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Anti-tick microbiota vaccines: how can this actually work?
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Abstract
The main importance of ticks resides in their ability to harbor and transmit microorganisms that cause disease to animals and humans.
In addition to pathogens, ticks coexist and interact with symbionts, and commensal bacteria that together form an ecological unit, the
tick holobiont. The holobiont is an additional organismal level on which natural selection operates. The components of the tick
hologenome, composed of host and microbiome genomes, are complimentary. In agreement with this proposition, antibiotic treat-
ment produces disturbance of the tick-microbiota homeostasis which in turn decreases tick fitness and affects tick-pathogen interac-
tions. Accordingly, we hypothesized that immune targeting of key members of the bacterial community of the tick microbiome by
host antibodies could cause microbial dysbiosis with consequences for tick physiology and vector competence. Anti-tick microbiota
vaccines were recently introduced as a tool to target the microbiota of vector arthropods by immunizing the vertebrate hosts against
live keystone bacteria or tick microbiota bacterial proteins. This tool can also be used to target tick endosymbionts. Decreased
abundance of selected keystone bacteria and/or endosymbionts may reshape the structure of tick microbial communities in a
predictable manner. This tool can be used to manipulate the tick microbiome against ticks and transmitted pathogens. In this opinion,
we explore the possibilities of this methodology for the control of ticks and tick-borne diseases.
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The tickmicrobiome: a gate to tick physiology
and vector competence

Tick microbiome has acquired importance in recent years be-
coming the focus of study by several research groups aiming
to establish its functional role. Mounting evidence suggests
that tick microbiome is not an inactive unit, but an interactive
component of tick biology that can impact tick physiology and
interestingly, vector competence (Narasimhan and Fikrig
2015; Wu-Chuang et al. 2021). Several studies have shown
that a reduced bacterial load was associated with decreased
reproductive fitness after antibiotics treatment in ticks (Zhong
et al. 2007; Clayton et al. 2015; Zhang et al. 2017; Ben-Yosef
et al. 2020). Specifically, a correlation between decreased fit-
ness and reduced number of Coxiella-like endosymbionts
(CLE) in Amblyomma americanum (Linnaeus, 1758; Zhong

et al. 2007), Haemaphysalis longicornis (Neumann, 1901;
Zhang et al. 2017) and Rhipicephalus sanguineus (Latreille,
1806; Ben-Yosef et al. 2020) have been reported, suggesting
that CLE is an important bacterium in tick physiology. Several
studies in Ixodes scapularis (Say, 1821) have found an asso-
ciation between Borrelia burgdorferi, the causative agent of
Lyme disease, and the abundance of rickettsial endosymbionts
(Kwan et al. 2017), Sphingomonas (Landesman et al. 2019),
Tepidomonas, Luteibacter, Francisella, Fibriimonas
(Brinkerhoff et al. 2020), Bacillus, Enterobacteriaceae and
Pseudomonas (Ross et al. 2018). Although the mechanisms
involved in the modulation of vector competence by tick
microbiome are not well understood, Narasimhan et al.
(2014) showed the existence of a functional link between the
tick gut microbiota, the signal transducer and activator of tran-
scription (STAT) signaling pathway and pathogen coloniza-
tion. Specifically, these authors showed that I. scapularis lar-
vae reared under ‘sterile’ conditions presented perturbed gut
microbiota and reduced spirochetes colonization compared to
larvae reared in normal conditions. Furthermore, larvae with
perturbed microbiota presented decreased expression of
STAT and peritrophin, a glycoprotein of the peritrophic ma-
trix (PM), resulting in an altered tick gut peritrophic mem-
brane integrity and consequently, in decreased epithelium-
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bound spirochete. Similarly, Yang et al. (2021) showed that
the inhibition of a novel PM associated protein, Peritrophic
Membrane Chitin Binding Protein (PM-CBP), altered PM in-
tegrity in I. scapularis and hence, altered gut microbiota,
B. burgdorferi colonization and its transmission to mice.
These results suggest that B. burgdorferi infection in ticks
needs a particular gut microbial environment to maintain the
PM integrity and therefore facilitate pathogen colonization.
The crosstalk between tick microbiota and tick gut structure
and its influence in tick-borne pathogens was also observed
for Anaplasma phagocytophilum, the agent of human granu-
locytic anaplasmosis. In this case, Abraham et al. (2017)
showed that A. phagocytophilum induces the expression of
I. scapularis antifreeze glycoprotein (IAGFP) which perturbs
tick microbiota, decreases PM thickness, alters gut permeabil-
ity and the capacity of bacteria biofilms formation. In contrast
to B. burgdorferi, A. phagocytophilum needs a disturbed PM
for successful colonization. These results suggest the exis-
tence of a link between tick microbiome and tick gut whereby
specific tick microbiota composition can modulate the integ-
rity and the functional role of tick gut barrier and hence influ-
ences tick-borne pathogens colonization. The use of broad
spectrum antimicrobial compounds, such as antibiotics,
targeting several bacterial species does not allow establishing
causal links between the reduction of specific taxa abundance
in tick microbiota and changes in tick physiology or pathogen
colonization. The lack of tools for the precise manipulation of
the tick microbiome is currently a major limitation to achieve
mechanistic insights into the tick microbiome (Narasimhan
et al. 2021).

