in the analysis, non-infected
nymphs (at least 15 per month) were added until reach-
ing a minimum of 30 ticks (infected and non-infected)
per month, when it was possible. When less than 30
ticks were collected in a month, all ticks were added in
the analysis. In addition to tick samples, 45 negative
controls have been performed to distinguish tick micro-
bial OTUs from contaminants [22]. As detailed in Lejal
et al. [22], DNA amplifications were performed on the
V4 region of the 16S rRNA gene using the primer pair
used by Galan et al. [30] (16S-V4F: 5'-GTGCCAGCMG
CCGCGGTAA-3’ and 16S-V4R: 5'-GGACTACHVGGG
TWTCTAATCC-3"), producing a 251-bp amplicon. Dif-
ferent 8 bp indexes were added to primers allowing in
fine the amplification and multiplexing of all samples.
All the PCR amplifications were carried out using the
Phusion® High-Fidelity DNA Polymerase amplification
kit (Thermo Scientific, Lithuania). For each sample, 5 uL
of DNA extract were amplified in a 50 uL final reaction
volume, containing 1X Phusion HF buffer, 0.2 uM of
dNTPs, 0.2U/mL of Phusion DNA polymerase and
0.35 uM of forward and reverse primer. The following
thermal cycling procedure was used: initial denaturation
at 98°C for 30s, 35cycles of denaturation at 98 °C for
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105, annealing at 55 °C for 30 s, followed by extension at
72°C for 30s. The final extension was carried out at
72°C for 10 min. PCR products were checked on 1.5%
agarose gels, cleaned and quantified and finally pooled at
equimolar concentrations and sent to the sequencing
platform (GenoScreen, France) [22].

Sequencing and data processing

The equimolar mix was concentrated and sequenced by
GenoScreen (Lille, France) using MiSeq Illumina 2 x
250 bp chemistry. All the quality controls and different
steps of sequence analyses have been performed (more
details are available in [22]). Based on results obtained in
the 45 negative controls, sequences considered as con-
taminants were removed from the dataset [22] (Add-
itional file 1). Due to this large OTU filtration, we
identified 186 samples with less than 500 sequences. We
considered this number of sequences too low to be ana-
lysed and we thus removed these samples. Finally, the
microbiota of 371 I ricinus nymphs was analysed from a
final dataset composed of 907,941 sequences.

Data preprocessing

Three distinct datasets have been analysed during this
study. First, the whole one, including all the nymphs
analysed in 16S rRNA gene sequencing, except the only
two nymphs collected in November (369 analysed sam-
ples). Second, the No Wolbachia/Arsenophonus dataset,
corresponding to a reduced dataset, where samples har-
bouring OTUs belonging to Arsenophonus and/or Wol-
bachia genera (presenting a number of sequences
significantly higher than the highest number of se-
quences detected for the same OTUs in negative con-
trols, in a 95% confidence interval) were removed (295
samples analysed in this data set). Third, the TBP data-
set, composed of samples undoubtedly identified as
TBPs positive for only one genus of TBPs (co-infected
samples were not included due to the too low number
of samples and the difficulty to interpret the results) ac-
cording to 16S rRNA gene sequencing results as well as
microfluidic PCR detection [26]. We considered a sam-
ple as positive if a TBP species was previously detected
in microfluidic PCR and if at least one OTU identified
in 16S rRNA gene sequencing, corresponding to the
same pathogenic genera, presented a number of se-
quences significantly higher than the highest number of
sequences detected for this OTU in negative controls
(using a 95% confidence interval). Before analysing the
data, we applied standard filtering to all the three data
sets to remove OTUs associated with weak counts that
could hamper the statistical analysis. First, OTUs whose
total number of sequences was lower than the total
number of samples have been removed. Second, a filter
related to the yearly prevalence of each OTU: those

Page 3 of 20

consistently detected in less than 10% of the samples of
each year were removed. The application of these filters
on the three datasets, the whole, the No Wolbachia/
Arsenophonus dataset and the TBPs dataset, led to the
selection of 89, 82 and 74 OTUs to be included in the
subsequent statistical analyses, respectively.

Statistical analysis

The statistical framework used to describe our data sets
is the multivariate Poisson lognormal (PLN) distribution
[31]. This statistical distribution is adapted to multivari-
ate count data and shows an expected over-dispersion
property compared to the standard Poisson distribution.
The main idea behind the PLN model is to represent all
the dependency structure between the OTUs in a latent
(hidden) multivariate Gaussian layer, while a Poisson
distribution in the observation space of the data is used
to model counts and noise. Moreover, the PLN frame-
work can be easily interpreted as a Generalised Multi-
variate Linear Model (GLM); thus it naturally allows one
to include structuring covariates or offsets like in a
standard GLM. All the statistical analyses performed in
our paper rely on the PLN model and its variants imple-
mented in the R package PLNmodels (version 0.11.0-
9005) [32]. In particular, PLNmodels includes variants to
perform standard multivariate analyses for count tables,
such as PCA (principal component analysis), LDA (lin-
ear discriminant analysis) or sparse network reconstruc-
tion (aka sparse inference of (inverse) covariance
matrix). Additional methodological details can be found
in Chiquet et al. [33, 34].

In all the models fitted in this paper, we accounted for
the sampling effort (that is, the sequencing depth of each
sample) by adding an offset term corresponding to the
(log) total sum of counts per sample obtained prior to
any filtering. Moreover, in order to correct for any spuri-
ous effect induced by a given year of sampling that may
hide other effects such as seasonality, we included a co-
variate to account for the year of sampling in the two
first models fitted on both the whole and the No Wolba-
chia/Arsenophonus dataset. While investigating the effect
of TBPs on tick microbiota, we also systematically in-
cluded covariates to account for the year and the season
of sampling while dealing with the TBP dataset. A covar-
iate accounting for the presence of TBPs was also con-
sidered in the establishment of TBP network in order to
evaluate the importance of this variable on tick micro-
biota network establishment.

Principal component analysis was performed with the
PCA variant of PLN and the PLNPCA R function [34],
which performs probabilistic Poisson PCA. Network
analysis was performed with the PLNnetwork function,
which adds a sparsity constraint on the inverse covari-
ance matrix in the latent Gaussian layer [33] to
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reconstruct direct associations. Working from the binary
adjacency matrix generated from PLNnetwork, we per-
formed a Bernoulli stochastic block model using the BM
Bernoulli function of Stochastic Block Model package
[35]. This model is a mixture model for binary graph
which assumes that nodes belong to different groups ac-
cording to their connectivity pattern. The number of
groups is selected according an integrated completed
likelihood criterion. Thanks to this approach, OTUs pre-
senting similar connection profiles were identified and
assigned to different clusters.

