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Abstract

Most tick-borne pathogens (TBPs) are secondarily acquired by ticks during feeding on
infected hosts, which imposes ‘priority effect’ constraints, as arrival order influences
the establishment of new species in a microbial community. Here we tested whether
once acquired, TBPs contribute to bacterial microbiota functioning by increasing com-
munity stability. For this, we used Hyalomma marginatum and Rhipicephalus bursa ticks
collected from cattle in different locations of Corsica and combined 16S rRNA ampli-
con sequencing and co-occurrence network analysis, with high-throughput pathogen
detection, and in silico removal of nodes to test for impact of rickettsial pathogens
on network properties. Despite its low centrality, Rickettsia showed preferential con-
nections in the networks, notably with a keystone taxon in H. marginatum, suggesting
facilitation of Rickettsia colonisation by the keystone taxon. In addition, conserved
patterns of community assembly in both tick species were affected by Rickettsia
removal, suggesting that privileged connections of Rickettsia in the networks make
this taxon a driver of community assembly. However, Rickettsia removal had minor
impact on the conserved ‘core bacterial microbiota’ of H. marginatum and R. bursa.
Interestingly, networks of the two tick species with Rickettsia have similar node cen-
trality distribution, a property that is lost after Rickettsia removal, suggesting that
this taxon drives specific hierarchical interactions between bacterial microbes in the
microbiota. The study indicates that tick-borne Rickettsia play a significant role in the
tick bacterial microbiota, despite their low centrality. These bacteria are influential
and contribute to the conservation of the ‘core bacterial microbiota’ while also pro-

moting community stability.
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1 | INTRODUCTION

Ticks have intricate ecological interactions with microorganisms
present in their microbiota (Wu-Chuang et al., 2021; Wu-Chuang,
Obregon, Estrada-Pena, et al., 2022). Some of these microorganisms
are considered human pathogens, such as Rickettsia sibirica mongoli-
timonae (Jakimovski et al., 2022). Ticks also harbour endosymbionts
like Coxiella-like (Zhong, 2012) or Francisella-like endosymbionts
(Duron et al., 2018), as well as commensal bacteria (Wu-Chuang
et al.,, 2021; Wu-Chuang, Obregon, Estrada-Pefa, et al.,, 2022).
While the distinction between human pathogens and other non-
pathogenic microorganisms carried by ticks is still being investigated,
it is possible to differentiate between obligate tick endosymbionts,
which are vertically transmitted from mother to offspring and
mainly reside in vector reproductive organs, and commensal bac-
teria, which are horizontally acquired and heavily influenced by the
ecological conditions in which ticks are found (Hussain et al., 2022;
Wu-Chuang et al.,, 2021; Wu-Chuang, Obregon, Estrada-Pena,
et al.,, 2022). The composition of commensal bacteria in internal
(e.g. salivary glands) and external (e.g. cuticle) tick tissues, referred
here as bacterial microbiota (Wu-Chuang et al., 2021; Wu-Chuang,
Obregon, Estrada-Pefa, et al., 2022), is a dynamic entity that can be
directly or indirectly influenced by biotic factors like pathogen infec-
tions (Maitre, Wu-Chuang, Azelyté, et al., 2022; Maitre, Wu-Chuang,
Mateos-Hernandez, et al., 2022) or abiotic factors like temperature
(Thapa et al., 2019; Wu-Chuang et al., 2021; Wu-Chuang, Obregon,
Estrada-Pena, et al., 2022).

Microbiota dynamics are relevant for tick biology and disease
ecology. On the one hand, manipulation of tick microbiota by anti-
biotics affected the proportions of bacterial taxa in the microbiota
and significantly reduced the reproductive fitness of Dermacentor
andersoni (Clayton et al., 2015) and Amblyomma americanum (Zhong
et al., 2007). Also, Ixodes ricinus fed on hosts immunised with
anti-microbiota vaccines had an increased engorgement weight
and lower bacterial diversity in the bacterial microbiota (Mateos-
Hernandez et al., 2020, 2021). On the other hand, empirical stud-
ies under controlled laboratory conditions have shown that tick
bacterial microbiota dysbiosis can cause lower Borrelia burgdorferi
colonisation in Ixodes scapularis (Narasimhan et al., 2014) or higher
transstadial transmission of Babesia microti in Haemaphysalis lon-
gicornis (Wei et al., 2021). Furthermore, strong relationships have
been found between the presence of specific pathogens and the di-
versity (Sperling et al., 2020) and assembly (Lejal et al., 2021; Maitre,
Wu-Chuang, Azelyté, et al., 2022; Maitre, Wu-Chuang, Mateos-
Hernandez, et al., 2022) of the bacterial microbiota of questing ticks
(Lejal et al., 2021), and ticks feeding on domestic animals (Sperling
et al., 2020) or humans (Maitre, Wu-Chuang, AZelyté, et al., 2022;
Maitre, Wu-Chuang, Mateos-Hernandez, et al., 2022).

Most tick-borne pathogens (TBPs) are secondarily acquired
by ticks during blood feeding on an infected host, which poses a
challenge for these pathogens in establishing themselves within an
already established bacterial community. The order and timing of
their arrival influence the establishment of new species, known as

a ‘priority effect’ (Debray et al., 2022). How do TBPs interact with
an already established bacterial community within a tick upon their
arrival? What is the significance of TBPs in the process of commu-
nity assembly? Additionally, it is worth considering how the order of
colonisation influences both the outcome of community assembly
and the ecological success of individual colonisers, as point out by
Martinez et al. (2018) in their study. To address these questions, we
turn our attention to emergent properties of bacterial co-occurrence
networks (Réttjers & Faust, 2018), and asked whether the nesting
of TBPs in the tick bacterial microbiota networks could be such
that their removal could impact community assembly and emergent
properties. Emergent properties (e.g. robustness and connectivity)
explain the behaviour of complex systems such as the bacterial mi-
crobiota and these would not be observed if parts of the network
are investigated in isolation (Aderem, 2005; Roéttjers & Faust, 2018).
A previous report showed that despite changes in the relative bac-
terial microbiota composition of laboratory-reared [. scapularis
infected with Anaplasma phagocytophilum (Abraham et al., 2017,
Estrada-Pena et al.,, 2020), the network robustness decreased
only marginally in A. phagocytophilum-infected ticks (Estrada-Pefia
et al.,, 2020). In contrast to pathogen infection, anti-tick immu-
nity significantly reduced the network robustness (Estrada-Pena
et al., 2020). An additional study found that the connectivity and
centrality of the taxon Rickettsia was significantly reduced in net-
works of R. helvetica-infected ticks (Maitre, Wu-Chuang, Azelyteé,
et al., 2022; Maitre, Wu-Chuang, Mateos-Hernandez, et al., 2022).
This suggests that TBP infection induces minimal changes on the tick
bacterial microbiota robustness (Estrada-Pefa et al., 2020), and that
once established; pathogens occupy marginal positions in the bac-
terial community (Maitre, Wu-Chuang, Azelyté, et al., 2022; Maitre,
Wu-Chuang, Mateos-Hernandez, et al., 2022), with yet untested
consequences for the robustness.