How to identify network hubs and what is
their relevance for keystone taxa inference?

Disentangling microbe-microbe interactions is an essential
step toward understanding the functional roles of the
microbiome and its impact on host physiology and pathogen
infection. The study of host-pathogen-microbiome interac-
tions may lead to the development of therapeutic interventions
to prevent microbial infections (Fisher and Mehta 2014;
Layeghifard et al. 2017). Network analytical methods can be
used to explore microbial interaction patterns in highly com-
plex microbial communities such as those found in the
microbiome (Faust and Raes 2012). A wide range of methods
(e.g., distance- and correlation-based techniques) have been
used to infer microbial networks, with varying levels of effi-
ciency and accuracy (Beiko et al. 2018). Co-occurrence net-
works can reveal positive or negative interactions, underlay-
ing cooperation (e.g., transfer of complementary metabolites
or quorum sensing) or antagonism (competition for a limiting
resource or direct interference) between microorganisms, re-
spectively (Berry and Widder 2014). Co-occurrence networks

have been successfully used to exploring the tick microbiome
in response to disturbance (Estrada-Peña et al. 2020a, b).
Within these networks, nodes represent taxa and edges repre-
sent correlations, hence the number of edges (grade) indicate
the connectedness of each node in the network. Highly con-
nected nodes are referred to as “hub” nodes, which are essen-
tial for maintaining network structure (i.e., if removed, the
network can collapse) (Faust and Raes 2012). Hub nodes un-
derscore key functional roles within the networks (Berry and
Widder 2014; van der Heijden and Hartmann 2016). In human
and plant microbiota, hub taxamay exert high influence on the
diversity of the metacommunity by acting indirectly (via the
host) or directly (via metabolites) on the colonization of other
microbes (Fisher and Mehta 2014; Agler et al. 2016).

Network centrality metrics (e.g., degree centrality, be-
tweenness, closeness and eigenvector-centrality) (Newman
2010) are often used to identify these hub taxa, however, there
is currently no consensus in the best methods for their identi-
fication. For instance, some studies highlighted as key taxa
those with maximum betweenness centrality scores (i.e., re-
flects the function of a node as bridge connecting modules in a
network) (Banerjee et al. 2016; Ho et al. 2020), whereas other
studies suggested that keystone species tends to have a com-
bination of low betweenness centrality values, and high mean
degree, or high closeness centrality, and high transitivity
(Berry and Widder 2014; Banerjee et al. 2019a, b). Three
main categories encompassed the methods used to identify
network hubs: i) centrality indices, ii) node influence metrics,
and iii) link analysis (i.e., page rank and hub score algorithms)
methods (Layeghifard et al. 2017), which should be used
based on the aims of each study. Among them, network hubs
are promising candidates for the inference of keystones in
microbial communities, but not all network hubs are keystone
taxa in real life microbial communities (Agler et al. 2016). Of
note, other authors have questioned the suitability of network
hubs to infer keystone taxa altogether (Banerjee et al. 2019a,
b; Röttjers and Faust 2019). Predicted network hubs requires
experimental validation to uncover their biological impor-
tance as keystones (Banerjee et al. 2019a, b; Zheng et al.
2021). Experimental validation of keystones often involves
comparing the effects of removal and/or addition of keystone
candidate and other community members (Ze et al. 2012;
Röttjers and Faust 2019).