A differential analysis was also performed using the
edgeR package (version 3.30.0) [36] on the TBPs dataset
to compare OTU abundances between positive and
negative samples. edgeR uses the negative binomial (NB)
distribution to model the read counts for each OTU in
each sample and computes an empirical Bayes estimate
of the NB dispersion parameter for each OTU, with
abundance levels specified by a log-linear model. For the
same reasons as previously described, we introduced two
covariates to control for the year and the season when
testing the group main effect (TBP positive or negative).
Data were normalised for differences between library
sizes using the Trimmed Mean of M value (TMM)
method [37]. Models are fitted with the glmFit function,
which implements generalised linear methods developed
by McCarthy et al. [38]. For each OTU, we tested the
group effect using likelihood ratio statistics (glmLRT
function). Differentially abundant OTUs were defined as
those with p values < 0.05 after adjustment for multiple
testing using the Bonferroni procedure.

Networks generated from the TBPs dataset were also
compared to each other. For this purpose, a weighted
version of Kendall’s 1, which integrates the edge appear-
ance rank within families of networks (negative, Rickett-
sia, Borrelia, Anaplasma and total corrected for TBP
effects), was calculated and used to compare them with
each other.

All the statistical analyses were performed on R 4.0.2
[39].

Results

Ixodes ricinus microbiota diversity and composition
Considering the microbiota of all the 371 nymphs, we de-
tected 353 OTUs. Among them, 307 belonged to 109 iden-
tified genera, and 46 OTUs belonged to multi-affiliated or
unknown genera spread over 15 families. The mean Shan-
non diversity index is estimated to 2.1 (SD = + 0.8) and var-
ies between 0.3 (nymph collected in April 2016) and 3.8
(nymph collected in October 2014). Bacterial genera with
proportions higher than 0.5% of all sequences in the dataset
belonged to Arsenophonus, Candidatus Midichloria, Rick-
ettsia, Wolbachia, Spiroplasma, Methylobacterium, Myco-
bacterium, Pseudomonas, Stenotrophomonas, Williamsia,
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Rickettsiella, Chryseobacterium, Borrelia, Bacillus, Ana-
plasma, Allorhizobium-Neorhizobium-Pararhizobium-Rhi-
zobium and two multi-affiliated OTUs belonging to
Rhizobiaceae and Microbacteriaceae families. In total, these
sequences represented 93% of all sequences in the dataset
(Fig. 1).

Although these genera represent a large number of se-
quences identified in the dataset, it is important to note
that their presence is not equally distributed in all the
samples. To investigate this point, we determined, for
the five first represented genera in terms of total number
of sequences (Arsenophonus, Ca. Midichloria, Rickettsia,
Wolbachia and Spiroplasma), the number of samples
where they had a relative abundance of at least 10%. For
Arsenophonus, while this genus corresponded to 30% of
the total number of sequences in the dataset, we de-
tected sequences of this genus in only 16.7% of samples.
These 16.7% of samples contained 96.5% of the total
number of sequences in the dataset for this genus. We
found the endosymbiont Ca. Midichloria, in 53% of
nymphs which contained 90% of the total number of Ca.
Midichloria sequences. Concerning Rickettsia, only 7.8%
of samples concentrated 97% of the total number of se-
quences. Similarly, 92.1% of sequences belonging to
Wolbachia were detected in only 12.4% of the samples.
Finally, 8.1% of samples harbouring Spiroplasma con-
tained 67% of the total number of sequences corre-
sponding to this genus in the dataset.

Because, based on the literature, we hypothesised that
Arsenophonus and Wolbachia OTUs could not be mem-
bers of the tick microbiota (this hypothesis is developed
in the discussion part), we also interested to their distri-
bution in our samples. Indeed, investigating the cumu-
lated percentages of sequences belonging to Wolbachia
and Arsenophonus per sample, we observed that these 2
genera, considered together, represent on average 66.4%
of sequences in the 74 infected samples and represent
more than 90% of the sequences for 26 of them (data
not shown).

Temporal dynamics of the Ixodes ricinus microbiota
Principal component analysis performed on the whole
dataset

The principal component analysis was performed to de-
termine the temporal variation of the tick microbiota,
based on the relative abundances of OTUs (Fig. 2). The
first two principal components PC1 and PC2 explained
24.04% and 11.16% of the total variance, respectively
(Fig. 2A). All samples were clustered into three groups
(deduced by graphic reading). The first one was pro-
jected in the lower right quarter and was opposed to the
rest of the analysed samples, mainly according to the
first axis. The small “outsider” cluster was composed of
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Fig. 1 Most dominant genera in the Ixodes ricinus microbiota. Selected genera and multi-affiliated OTUs are those representing more than 0.5%
of the total number of sequences detected in the whole dataset. Numbers given in the pie chart correspond to this percentage

. Arsenophonus:
/,/’/ 16.7% of samples contain 96.5% of
Arsenophonus sequences detected in the
dataset

y

Candidatus Midichloria:

53.1% of samples contain 89.8% of Ca.
Midichloria sequences detected in the
dataset

Rickettsia:
7.8% of samples contain 96.7% of Rickettsia
sequences detected in the dataset

nymphs collected during different months and that
seems to be randomly projected regarding the month
variable. The remaining samples were divided into two
clusters which were represented by ticks collected in
March/April and May/June/July/August/September re-
spectively. Note that these two clusters partially overlap.
Four main genera gathering 17 OTUs seem to drive the
formation of the “outsider” cluster: Wolbachia (OTUs 1,
2, 3, 4, 11 and 12), Arsenophonus (OTUs 1, 2, 3, 5, 6 and
7), Spiroplasma (OTUs 1, 3, 4 and 5) and Pseudomonas
(OTU 2) (Fig. 2B). The identification of the remaining
OTUs driving the two other clusters is trickier as they
are not distinctly separated. In any way, it seems that
OTUs belonging to the Beijerinckiaceae (Beijerinckia-
ceae_alphal.cluster_1, Beijerinckiaceae_1174-901-12_1,
Methylobacterium_1-2-3, Methylorosula_1, Methylo-
cella_1, Massilia_1, Aquabacterium_1 and Cupriavidus_
1), Xantobacteriaceae (Xanthobacteriaceae_Multi_1-2),
Burkholderiaceae  (Burkholderiaceae-UK_1, Multi_1,
Burkholderia-Caballeronia-Paraburkholderia_1 and
Acidovorax_1), Rhizobiaceae (Rhizobiaceae-Multi_1 and
Allo—Neo-Para-Rhizobium_1) and Microbacteriaceae
(Microbacteriaceae-Multi_1, Amnibacterium_1 ) families
as well as OTUs Actinomycetospora_l, Williamsia_l,
Pseudomonas_1-4-7, Luteibacter_4, Sphingomonas_1-3-
4-6, Mycobacterium_1-3 and Kineococcus_1 strongly ex-
plained the variance along the negative part of the sec-
ond axis.