Analysing and comparing tick bacterial microbiota requires
investigating the effects of microbial members on their environ-
ment and the interactions between bacteria within the microbiota.
Diversity metrics alone are insufficient for studying these mecha-
nisms (Réttjers & Faust, 2018). Network analysis provides a powerful
tool to explore the complexity of microbial communities, represent-
ing interactions between bacterial taxa as nodes and co-occurrence
as edges. With network analysis, the abundance of bacteria is not
the sole metric for assessing their importance in the community.
Network studies can provide information on community hierarchi-
cal organisation, architecture, assembly, stability, and interactions,
which are crucial for understanding community dynamics (Guseva
et al., 2022; Rottjers & Faust, 2018). In addition, networks allow
measuring the strength of the bacterial interactions which are fun-
damental to understand community assembly and stability (Coyte
et al., 2021). Examining positive and negative co-occurrence inter-
actions through microbial networks helps analyse the consequences
of these interactions on microbial fitness, population dynamics, and
metabolic functions (Berg et al., 2020). Network analysis is, there-
fore, an ideal tool to assess the position, role, and importance of
TBPs in community assembly.
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In this study, our aim was to investigate the relationship between
secondarily acquired rickettsial pathogens and the overall assembly
of the tick bacterial microbiota. Specifically, we sought to determine
whether the presence of these pathogens in the microbial commu-
nity could influence the stability of the tick bacterial network. To
achieve this, Rhipicephalus bursa and Hyalomma marginatum ticks
were collected from cattle in different locations of Corsica. The re-
search approach involved analysing the bacterial microbiota using
16S rRNA amplicon sequencing, conducting co-occurrence network
analysis, and employing high-throughput pathogen detection. To
evaluate the impact of rickettsial pathogens on network proper-
ties, we performed in silico removal of nodes from the networks.
The results of our study revealed that a high occurrence of single
rickettsial pathogen infection was associated with lower alpha di-
versity in the bacterial microbiota of H. marginatum compared to R.
bursa. Removing Rickettsia from the networks had a minor impact on
the ‘core bacterial microbiota’ but affected network robustness and
connectivity, leading to reshaping of bacterial community assembly
in both tick species. We conclude that once acquired by ticks, rick-
ettsial pathogens play a major role in bacterial community assembly
in H. marginatum and R. bursa with minimal impact on the ‘core bac-

terial microbiota’.

2 | MATERIALS AND METHODS
21 | Tick samples

Ticks were collected between 2019 and 2021 in Ponte-Leccia
slaughterhouse (42°46'45” N, 9°20'83"E) on Corsican breed cattle.
Ticks were collected manually on bovine skins after slaughter. The
identification number on the ear loop was collected to know the
location of the collected bovines and therefore the ticks. All the
bovines sampled were located in Corsica. Ticks were morphologi-
cally identified to the species level under a dissecting microscope
(Nikon SMZ445) following the dichotomous keys (Estrada-Pefa
et al.,, 2004). In total, samples of eight species (i.e. Dermacentor
marginatus (n=8), Ixodes ricinus (n=44), Haemaphysalis punctata
(n=46), Hyalomma marginatum (n=702), Hyalomma scupense
(n=198), Rhipicephalus bursa (n=1473), Rhipicephalus sanguineus
(n=69) and Rhipicephalus annulatus (n=147)) were collected in-
cluding different sexes (i.e. male and female) and different stages
(i.e. nymphs and adults engorged or not). Adult females (engorged
or not) from the two most abundant ticks in Corsica (Grech-
Angelini et al., 2016), Rhipicephalus bursa (n=24) and Hyalomma
marginatum (n=23), were selected randomly for this study. The
ticks were collected from different bovines, of which location of
origin were listed in Table S1. Before DNA extraction, ticks were
washed two times in miliQ sterile water and one time in 70% etha-
nol. Different surface sterilisation methods (i.e. ethanol vs. bleach)
did not significantly affect the bacterial diversity of tick midguts,
but the whole-body microbiota of bleach-treated ticks have sig-
nificantly lower bacterial diversity compared with ethanol-treated

ticks, as bleach removes external microbes (Binetruy et al., 2019).
Accordingly, ethanol washing was used here to; explicitly include
the internal and external tick microbiota in the analysis, as we con-
sider tick surface microbes as part of the tick microbiota. After
washing, ticks were conserved in 70% ethanol and stored at -80°C
until further processing.

2.2 | DNA extraction and pre-amplification

Ticks were homogenised using TissueLyser Il (Qiagen) in a
phosphate-buffered saline solution twice for 3min at a frequency
of 30Hz. DNA was extracted using the Nucleospin Tissue kit
(Macherey Nagel), following manufacturer instructions. Each tick
DNA sample was used for TBPs detection and bacterial microbiota
characterisation using microfluidic PCR and 16S rRNA amplicon
sequencing, respectively. Tick DNA was pre-amplified for the
microfluidic PCR to have better detection of the pathogens. The
PreAmp Master Mix (Fluidigm) was used according to the manu-
facturer's instructions. Briefly, primers were pooled combining
equal volume of primers (200 nM final each). The pre-amplification
was performed in a final volume of 5uL containing 1pL Perfecta
Preamp 5x, 1.25pL pooled primers mix, 1.5 pL distilled water and
1.25uL DNA. The thermocycling program consisted of one cycle
at 95°C for 2min, 14 cycles at 95°C for 15s and 4 min at 60°C. The
reactions were then diluted 1:10 in Milli-Q ultrapure water. Pre-
amplified DNAs were stored at -20°C.

2.3 | Microfluidic PCR detection of TBPs in tick
DNA samples and sequencing confirmation

To detect major TBPs (32 bacterial species, five bacteria genera,
two parasite genera, one parasite phylum; Table S2), the BioMark™
real-time PCR system (Fluidigm) was used for high-throughput
microfluidic real-time PCR amplification using the 48.48 dy-
namic arrays (Fluidigm). Amplifications were performed using
6-carboxyfluorescein (FAM)- and black hole quencher (BHQ1)-
labelled TagMan probes with TagMan Gene expression master mix
following manufacturer's instructions (Applied Biosystems). PCR
cycling comprised 2min at 50°C, 10min at 95°C, followed by 40cy-
cles of two-step amplification of 15s at 95°C and 1min at 60°C.
One negative water control was included per chip. To determine
if factors present in the sample could inhibit the PCR, Escherichia
coli strain EDL933 DNA was added to each sample as an internal
inhibition control, and primers and probes specific to the E. coli eae
gene were used. For more details, please see Michelet et al. (2014).
Confirmation PCR was realised for positive samples of Rickettsia with
primers amplifying an 850-bp region of the gltA gene (Mediannikov
et al., 2004), and Ehrlichia with the primers amplifying a 590-bp re-
gion of the protein (groEL) gene (Dahmani et al., 2017). Positive PCR
products were purified and sequenced using the Sanger Sequencing
method.
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2.4 | 16S rRNA amplicon sequencing and
processing of raw sequences

A single lane of lllumina MiSeq system was used to generate
251-base paired-end reads from the V4 variable region of the
16S rRNA gene using bar-coded universal primers (515F/806R)
in ticks. Two extractions reagent controls were set, in which the
different DNA extraction steps were performed using the same
conditions as for the samples but using water as a template. DNA
amplification was then performed on the extraction control in
the same conditions as for any other sample. The raw 16S rRNA
paired sequences obtained from tick samples were deposited at
the SRA repository (Bioproject No. PRINA865094). 16S rRNA se-
quences were analysed using QIIME2 pipeline (v.2019.7; Bolyen
et al., 2019). The demultiplexed raw sequences (obtained in fastq
files) were denoised, quality trimmed and merged using DADA2
software (Callahan et al., 2016) implemented in QIIME 2 (Bolyen
et al., 2019). The amplicon sequence variants (ASVs) obtained
were aligned with g2-alignment of MAFFT (Katoh et al., 2002)
and used to construct a phylogeny with g2-phylogeny of FastTree
2 (Price et al., 2010). Taxonomy was assigned to ASVs using a
classify-sklearn naive Bayes taxonomic classifier based on SILVA
database (release 138; Bokulich et al., 2018). Only the target
sequence fragments were used in the classifier (i.e. classifier
trained with the 515F/806R primers) (Ren & Wu, 2016; Werner
et al., 2012). Taxa that persisted across serial fractions of the
samples using QIIME 2 plugin feature-table (core-features) were
considered ubiquitous. To determine the impact of Rickettsia
taxon in the microbial community, the taxon was putted to O in
the ASVs table, and the following tests were realised with the

same procedure.