Some of this theoretical considerations were empirically
tested by Mateos-Hernández et al. (2020), who identified
hub taxa in tick microbiome using eigenvector-centrality
(i.e., indicates the connectivity of the node with other well
connected nodes in the network (Ruhnau 2000)) values as
main criteria to predict keystoneness. In their recent studies,
Mateos-Hernández et al. (2020, 2021) combined the
eigenvector-centrality metric with analisis of relative abun-
dance and ubiquitiousnes for the identification of network
hubs and prediction of keystone taxa in the tick microbiome.
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The functional role of one of the network hubs identified (i.e.,
fami ly Enterobacter iaceae) was va l ida ted using
antimicrobiota vaccines in vivo. Immune targeting of the net-
work hub within the ticks impacted tick fitness (Mateos-
Hernández et al. 2020, 2021) and microbial community struc-
ture (Mateos-Hernández et al. 2021).

Antimicrobiota vaccines, a precision
microbiology tool for tick microbiome
manipulation

Anti-tick microbiota vaccines were recently developed as a
precision microbiology tool to modulate the tick microbiome
in a taxon-specific manner (Mateos-Hernández et al. 2020,
2021). Combining 16 S rRNA amplicon sequencing and net-
work analysis, keystone taxa were identified in the tick
microbiome and used to target microbiota bacteria in ticks fed
on mice immunized with a live bacteria vaccine containing the
selected taxa (Fig. 1). The abundance of the keystone bacteria
decreased in ticks fed on immunized mice. Microbiome mod-
ulation by antimicrobiota vaccines was also associated with
decreased tick microbiome diversity (Mateos-Hernández et al.
2021). Modulation of vector microbiome was mediated by host
antibodies (Mateos-Hernández et al. 2021), which together
with complement proteins not only retain their immune

functions inside the ticks, but also access broadly tick tissues
including the midguts and salivary glands (Ackerman et al.
1981; Ben-Yakir et al. 1987; Wang and Nuttall 1994;
Willadsen 1997; Rathinavelu et al. 2003; Galay et al. 2018).
Notably, no mortality was associated with antimicrobiota im-
munization and no sign of pain was observed after the vaccina-
tion in the mice (Mateos-Hernández et al. 2020, 2021). Host
immunization against keystone bacteria can be used to trigger
the production of bacteria-specific antibodies that can target
specific tick microbiota bacteria and affect tick fitness and/or
pathogen transmission. Antimicrobiota vaccines offer the pos-
sibility to target specific bacterial taxa within the ticks changing
the bacterial community in order to hinder tick vector
competence.

The effective use of anti-tick microbiota vaccines in the
field depends on the existence of a core tick microbiome. If
the taxonomic composition of the tick microbiome is highly
variable and no bacterial core is shared among individual ticks
in the population, the possible harm caused by host antibodies
directed against one of its bacterial components would affect
only a reduced number of ticks. Several factors such as the tick
species, changes in environmental traits, blood meal, host spe-
cies used for blood feeding, tick immunity and developmental
stage influence tick microbiome composition (Narasimhan
and Fikrig 2015; Wu-Chuang et al. 2021). Accordingly,
highly diverse microbiomes have been consistently detected