Principal component analysis performed on the No
Wolbachia/Arsenophonus dataset

This second principal component analysis was per-
formed to determine the temporal variation of the tick
microbiota excluding the Wolbachia- and Arsenopho-
nus-positive samples (Additional file 2) as we hypothe-
sised that these two genera are not real members of the
tick microbiota (this hypothesis is developed in the dis-
cussion part). Here, the first two principal components
PC1 and PC2 explained 19.47% and 11.05% of the total
variance, respectively (Fig. 3A). The clustering according
to months is still visible with samples clustered into
three groups (deducted by graphic reading): the cluster 1
mainly composed with samples collected in February/
March, the cluster 2 with samples collected in April and
the third cluster regrouping mainly samples collected in
May/June/July/August/September. Samples collected in
October seemed to be distributed in both clusters 1 and
3 (mainly on the left part of the plot, separated from the
rest of the community via the first axis), while those col-
lected in January do not seem to follow any particular
distribution. Ticks collected in April (cluster 2) are dis-
tributed all along the second axis, but only on the right
part of the plot, and therefore seemed to be separated
from the rest of the community mainly via the first axis.
By contrast, ticks in cluster 1, mainly collected in Febru-
ary/March, seemed to be distributed all along the first
axis, but mainly on the bottom of the plot, and are
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projection of the PCA. Samples are colored according to the month of tick sampling. Plotted samples are named as following: ID_Month.Year. B

consequently separated from the rest of the community
mainly through the second axis. For the cluster 3, all
samples seemed to be distributed on the top left corner
of the plot, distinct from the two other clusters 1 and 2
mainly through the first and second axis, respectively.

Looking at the correlation circles (Fig. 3B), we can see
that the positive part of the first axis (where are mainly dis-
tributed nymphs sampled in April), seemed to be mainly ex-
plained by Rickettsia_3 and Pseudomonas_5. To note that
their effect is not as strong as those observed on the
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negative part of the same axis and implicating mainly OTUs
belonging to the families Microbacteriaceae (Microbacteria-

ceae-Multi_1 and Amibacterium_1), Beijerinckiaceae

(Beijerinckiaceae_1174-901-12_1-2-3, Beijerinckiaceae_
Cluster-1, Methylobacterium_1-2-3-4-5-6-7, Methylorosula_
1-2, Methylocella_1), Burkholderiaceae (Burkholderiaceae_
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UK _1) and Xhantobacteriaceae (Xhantobacteriaceae-Multi_
2), as well as the OTUs Sphingomonas_1-4, Williamsia_1,
Actinomycetospora_l, Jatrophihabitans_2, Acidiphilium-1
and Kineococcus_1. The negative part of the second axis
(where samples of cluster 1 are mainly distributed), seemed
to be mainly explained by Mycobacterium_1-5-6,
Isosphaeraceae-UK_1, Halomonas_1, Rhodanobacter_1 and
Luteibacter 1.

Ixodes ricinus microbiota correlations

Thanks to the network analysis performed on the whole
dataset, we observed a total of 224 significant partial cor-
relations between 89 OTUs. Interestingly, 97.8% of these
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partial correlations were positive (Fig. 4). Positive partial
correlations frequently occurred between OTUs belong-
ing to the same genus or family, as it is the case for
OTUs belonging to: Wolbachia, Arsenophonus, Spiro-
plasma, Ca. Midichloria, Rickettsia, Mycobacterium,
Sphingomonas and Beijerinckiaceae (including Beijer-
inckiaceae_1174-901-12, Beijerinckiaceae_alphal.cluster,
Methylobacterium, Methylorosula and Methylocella). By
contrast, this pattern was not observed between any of
the Pseudomonas OTUs.

In the network, five main clusters of OTUs presenting
similar connection profiles were detected (Additional file
3). Clusters 1 and 5 seem to be composed of
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environmental OTUs. Cluster 1 contained ten OTUs (Rhi-
zobiaceae-Multi_1; Allo-Neo-Para-Rhizobium_1; Pseudo-
monas_7; Stenotrophomonas_1, Luteibacter_1;
Acidovorax_1; Burkholderiaceae-Multi_1; Aquabacter-
ium_1; Cupriavidus_1; Pedobacter_1), including five be-
longing to the Betaproteobacteriales while other OTUs
belong to four other orders: Sphingobacteriales Xantho-
monadales Rhizobiales and Pseudomonadales. Cluster 5 is
composed of 17 OTUs (Acidiphilium_1; Methylobacter-
ium_6; Methylobacterium_1; Methylobacterium_7; Methy-
lobacterium_3; Methylobacterium_5; Methylobacterium_2;
Methylobacterium_4; Methylorosula_1; Beijerinckiaceae_
alphal.cluster_1; Beijerinckiaceae_1174-901-12_2; Beijer-
inckiaceae_1174-901-12_1; Beijerinckiaceae_1174-901-12_
3; Methylocella_1; Burkholderiaceae-UK_1; Amnibacter-
ium_1; Kineococcus_1), mainly belonging to the Rhizo-
biales order (13 OTUs). Other OTUs of this cluster
belong to Betaproteobacteriales, Micrococcales, Kineos-
poriales and Acetobacterales orders. Two other clusters
are mainly composed of OTUs belonging to symbiotic or
pathogenic genera (clusters 2 and 4). Cluster 2 is com-
posed of 6 OTUs (Ca. Midichloria_4; Ca. Midichloria_3;
Rickettsia_5; Rickettsia_1; Rickettsia_3; Pseudomonas_5)
mainly belonging to the Rickettsiales order, and more pre-
cisely to the genera Ca. Midichloria and Rickettsia, while
one of them belong to the Pseudomonadales order, more
precisely to the Pseudomonas genus. Cluster 4 is com-
posed of 17 OTUs (Wolbachia_11; Wolbachia_12; Wolba-
chia_2; Wolbachia_4;  Wolbachia_3; Wolbachia_1;
Pseudomonas_2;  Arsenophonus_7;  Arsenophonus_6;
Arsenophonus_3;  Arsenophonus_5;  Arsenophonus_1;
Arsenophonus_2; Spiroplasma_1; Spiroplasma_3; Spiro-
plasma_5; Spiroplasma_4), including six belonging to the
Wolbachia genera of the Rickettsiales order, six to the
Arsenophonus genus of the Enterobacteriales, four to the
Spiroplasma genus of the Entomoplasmatales order and
one to the Pseudomonas genus of the Pseudomonadales
order. Cluster 3 is the largest with 39 OTUs that have in
common that they have little or no correlations with other
OTUs. Finally, although the following OTUs do not be-
long to the same clusters, negative partial correlations
were observed between Pseudomonas_1 and both Arseno-
phonus_5 and Wolbachia_3. Wolbachia_3 was also nega-
tively correlated to Pseudomonas 4, Mpycobacterium_1
and Halomonas_1.

