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Abstract

Candidatus Midichloria mitochondrii, symbiont of the sheep tick Ixodes ricinus, was the first described
member of the family Candidatus Midichloriaceae, order Rickettsiales. Recent reports are expanding
our view of this family, now including bacteria of great biological and medical interest, indicating a

widespread distribution with an increasing range of hosts, with ticks being strongly represented.

Here we present a molecular screening of 17 tick species, detecting and quantifying bacteria of the
family Midichloriaceae in seven of them, including the first report of a representative of this family in
a soft tick species (Argasidae), Ornithodoros maritimus. Based on sequence identity and phylogenetic
analysis we propose that all these bacterial symbionts of ticks could be members of the genus
Midichloria. The performed screening highlights different prevalence levels and variable bacterial
loads in different tick species including one, Ixodes aulacodi, where the bacterium is present in all
examined individuals, like in 1. ricinus. This result prompts us to hypothesize different roles of

Midichloria bacteria in different tick species.

Keywords: Midichloria spp., Ixodes, Amblyomma, Hyalomma, Ornithodoros.
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Introduction

Interactions between arthropods and bacteria can play multiple and important roles in the biology of
both. Such relationships range from obligatory mutualistic endosymbiosis, where the removal of the
symbiont population results in the death of the host, to full parasitism, with the bacteria having a clear
pathogenic effect on the host (Duron et al., 2008; Goebel and Gross, 2001; Moran et al., 2008; Zug and
Hammerstein, 2015). In between these two extremes lay a wide range of intracellular and extracellular
bacteria that establish more complex relationships with theirhosts, that are either not fully understood,
or not easily defined in the mutualism/parasitism dichotomy (Hunter et al., 2015). The study of these
relationships is of particular importance in hematophagous arthropods, as these bacteria can not only
influence the biology of the arthropod, but can also be transmitted to the vertebrate hosts, with
important pathogenic effects (Parola and Raoult, 2011). They can also be targeted in vector-control

methods, using “symbiotic control approaches” (Sassera et al., 2013).

Ticks have been reported to harbor complex and highly variable microbial communities that play
important roles in the biology of these arthropods (Rynkiewicz et al., 2015). Among the members of
these communities are important pathogens of humans and animals that can be transmitted through the
blood meal, including protozoans such as Babesia spp. (Stanczak et al., 2004) and a wide range of
viruses (Lani et al., 2014). However, the diversity of bacterial tick-borne pathogens is even greater,
including, for example, Borrelia burgdorferi and related species, causative agent of Lyme disease
(Chomel et al., 2015). Less is known about the other members of the bacterial community associated
with Ixodida, those that do not cause overt diseases. However, studies focused on reporting and
comparing the presence of such bacteria are increasing, with the goal of understanding their role on
host physiology. For example, in Dermacentor andersoni, the bacterial symbiont Rickettsia peacockii
is known to prevent the transovarial transmission of the Rocky Mountain spotted fever agent Rickettsia

rickettsii (Felsheim et al., 2009).
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One of the most investigated endosymbionts of ticks is Candidatus Midichloria mitochondrii (hereafter
M. mitochondrii) of the family Candidatus Midichloriaceae (hereafter Midichloriaceae) as this species
is found in 100% of the females of Ixodes ricinus, the most common and investigated European tick
species. Following its initial observation by electronic microscopy in the gonad of I. ricinus (Zhu et al.,
1992) and subsequent investigations based on molecular (Beninati et al., 2004) and ultrastructural
studies (Sacchi et al., 2004), M. mitochondrii was formally described in 2006 (Sassera et al., 2006).
These investigations detected the bacterium within the oocytes of females of the tick I. ricinus, and also
highlighted a unique feature of this intracellular microorganism, i. e. the capacity to colonize the
intermembrane space of mitochondria. Indeed, while some M. mitochondrii were detected in the host
cell cytoplasm (Beninati et al., 2009), others were localized in the space between the inner and the
outer mitochondrial membranes. The bacterium shows 100% prevalence in females of 1. ricinus, is
vertically transmitted to the progeny and is less prevalent and abundant in males (Lo et al., 2006;
Sassera et al., 2008). In addition to the demonstrated transovarial transmission, multiple lines of
evidence suggest the possibility of horizontal transmission, following the detection of M. mitochondrii
in the 1. ricinus salivary glands. Indeed, serological and molecular screenings showed positivity of

mammalian blood and sera to M. mitochondrii (Mariconti et al., 2012; Bazzocchi et al., 2013).