2.5 | Microbial diversity and taxonomic
differential abundance

To test for differences in bacterial diversity within and between
H. marginatum and R. bursa tick samples, we conducted analyses
of alpha and beta diversity. Alpha diversity measures the bacterial
richness within groups, while bacterial beta diversity compares the
bacterial diversity between groups. Alpha diversity and beta diver-
sity metrics were calculated using the g2-diversity plugin in QIIME
2 (Bolyen et al., 2019). Richness and evenness were calculated using
‘observed features’ (DeSantis et al., 2006) and Pielou evenness index
(Pielou, 1966), respectively. Differences in alpha diversity metric
between groups were assessed with Kruskal-Wallis test (p<.05)
using QIIME 2 (Bolyen et al., 2019). The beta diversity was assessed
using the Bray Curtis dissimilarity index (Bray & Curtis, 1957) and
compared between groups using the PERMANOVA test (p<.05)
as implemented in QIIME 2 (Bolyen et al., 2019). Dispersion, which
measures bacterial variability between samples within the popula-

tion, was calculated using ‘betadisper’ function (script available,

File S1) and Vegan R package implemented in Rstudio (RStudio
Team, 2020). The dispersion between groups was compared using
the ANOVA test (p<.05).

The clustering analysis, which measures the similarity between
the tick microbial samples, was calculated for microbial samples of
the two tick species to test for a clustering pattern according to
the species, as well as within each tick species individually to test
for a clustering pattern according to the pathogen infection status.
The cluster analysis was conducted with the Jaccard coefficient of
similarity (script available, File S1) with the use of Vegan (Oksanen
et al.,, 2021) implemented on R studio (RStudio Team, 2020). The
differences in bacterial taxa abundance between the two species
were tested using a t-test and performed with the ANOVA-Like
Differential Expression (ALDEx2; script available, File S1) pack-
age (Fernandes et al., 2013). Only taxa with significant differences
(p<.05) were used for representation of the differential taxa rela-
tive abundance. Relative abundance was measured as centred log
ratio (clr) transformation which uses the geometric mean of the read
counts in the sample. The advantage of the clr transformation is that
it makes the quantification scale free and therefore comparable be-
tween conditions (Fernandes et al., 2014). The resulting data were
used to construct the heatmap with the heatmap.2 function (script
available, File S1), implemented in R studio environment (RStudio
Team, 2020).

2.6 | Inference of bacterial co-occurrence
networks

Here we used co-occurrence network to compared the architec-
ture (i.e. network topology), node hierarchy (i.e. centrality values
and keystone taxa), and robustness between networks of the two
tick species with and without Rickettsia. Co-occurrence networks
were built for each dataset using the bacterial taxonomic profiles
at genera level. The networks allow the graphic visualisation of the
bacterial community assemblies. Bacterial taxa are represented by
nodes and the significant correlations between taxa are represented
by edges. Analyses of significant positive (weight>0.75) or nega-
tive (weight <-0.75) correlations were performed using the Sparse
Correlations for Compositional data (SparCC) method (script avail-
able, File S1) (Friedman & Alm, 2012) implemented in R studio en-
vironment (RStudio Team, 2020). The visualisation and measures of
topological features (i.e. number of nodes and edges, network di-
ameter, modularity, average degree, weighted degree and cluster-
ing coefficient) of the networks were performed using the software
Gephi 0.9.2 (Bastian et al., 2009). Topological features can provide
information about the bacterial community stability and robust-
ness. Core co-occurrence analysis was conducted to determine the
strongest co-occurrence associations in the bacterial microbiota
using the same technic as standard co-occurrence networks, but
with a higher SparCC threshold for positive (weight>0.9) or nega-
tive (weight <0.9) correlations.
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2.7 | Inference of eigenvector and betweenness
centrality indexes

Eigenvector and betweenness centrality measures are used to
measure the influence and importance of each node within a net-
work. The aim of this analysis was to compare the number and posi-
tion of the most central nodes between the two bacterial networks.
The eigenvector centrality is a value (between O and 1) quantify-
ing the influence of a node by measuring the importance of the
connections of its neighbours (Ruhnau, 2000). A node with a high
eigenvector value means that the node is connected with many
other high-score nodes. We consider high eigenvector centrality
nodes the ones that were above the median value. The between-
ness centrality calculates the number of shortest paths that pass
through each node in the network. A node with a high between-
ness centrality value is that in the shortest path of a high number
of nodes in the network. We consider high betweenness centrality
nodes the ones that were above the median value. Eigenvector and
betweenness centrality values of each node were exported with
Gephi (Bastian et al., 2009).

2.8 | Comparative network analysis

The differential network represents the correlations that are differ-
ent between the same taxa in two bacterial networks. The statistical
network estimation was realised using Network Construction and
Comparison for Microbiome Data (NetComi; script available, File S1)
(Peschel et al., 2021) on Rstudio (RStudio Team, 2020). Each node
represents a bacterial taxon shared by the two networks. Each edge
represents a type of connection.

Jaccard index was calculated to test for dissimilarities in local
centrality measures (degree, betweenness centrality, closeness cen-
trality and eigenvector centrality) between nodes in networks of the
two tick species with and without Rickettsia. The Jaccard index tests
the similarity between sets of ‘most central nodes’ of networks,
which are defined as those nodes with a centrality value above the
empirical 75% quartile. This index expresses the similarity of the
sets of most central nodes as well as the sets of hub taxa between
the two networks. Jaccard index range from O (completely differ-
ent sets) to 1 (sets equal). The two p-values P (J<j) and P (J2j) for
each Jaccard's index are the probability that the observed value of
Jaccard's index is ‘less than or equal’ or ‘higher than or equal’, respec-
tively, to the Jaccard value expected at random which is calculated
taking into account the present total number of taxa in both sets
(Real & Vargas, 1996).

2.9 | Parameters to describe keystone taxa
Keystone taxa are central in microbiota functioning, having an

important role for its structure and/or assembly. Here, we de-
fined keystone taxa using three criteria, as previously reported

(Mateos-Hernandez et al., 2020, 2021): (i) ubiquitousness, (ii) high
eigenvector centrality (>0.75), (iii) high relative abundance (clIr value

above the average).