Links between the presence of tick-borne pathogens and
the Ixodes ricinus microbiota

Microbiota structure comparison between TBP-positive and
TBP-negative samples

As expected, the comparison of OTU abundances be-
tween each group of TBP-positive samples (Rickettsia,
Borrelia and Anaplasma) and TBP-negative samples
allowed to detect a significantly higher abundance of
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OTUs belonging to the genus of the tested TBP (Add-
itional files 4, 5, 6). Concerning Rickettsia-positive sam-
ples, seven other OTUs were also harbouring
significantly different abundances compared to negative
samples: Ca. Midichloria_3, Pseudomonas_3-5-8, Bacil-
lus_1 and Rhizobiaceae-Multi_1 were significantly more
abundant in Rickettsia-positive samples while Spiro-
plasma_1 was significantly less abundant. In Borrelia-
and Anaplasma-positive samples, no other OTUs than
those belonging to the corresponding tested genera were
significantly over- or underrepresented.

Microbial network comparison between TBP-positive and
TBP-negatives samples

The network analysis was performed on 5 different data-
sets. First on samples positive for Rickettsia, Borrelia or
Anaplasma; then on samples negative for all these gen-
era and finally on all the samples included in the above-
mentioned datasets, but considering a covariate
correcting for the effect of TBP presence. As performed
for the total network, OTUs presenting similar connec-
tion profiles were investigated via SBM. However, due
to the high parsimony level of these networks, this ana-
lysis could only distinguish at best two clusters: con-
nected samples from those presenting no correlations.
Nonetheless, the determination of Kendall’s t, integrat-
ing the edge appearance rank for all the calculated net-
works, allowed us to compare them and observe
significant differences between all the obtained networks
(Additional file 7).

In the network analysis performed on positive ticks for
Rickettsia, we observed 17 significant partial correlations,
five were negative (Fig. 5A). Several members of the
Rickettsia genus were positively correlated to OTUs be-
longing to Ca. Midichloria (Rickettsia_5/Ca. Midi-
chloria_3) and Pseudomonas (Rickettsia_1/
Pseudomonas_3) genera, as already observed in the total
dataset network. Rickettsia_1, Pseudomonas_3 and Ca.
Midichloria_3 were negatively correlated to Bacillus_1.
This latter OTU was also negatively correlated with 2
OTUs belonging to environmental genera, Burkholderia-
Caballeronia-Paraburkholderia_1 and Chryseobacter-
ium_1 (that was also positively correlated to Ca. Midi-
chloria_3), and positively correlated with Anaplasma_1.
Bacillus_1 therefore appeared as a key member of this
network exhibiting several partial correlations with en-
vironmental bacteria but particularly with some patho-
genic and symbiotic genera. Several positive partial
correlations were also observed between OTUs belong-
ing to environmental genera, linking several OTUs
within their own genus (Methylobacterium and Myco-
bacterium) or between several different genera or fam-
ilies (Beijerinckiaceae and Aquabacterium;
Stenotrophomonas and Acinetobacter as well as
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Microbacteriaceae and Ammnibacterium). We then per-
formed a network analysis considering only ticks positive
for Borrelia (Fig. 5B). Only 8 significant partial correla-
tions were observed, including 2 negatives. Negative par-
tial correlations were observed between first Borrelia-

RF_1 (responsible of Relapsing Fever) and Borrelia-1LB_1
(responsible of Lyme Borreliosis) and then between Bor-
relia-RF_1 and Rickettsiella_2 (Fig. 5B). A positive par-
tial correlation implying Rickettsiella_2 and Bacillus_1,
and another one implying Spiroplasma_1 and 2 were
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also observed as well as several positive partial correla-
tions implying environmental genera (Bacillus_1, Mas-
silia_1, Aquabacterium_1 and Mycobacterium_2, as well
as Mycobacterium_5 and Luteibacter_1). In the network
analysis performed on ticks only positive for Anaplasma,
we observed 23 significant partial correlations with 2
identified as negative (Fig. 5C). A positive partial correl-
ation was observed between Rickettsiella_2 and Parra-
coccus_1. Spiroplasma_2 was positively correlated with
Jatrophihabitans_2 and several members of the Rhizo-
biales order (Methylobacterium_3, Methylocella_1 and
Xhantobacteraceae_Multi_1). Other partial correlations
concerned environmental bacteria, with members of the
Rhizobiales order, correlated with each other or with
OTUs belonging to environmental genera corresponding
to other orders (Acetobacterales, Bacillales, Betaproteo-
bacteriales, Corynebacteriales, Micrococcales and
Xanthomonadales). No correlations were observed be-
tween Anaplasma and the other members of the bacter-
ial community. The negative network (Fig. 5D),
comprising only free pathogen samples, was composed
of 33 positive partial correlations and no negative correl-
ation. In this network, a strong partial correlation was
observed between Spiroplasma_1 and 2. Most of the
other correlations were observed between members of
the Rhizobiales order, mainly between each other, but
also with environmental OTUs belonging to other or-
ders, such as Acetobacterales, Betaproteobacteriales,
Frankiales, Micrococcales, Pseudonocardiales and Sphin-
gomonadales. Although it contains less partial correla-
tions (25), the total network corrected for TBP effects
(Fig. 5E) is very similar to the negative network. Indeed,
partial correlations observed between Spiroplasma_1
and 2, as well as most partial correlations involving Rhi-
zobiales order between each other and with OTUs be-
longing to other orders are also observed in this
network.