Following the discovery of M. mitochondrii in I. ricinus, multiple studies detected closely related
bacteria, both in ticks and in various other hosts and biological matrices, ranging from other arthropods
species (Matsuura et al., 2012) to fish (Cafiso et al., 2015), ciliates (Vannini et al., 2010; Senra et al.,
2016; Szokoli et al., 2016) to amoebae (Fritsche et al., 1999). These reports led to the description of
Midichloriaceae, a novel family within the order Rickettsiales (Driscoll et al., 2013; Montagna et al.,
2013). Focusing on ticks, screenings of multiple Ixodida species were performed, either searching

directly for bacteria closely related to M. mitochondrii (Epis et al., 2008; Beninati et al., 2009) or in the
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context of studies assessing the microbial diversity using universal primers (Loftis et al., 2006;
Dergousoff et al., 2011). The overall result was that positive specimens were detected in species
belonging to each of the six most important genera of hard ticks (Ixodidae, i.e. the genera Ixodes,
Amblyomma, Dermacentor, Haemaphysalis, Hyalomma and Rhipicephalus), while to our knowledge
there are no reports indicating the presence of Midichloria bacteria in soft ticks (Argasidae). In Table 1
a summary of the reports of Midichloriaceae in ticks of previous studies is presented. While the limited
number of individuals screened for most species does not allow for a precise prevalence estimate,
among species analyzed to date only the Australian species I. holocyclus presents a 100% prevalence as
in 1. ricinus (Beninati et al., 2009). An additional study on the microbial community of I. holocyclus
indicates that the bacterium is not only prevalent, but also extremely abundant in this tick species
(Gofton et al., 2015), similarly to what was observed in I. ricinus. Nevertheless, the presence of
Midichloria bacteria was not observed inside mitochondria inthis species (Beninati et al., 2009).
Interestingly, a phylogenetic analysis of the Midichloria bacteria of multiple tick species did not show
signs of co-cladogenesis between the ticks and the symbionts (Epis et al., 2008), suggesting that

horizontal transfer could be the main source of diffusion of Midichloria among ticks.

In order to expand our knowledge of the distribution of Midichloria in ticks, we collected samples from

multiple species and performed qualitative and quantitative molecular screenings followed by

phylogenetic analysis.

Materials and methods

Tick sampling
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Ninety-two tick specimens belonging to 16 species of the Ixodidae family and to one species of the
Argasidae family were collected in three continents, sampled free in the environment or directly from
the hosts, then conserved in ethanol at 4°C or frozen alive at -80 °C. All specimens were identified
using standard taxonomic keys (including Hillyard, 1997 and Pereiz-Eid, 2007 for European species;
Arthur, 1965 for the African species). Ticks genus, species, number of collected individuals, life stage,

geographical origin, vertebrate host and conservation protocol are summarized in Table 2.

DNA extraction

Before proceeding with DNA extraction, ethanol preserved specimens were rehydrated and washed
twice in PBS 1X for 20 minutes and then left to dry for additional 20 minutes, in order to remove all
the ethanol residues. Frozen ticks were boiled for 5 minutes before processing them. After these steps,
DNA was extracted from all ticks using DNeasy Blood & Tissue Kit (Qiagen) with the following
changes to the manufacturer instructions: proteinase K incubation was carried on overnight at 56°C and
DNA was eluted in two steps with 25 ul each of sterile water pre-heated at 72 °C (as explained in Epis

et al., 2008), quantified and stored at -80 °C until use.

Qualitative PCRs

In order to evaluate the quality of the extracted DNA, a fragment of the mitochondrial 12S rRNA of the
tick was amplified using a previously published protocol (Epis et al., 2008). Qualitative PCR to detect
Midichloria bacteria was performed using a modified version of the protocol described by Epis et al.
(2008) with two sets of primers targeting the 16S rRNA bacterial gene. The first set of primers (Midi-F:
GTACATGGGAATCTACCTTGC; Midi-R: CAGGTCGCCCTATTGCTTCTTT; primers final
concentration: 1 uM; amplification size: 1100 bp) was used for a first round of amplification. The
second set of primers (Midi-F2: CAAAAGTGAAAGCCTTGGGC; Midi-R2:

TGAGACTTAAAYCCCAACATC) was used to perform two semi-nested PCRs (Midi-F/Midi-R2,
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primers final concentration: 1 uM, amplification size: 691 bp; Midi-F2/Midi-R, primers final
concentration: 1 uM, amplification size: 675 bp). PCRs were carried out using the same thermal profile

(30sat95°C, 30sat 58 °C and 45 s at 72 °C for 40 times).