2.10 | Local connectivity of Rickettsia in the
microbial community

To understand the relation of rickettsial pathogens with the rest of
the bacterial microbiota, the Rickettsia taxon was visualised in as-
sociation with all the taxa it was positively or negatively connected
to (Rickettsia sub-networks). The sub-networks were exported
and assessed individually. The analyses were performed on Gephi
(Bastian et al., 2009), the strength of the edges was presented with
the SparCC weight.

2.11 | Network robustness in nodes removal

The network robustness analysis provides information on how re-
sistant the network is to perturbations such as node removal. In this
analysis, the proportion of removed nodes needed to reach a loss in
connectivity of 0.80 was recorded for each network after directed,
cascading or random removal of nodes. For comparisons between
the networks with and without Rickettsia, a delta value was calcu-
lated (i.e. the proportion of nodes needed to reach a loss in con-
nectivity of 0.80 in networks with Rickettsia minus that in networks
without Rickettsia). Directed removal of nodes consists in removing
first the nodes with higher betweenness centrality. Cascading effect
consists in removing first the nodes with high betweenness central-
ity, but recalculated each time a node is removed. The last type is a
random removal of nodes. The robustness of networks is calculated
with Network Strengths and Weaknesses Analysis (NetSwan; script
available, File S1; Lhomme, 2015) in Rstudio (RStudio Team, 2020).
A statistical unpaired t-test was conducted between networks with
and without Rickettsia for each species and each node removal con-
dition with GraphPad Prism version 8.0.1 (GraphPad Software).

3 | RESULTS

3.1 | Rickettsial pathogens infection and
microbiota diversity in H. marginatum and R. bursa

A high-throughput pathogen detection analysis was conducted on
samples from H. marginatum and R. bursa ticks. The results showed
the presence of at least one pathogen in 100% (23/23) of the H. mar-
ginatum samples, whereas only 70.8% (17/24) of R. bursa samples
presented at least one pathogen (Table 1). All H. marginatum sam-
ples (n=23) were positive to R. aeschlimannii. For R. bursa, 58.3%
(14/24) of the samples were positive to Rickettsia spp., while 54.2%
(13/24) were positive to R. aeschlimannii, 4.2% (1/24) were positive
to R. slovaca and 20.8% (5/24) were positive to R. raoultii. Other
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Vector-borne pathogen(s)

H. marginatum % H. marginatum

Total infected ticks (21 pathogen) 23 100
Rickettsia spp. 23 100
Rickettsia aesclimannii 23 100
Rickettsia slovaca 0 0
Rickettsia raoultii 0 0
Anaplasma spp. 0 0
Anaplasma marginale 0 0
Ehrlichia spp. 1 4.3
Ehrlichia minasensis 1 4.3
Theileria spp. 1 4.3

pathogens such as A. marginale (R. bursa, 12.5%, total 24), Theileria
spp. (R. bursa, 45.8%, total 24 and H. marginatum, 4.3%, total 23) and
Ehrlichia minasensis (H. marginatum, 4.3%, total 23) were found at
lower frequencies.

In H. marginatum samples, single infections were more fre-
quently detected (91.3%) than co-infections (8.7%; Table S3). In
contrast, R. bursa samples had a lower occurrence of single in-
fections (16.6%) and a higher occurrence of co-infections (54.2%;
Table S3). These results indicate different patterns of pathogen in-
fection between the two tick species. Hyalomma marginatum ticks
have a high occurrence of single infection by rickettsial pathogens
but low pathogen diversity (within and between samples), while
R. bursa samples have a lower occurrence of rickettsial patho-
gens infections but high pathogen diversity (within and between
samples).

To understand how pathogen occurrence and diversity affect
the microbiota, the bacterial richness and evenness of R. bursa were
compared to those of H. marginatum. The analysis showed that R.
bursa had significantly higher bacterial richness (Kruskal-Wallis,
p <.05, Figure 1a) and evenness (Kruskal-Wallis, p <.05, Figure 1b).
Additionally, the bacterial community compositions of R. bursa
and H. marginatum were significantly different (PERMANOVA,
p<.001, Figure 1c), while no significant differences were found in
the beta dispersion (ANOVA test, p=.069, Figure 1c). A Jaccard
distance analysis revealed that the microbial samples formed two
distinct clusters: one composed mostly of H. marginatum samples
(22/29, 75.9%) and a few R. bursa samples (7/29, 24.1%), and the
other cluster composed mostly of R. bursa samples (17/18, 94.4%)
and a single H. marginatum sample (1/18, 5.6%; Figure 1d). These
clusters indicate a strong clustering pattern according to the tick
species. However, within each tick species, the Jaccard distance
analysis did not show any clustering pattern when considering the
pathogen infection status in H. marginatum (Figure S1a) or R. bursa
(Figure S1b). Overall, the composition of the bacterial microbiota
was significantly different between H. marginatum and R. bursa, and
the differences in pathogen infection within a species did not im-
pact the microbial composition.

Compositional analysis revealed that the two tick species shared
857 taxa, while 81 and 242 unique taxa (genera level) were detected

TABLE 1 Pathogen occurrence in

LB Bl Hyalomma marginatum and Rhipicephalus
17 70.8 bursa samples.
14 58.3
13 54.2

1 4.2

5 20.8

S 12.5

3 12.5

0 0

0 0
11 45.8

in H. marginatum and R. bursa, respectively (Figure 1e). Differential
relative abundance analysis identified 18 taxa with significant
changes in relative abundance among the shared taxa (Figure 1f).
Some taxa such as Alcaligenes, Shewanella, Flavobacterium, Ralstonia,
Cupriavidus, Chryseobacterium, Rickettsia, Candidatus Midichloria
and Francisella were more abundant in H. marginatum samples,
while others including Oscillospiracae UCG-002, Ruminococcus
gauvreauii group, Rothia, Clostridia, Monoglobus, Oscillospiracae
UCG-005, Clostridia UCG-014, Eubacterium coprostanoligenes group
and Coxiella were more abundant in R. bursa samples. The Rickettsia
taxon was present in all samples with a higher mean relative abun-
dance in H. marginatum (Average clr 14.55+0.49) compared to R.
bursa (Average clr 13.61+0.62) (p<.05). The contrasting patterns
of rickettsial pathogen occurrence (Table S3), relative abundance of
the Rickettsia taxon, and of alpha diversity (Figure 1a) between the
two tick species suggests an impact of Rickettsia on the tick bacterial
microbiota.

3.2 | Centrality and connectivity of Rickettsia in the
H. marginatum and R. bursa microbial networks

The importance of Rickettsia in the bacterial networks was
assessed by examining its centrality within each network.
Specifically, we checked whether Rickettsia was among the most
central nodes or connected with keystone taxa. The Rickettsia
taxon was not among the nodes with high eigenvector central-
ity values in H. marginatum (n=11 nodes, Figure 2a), and R. bursa
(n=15 nodes, Figure 2b), or the nodes with high betweenness
centrality in H. marginatum (n=2 nodes, Figure 2c) and R. bursa
(n=1 node, Figure 2d) networks. Most of the nodes had eigenvec-
tor centrality and betweenness centrality values below the mean
values (80.4% for H. marginatum, Figure 2e and 79.7% for R. bursa,
Figure 2f). To further explore centrality distribution between the
two networks, we conducted a Jaccard index comparison test
on local centrality measures. Jaccard index values for degree,
hub taxa, closeness and eigenvector centrality between the two
species networks was 0.40, which was higher than expected by
random (P (2Jacc) <.05, Table 2). However, the Jaccard value for
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FIGURE 1 Comparison of microbial diversity and taxa bacterial abundance between Hyalomma marginatum and Rhipicephalus bursa.