Discussion

Ixodes ricinus microbiota diversity and composition
Investigating the microbiota of 371 I ricinus nymphs,
we identified 109 bacterial genera, i.e. within the range
of previous observations in this tick species [6, 12]. Simi-
larly, the mean Shannon diversity index (=2.1) [22] is in
the range reported in the literature for Ixodes ticks [8,
20, 40, 41]. However, these values are known to fluctu-
ate, mainly according to the tick instars, species or
localization, and are therefore difficult to compare [5, 8,
10, 12, 17, 41-45]. Furthermore, not all these studies
used negative controls to identify potential contaminat-
ing OTUs and remove them from their datasets, thus
calling for caution when attempting to draw conclusions
concerning these differences, particularly knowing that
such OTUs can represent more than 50% of the
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sequences detected in tick samples [22]. In our dataset,
three quarters of the sequences belonged to five genera:
Arsenophonus, Ca. Midichloria, Rickettsia, Wolbachia,
Spiroplasma, all of which corresponded to well-known
maternally inherited bacteria in arthropods [46]. Their
high prevalence in the dataset suggest they are widely
distributed in a large proportion of tick samples and was
clearly the case in Ca. Midichloria, in which most of the
detected sequences were found in half the tick samples.
This result is in line with previous reports that almost
100% of I ricinus females and larvae, and almost 50% of
nymphs and males were infected by this endosymbiont
[47-50]. The four other genera (Rickettsia, Spiroplasma,
Wolbachia and Arsenophonus) were mainly detected in
less than 17% of samples (7.8%, 8.1%, 12.4% and 16.7%,
respectively). The contrast between the high proportions
of sequences corresponding to these genera and the
small number of samples infected is due to their high
relative abundance in infected samples. Focusing on
Rickettsia, the sequences corresponded to R. helvetica,
which have already been detected in these samples [26]
and known to exhibit a high bacterial load in ticks [51,
52]. Concerning Arsenophonus and Wolbachia, while the
high number of sequences detected in the dataset as well
as their high cumulated percentage in infected samples
suggest they are dominant members of the I ricinus
microbiota, their detection could be due to the presence
of the parasitoid wasp, Ixodiphagus hookeri, in ticks [53,
54]. This high prevalence, almost excluding endogenous
tick bacteria, prompted us to wonder about the potential
role of this symbiont in the colonisation of L ricinus by
L hookeri. Indeed, as previously hypothesised by Plantard
et al. [53], the presence of Wolbachia could induce an
immune reaction in the tick that could have a negative
impact on other microorganisms hosted by the tick. This
kind of strategy, dealing with the host immune system,
could allow the symbiont proliferation and so the egg
maintenance, as it has already been observed in Dros-
ophila stimulans, in which the presence of Wolbachia
reduced the ability of the host immune system to encap-
sulate the eggs of the parasitoid wasp Leptopilina hetero-
toma [55]. Finally, among the most frequently detected
genera in the L ricinus microbiota, Spiroplasma is a ma-
ternally inherited symbiont particularly well known in
arthropods, including ticks [56]. With most of their se-
quences detected in only 8% of tick samples, this bacter-
ial genus probably represents secondary symbionts [56],
which are not essential for the survival of their host but
may confer conditional adaptive advantages, such as pro-
tecting their host against pathogens and natural enemies
[57, 58]. This is probably the case for I ricinus ticks po-
tentially infected with the parasitoid wasp Ixodiphagus
hookeri, as we discuss later in this section. Among the
remaining genera, several are known to circulate in I
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ricinus ticks, including Rickettsiella (a maternally inher-
ited bacterium in arthropods), Borrelia (Lyme Borreliosis
and Relapsing Fever) and Anaplasma. Some others, in-
cluding Methylobacterium, Mycobacterium, Pseudo-
monas,  Stenotrophomonas,  Williamsia,  Bacillus,
Chryseobacterium, Acinetobacter and Allorhizobium-
Neorhizobium-Pararhizobium-Rhizobium, as well as
multi-affiliated OTUs belonging to Rhizobiaceae and
Microbacteriaceae, which have already been detected in
Ixodes ricinus ticks [6, 12, 16, 17, 19], and have also been
identified in the environment [59-64]. While very few of
the abovementioned references reported performing
negative controls while studying tick microbiota [12, 16],
it is important to keep in mind that some of these gen-
era could also be contaminants that arise during the ex-
traction or amplification steps [22, 30, 65-67]. Our
dataset was subject to a thorough contaminant filtering,
based on negative control composition [22], thereby re-
ducing the risk that these OTUs correspond to contami-
nants. Nonetheless, the question remains as to whether
these environmental taxa belong to the internal tick
microbiota or to the cuticular microbiome? Probably to
both. Indeed, Binetruy et al. [68] demonstrated that sur-
face sterilisation of the tick using ethanol (which we
used in the present study) was not as efficient as bleach
at removing bacterial DNA from the tick cuticle. These
authors also showed that environmental taxa, only de-
tected in ethanol cleaned whole ticks, belonged to the
same family as those directly detected on the tick cuticle
by swabbing. However, they also found some of these
taxa in the gut of ticks. While studying the microbiota in
organs of I ricinus ticks previously cleaned with bleach,
Hernéndez-Jarguin [19] also detected bacterial genera
commonly found in the environment.

Temporal variability of Ixodes ricinus microbiota

We first performed a principal component analysis of
the whole dataset to characterise the temporal dynamics
of the L ricinus microbiota. Our results provide evidence
that the L ricinus microbial communities vary markedly,
with two main clusters, the first grouping the microbial
communities identified in March—April and the second
grouping the microbial communities identified from
May to September. Interestingly, this temporal pattern
was observed for samples belonging to each of the 3
years, suggesting predictable temporal differences in the
L ricinus microbial community structure. A third cluster
was also identified and corresponded to nymphs col-
lected across the 3 years. This “outsider” cluster was
mainly driven by members of the genera Wolbachia,
Arsenophonus and Spiroplasma. As mentioned above,
the presence of Wolbachia and Arsenophonus species in
L ricinus ticks is probably due to the presence of the
parasitoid wasps, Ixodiphagus hookeri [53, 54], which
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depends entirely on the tick for its development. In their
study, Plantard et al. [53] reported that almost 100% of I
hookeri were infested by Wolbachia pipientis. These au-
thors also showed that all unfed tick nymphs parasitised
by I hookeri also harboured Wolbachia, while (with only
one exception) non-infected ticks were Wolbachia-free.
Wolbachia was shown to be vertically transmitted from
the female L hookeri to its eggs and the subsequent gen-
eration harboured Wolbachia. Similarly, Bohacsova et al.
[54] detected the symbiont Arsenophonus nasoniae only
in nymphs infected by the wasp L hookeri, and almost
30% of the wasp population was infested by A. nasoniae.
In this context, through the study of tick microbial com-
munities, we suggest that identifying the temporal dy-
namics of both Wolbachia and Arsenophonus could
serve as a proxy to characterise both the infection rate
and temporal dynamics of . hookeri in L ricinus, even if
it would probably be easier and more efficient to use
primers or probes that specifically match the parasitoid
DNA. While the presence of Wolbachia and Arsenopho-
nus is thus probably linked to the presence of I hookeri
in ticks, we hypothesised that their presence in our data-
set could alter our characterisation of the temporal dy-
namics of the I ricinus microbial communities. We
therefore chose to perform another PCA analysis after
removing all samples harbouring one or both genera
Wolbachia and Arsenophonus. As expected, the new
PCA performed on the “reduced” dataset improved sep-
aration of the clusters. We finally distinguished three
main clusters. Whatever the sampling year, this analysis
mainly distinguished ticks collected in February/March
(cluster 1), from those sampled in April (cluster 2) or
from those sampled from May to September (cluster 3),
with ticks sampled in October distributed in both clus-
ters 1 and 3, suggesting that the factors which drove the
tick microbial communities were probably the same in
the three consecutive years. Interestingly, we also ob-
served that the OTUs that best explained the dynamics
of the tick microbial community structure were neither
tick symbionts nor pathogens but were genera or fam-
ilies that are characteristic of the environment (i.e.
Sphingomonas, Williamsia, Actinomycetospora, Jatrophi-
habitans, Acidiphilium, Kineococcus, Mpycobacterium,
Halomonas, Microbacteriaceae, Beijerinckiaceae, Xhan-
tobacteriaceae, Burkholderiaceae, Rhodanobacteraceae
and Isosphareaceae). Considering that these OTUs be-
long to the cuticular microbiome (as discussed above),
the fluctuations we observed could therefore correspond
to variations in the environmental microbiota [69]. How-
ever, these OTUs could also correspond to bacteria ac-
quired by ticks from the environment during water
uptake for example, or through the tick’s other orifices
such as spiracles and the anal port. This was suggested
by Narasimhan and Fikrig [70] who observed that ticks
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hatched in a sterile environment harboured a signifi-
cantly different gut microbiota than those hatched in
“normal” conditions [71]. We hypothesise that the tem-
poral variations we observed in our analysis could thus
also be due to differences in the composition of the en-
vironmental microbiota. Otherwise, abiotic factors such
as temperature, which are likely to follow the same
yearly pattern, have been shown to influence the diver-
sity of the microbiota of I scapularis ticks [45]. Further-
more, blood meal and host identity have also been
shown to influence the diversity of tick microbiota [11,
40, 71, 72]. Finally, considering the life cycle of ticks,
one other hypothesis which could explain this pattern is
that tick microbiota structure and composition could be
linked to the feeding status of ticks. While quantifying
the lipid content of Ixodes ricinus ticks sampled monthly
over a period of several years, Randolph et al. [73] and
Abdullah et al. [74] managed to discriminate tick feeding
cohorts questing at different periods of the year. Both
studies reported that lipid reserves were higher in ticks
collected at the end of the year than in those sampled
from the end of spring and throughout summer. Ac-
cording to Abdullah et al. [74], ticks sampled at the end
of the year (high lipid reserves), correspond to those that
succeeded in obtaining their blood meal in the previous
spring and emerged in autumn. The ticks sampled after
the end of the year and at the beginning of the following
spring, presenting a relatively high lipidic reserves that
trend to increase towards March, were hypothesised to
correspond to a mix of tick populations: (1) those just
emerging, with high lipid reserves and (2) those that
already emerged in autumn, with lower lipid levels. Ticks
still questing at the end of spring or during summer
were hypothesised to correspond to those that failed to
find a host and had almost exhausted their lipid reserves.
In this case, one could hypothesise that the ticks in clus-
ter 3 (mainly ticks sampled from May to September)
correspond to those with very few energy reserves, while
ticks in cluster 1 (sampled in February/March) corres-
pond to those with higher energy reserves. Ticks sam-
pled in October, distributed in clusters 1 and 3, could
correspond to a mix of two populations: (1) those with
high lipid reserves (i.e. which had fed the previous spring
and had just emerged) and (2) those whose energy re-
serves were almost exhausted (which had fed the previ-
ous year), as observed for nymphs sampled in October
2015 and 2016 in Abdullah et al. [74]. However, this hy-
pothesis does not elucidate the clustering of the ticks
sampled in April, thus suggesting that other factors (re-
lated to the life cycle of ticks or their environment),
could be at the origin of this pattern. One can further
hypothesise that the community patterns of bacteria are
also related to physiological stress of the tick, the micro-
biota “supporting” the tick’s physiological requirements,
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perhaps in agreement with differences in nutritional
stress, as suggested above, or perhaps to abiotic stress
linked to temperature or saturation deficit. In any case,
further studies will be necessary to elucidate this point
and confirm or invalidate these hypotheses.