Real Time PCR

DNA samples were subsequently subjected to a Real Time PCR (qPCR) based on a previously
published protocol designed for amplification of a fragment of the gyrB gene from M. mitochondrii
(Sassera et al., 2008). For bacteria quantification, a purified plasmid containing the gyrB fragment was
serially diluted starting from 10° copies/pl to 1 copy/ul to evaluate the efficiency and detection limit of
the PCR protocol. The amplification of gyrB gene (a single copy gene per genome; Sassera et al., 2008)
was obtained starting from 25 ng of DNA for each tick sample and the quantification was performed
comparing the gPCR results with those of serial dilutions of cloned fragments (containing known copy

numbers).

DNA sequencing and phylogenetic analyses

16S rRNA and gyrB genes PCR products were loaded on agarose gel, excised and purified with
Wizard® SV Gel and PCR Clean-Up System (Promega) and then subjected to Sanger sequencing.
After manual correction of the electropherograms, the obtained 16S rRNA sequences were added to a
dataset of published 16S rRNA sequences of Midichloriaceae bacteria. Sequences were aligned using
the software Muscle (Edgar, 2004) and the alignment was used for phylogeny reconstruction using the
software RaxML (Stamatakis et al., 2008) with the GTRCAT model and 1000 bootstrap replicates. A
heatmap representing the variable levels of identity percentages was obtained from the 16S rRNA
alignment using an in-house python script. gyrB gene amplicons were subjected to BLAST analyses in

order to verify the specificity of the amplification.
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Results

A total of 92 tick individuals, belonging to 16 Ixodidae and one Argasidae species, were collected and
DNA was successfully extracted, as confirmed by the 12S rRNA gene amplification (data not shown).
A qualitative semi-nested PCR to amplify a fragment of the 16S rRNA of Midichloria bacteria, showed
a total of 38 out of 92 specimens positive. These individuals belong to six out of 17 analyzed species
(five Ixodidae and one Argasidae species), with different prevalence levels. All DNAs were subjected
to a gPCR approach based on the amplification of the gyrB gene of Midichloria. This quantitative
method allows the detection of as low as 10 copies of gyrB gene per PCR reaction. The gPCR showed a
total of 48 out of 92 specimens positive, belonging to a total of nine out of 17 species (eight Ixodidae
and one Argasidae species). In several samples that resulted positive in qPCR, the estimated
quantification was below the sensitivity threshold of 10 copies/ul. In all cases the obtained amplicons
were sequenced, confirming the specific amplification of a fragment of gyrB. We defined as “< 10*
copies/ul” all the values from tick samples for which the quantification was lower than the sensitivity

threshold (see Table S1).

Positive specimens are indicated in Table 2 and bacterial loads are shown in Table S1. DNA sequences
were obtained for all 16S rRNA and gyrB genes amplicons and submitted to the EMBL database (16S

rRNA accession numbers LT575860-LT575865, gyrB accession numbers LT575850-LT575859).

Twenty-six individuals of the species I. aulacodi were examined (24 females and 2 males), and all were
positive for the presence of Midichloria bacteria using the qualitative PCR approach, while gPCR
showed positivity in 24 out of 26 ticks (92%). The two I. aulacodi negative in g°PCR were the two

females sampled from the Gambian Pouched Rat Cricetomys gambianus (l. aulacodi 23 and 24) while
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the 24 others were sampled from Grasscutter Tryonomys spp. All the 16S rRNA amplicons showed a
99% similarity with M. mitochondrii IricVA strain 16S rRNA. gyrB sequences showed instead 97%
similarity with M. mitochondrii partial gyrB gene. Bacterial load varied substantially between ticks,
ranging from about 1.18 x 10° bacteria per tick to 2.49 x 10° bacteria per tick, with no evident

difference among female and male samples.

One 1. colasbelcouri was positive for the presence of Midichloria bacteria in qualitative PCR and the
obtained 16S rRNA fragment sequence showed 99% similarity with the 16S rRNA gene of M.
mitochondrii. Moreover, both the 1. colasbelcouri individuals were positive in gPCR and the gyrB gene
sequence of both specimens showed a 97% similarity with the gyrB gene fragment of M. mitochondrii
in 1. ricinus. The two individuals of I. colasbelcouri harbored different amounts of Midichloria
bacteria: more than 3.71 x 10° bacteria were found in the individual that was also positive in qualitative

PCR and around 4.53 x 10° in the other specimen.