(a) Comparison of alpha diversity with observed features index for H. marginatum (purple) and R. bursa (green) samples (p=.022%). (b)
Comparison of alpha diversity with Pielou evenness index for H. marginatum (purple) and R. bursa (green) samples (p=.011*). (c) Comparison
of beta diversity with Bray Curtis dissimilarity index for H. marginatum (purple) and R. bursa (green) samples. Small circles represent
samples, and ellipses represent centroid position for each group (F=11.39; p=.0001***; stress=0.1244). This test use Principal Coordinate
Analysis (PCoA), it is used to explore and to visualise variability in a microbial community. ANOVA test was performed and showed that
beta dispersion of the two sets of samples is not significantly different (p=.0686). (d) Jaccard clusterisation of H. marginatum and R. bursa
samples. The Jaccard distance is represented between 0 and 2, the lines are proportional to this distance. Each sample is represented by a
violet dot for H. marginatum and a green one for R. bursa. (e) Venn diagram displaying the comparison of taxa composition for all taxa. The
purple and green circles represent H. marginatum and R. bursa samples, respectively. Numbers represent the amount of taxa found in each
dataset and those shared by the two groups. (f) Dendrogram heatmap resulting from the heatmap.2 function implemented on R studio
(RStudio Team, 2020). Taxa were clustered based on relative abundance (calculated as clr transformed values). Each column represents

the CLR values for bacterial taxa per sample and per group. Each line represents bacterial taxa with significant changes between the two
datasets. clr value range from -15 (red) to 15 (green).

betweenness centrality did not deviate from random distribution To gain a deeper understanding of the distribution of node
(Table 2), suggesting that the two networks were mostly equiva- centrality in the two networks, we examined the 10 taxa with the
lent in terms of node centrality distribution. highest eigenvector, betweenness and degree centrality values.
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FIGURE 2 Distribution of node centrality in Hyalomma marginatum and Rhipicephalus bursa co-occurrence networks. Co-occurrence
networks of H. marginatum (a) and (c) and R. bursa (b) and (d). Network (a) and (b) represent eigenvector centrality. Node colour ranges from
white (0) to purple (1). Node size is proportional with eigenvector centrality measure. Network (c) and network (d) represent betweenness
centrality. Node colour ranges from white (0) to purple (1000 for (c) and 2500 for (d)). Node size is proportional with betweenness centrality
measure. Eigenvector centrality and Betweenness centrality ratio is represented for H. marginatum (e) and R. bursa (f). Each black dot
represents a taxon. The red dots represent Rickettsia taxon. Direct neighbours of Rickettsia for (g) H. marginatum and (h) R. bursa microbial
networks. Blue and red edges represent positive and negative co-occurring relations respectively, the number is the co-occurring association

strength (the SparCC value).

TABLE 2 Jaccard index for Hyalomma marginatum and
Rhipicephalus bursa networks.

H. marginatum vs. R. bursa
Local centrality

measures Jacc?® P (<Jacc) P (2Jacc)

Degree 0.40 97 .04*

Betweenness centrality 0.35 .64 45

Closeness centrality 0.40 97 .04*

Eigenvector centrality 0.40 97 .04*

Hub taxa 0.40 .97 .04*
*p<.05.

?Jaccard index.

Interestingly, 50% of the most central nodes were similar between
the two networks in terms of eigenvector and degree centralities
(Table S4), while only 10% were similar for betweenness centrality
(Table S4). Despite Rickettsia being among the low-ranked nodes in
both networks (Figure 2e,f), it is worth noting that its eigenvector
centrality value of 0.11 and betweenness centrality value of 3.7 in
the H. marginatum network were higher than those in R. bursa net-
work, where Rickettsia had eigenvector centrality=0.03, and be-
tweenness centrality=0.

Furthermore, our analysis of keystone taxa identification and
local connectivity analysis revealed that Rickettsia showed a posi-
tive connection with the only keystone taxon (Cutibacterium) iden-
tified in H. marginatum (Figure 2g). However, no connection was
found between the keystone taxa in R. bursa (Staphylococcus and
Jeotgalicoccus) and Rickettsia in R. bursa network (Figure 2h). The
results indicated similar distribution of node centrality in the two
networks and slightly higher importance of Rickettsia in the bacterial
microbiota of H. marginatum.

To further investigate the importance of Rickettsia in the net-
works, we conducted an in silico experiment where Rickettsia was
removed from the networks to observe its effect on node central-
ity distribution. The comparison of centrality measures between
networks with and without Rickettsia in H. marginatum or R. bursa
showed that the removal of Rickettsia resulted in Jaccard indexes
very close to 1 for all local centrality measures (Table 3). This sug-
gests a high similarity in the proportion of central nodes in the net-
works with and without Rickettsia within each tick species. However,
when comparing Jaccard values between H. marginatum and R. bursa
networks without Rickettsia, we observed a random distribution of
all centrality measures (Table 4).

To further analyse the taxonomic composition of the two tick
species with and without Rickettsia, we identified the top 10 taxa
with the highest eigenvector, betweenness and degree centrality
values in networks without Rickettsia. Interestingly, the top taxa dif-
fered significantly between networks with and without Rickettsia for
each node centrality metric (Table S4). To determine whether the
loss of similarity in node centrality distribution was associated to the
specific removal of Rickettsia taxon, we also removed one taxon in
each network with similar centrality values as Rickettsia (referred as
‘equivalent taxa') and compared the centrality distribution between
networks. The removal of equivalent taxa did not significantly alter
the node centrality distribution in the H. marginatum and R. bursa
networks (Table S5).

These findings suggest that despite its low centrality values, the
presence of Rickettsia in the networks played a crucial role in struc-
turing node centrality traits shared by the microbiota of the two
sympatric tick species. In other words, the similarity of node central-
ity distribution between the networks depended on the presence of

Rickettsia in the networks.

3.3 | Influence of Rickettsia on the assembly and
robustness of H. marginatum and R. bursa microbiota

Rickettsia plays a crucial role in the node centrality traits shared
by the two tick species. To understand the role of Rickettsia in
the community assembly, we visually inspected the networks of
H. marginatum (Figure 3a) and R. bursa (Figure 3b). Both networks
displayed two principal modules with negative co-occurring inter-
actions between their nodes. Other scattered taxa marginally con-
nected or not with the main modules were also found. Although
the two networks had a similar number of nodes, the H. margi-
natum network had fewer connected nodes and edges compared
to the R. bursa network (Table 5). However, both networks had
the same proportion of positives and negatives edges (Table 5).
Further analysis revealed variations in the correlation between
shared taxa in the two networks (Figure 3c).

Removal of Rickettsia from the H. marginatum microbial network
resulted in a loss of two connected nodes but gained of 13 edges,
mostly negatives (connected nodes n=95, edges n=344), compared
to the network with Rickettsia taxon. In contrast, removing Rickettsia
from the R. bursa network increased the number of connected nodes
by 6 and the number of edges by 13, mostly positives (connected
nodes n=151, edges n=619). Both networks shared 70 nodes and
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H. marginatum with vs. without

TABLE 3 Jaccard index for Hyalomma
marginatum and Rhipicephalus bursa

R. bursa with vs. without

Local centrality Rickettsia Rickettsia networks with and without Rickettsia
measures Jacc? P (<Jacc) P (2Jacc) Jacc P (<Jacc) P (2Jacc) taxon.
Degree 0.91 1 o*** 0.91 1 o***
Betweenness 0.82 1 0*** 0.84 1 o=
centrality
Closeness centrality  0.91 1 o*** 091 1 O***
Eigenvector 0.91 1 o*** 0.91 1 O***
centrality
Hub taxa 0.91 1 o*** 0.91 1 O***
***p<.0001.

