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Abstract
The	Ornithodoros moubata	(Om)	soft	tick,	a	vector	for	diseases	like	tick-	borne	human	
relapsing	 fever	 and	 African	 swine	 fever,	 poses	 challenges	 to	 conventional	 control	
methods.	 With	 diminishing	 insecticide	 efficacy,	 harnessing	 the	 tick's	 microbiota	
through	innovative	approaches	like	microbiota-	driven	vaccination	emerges	as	a	prom-
ising	strategy	for	sustainable	and	targeted	disease	control.	This	study	investigated	the	
intricate relationship between Pseudomonas, a keystone taxon in the Om microbiome, 
and	its	impact	on	tick	fitness,	microbiome	structure	and	network	dynamics.	Utilizing	
in silico analyses and empirical vaccination experiments, the role of Pseudomonas 
within	microbial	networks	 in	 the	tick	midguts	 (MG)	and	salivary	glands	 (SG)	of	Om	
was	 studied.	 Additionally,	 the	 consequences	 of	 anti-	microbiota	 vaccines	 targeting	
Pseudomonas and Lactobacillus on tick fitness, microbiome diversity and community 
assembly	were	explored.	The	result	of	the	study	shows	that	in	Om,	Pseudomonas plays 
a central role in microbial networks, influencing keystone species despite being cat-
egorized	as	peripheral	(interacting	with	47	different	taxa,	13	of	which	are	keystone	
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1  |  INTRODUC TION

The	African	hut	tampan,	Ornithodoros moubata	(Om),	poses	a	signif-
icant	public	health	threat	across	sub-	Saharan	Africa.	This	soft	tick	
acts	as	a	vector	for	several	debilitating	diseases,	including	tick-	borne	
human	relapsing	fever	(TBRF)	caused	by	the	spirochete	Borrelia dut-
toni	and	African	Swine	Fever	(ASF)	(Cutler	et	al.,	2009).	The	parasitic	
arthropod's	ability	to	thrive	in	diverse	environments	raises	a	signifi-
cant	challenge	to	conventional	control	strategies.	Traditional	control	
methods often rely on insecticides, but their effectiveness is waning 
due	to	resistance	development	and	environmental	concerns.	Their	
presence	may	affect	the	eradication	of	TBRF	and	ASF	from	endemic	
areas	(Diaz-	Martin	et	al.,	2015).	In	recent	years,	the	intricate	inter-
play between microbial communities and their host organisms has 
become	a	 focal	point	of	 scientific	 inquiry,	unlocking	new	avenues	
for	innovative	approaches	to	disease	control	(Qi	et	al.,	2024; Zheng 
et al., 2020).

One	promising	strategy	lies	in	harnessing	the	power	of	the	Om's	
own microbiota—the diverse community of microorganisms residing 
within its gut. Recent research suggests that manipulating these mi-
crobial	communities	can	have	profound	effects	on	the	tick's	fitness	
and	 ability	 to	 transmit	 diseases	 (Mateos-	Hernández	 et	 al.,	 2021; 
Wu-	Chuang	et	al.,	2023).	This	approach,	known	as	microbiota-	driven	
vaccination, holds immense potential for developing sustainable and 
targeted	interventions	against	ticks	(Maitre	et	al.,	2022).	In	the	dy-
namic world of tick microbiomes, certain key microorganisms, known 
as keystone taxa, play a pivotal role in shaping the diversity, compo-
sition	and	assembly	of	the	microbial	community	(Mateos-	Hernández	
et al., 2021;	Wu-	Chuang	et	al.,	2021, 2022).	Unlike	 traditional	mi-
crobiome	alteration	strategies,	immunization	of	hosts	with	keystone	
taxa	from	the	tick's	microbiota	offers	a	targeted	way	to	modify	the	
microbial	community	 (Mateos-	Hernández	et	al.,	2021),	 reduce	 tick	
fitness	(Mateos-	Hernández	et	al.,	2020)	and	reduce	vector	compe-
tence	(Maitre	et	al.,	2022).

This	 influence	 is	 distinct	 from	 other	 microbiome	 perturbation	
strategies,	such	as	paratransgenesis	(Pavanelo	et	al.,	2023).	Selecting	
a	 keystone	 taxon	 for	 the	 development	 of	 anti-	microbiota	 vaccine	

involves several key steps: pinpointing bacterial nodes with signifi-
cant	connections	in	microbial	co-	occurrence	networks,	finding	bac-
teria that are widespread among tick microbiomes, and identifying 
those	with	 high	 abundance	 (Mateos-	Hernández	 et	 al.,	2020;	Wu-	
Chuang	et	al.,	2022).	The	efficacy	of	 focusing	on	tick	microbiome,	
particularly keystone taxa and other relevant nodes, through host 
antibodies	 (Maitre	et	 al.,	2022),	 has	been	 tested	 in	 silico,	 showing	
that targeting these central nodes weakens the microbial network 
(Maitre	et	al.,	2023).