Ixodes ricinus microbial community interactions
Identifying and understanding tick-borne microbe inter-
actions is a precondition for the development of new
strategies to control ticks and tick-borne diseases using
the tick microbiome. Using partial correlation networks,
we assessed which tick bacterial OTUs were correlated
in order to identify possible associations between tick
microbial community members.

First, used on the whole dataset, network analysis re-
vealed that more than 97% of detected interactions be-
tween members of the I ricinus microbial community
were positive. Taxa with positive associations have usu-
ally been interpreted as functional guilds of organisms
performing similar or complementary functions [75, 76]
or featuring interactions shaped by interspecies cross-
feeding [77], although sometimes they may mainly re-
flect shared habitat preferences [78]. Similarly, negative
associations may reflect interactions including competi-
tion and niche partitioning. The vast majority of positive
correlations observed therefore suggest that tick micro-
bial communities favour mutualism and perform similar
or complementary functions. But let us keep in mind
that the correlations observed in our study were ob-
tained by examining entire individuals and may impair
the observation of associations at a finer scale (e.g. or-
gans) [27].

Due to the low infection rate observed in the nymphs
studied [26], the low proportion of ticks in our dataset
that tested positive for pathogens could bias the analyses
and conceal important information such as crucial inter-
actions between TBPs and members of the tick micro-
biota. To overcome this bias, we decided to perform
supplemental analysis to compare TBP-positive and TBP-
negative samples. Further, to get rid of effects that could
hamper or skew the observation of the impact of TBPs,
samples that appeared to be parasitised by 1. hookerii (i.e.
with numerous sequences belonging to Arsenophonus
and/or Wolbachia) were excluded from this analysis, and
a covariate correcting for the effect of the sampling season
was added, compared to the analysis performed on the
whole dataset. The resulting negative network was mainly
composed of partial correlations linking environmental
OTUs, and very few correlations remained compared to
the network obtained using the whole dataset. These re-
sults suggest that most correlations previously observed in
the total network are linked to the presence of TBPs, the
response to the parasitoid or the seasonal effect. This fur-
ther strengthens the importance of these variables in the
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tick microbial community structure and underlines the
adaptability of the tick microbiota to variable conditions.
Comparing negative samples with those infected by patho-
gens enabled us to demonstrate that with TBPs, the struc-
ture and correlations of tick microbial communities were
considerably modified in presence of TBPs and according
to the concerned pathogen. Indeed, in ticks infected by
Rickettsia, the proportions of several OTUs (i.e. Spiro-
plasma symbiont and environmental OTUs) were signifi-
cantly affected. Moreover, more negative correlations
were detected in TBP samples, suggesting much more
competition between members of the tick microbial com-
munities in presence of TBPs. In addition, in the “free
pathogen” network, we observed a lot of correlations in-
volving environmental OTUs (ie. belonging to Rhizo-
biales, Acetobacterales, Betaproteobacteriales, Frankiales,
Micrococcales, Pseudonocardiales and Sphingomonadales
orders), whereas these correlations decreased or even dis-
appeared in infected ticks, suggesting that the presence of
TBPs affects these microbial interactions. Two main hy-
potheses emerged from these results: the tick microbiota
are initially disturbed and thus favour infection by patho-
gens, or the presence of pathogens affects the structure of
the tick microbiota. Because the structure and interactions
of tick microbial communities are completely different de-
pending on the pathogen concerned, we first suggest that
the presence of pathogens in ticks is likely to affect the
other members of the tick microbiota. However, disturb-
ance of the microbiota could facilitate the installation of
pathogens in ticks. To give an example, the presence of
Anaplasma phagocytophilum in L scapularis could modify
the gut microbiota whose modification could, in turn, dis-
rupt the integrity of the gut membrane and facilitate entry
by the pathogen [79]. Based on our data, we are currently
unable to conclude and further experiments are required
to this end.