Six specimens of I. frontalis were positive (60%) for Midichloria using the qualitative approach. Five
out of six of these samples were also positive with the qPCR investigation. The 16S rRNA sequences
were identical and related to M. mitochondrii (99% identity). Moreover, all the gyrB amplicons from
positive samples were identical and related to M. mitochondrii (97% identity). Copies of gyrB varied

from a maximum of 8.23 x 108 per tick sample to a minimum lower than 5 x 10° copies.

In 1. ventalloi, four samples (one adult female and three nymphs) were positive only using a gPCR
approach, with bacterial load between a minimum lower than 5 x 10% and a maximum of 1.08 x 10°
copies per tick. gyrB gene sequence was identical among the four samples and showed 99% similarity
with M. mitochondrii gyrB gene. In 1. vespertilionis the one female sample examined was found to be

positive for Midichloria bacteria, with a gyrB gene sequence identical to the one of M. mitochondrii.
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The only available A. variegatum sample was positive both in qualitative (99% identity with M.
mitochondrii) and in quantitative PCR (97% similarity with M. mitochondrii) with gyrB gene copies <

5 x 107 per total extracted DNA.

All the three individuals belonging to H. anatolicum species harbored Midichloria, which was
detectable only with gPCR approach (bacterial loads were < 5 x 10 gyrB copies for total extracted

DNA) showing a 97% similarity with gyrB of M. mitochondrii.

Of the four analyzed specimens of H. excavatum, two showed positivity in qualitative PCR (99%
identity with M. mitochondrii and 99% with a Rickettsiales bacterium found in H. excavatum by Loftis
et al. in 2006) while qPCR detected the presence of Midichloria in all the four specimens (gyrB
similarity with M. mitochondrii was 95%). Quantification of gyrB ranged from < 5 x 10% to 7.98 x 10*

copies.

Two specimens out of five of the soft tick O. maritimus were positive with the qualitative PCR (99%
identity with M. mitochondrii). The gPCR amplification showed positivity for Midichloria in four out
of five samples. In this case three out of four qPCR positive samples showed a similarity of 97% with
gyrB of M. mitochondrii, while one specimen showed 100% sequence identity with M. mitochondrii).
The sample presenting the same gyrB sequence of M. mitochondrii (O. maritimus 3) was also the one
showing the highest amount of bacteria compared to the other individuals of the same species (over
9.91 x 10° bacteria compared to an average < 5 x 10° for the other three individuals). No samples of the

other 10 species were positive to either of the PCR protocols applied.

All the obtained 16S rRNA sequences were added to an alignment of sequences of Midichloriaceae

from ticks and other organisms retrieved from the databases and three Rickettsiales sequences used as
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outgroups. The manually curated alignment was subjected to Maximum Likelihood phylogenetic
reconstruction. The resulting tree showed that all the novel sequences belong to a highly supported
monophyletic clade (in grey in Fig. 1) including sequences of Midichloria previously obtained from
tick species, as well as sequences detected in the blood of mammals parasitized by ticks. As previously
reported (Boscaro et al., 2013), 16S rRNA single gene alignments cannot solve all nodes of
Midichloriaceae phylogeny, and indeed our tree presents multiple polytomies. However the support for
the monophyly of the clade encompassing sequences of ticks symbionts is strong, validating our claim

of clustering them within the Midichloria genus.

Discussion

This work presents a molecular screening for the presence of bacteria related to M. mitochondrii in
various species of ticks. Two PCR protocols were used to achieve this aim, a dual semi-nested
qualitative PCR for the 16S rRNA gene and a qPCR for the gyrB gene. The gPCR sensitivity was
assessed to 10 copies per pl using a plasmid standard. It is interesting to note that the used methods did
not give fully congruent results (Table 2), with 38/92 samples positive to one or both the 16S rRNA
semi-nested reamplifications and 48/92 samples positive to the gPCR (35 out of 92 are positive using
both gPCR and at least one semi-nested). It appears that the three protocols show different sensitivities
in different tick species (Table S1). These results could be due to the presence of mismatches in the
primers regions among different species, resulting in cases of suboptimal primer annealing. Indeed,
there was a clear pattern of specific protocols being more sensitive in single species. For example, 1.
aulacodi, showing high bacterial load, was positive with all protocols (including the 16S rRNA gene

PCR performed before the two semi-nested). I. frontalis samples were positive to gyrB qPCR and to
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one of the semi-nested protocols (Midi-F/Midi-R2), while I. colasbelcouri was positive to the g°PCR

and to the second semi-nested protocol (Midi-F2/Midi-R) (Table 2).