Fig. 1 Manipulation of vector microbiome with antimicrobiota vaccines.
Using 16 S rRNA amplicon sequencing the taxonomic profiles of the tick
microbiome can be characterized. Co-occurrence networks can be used to
identify keystone bacteria in the microbial community. Selected keystone
bacteria can be used in antimicrobiota vaccines, formulated as previously

described to induce bacteria-specific antibodies in mice (Mateos-
Hernández et al. 2020, 2021). Host antibodies targeting the keystone
bacteria produced three major outcomes in the tick microbial community.
Created with BioRender.com
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in the midguts of different tick species (Narasimhan and
Fikrig 2015; Wu-Chuang et al. 2021). In some settings the
tick microbiome of individual ticks was found to be so dispa-
rate that no taxon was identified to be shared by all tested
samples (e.g., Sperling et al. 2020). Other studies showed that
some tick species (e.g., Ornithodoros maritimus Vermeil &
Marguet, 1967 and I. scapularis) has stable associations with
bacteria of their microbiome, suggesting the existence of a
core microbiome (Estrada-Peña et al. 2020a, b; Gomard
et al. 2020). A taxonomic core of 61 bacterial genera (total:
821, 7.4 %) was identified in the microbiome of at least one
individual in groups of I. scapularis after disturbance by A.
phagocytophilum infection, anti-tick vaccines, and antimicro-
bial peptides (Estrada-Peña et al. 2020b). Notably, 10 taxa
(total: 821, 1.2 %) were present in 100% of the I. scapularis
samples (n = 98) after disturbance (Estrada-Peña et al. 2020b).
This suggests that bacterial communities could develop stable
associations with some tick species, which could be consid-
ered an indication of phylosymbiosis. A possible phylogenetic
association between ticks and their microbiome was tested for
seven different Ixodes species, including I. scapularis, Ixodes
affinis (Neumann, 1899), Ixodes ovatus (Neumann, 1899),
I x o d e s r i c i n u s ( L i n n a e u s , 1 7 5 8 ) , I x o d e s
persulcatus (Schulze, 1930), Ixodes pavloskyi (Pomerantsev,
1946) and Ixodes ventalloi (Gil Collado, 1936). The congru-
ence between dendrograms representing tick phylogeny and
microbial community similarities strongly suggests a phylo-
genetic structure of the microbial communities associatedwith
Ixodid ticks (Díaz-Sánchez et al. 2019). Taken together, these
results validate the hypothesis that the microbiome of, at least,
some tick species have stable and ubiquitous bacteria that can
be used as live vaccine candidates.

Based on high eigenvector-centrality values, ubiquitous-
ness and high relative abundance in the microbiome, two bac-
t e r i a l f am i l i e s ( i . e . , E n t e r o b a c t e r i a c e a e a n d
Corynebacteriaceae) were selected as keystone taxa in the
microbiome of I. scapularis and I. ricinus (Mateos-
Hernández et a l . 2020) . Immunizat ion wi th the
Enterobacteriaceae bacterium Escherichia coli elicited an an-
ti-E. coli IgM and IgG antibody response associated with in-
creased engorgement of I. ricinus nymphs that fed on C57BL/
6 mice and high mortality in ticks that fed on α-1,3-
galactosyltransferase (α1,3GT)-deficient C57BL/6 mice com-
pared with the ticks that fed on the control group, immunized
with a mock formulation of PBS and adjuvant (Mateos-
Hernández et al. 2020). The antibody response of C57BL/6
and α1,3GT-deficient mice differs in the ability of the later
mouse strain to produce high antibody titers against the car-
bohydrate α-Gal (Posekany et al. 2002; Yilmaz et al. 2014;
Mateos-Hernández et al. 2020). The high mortality observed
in ticks that fed on α1,3GT-deficient mice could be associated
with the recognition of the glycan α-Gal on the surface of tick
microbiota bacteria by lytic anti-α-Gal host antibodies. The

presence and distribution of α1,3GT genes in the tick
microbiome were predicted (Mateos-Hernández et al. 2020)
using the functional metagenomic inference tool PICRUSt2
(Douglas et al. 2020), and validated by PCR (Mateos-
Hernández et al. 2020). Several α1,3GT genes including
gspA, waaL, waaO, waaJ, and waaR, waaT, were traced to
22 and 11 bacterial families in the I. scapularis and I. ricinus
microbiome, respectively (Mateos-Hernández et al. 2020).
The results suggest that host antibodies targeting gene and/or
enzyme products broadly distributed in the tick gut
microbiome can cause high mortality in the ticks.