#Jaccard index.

TABLE 4 Jaccard index for Hyalomma marginatum and
Rhipicephalus bursa networks without Rickettsia taxon.

H. marginatum without Rickettsia vs.

R. bursa without Rickettsia
Local centrality

measures Jacc? P (<Jacc) P (2Jacc)
Degree 0.39 95 .07
Betweenness centrality 0.32 46 .63
Closeness centrality 0.39 95 .07
Eigenvector centrality 0.39 .95 .07
Hub taxa 0.39 .95 .07

?Jaccard index.

the H. marginatum network had 27 unique nodes, while the R. bursa
network had 75 unique nodes (Figure S2a). When Rickettsia was re-
moved, the two networks shared 68 nodes, and the H. marginatum
network still had 27 unique nodes, while the R. bursa network had 83
unique nodes (Figure S2b).

We extended the comparison to the ‘core bacterial microbiota’,
which consisted of nodes with strong correlation (SparCC>0.90).
The networks of H. marginatum (Figure S2c) and R. bursa (Figure S2d)
shared a core composed of three nodes: Psychrobacter, Atopostipes
and Jeotgalicoccus. However, these nodes did not share the same
strong co-occurring interaction between the two species. In ad-
dition, both H. marginatum and R. bursa had an extra node con-
nected to three common nodes (Jeotgalibaca for H. marginatum
and Aerococcaceae - uncultured for R. bursa). Furthermore, R.
bursa had an extra core of four nodes not shared by H. margina-
tum (Cutibacterium, Lawsonella, Desulfobulbaceae -uncultured and
Sva0081 sediment group) (Figure S2c,d). Removing Rickettsia resulted
in the gain of one taxon (Aerococcaceae - uncultured) in the ‘core
bacterial microbiota’ of H. marginatum (Figure S2e) and the loss of
two taxa (Desulfobulbaceae - uncultured and Sva0081 sediment
group) from the ‘core bacterial microbiota’ of R. bursa (Figure S2f).
The removal of Rickettsia also affected the general structure of the
networks by increasing the number of edges.

Next, we compared the robustness of the networks with and
without Rickettsia. Higher delta values indicated less robustness in
networks without Rickettsia, meaning fewer nodes were needed to

reach aloss in connectivity of 0.8. Directed removal of nodes from
H. marginatum and R. bursa networks with and without Rickettsia
resulted in deltas of 2.7% (Figure S3a) and 4.8% (Figure S3b), re-
spectively. Cascading removal of nodes resulted in deltas of 1.8%
for H. marginatum (Figure S3c) and -0.3% for R. bursa (Figure S3d).
Random removal of nodes showed deltas of 0.1% for H. margi-
natum (Figure S3e) and 1.2% for R. bursa (Figure S3f). Only the
direct removal of nodes for R. bursa networks with versus with-
out Rickettsia significantly different (unpaired t-test, p<.01).
Therefore, removing Rickettsia followed by directed attack had
the strongest negative effect on the robustness of both networks
by reducing the proportion of nodes required to reach a loss in

connectivity of 0.8.

3.4 | Rickettsia as a driver of microbial community
assembly in H. marginatum and R. bursa

We conducted an evaluation to assess the potential influence of
Rickettsia on the arrangement of nodes within the two primary mi-
crobial communities (computed modules) identified in H. marginatum
(Figure 3a) and R. bursa (Figure 3b) bacterial microbiota. Comparison
of bacterial nodes in the two major modules of the two species net-
works revealed a significant number of shared taxa. Specifically, one
module in H. marginatum shared 22 taxa with a module in R. bursa
(Figure 4a), prompting us to designate these modules as equivalent
communities, namely H. marginatum (Hm) module 1 (HmM1) and
R. bursa (Rb) module 1 (RbM1). The other two modules shared 12
nodes (Figure 4a) and were labelled as HmM2 and RbM2.

Each module also had unique nodes, 23 in H. marginatum (11 in
HmM1 and 12 in HmM2) and 60 in R. bursa (22 in RbM1 and 38 in
RbM2). Notably, Rickettsia was embedded within HmM1 and RbM2.
Upon removing Rickettsia from the H. marginatum network, we ob-
served the absence of 17 taxa (14 in HmM1 and 3 in HmM2) in the
two modules. However, the removal of Rickettsia did not impact 58
taxa (19 in HmM1 and 22 in HmM2), and 24 taxa (8 in HmM1 and 16
in HmM2) were gained by the modules (Figure 4b). Similarly, remov-
ing Rickettsia from R. bursa network resulted in the disappearance of
six taxa (4 in RbM1 and 2 in RbM2), the appearance of five taxa (4 in
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(b)

FIGURE 3 Co-occurrence networks of Hyalomma marginatum and Rhipicephalus bursa. Co-occurrence networks of (a) H. marginatum

and (b) R. bursa samples. Nodes correspond to taxa (family or genera level), and connecting edges indicate significant connection between
them (p <.01**). Only nodes with at least one significant correlation are represented. Node colours are based on modularity class metric and
equal colour means modules of co-occurring taxa. Edges represent positive (blue) or negative (red) correlations (SparCC>0.75 or <-0.75). (c)
Differential network between H. marginatum and R. bursa co-occurrence networks. White nodes represent taxa, edges represent differential
of co-occurring connection between the two species. Light green and red means the taxa are positively or negatively connected in both
networks. Dark green means the taxa are positively connected in H. marginatum and not connected in R. bursa networks. Dark blue means
the taxa are positively connected in R. bursa and not connected in H. marginatum networks. Cyan means that taxa are positively connected
in H. marginatum network and negatively connected in R. bursa network. Purple means that taxa are positively connected in R. bursa network

and negatively connected in H. marginatum network.

TABLE 5 Topological features for
the perturbed and normal networks of
Hyalomma marginatum and Rhipicephalus

Topological features
bursa.

Total nodes
Connected nodes
Edges

Positives
Negatives
Modularity
Network diameter
Average degree
Weighted degree

Clustering coefficient

RbM1 and 1 in RbM2), while 89 taxa (41 in RbM1 and 48 in RbM2)
remained unaffected (Figure 4c). These alterations in the modules,
following Rickettsia removal, led to similarities between HmM1
and RbM1 (22 shared taxa with Rickettsia vs. 23 without Rickettsia)
(Figure 4a,d), as well as between HmM2 and RbM2 (12 shared taxa
with Rickettsia vs. 21 without Rickettsia; Figure 4a,d). These find-
ings suggested that the composition of HmM1 and RbM1, as well
as HmM2 and RbM2, became more alike after removal of Rickettsia
from the networks.