All the PCR amplicons were sequenced, in order to verify the specificity of amplification and to
determine the genetic variation within the Midichloria bacteria detected in all tick species. The novel
16S rRNA sequences were used for a phylogenetic approach by adding them to the tree of
Midichloriaceae (Fig. 1). All the novel sequences belong to the monophyletic group containing
exclusively sequences of Midichloriaceae associated to ticks (see the group shaded in grey in Fig. 1).
Within this group, 16S rRNA identity is always above 93% (Fig. 2) and the same group formed by all
the Midichloriaceae associated to ticks is observed in the clustering analysis based on identity
percentages among sequences. In this analysis however, the group also includes the sequence
associated to the rainbow trout Oncorhynchus mykiss. This sequence is the sister group of all
“Midichloriaceae associated to ticks” in the phylogenetic analysis (Fig. 1), thus illustrating the
proximity of this sequence to the ones associated to ticks. The unexpected location of this sequence in
the clustering analysis may be due to known skews/bias of clustering — i. e. phenetic — methods
relatively to phylogenetic reconstruction). Based on the strong phylogenetic support and a previously
performed generalized mixed Yule coalescent analysis (Montagna et al., 2013), we propose that all the
bacteria of this clade, the MALO cluster 2 (Montagna et al., 2013), should be classified within the

genus Midichloria.

Even if the 16S rRNA marker, due to limited genetic variability, is not suitable for fine phylogenetic
discrimination (the gyrB marker being even worse due to its reduced length), the tree did not show
evidence of co-cladogenesis between the bacteria and their tick hosts. For example, within the group of
Midichloria associated to ticks, Midichloria associated to different species of the Ixodes genus do not

form a monophyletic group, but are scattered in various clusters of the phylogenetic tree, sometimes
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clustering with sequences of Midichloria associated to other tick genera or even other tick families (id
est I. aulacodi or I. colasbelcouri clustering with A. variegatum or O. maritimus that belong to the
Amblyommidae and Argasidae families respectively; or I. uriae clustering with Haemaphysalis
punctata and Rhipicephalus turanicus that belong to the Amblyommidae family). This result, together
with the presence of sequences obtained from mammalian blood samples (Bazzocchi et al., 2013),
provides additional support to the hypothesis that bacteria of the genus Midichloria can transfer

horizontally between ticks through vertebrate hosts, probably through the blood meal.

We believe that a multigene phylogenetic approach could be very useful in order to better define the
boundaries of the genus Midichloria, and to provide a definite answer to the question of the co-
cladogenesis. A Multi Locus Sequence Typing (MLST) effort, restricted to the symbionts of ticks, or

even wider, including other members of the family, could elucidate this issue.

We examined individuals from 17 species of hard and soft ticks, detecting positive ticks in nine of
them. For most species the limited number of available samples did not allow for a precise evaluation
of the prevalence levels. The only species which exhibited 100% prevalence with a significant number
of specimens (n=26) was |. aulacodi. In this tick species, both males (n=2) and females (n=24) appear
to host Midichloria bacteria. The presence of Midichloria in 100% females could indicate a vertical
transmission of the symbiont to the offspring, as demonstrated for M. mitochondrii of I. ricinus. The
gPCR negativity of two samples could be due to a lower sensitivity of the method in this species.
Unfortunately it was not possible to fully evaluate the prevalence of Midichloria bacteria in the males
of this species in order to determine whether or not they were all infected with the bacterium, as only

two males were collected (in I. ricinus only 44% males host the M. mitochondrii symbiont).
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The gPCR was efficient in evaluating the Midichloria load in all tick samples. The numbers were very
variable, ranging from values below 5 x10? copies to 8.23 x 10° gene copies per tick. While the limited
number of samples did not allow for statistical analysis of these data, we observed a high variability of
bacterial load in the species 1. frontalis and O. maritimus (Table S1). The presence of a bacterium of
the genus Midichloria in 1. frontalis confirms the recent discover by Palomar and colleagues (Palomar
et al., 2015). The species with the highest number of examined samples, I. aulacodi, has a median
Midichloria load of 1.08 x 10° bacteria. Such high numbers, coupled with 100% prevalence, strongly
suggest an important role for this bacterium in the physiology of the host. Indeed these data could
indicate a mutualistic relationship between I. aulacodi and Midichloria, as previously suggested for the
I. ricinus — M. mitochondrii symbiosis. It must be noted that a previous report indicates that the number
of M. mitochondrii symbionts varies greatly through the I. ricinus life cycle (Sassera et al., 2008).
Additional I. aulacodi individuals, belonging to different life stages, should be examined in order to

investigate this issue.