Dominant endosymbionts: the achilles heel
of the ticks?

In addition to a variable microbiome, next generation se-
quencing studies have revealed that adult female ticks are
frequently dominated by a single taxon with a high relative
abundance, likely endosymbionts (Hawlena et al. 2013;
Ponnusamy et al. 2014; van Treuren et al. 2015; Ross et al.
2018; Chicana et al. 2019; Couper et al. 2019; Brinkerhoff
et al. 2020; Guizzo et al. 2020). In contrast to the composition
of the microbiome that is strongly linked to the ecological
niche occupied by the ticks (Wu-Chuang et al. 2021), a high
rate of transovarial transmission has been reported for tick
endosymbionts in several tick species (Macaluso et al. 2001;
Moore et al. 2018; Hauck et al. 2020). Some of the dominant
taxa include Rickettsia detected in I. affinis (van Treuren et al.
2015), A. americanum (Ponnusamy et al. 2014), and
I. scapularis female ticks (Hawlena et al. 2013; Brinkerhoff
et al . 2020) or an unknown genus of the family
Enterobacteriaceae identified in I. scapularis. Zhang et al.
(2020) found that the dominant bacterial genus in
Dermacentor silvarum (Olenev, 1931) females was Coxiella
and Díaz-Sánchez et al. (2021) reported that Hyalomma
lusitanicum (Koch, 1844) was dominated by Francisella-like
endosymbiont (FLE). Notably, the mentioned Coxiella,
Rickettsia and Francisella species were suggested to be nutri-
tional endosymbionts in A. americanum and Rhipicephalus
turanicus Pomerantsev, 1936 (Smith et al. 2015), Ixodes
pacificus (Cooley & Kohls, 1943; Hunter et al. 2015) and
Amblyomma maculatum (Koch, 1844) and Ornithodoros
moubata (Murray, 1877; Gerhart et al. 2016, 2018), respec-
tively. Some of these bacteria might provide cofactors and
vitamins B (e.g., Coxiella and Francisella), amino acids and
heme (e.g., Francisella), or de novo-synthesized folate (e.g.,
Rickettsia) to the ticks. Recently Francisella endosymbionts
were shown to complement the nutritional deficiency of vita-
min B in the blood meal of O. moubata (Duron et al. 2018).
Antibiotic-based elimination of Francisella endosymbiont
from tick offspring produced anomalies in tick development
and hampered nymph growth and molting to adults (Duron
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et al. 2018). Thus, transgenerational microbial inheritance in
ticks includes bacteria that are indispensable for tick develop-
ment. This opens the possibility of including dominant endo-
symbionts in antimicrobiota vaccine formulations for the con-
trol of ticks. In addition, proteins of major metabolic pathways
in tick endosymbionts can be identified and used as recombi-
nant vaccines to eliminate endosymbionts. We hypothesize
that vaccination against endosymbionts may have an effect
similar to antibiotics treatment in ticks. For example, the
weight of I. ricinus nymphs fed on E. coli-immunized
C57BL/6 mice increased compared with the control group
(Mateos-Hernández et al. 2020, 2021), an effect also observed
in I. scapularis larvae that engorged on gentamicin-treated
C3H/HeJ mice (Narasimhan et al. 2014). Gentamicin is active
aga i n s t G r am-nega t i v e bac t e r i a o f t he f am i l y
Enterobacteriaceae. However, in addition to species of the
family Enterobacteriaceae, this antibiotic is active against a
wide range of other bacterial species. Therefore, it cannot be
concluded that E. coli vaccination and gentamicin treatment
increased tick weight by the same mechanism.