Next, we examined the differential connectivity of the common
taxa between HmM1 and RbM1, and between HmM2 and RbM2,
to determine if the taxa present in both modules of the two species
exhibited the same co-occurrence pattern regardless of the species.
Surprisingly, we observed that most of those connections differed

H.marginatum R.bursa
without without
H.marginatum R.bursa Rickettsia Rickettsia
1256 1279 1255 1278
97 145 95 151
331 606 344 619
237 (72%) 433 (71%) 239 (69%) 447 (72%)
94 (28%) 173 (29%) 105 (31%) 172 (28%)
1.15 1.10 1.27 1.06
7 10 8 9
6.83 8.36 7.24 8.20
2.35 2.86 2.26 2.89
0.53 0.59 0.56 0.62

between two groups (Figure 4e). Although the communities within
the major modules shared similar taxa in H. marginatum and R. bursa,
allowing us to draw parallels between HmM1 and RbM1, as well as
HmM2 and RbM2, the way the taxa were interconnected differed
between the two species. The presence of Rickettsia in the commu-
nities significantly influenced the assemblage of the communities,
leading to divergence between the bacterial microbiota of H. margi-
natum and R. bursa.

4 | DISCUSSION

The capacity of TBPs to modulate the diversity, bacterial compo-
sition and microbial structure of tick host microbiota has been
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FIGURE 4 Proportion of unique and shared nodes in the two major communities of H. marginatum and R. bursa microbiota. (a) Taxa
shared between H. marginatum (Hm) (with purple outline) module 1 (HmM1) and R. bursa (Rb) (with green outline) module 1 (RbM1) in

pink and Hm module 2 (HmM2), and Rb module 2 (RbM2) in green. (b) Taxa shared between HmM1 with and without Rickettsia (in pink)

and HmM2 with and without Rickettsia (in green). (c) Taxa shared between RbM1 with and without Rickettsia (in pink) and RbM2 with and
without Rickettsia (in green). (d) Taxa shared between HmM1 and RbM1 without the presence of Rickettsial taxon (in pink), and HmM2 and
RbM2 without the presence of Rickettsial taxon (in green). (e) Differential network between the two principal modules of H. marginatum

and R. bursa co-occurrence networks. Node colours represent the two modules. Edges represent strong positive (SparCC > 0.75) or negative
(SparCC < -0.75) co-occurrence interactions. Light green and red means the taxa are positively or negatively connected in both networks.
Dark green and orange means the taxa are positively or negatively connected in H. marginatum and not connected in R. bursa networks. Dark
blue and dark purple means the taxa are positively or negatively connected in R. bursa and not connected in H. marginatum networks.

established (Abraham et al., 2017; Estrada-Pefia et al., 2020;
Hamilton et al., 2021; Maitre, Wu-Chuang, AZelyté, et al., 2022;
Maitre, Wu-Chuang, Mateos-Hernandez, et al., 2022). However,
their impact on community assembly and emergent properties of
microbial networks remains unclear. TBPs can potentially restruc-
ture the tick host microbial community through microbe-host or
microbe-microbe complex (Abraham et al., 2017; Lejal et al., 2021;
Narasimhan et al., 2022). In this study, we employed high-throughput
pathogen detection, next-generation sequencing (NGS), and an ex-
perimental network approach to investigate in silico the impact of
the Rickettsia taxon on the assembly of H. marginatum and R. bursa
bacterial microbiota.

Among the Rickettsia species detectable in this study (R. conorii,
R. slovaca, R. massiliae, R. helvetica, R. aeschlimannii, R. raoultii and R.
felis), R. aeschlimannii was found to be overrepresented in both H.
marginatum (present in 100% of the samples) and R. bursa (present in
over 50% of the samples, i.e. 54.2%) ticks. None of the other Rickettsia
species were detected in H. marginatum, while R. slovaca (4.2%) and
R. raoultii (20%) were detected at lower occurrence in R. bursa. Thus,
the network associations observed in this study were assumed to be

primarily associated with the presence of the high-frequently found
species R. aeschlimannii, yet the possibility of spurious signals result-
ing from the presence of R. slovaca and/or R. raoultii in R. bursa can-
not be excluded. In addition to pathogens, there is also a possibility
that Rickettsia endosymbionts commonly found in ticks (Novakova
& Smajs, 2018) were present in the ticks and detected by NGS, yet
Francisella-like and Midichloria, rather than Rickettsia, are the endo-
symbionts frequently found in H. marginatum (Azagi et al., 2017,
Buysse et al., 2021). The high rates of R. aeschlimannii infection in
H. marginatum (Azagi et al., 2017; Wallménius et al., 2014) may be
associated with this bacterium being an endosymbiont, although no
vertical transmission has been reported for R. aeschlimannii in ticks
(Novakova & Smajs, 2018). On the other hand, natural populations
of R. bursa have been more frequently associated with Coxiella-like
than Francisella-like endosymbionts (Brinkmann et al., 2019; Papa
et al., 2017; Raele et al., 2015).

Subsequently, we perturbed the co-occurrence bacterial
networks by removing Rickettsia in silico and compared the to-
pology, connectivity, local centrality measures, robustness and
community assembly between the perturbed and the original
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(unperturbed) networks. In silico node removal has been used
previously to assess the influence of microorganisms on plant mi-
crobiota properties (Agler et al., 2016). Specifically, the removal
of hub taxa in the Arabidopsis thaliana microbiota affected more
edges than removal of non-hub species in the networks (Agler
et al., 2016). Furthermore, the significance of two hub taxa was
confirmed through host colonisation experiments and interaction
assays (Agler et al., 2016), demonstrating the validity of in silico
node removal in silico as a tool to predict ecosystem behaviour
(Rottjers & Faust, 2018). In our study, we observed that the re-
moval of Rickettsia had a notable impact on the assembly of two
major bacterial communities. Without Rickettsia, the distribution
of centrality values and the presence of bacterial nodes in the
microbial network of our two tick species were no longer simi-
lar. This suggests that Rickettsia plays a crucial role in microbe-
microbe interactions in both H. marginatum and R. bursa, which
may be partially explained by its interactions with central bacteria
in the networks.

However, it is important to acknowledge that while node removal
analysis is a useful and powerful methodology, it may not accurately
predict real-life system responses since the network represents a
simplified and static representation of the ecosystem (Rottjers &
Faust, 2018). Nevertheless, we found that the ‘core bacterial mi-
crobiota’ remained conserved in both H. marginatum and R. bursa,
and the removal of Rickettsia did not affect the connectivity of the
nodes within the core. Similar findings have been observed in dif-
ferent cichlid fish species from various continents, where the ‘core
bacterial microbiota’ remained conserved (Riera & Baldo, 2020). This
suggests that core microbiota bacteria are conserved among closely
related species due to their critical roles in maintaining the proper
functioning of microbial communities (Weese, 2013).