The presence of a Midichloria bacterium in H. excavatum is in accordance with the detection of a 16S
rRNA gene sequence belonging to a Rickettsiales bacterium found by Loftis et al. (2006) in one H.
excavatum specimen and in one pool of Hyalomma spp. nymphs. Three of the four O. maritimus
individuals that were positive for Midichloria had low bacterial load and identical gene sequences,
while the remaining positive sample presented very high load and a different gyrB sequence. This result
could simply indicate a gene polymorphism in Midichloria bacteria in O. maritimus. However another
possible explanation could be that O. maritimus can host multiple M. mitochondrii strains. Indeed it is
interesting to observe that the higher bacterial load was found in the sample with a gyrB sequence that
is identical to the one belonging to M. mitochondrii of I. ricinus. Following this reasoning, we could
hypothesize that the ancestral Midichloria behavior is that of tick-borne bacteria that travel horizontally

through ticks and mammalian hosts at low prevalence and low bacterial load, as is often the case for
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tick-borne rickettsiae (which are close relatives of Midichloriaceae). Such behavior could have
evolved, once or multiple times, in a stronger relationship, in which the bacterium assumed a
mutualistic role within the host, with a strong increase in load per individual, higher prevalence and
possibly vertical transmission. More studies are necessary to test whether this hypothesis is correct in I.

ricinus, I. holocyclus and/or I. aulacodi.

Future studies should thus be focused on developing and applying genetic markers on faster evolving
characters, in order to investigate the genetic variability of Midichloria in ticks using a multi-gene
phylogenetic approach and test the above hypotheses. Such investigations, including the selection of a
gene with a mutation rate providing suitable polymorphism, are facilitated by the knowledge of the
whole genome of M. mitochondrii (Sassera et al., 2011). It would also be interesting to analyze tick
ovaries by means of transmission electron microscopy, in order to assess if the bacteria are present
inside the mitochondria of infected cells (as does M. mitochondrii of I. ricinus) or just in the cytoplasm
(as observed in 1. holocyclus). This would answer the question of whether the intramitochondrial

tropism is a unique character of M. mitochondrii or if it is widespread in the genus Midichloria.
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Figures and tables

Fig. 1 Phylogenetic tree of the family Midichloriaceae, obtained after Maximum likelyhood analysis
of a 16S rRNA gene alignment. For each analyzed sequence, the name of the bacterium, the accession
number, and the host/collection site are indicated. Sequences obtained in this study are shown in bold,
the clade proposed to represent the genus Midichloria is shaded in grey, bootstrap values are shown

above each node. Branches with support values below 50 were collapsed.

Fig. 2 Heatmap representing the identity percentages in the 16S rRNA gene between members of the
Midichloriaceae. Bacteria belonging to the Midichloria genus are indicated in green in the clustering
analysis, other Midichloriaceae are indicated in red, while Ehrlichia canis AF162860.1 and

Neorickettsia sennetsu NR 074386.1 are in blue.

Table 1 Summary of the Midichloria sequences obtained during previous screenings, indicating the

tick species analyzed.

Table 2 List of the analyzed samples, indicating tick species, life stage, sex, geographical origin, host

(when present), method of preservation

and overall positive samples obtained from both qualitative PCR (16S rRNA gene) and gPCR (gyrB

gene).

Table S1 Quantifications of the gyrB gene through qPCR in tick samples positive for Midichloria.
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517 Table 1
Author
Genus Species
Amblyomma americanum Williams-Newkirk et al., 2012
Amblyomma tuberculatum Epis et al., 2008
Dermacentor andersonii Dergousoff et al., 2011
Haemaphysalis punctata Epis et al., 2008
Haemaphysalis wellingtoni Parola et al., 2003
Hyalomma excavatum Loftis et al., 2006
Hyalomma spp. (nymphs) Loftis et al., 2006
Hyalomma marginatum Epis et al., 2008
Hyalomma truncatum Epis et al., 2008
Ixodes brunneus Goddard et al., 2003
Ixodes frontalis Palomar et al., 2015
Ixodes holocyclus Beninati et al., 2009
Ixodes ovatus Fujita et al., 2007
Qiuetal., 2014
Ixodes persulcatus
Mediannikov et al., 2002
Ixodes ricinus Beninati et al., 2004
Ixodes uriae Epis et al., 2008
Rhipicephalus bursa Epis et al., 2008

Rhipicephalus

decoloratus

Najm et al., 2012

Rhipicephalus

turanicus

Epis et al., 2008
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519 Table 2