Interactions between non-pathogenic OTUs

First, we detected in the a cluster of OTUs (cluster 4)
grouping several OTUs belonging to Wolbachia, Arseno-
phonus and Spiroplasma OTUs and one Pseudomonas
OTU (Pseudomonas_2), positively linked to each other
in the whole network. As previously mentioned, detect-
ing Wolbachia and Arsenophonus in I ricinus is prob-
ably evidence for the presence of the parasitoid I
hookeri in these ticks [53, 54]. While the presence of the
deer-associated Anaplasma phagocytophilum in ticks has
been previously shown to be positively correlated with
the presence of I hookeri, due to the way of life/mode of
hunting of this parasitoid [80], we found no correlation
between this pathogen and Wolbachia or Arsenophonus
OTUs in the present study. Conversely, Spiroplasma,
identified as arthropod symbionts including ticks [46, 56,
81-84], were closely linked to the dynamics of these two

Page 14 of 20

genera. Identified as a “male killer” in many other ar-
thropods [85-90], our results on nymphs alone do not
allow us to conclude on this potential role. Nonetheless,
assessing the proportions of contaminant sequences
when characterising both nymph and adult tick micro-
bial communities with high-throughput sequencing, we
detected a high proportion of Spiroplasma sequences in
males [22], suggesting that these Spiroplasma species do
not cause specific male mortality in I ricinus ticks. Fur-
thermore, it should be noted that no evidence of sex-
ratio distortion was found by Binetruy et al. in the popu-
lation of Rhipicephalus decoloratus ticks infected with
Spiroplasma ixodetis [56]. Assuming that the detection
of both Wolbachia and Arsenophonus is probably due to
the infection of ticks by I hookeri, we hypothesise that
Spiroplasma is upregulated by the presence of the para-
sitoid in ticks and may be a defensive response mechan-
ism against I hookeri, as previously reported in
Drosophila melanogaster infested by two species of para-
sitoid wasps [91]. Nevertheless, we cannot rule out the
hypothesis that, while identified in a large variety of tick
species [56], Spiroplasma may correspond to a symbiont
of I hookeri. Besides, while Pseudomonas_2 was identi-
fied in this cluster and was positively linked to its other
members, it should be noted that two other Pseudo-
monas OTUs (Pseudomonas_1 and 4) were negatively
correlated with several Wolbachia and Arsenophonus
OTUs. In our dataset, very few OTUs belonging to the
same genus displayed contrasting patterns of correlation,
but Pseudomonas is an exceptionally versatile genus in-
cluding plant pathogens, human and animal opportunis-
tic pathogens, and saprophytic bacteria found in water
and soil exhibiting great adaptation to their environment
[92]. Notably, some members of this genus have been re-
ported to influence arthropod survival. For example, P.
fluorescens strains have been reported to confer better
survival to the Varroa destructor mite and the Galleria
mellonella waxworm in presence of a fungal pathogen of
Beauveria bassiana arthropods [93, 94]. Conversely, P.
entomophila has been reported to be entomopathogenic
for Drosophila [95, 96]. Such contrasted behaviour in ar-
thropods could explain the contrasting correlations ob-
served with Pseudomonas OTUs, and suggest that, like
Spiroplasma OTUs, some of them may be involved in
defense mechanisms against 1. hookerii.

Two other groups of OTUs, comprising non-
pathogenic OTUs, were identified in the total network,
and correlations involving several members of these
clusters were still observed in the negative and covariate
corrected networks. These were the OTUs belonging to
clusters 1 and 5 that belong to the Betaproteobacteriales,
Sphingobacteriales, Xanthomonadales, Rhizobiales and
Pseudomonadales orders in the case of cluster 1, and of
OTUs belonging to Rhizobiales, Betaproteobacteriales,
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Micrococcales, Kineosporiales and Acetobacterales or-
ders in the case of cluster 5. All these OTUs belong to
genera and families of microorganisms commonly found
in the environment [62, 97-102], and known to poten-
tially infect ticks. The high connectivity displayed by
these OTUs may reflect similar functions between OTUs
adapted to contrasting environmental conditions (func-
tional redundancy). However, such a scenario would
have probably resulted in many more negative correla-
tions between these OTUs. On the other hand, these
findings may indicate reduced functional capabilities of
each OTU and hence a complementary functional role
for these taxa in ticks. All these hypotheses need to be
investigated in future works on the functional ecology of
tick microbiota.

Finally, two correlations linking OTUs belonging to
the symbiotic genus Rickettsiella to OTUs belonging to
the environmental genera Paracoccus and Bacillus were
observed in the Anaplasma and Borrelia networks, re-
spectively. While the Rickettsiella genus has been de-
tected in several species of ticks [46], notably in I
ricinus ticks [12, 17-19, 46], little is known about the
importance of this maternally inherited bacterium in tick
species. Its correlations with environmental OTUs in the
presence of TBPs could mean it plays a particular role in
the pathogenic context in Ixodes ricinus ticks.