Disturbance of tick microbial networks by the presence of a
rickettsial pathogen (R. helvetica) was previously reported (Maitre,
Wu-Chuang, AZelyté, et al.,, 2022; Maitre, Wu-Chuang, Mateos-
Hernandez, et al., 2022). This infection was found to be associated
with reduced bacterial diversity in I. ricinus ticks and loss in global
network connectivity, as well as local connectivity of the Rickettsia
taxon (Maitre, Wu-Chuang, AzZelyté, et al.,, 2022; Maitre, Wu-
Chuang, Mateos-Hernandez, et al., 2022). However, the structural
role of R. helvetica in the R. helvetica-infected I. ricinus network was
not tested in that study. In our research, we discovered a positive
correlation between Rickettsia and the predicted keystone taxon
Cutibacterium in the undisturbed H. marginatum network. Keystone
taxa are known to have a major influence on the structure and func-
tion of microbiota at specific spatial or temporal contexts (Banerjee
et al., 2018; Wu-Chuang, Obregon, Mateos-Hernandez, et al., 2022).
Certain keystone bacteria have been associated with the recovery
of human gut microbiota after antibiotic exposure (Gibbons, 2020),
and in another study, four keystone bacteria were found to main-
tain the functional diversity of the I. scapularis microbiota under in-
tense heat stress (Wu-Chuang et al., 2021; Wu-Chuang, Obregon,
Estrada-Pefa, et al., 2022). Through the privileged connectivity to
keystone taxa in H. marginatum bacterial microbiota, Rickettsia may

exert an influence microbial community assembly and resiliency to
attack (i.e. robustness), despite having low centrality. This phenom-
enon of a low number of associations linked mostly to highly con-
nected hub nodes has been previously demonstrated as a microbial
mechanism employed by Roseofilum reptotaenium to alter microbe-
microbe interactions associated with Black Band Disease in corals
(Meyer et al., 2016).

The concept of robustness, which refers to the resistance
of a network, can be studied using percolation theory (Cohen
et al., 2000). Percolation theory provides insights into how informa-
tion can flow between nodes in a network (Rottjers & Faust, 2018).
In this study, we applied percolation theory to assess network ro-
bustness by measuring loss in connectivity following directed, cas-
cading and random attacks (Rottjers & Faust, 2018). Our results
showed that the removal of Rickettsia slightly decreased network
robustness in both tick species across all three types of attacks, ex-
cept for cascading attack in R. bursa. Interestingly, a previous study
found that A. phagocytophilum infection also reduced the robustness
of I. scapularis microbial networks, although the impact of patho-
gen infection on network robustness was marginal compared to
that caused by anti-tick immunity (Estrada-Pefa et al., 2020). These
findings suggest that while pathogen infection (e.g. A. phagocytoph-
ilum), can be detected in the robustness test, its effect on bacterial
community assembly is limited compared with other disturbance
factors like anti-tick immunity (Estrada-Pena et al., 2020), or anti-
microbiota vaccines (Mateos-Hernandez et al., 2021). Furthermore,
a significant reduction of network robustness was observed after
directed attacks in the microbiota of mice exposed to antibiotics and
fed a high-fat diet, as compared to untreated mice on the same diet
(Mahana et al., 2016). The authors of this study suggested that spe-
cific antibiotics could target keystone taxa leading to ecosystem col-
lapse (Mahana et al., 2016). Thus, network robustness appears to be
a property that can reflect microbial community failures in various
animal species, ranging from arthropod (Estrada-Penfa et al., 2020;
Mateos-Hernandez et al., 2021) to mammals (Mahana et al., 2016).

Reducing network robustness by anti-microbiota vaccines
presents a novel strategy to impact vector microbiota, as demon-
strated by Mateos-Hernandez et al. (2021). This approach aims
to induce infection-refractory states in ticks or other vectors,
as highlighted by Maitre, Wu-Chuang, Azelyté, et al. (2022) and
Maitre, Wu-Chuang, Mateos-Hernandez, et al. (2022), ultimately
leading to a reduction or blockade of vector-borne pathogen
transmission (Azelyté et al., 2022). Previous research showed that
anti-microbiota vaccines that targets keystone taxa can modu-
late the tick microbiota (Mateos-Hernandez et al., 2020, 2021).
Our own findings indicate that Cutibacterium, Jeotgalicoccus and
Staphylococcus are the key taxa for H. marginatum and for R. bursa,
respectively. Staphylococcus is known to be highly abundant in
the microbiota of various tick species (Wang et al., 2021), and has
been associated with increased tick survival and reproduction
(Riera & Baldo, 2020; Weese, 2013). This suggests that targeting
Staphylococcus with an anti-microbiota vaccine could affect the
transmission of rickettsial pathogens in R. bursa.
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Although previous studies in mice and birds have shown no
adverse effect or significant modulation of host microbiota as-
sociated with anti-microbiota vaccination (Mateos-Herndndez
et al., 2020, 2021), it is important to consider that Cutibacterium
and Staphylococcus genera contain species commonly found
in the skin microbiota of mammals (Fernandez et al., 2020). For
example, Cutibacterium and Staphylococcus have been identified
in the microbiota of cattle udder (Gryaznova et al.,, 2021), and
Jeotgalicoccus, a genus in the family as Staphylococcus, has been
found in cattle nasopharynx (Timsit et al., 2018). To ensure safety,
it is ideal to formulate the vaccine using protein variants exclu-
sively found in tick-associated bacteria, rather than those present
in host-associated microbiota.

Network analysis is a powerful tool that has its limitations in
the present study. While microbial networks provide valuable in-
formation about the microbiota at the time of tick collection and
sample generation; they do not capture the dynamic states of the
microbiota that may occur in nature. Consequently, this analysis
does not allow assessing the order of bacterial arrival to the tick
microbiota. As a result, our analysis cannot conclusively deter-
mine whether rickettsial pathogens were acquired during the last
blood feeding when ticks were collected or in earlier life stages.
Moreover, it is possible that rickettsial pathogens entered the ticks
simultaneously with other bacteria during blood feeding. This
makes impossible to assess how the community assembly order
of arrival affects the microbial community. Furthermore, we are
unable determine whether co-occurring bacteria interact directly
within the same organs or indirectly from distant tick body loca-
tions. This lack of information limits our understanding of the intri-
cate dynamics within the tick microbiota. However, despite these
limitations, the field of microbial ecology in ticks can still benefit
greatly from the application of network analysis. It provides valu-
able insights into the interactions and relationships between mi-
crobial species within the tick microbiota, allowing researchers to
gain a better understanding of tick-borne diseases and potential
control strategies.

In summary, we found single and multiple infections associated
with low and high bacterial microbiota diversity in two sympatric
tick species in Corsica, H. marginatum and R. bursa. Differences
in bacterial diversity and composition may be the summatory of
stochastic acquisition (i.e. ticks questing in different environments
and/or feeding on different animals are exposed to different bac-
terial species) and colonisation (i.e. exposure to a bacterial species
does not guarantee colonisation) events as well as pathogen-
associated modulation. Despite differences in diversity and com-
position, there were conserved patterns of bacterial assembly,
since interactions in the ‘core bacterial microbiota’ and two major
communities (i.e. HmM1 and HmM2, and RbM1 and RbM2) were
highly conserved in both tick species, revealing that colonisation
of different bacterial species in similar context encode ecologi-
cal information about interactions. Preferential connections of
Rickettsia in the networks make this taxon a driver of tick micro-
bial community assembly, since Rickettsia node removal caused

the re-organisation of connectivity in the two major communities
shared by the two tick species. Despite community re-organisation
and re-distribution of local centrality measures, network robust-
ness was only slightly affected after Rickettsia node removal, sug-
gesting that tick microbiota assembly minimises the centrality of
TBPs in the networks to conserve robustness. Co-evolution be-
tween vectors, pathogens and microbiota would explain the low
evolutionary pressure of pathogen infection on microbiota robust-
ness. Application of network biology will enhance our understand-
ing of microbiota responses to pathogens and endosymbionts.
Knowing the intricacies of bacterial community assembly in ticks
may prove helpful in determining key players for pathogen colo-
nisation, which may guide interventions such as anti-microbiota

vaccines to improve human and animal health.
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