Most tick endosymbionts have been located in the tick
ovaries and from this organ they can access the eggs. Then,
the question arises as to whether the host antibodies can access

the location of endosymbionts within ticks, lyse them and thus
affect the physiological parameters of the tick. During feed-
ing, ticks ingest large amount of blood containing immune
proteins of the host such as antibodies and components of
the complement system. In the gut lumen, host antibodies
(Willadsen 1997) and complement (Rathinavelu et al. 2003)
are still active and can traverse the tick gut epithelium
(Ackerman et al. 1981; Ben-Yakir et al. 1987; Wang and
Nuttall 1994), reaching the hemolymph (Ben-Yakir et al.
1987), accessing tick ovaries and eggs (Galay et al. 2018) as
well as salivary glands and be secreted back to the host (Wang
and Nuttall 1994). Intact host C3 was present in the blood
meal and full-length and cleaved C3 were observed within
the nymph (Rathinavelu et al. 2003). Furthermore, the anti-
bodies induced against particular tick proteins react with the
corresponding tick tissue and protein. For example, host anti-
bodies against Bm86, a glycoprotein predominantly located in
the membrane of tick gut cells (Gough and Kemp 1993), bind
to the surface of epithelial cells in the tick intestine (Willadsen
1997) causing cell lysis and reducing reproductive efficiency
of engorged females (Willadsen 1997). Therefore, it can be
presumed that when ingested during blood feeding, the anti-
tick microbiota antibodies could interfere with the

Fig. 2 Proposed workflow to develop antimicrobiota vaccines for the
control of tick-borne pathogens in livestock. Ticks collected in areas
endemic for tick-borne pathogens can be processed for 16 S rRNA
amplicon sequencing to characterize the taxonomic profiles of the
microbiome in infected ticks. Co-occurrence networks can be used to
identify keystone bacteria potentially involved in facilitation of pathogen

infection. Selected keystone bacteria can be used in antimicrobiota vac-
cines, to be formulated and tested in the lab for antigenicity and blocking
of pathogen transmission. Selected vaccine candidates can be used in the
field for the control of tick-borne pathogens. Created with
BioRender.com
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physiological functionality of microbes within the ticks. A
special case to consider is that Candidatus Midichloria
mitochondrii, an intracellular bacterium with the unique abil-
ity to reside in the mitochondria of infected tick cells (Sassera
et al. 2006). Access of host antibodies to tick cells mitochon-
dria may be limited, thought this has not been tested.

Concluding perspective

Tick microbiome has been shown to impact tick physiology
and pathogen colonization of tick tissues and transmission to
the hosts. Accordingly, hereby we suggest that tick
microbiome manipulation can be used for the control of tick
populations and tick-borne pathogens. Recently, anti-tick mi-
crobiota vaccine has been presented as a microbiological pre-
cision tool for the modulation of tick microbiome. Targeting
specific tick microbial taxa by host antibodies, acquired dur-
ing feeding, successfully demonstrated that anti-tick microbi-
ota vaccine can impact tick performance (Mateos-Hernández
et al. 2020) and modulate the tick microbiome in a taxon-
specific manner (Mateos-Hernández et al. 2021). Therefore,
anti-tick microbiota vaccines are a new and suitable strategy
for experimental manipulation of tick microbiota and subse-
quent alteration of tick physiology. Since endosymbionts have
been widely associated with important roles in tick homeosta-
sis, we propose that using endosymbionts in live vaccine for-
mulations may have a great impact in tick survival and may
allow the control of tick population. Furthermore, anti-tick
microbiota vaccine can be employed to target keystone taxa
of vector microbiota and thus, alter the bacterial community to
create a dysbiosed environment that may impair pathogen
colonization and its transmission to hosts (Fig. 2). Moreover,
as anti-tick microbiota vaccines offer the possibility to target
specific bacteria, they can be used as a tool for the study of the
contribution of individual bacterial species to tick physiology.
Future experiments should be directed toward understanding
the mechanisms underlying anti-tick microbiota vaccines ac-
tivity and their scope as a precision tool in the context of the
study of tick microbiome, the control of tick population and
vector competence.
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