Positive Positive
) No. of Biological Geographical ] samples for samples
Genus Species ) o Host (if present)
specimens stage/Sex origin 16S rRNA  for gyrB
PCR PCR
Ixodes arboricola 1* Q Belgium Laboratory strain ND ND
g y
14* Q Akure (Nigeria)  Thryonomis spp. 14 14
2% 3 Akure (Nigeria)  Thryonomis spp. 2 2
od lacodi 1* Q Owerri (Nigeria)  Thryonomis spp. 1 1
xodes aulacodi
S Cricetomys
2* Q Owerri (Nigeria) ) 2 0
gambianus
7* Q Ondo (Nigeria  Thryonomis spp. 7 7
0 Pleine-Fougere )
2 Q Laboratory strain
(France)
Pleine-Fougere
Ixodes acuminatus 4" Q Micromammal ND ND
(France)
0 Pleine-Fougere o
4 Q Mustela nivalis
(France)
close to Vulpes
2* Q Bernay (France) |
vulpes
Ixodes canisuga ND ND
close to Vulpes
2* nymph  Bernay (France)
vulpes
Anjozorobe
Ixodes  colasbelcouri 2* Q Rattus rattus 1 2
(Madagascar)
Streptopelia
8* Q Sautron (France) 4 3
decaocto
Gallinula
Ixodes frontalis 1* Q Nantes (France) 1 1
chloroplus
Melopsittacus
1* Q Nantes (France) 1 1
undulatus
0 . . . .
3 nymph  Anetz (France) Riparia riparia
Ixodes lividus S ND ND
3* nymph  Anetz (France)  Riparia riparia
) Morteros Didelphis
Ixodes loricatus 1* ) ) ) ND ND
(Argentina) albiventris
Tussen-Die-
Ixodes rubicundus 1* Tragelaphus oryx ND ND

Riviere (South




520
521

Africa)

close to
O Rancognes o
1 Q Miniopterus
(France) ) )
] schreibersi
Ixodes simplex ND ND
close to
O Rancognes o
1 Miniopterus
(France) o
schreibersi
] ] Combraille )
Ixodes  trianguliceps 4* nymph Micromammal ND ND
(France)
Saint Pierre de
) Oryctolagus
) 4* Q Quiberon ] 0 1
Ixodes ventalloi cuniculus
(France)
6* nymph Portugal - 0 3
close to
1" Q Bernay (France) Rhinolophus 0 1
o ferrumequium
Ixodes  vespertilionis
close to
1" d Bernay (France) Rhinolophus 0 0
ferrumequium
) Guadeloupe )
Amblyomma variegatum 1* Q Laboratory strain 1 1
(France)
Hyalomma anatolicum 3* Q Turkey - 0 3
Hyalomma excavatum 4* Q Turkey - 2 4
) N Valuec Island Phalacrocorax
Ornithodoros  maritimus 5* Q ] ] 2 4
(France) aristotelis




522 Table S1

523

Positivity for
gyrB copiesin 25 ng  gyrB copies in total
Genus Species Sample code Sex/Stage 16S rDNA DNA DNA eluted in 50
gene
1 Q + 1.52 x 10° 7.61x10°
2 Q + 1.31 x 10° 2.62 x 10°
3 Q + 6.29 x 10° 1.26 x 10°
4 Q + 1.47 x 10° 2.20 x 10’
5 Q + 1.58 x 10* 7.89x 10°
6 Q + 9.93 x 10° 2.98 x 10°
7 Q + 4.04 x 10 1.29 x 10°
8 Q + 3.48 x 10* 1.25 x 10°
9 Q + 6.57 x 10° 2.13x 10’
10 Q + 2.22 x10* 1.67 x 10’
11 Q + 1.91 x 10° 478 x 10°
12 Q + 7.20 x 10° 7.20 x 10°
odes ~ulacod 13 Q + 6.34 x 10* 6.34 x 10°
14 Q + 1.15 x 10* 2.31 x 10°
15 Q + 2.77 x 10° 2.49 x 10°
16 Q + 6.03 x 10° 6.03 x 10°
17 Q + 9.05 x 10° 9.05 x 10°
18 Q + 2.35x10° 1.18 x 10°
19 Q + 3.41x10° 5.11 x 10°
20 Q + 5.69 x 10" 8.54 x 10°
21 Q + 5.30 x 10° 5.30 x 10°
22 Q + 5.49 x 10° 5.49 x 10°
23 Q + 0 0
24 Q + 0 0
25 3 + 3.74 x 10 1.87 x 10°
26 3 + 2.56 x 10° 1.28 x 10°
1 Q + 3.71 x 10* 3.71x 10°
Ixodes colasbelcouri
Q - 9.05 x 10° 453 x 10°