Interactions between tick-borne microbiota and
pathogens

Interestingly, we found correlations between Ca. Midi-
chloria and Rickettsia OTUs that were strong enough to
be observed not only in the Rickettsia network, but also
in the whole dataset network where these OTUs were
grouped in cluster 2. While our sequencing approach
does not allow us to identify Rickettsia at the species
level, we hypothesise that they correspond to pathogenic
agents, as Rickettsia helvetica was specifically detected in
these same samples [26]. In addition, Ca. Midichloria
abundance was significantly higher in Rickettsia-positive
samples than in the negative ones. Considering the
strong prevalence of Ca. Midichloria in I ricinus ticks,
the positive relationship between members of this genus
and members of Rickettsia genus suggests a facilitating
role for Ca. Midichloria in I ricinus colonisation by
Rickettsia. This hypothesis is in accordance with the re-
sults obtained by Budachetri et al. [28] who observed a
positive correlation between Ca. Midichloria mitochon-
drii load and Rickettsia parkeri presence in the tick
Amblyomma maculatum. The fact that Rickettsia OTUs
were positively correlated with maternally inherited bac-
teria is particularly surprising, especially because mem-
bers of this genus have been frequently reported to be
involved in antagonist relationships with symbiotic or
pathogenic genera [9, 10, 16, 103—107]. The potential
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complementarity of these two genera should be exam-
ined in more detail in the future by characterising the
bacterial transcriptome or metabolome of ticks infected
with these bacteria alone or in association. Interestingly,
the OTU of Borrelia Relapsing fever (Borrelia RF) was
negatively correlated with Rickettsiella and Borrelia
Lyme Borreliosis OTUs (Borrelia LB). The negative cor-
relations between both Borrelia groups (relapsing fever
vs Lyme borreliosis) we identified using the 16S rDNA
are in full agreement with previous results we obtained
using the same tick samples and using a high-
throughput microfluidic real-time PCR with specific
primers and probes to detect specifically tick-borne
pathogens [26]. Even though this association was not
significantly underrepresented compared to a random
distribution, our previous results highlighted higher
prevalences of Borrelia burgdorferi s.l. when B. miyamo-
toi prevalences were low, and vice versa. Competition
for the same niche may explain the negative correlations
observed between these two groups of Borrelia. How-
ever, these findings contrast with those reported by
Aivelo et al. [16] as these authors found positive correla-
tions between the relapsing fever spirochete B. miyamo-
toi with Rickettsiella and two Borrelia species belonging
to the group Borrelia Lyme borreliosis (B. garinii, B.
afzelii). Because clinical co-infections with several TBPs
are commonly reported [108-110] and are known to
affect both disease symptoms and severity [111, 112], it
is now crucial to identify the conditions in which Borre-
lia RF and Borrelia LB are in competition, or on the
contrary, in which they could collaborate and thus co-
infect ticks. Furthermore, and contrary to what it has
been observed on Ixodes scapularis in the literature
[113, 114], we did not detect significant differences in
the structure of the tick microbiota in Borrelia-positive
samples compared to the negative ones, with no OTUs
under- or overrepresented in these samples. The differ-
ence of tick species investigated could explain such con-
trasting results, especially since most of the genera
overrepresented in the Brinkerhoff study [114] were not
detected in our study. Furthermore, Chauhan et al. [113]
focused their analysis on Borrelia burgdorferi s.l. investi-
gated in females, while we investigated Borrelia (includ-
ing Lyme borreliosis and relapsing fever Borrelia)-
positive nymphs that could be another explanation for
such differences of observation in our study. Otherwise,
we also observed several partial correlations between
pathogens and OTUs usually known to be “environmen-
tal” bacteria. This was notably the case of a Pseudo-
monas OTU positively correlated with Rickettsia. In
addition, this OTU and two others belonging to the
same genus were more abundant in Rickettsia-positive
samples. While several Pseudomonas OTUs were previ-
ously identified as contaminants and removed from the
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dataset analysed [22], those remaining are involved in
several interactions with different members of the tick
microbial community, such as Wolbachia and Arseno-
phonus, as already discussed above, but also with TBPs,
demonstrating the versatility of members of this genus
and their importance in the tick microbiota structure.
Bacillus also appears to be a key member of the Ixodes
ricinus microbial community linked to the presence of
TBPs. While Adegoke et al. [115] observed higher abun-
dances of this bacterial genus when the parasite Thei-
leria was present in the tick Rhipicephalus microplus,
our findings demonstrate a positive correlation between
Bacillus and Anaplasma and a negative one with Rickett-
sia. The latter, implying Bacillus and Rickettsia, suggest
potential competition between these bacteria and may
be a first step to develop a future tool to control tick in-
fections by Rickettsia. Furthermore, because the dynam-
ics of environmental bacteria found in ticks varies over
the year, probably due to contrasting environmental
conditions, the vegetation and the tick hosts, their posi-
tive or negative interactions with pathogens suggest that
their presence or absence is an important factor to take
into account to better understand the temporal dynam-
ics of TBPs. Finally, all these correlations involving “en-
vironmental” OTUs suggest that their detection in tick
microbiota is probably not only the result of accidental
ingestion, but more likely reflects their true adaptation
within the tick microbial community.

Conclusion

Here we reported the identification of the Ixodes ricinus
microbiota in nymphs collected monthly in three consecu-
tive years. These results allowed us to show that (1) the
Ixodes ricinus microbiota is not stable over time but dis-
plays a recurrent temporal pattern that is mainly explained
by the dynamics of environmental taxa; (2) the presence of
TBPs is likely to disturb tick microbial community struc-
ture and hence tick/microbe interactions; (3) some specific
symbionts and “environmental” bacteria may play a key role
in the presence and the dynamics of L ricinus-borne patho-
gens and in the defense against parasitoid species. While
the microbial correlations identified in this ecosystem study
need to be confirmed in the near future using experimental
approaches, our new findings suggest that a large part of
the tick microbiome, including environmental taxa, could
play a role in the infectious risk associated with Ixodes rici-
nus, either through bacteria-bacteria interactions or interac-
tions with the tick and its natural enemies. The tick
microbiome diversity would thus be considered as a prom-
ising resource for the development of new controls strat-
egies against tick and tick-borne diseases.

Abbreviations
. ricinus: Ixodes ricinus; PCA: Principal component analysis; OTU: Operational
taxonomic unit; TBP: Tick-borne pathogens
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Additional file 1. Distinction of contaminants OTUs, removed from the
dataset, from genuine members of tick microbiota.

Additional file 2 Graphic representation of samples presenting a
significant number of sequences belonging to Arsenophonus and
Wolbachia genera. This figure is adapted from the principal component
analysis performed on the whole dataset, presented according to axes 1
(24.04%) and 2 (11.16%). (A) Sample projection of the PCA. Samples are
colored according to the month of tick sampling. Plotted samples are
named as following: ID_Month.Year. Samples presented in larger format
and darker colour are those that have been removed from the dataset
for the subsequent analyses. (B) Correlation circle of the PCA. OTUs are
colored by taxonomic order. OTUs presented in larger format and darker
colour are those belonging to Arsenophonus and Wolbachia genera.

Additional file 3. OTUs clusters identified from the total network. OTUs
presenting similar connection profiles were identified and assigned to
different clusters according to a stochastic block model obtained from
the corresponding binary adjacency matrix, obtained from the network
inferred by PLN network, which places an edge for each non-null partial
correlation (whether positive or negative).

Additional file 4 Microbiota structure comparison between Rickettsia
positive and negative samples. Differential analysis comparing OTUs
abundances between Rickettsia positive and negative samples.
Differentially abundant OTUs were defined as those with a p-values <
0.05 after adjustment for multiple testing using the Bonferroni procedure.

Additional file 5 Microbiota structure comparison between Borrelia
positive and negative samples. Differential analysis comparing OTUs
abundances between Borrelia positive and negative samples. Differentially
abundant OTUs were defined as those with a p-values < 0.05 after adjust-
ment for multiple testing using the Bonferroni procedure.

Additional file 6 Microbiota structure comparison between Anaplasma
positive and negative samples. Differential analysis comparing OTUs
abundances between Anaplasma positive and negative samples.
Differentially abundant OTUs were defined as those with a p-values <
0.05 after adjustment for multiple testing using the Bonferroni procedure.

Additional file 7 TBPs positive and negative network comparison. The
different families of network generated in this study (negative, Rickettsia,
Borrelia, Anaplasma and total corrected for TBPs effect) were compared
by calculating a weighted version of the Kendall's 1, integrating the edge
appearance rank within families of networks (negative, Rickettsia, Borrelia,
Anaplasma and total corrected for TBPs effects) as well as associated
Pvalues.
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