1 Q + <10* <5x10°
2 Q + 1.98 x 10° 8.23 x 10
_ 3 Q + 1.01 x 10° 3.37x10°
Ixodes frontalis
4 Q + 0 0
5 Q + <10* 7.81x 10°
6 Q + <10 <5 x 10
1 Q - <10 <2.8x10°
5 nymph - 1.50 x 10* 9.01 x 102
Ixodes ventalloi
7 nymph - 1.80 x 10* 1.08 x 10°
10 nymph - <10 1.50 x 10*
Ixodes vespertilionis 1 Q - <10 <5 x 10
Amblyomma  variegatum 1 Q + <10 <5x10°
1 Q - <10 <5 x 10
Hyalomma anatolicum 2 Q - <10* <5x10°
3 Q - < 10! <5x10°
1 Q + 1.33 x 10° 7.98 x 10*
2 ? - <10t <5x10°
Hyalomma excavatum
3 Q - <10* <5x 10
4 Q + 1.10 x 10* 1.17 x 10°
1 Q - <10* <5x10°
2 Q - <10 <5x10?
Ornithodoros maritimus
3 Q + 1.98 x 10* 9.91x10°
4 Q + <10 <5 x 10
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Supplementary table S1

Table S1
Positivity _ gyrB copies in
Genus Species Sz;(r)r;lpele Sex/eStag for 16S gyancogllt\elsA:n 25 total DNA eluted
rDNA gene g in 50 pl
1 ? + 1.52 x 10° 7.61x10°
2 ? + 1.31 x 10° 2.62 x 10°
3 ? + 6.29 x 10° 1.26 x 10°
4 ? + 1.47 x 10° 2.20 x 107
5 ? + 1.58 x 10* 7.89 x 10°
6 ? + 9.93 x 10° 2.98 x 10°
7 { + 4.04 x 10° 1.29 x 10°
8 { + 3.48 x 10°* 1.25 x 10°
9 ? + 6.57 x 10° 2.13 x 10’
10 ? * 2.22x 10° 1.67 x 10’
1 ? + 1.91x10° 4.78 x 10°
12 ? + 7.20 x 10° 7.20 x 10°
4 6
Ixodes aulacodi 13 v ¥ 6.34x10 6.34x10
14 ? + 1.15 x 10* 2.31x 10°
15 ? + 2.77 x 10° 2.49 x 10°
16 ? + 6.03 x 10° 6.03 x 10°
17 ? + 9.05 x 10° 9.05 x 10°
18 ? + 2.35x 10° 1.18 x 10°
19 ? + 3.41 x 10° 5.11 x 10°
20 ? + 5.69 x 10* 8.54 x 10°
21 ? + 5.30 x 10° 5.30 x 10°
22 ? + 5.49 x 10° 5.49 x 10°
23 Q + 0 0
24 Q + 0 0
25 3 + 3.74 x 10* 1.87 x 10°
26 3 + 2.56 x 10° 1.28 x 10°
. 1 ? + 3.71 x 10* 3.71x 10°
Ixodes colasbelcouri
2 ? - 9.05 x 10° 453 x 10°
1 ? + < 10! <5x 10?
2 ? + 1.98 x 10° 8.23 x 10°
5 8
Ixodes frontalis 3 % * 1.01x10 3.37x10
4 Q + 0 0
5 ? + <10 7.81 x 10°
6 Q + < 10! <5x10°




1 ? <10! <2.8x10°
Ixodes ventalloi 5 nymph 1.50 x 10 9.01 x 10?
7 nymph 1.80 x 10 1.08 x 10°
10 nymph <10 1.50 x 10*
Ixodes  vespertilionis 1 Q < 10! <5x 102
Amblyomma variegatum 1 Q < 10! <5x 102
1 ? <10! < 5x 10
Hyalomma anatolicum 2 Q <10t <5x 102
3 Q < 10" <5x 102
1 ? 1.33 x 10 7.98 x 10°
Hyalomma excavatum ? ¥ <10' <5x10°
3 ? <10t <5x 10?
4 ? 1.10 x 10 1.17 x 10°
1 ? <10 <5x10°
Ornithodoros maritimus 2 ¥ <10° <5x10°
3 ? 1.98 x 10° 9.91 x 10°
4 ? <10! < 5x 10