Furthermore,	 studies	 involving	 animal	 models	 have	 confirmed	
that	targeting	a	keystone	taxon	reduces	the	alpha-	diversity	within	
the	tick	microbiome	and	affects	 its	community	assembly	 (Mateos-	
Hernández	et	al.,	2021;	Wu-	Chuang	et	al.,	2023).	Empirical	evidence	
shows	that	hard	ticks	feeding	on	hosts	immunized	with	microbiota-	
driven vaccines experienced changes in the microbiome, leading to 
lower level of the pathogen Borrelia afzelii in Ixodes ricinus	tick	(Wu-	
Chuang	et	al.,	2023).	Similar	outcomes	were	observed	in	mosquitoes,	
where the presence and abundance of Plasmodium relictum were 
reduced in the midguts of Culex quinquefasciatus	 mosquitoes	 that	
fed	on	microbiota-	immunized	canaries	(Aželytė	et	al.,	2022).	These	
findings	in	hard	ticks	and	mosquitoes	hint	at	the	wider	applicability	
of	microbiota-	driven	vaccines	against	other	blood-	feeding	parasites,	
including its potential in soft ticks.

Analyses	 of	 the	microbiomes	 in	 the	midgut	 (MG)	 and	 salivary	
glands	 (SG)	of	Om	and	Ornithodoros erraticus	 (Oe)	 from	a	 tick	 col-
ony revealed distinct microbial communities specific to species and 
tissues	(Piloto-	Sardiñas	et	al.,	2023).	Despite	significant	differences	
in microbial community diversity and stability between Om tissues 
(MG-	SG),	the	discovery	of	shared	keystone	taxa	and	consistent	pat-
terns	 across	 tissues	 points	 to	 potential	 microbiota-	driven	 vaccine	
candidates capable of altering tick physiology and pathogen coloni-
zation	(Piloto-	Sardiñas	et	al.,	2023).

This	 study	 seeks	 to	 explore	 the	 hypothesis	 that	 altering	 key-
stone	taxa	trough	microbiota-	driven	vaccination	can	influence	both	
the	fitness	and	microbial	community	of	Om.	To	achieve	this,	an	in-	
depth analysis of how a previously identified keystone taxon, found 
in	 the	midgut	 and	 salivary	 glands	of	Om	 (MG-	SG)	 (Piloto-	Sardiñas	

species).	Anti-	microbiota	vaccination	targeting	Pseudomonas and Lactobacillus yields 
distinct effects on tick fitness, with Pseudomonas vaccination significantly impacting 
female tick survival, while Lactobacillus significantly reduced oviposition and fertil-
ity.	Microbiome	 changes	 post-	vaccination	 reveal	 diversity	 alterations,	 emphasizing	
the	 impact	of	vaccine	choice.	Community	assembly	dynamics	and	network	 robust-
ness analyses highlight Pseudomonas'	pivotal	role,	in	influencing	topological	features	
and	 network	 resilience.	 The	 findings	 of	 the	 study	 provide	 comprehensive	 insights	
into the intricate dynamics of Om microbial networks and the potential of targeted 
microbiota-	driven	vaccines	for	tick	control.

K E Y W O R D S
anti-	microbiota	vaccine,	community	assembly,	Ornithodoros moubata, tick microbiome
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et al., 2023)	assembles	within	the	tick	was	performed.	Afterwards,	
the	microbiome	was	 assessed	 following	 both	 theoretical	 (in	 silico)	
and	real-	world	(in	vivo)	manipulations	to	determine	its	suitability	as	
a	 candidate	 for	 a	microbiota-	driven	 vaccine.	 The	 findings	 suggest	
that vaccines targeting the microbiome offer a promising strategy 
for creating new vaccines aimed to control soft tick populations and 
the diseases they transmit.

2  |  MATERIAL S AND METHODS

2.1  |  Selection of target taxon for anti- microbiota 
vaccine development

A	previous	study	showed	that	the	diversity,	composition,	abundance	
and assembly of microbial communities associated with O. moubata 
(Om)	are	tissue-	specific,	suggesting	different	interaction	patterns	in	
OmMG	and	OmSG	(Piloto-	Sardiñas	et	al.,	2023).	During	this	study,	
keystone microbial taxa were identified, highlighting Pseudomonas 
as	a	common	keystone	taxon	present	in	both	tissues	(Piloto-	Sardiñas	
et al., 2023).	The	positioning	of	Pseudomonas as a common keystone 
taxon in both tissues suggested an important role of the microorgan-
ism within the community since in theory the taxon faced different 
conditions and was still capable of carrying out an effective coloni-
zation	process.	The	prominence	of	Pseudomonas within these micro-
biomes suggested it plays a significant role in community assembly, 
vector	fitness	and/or	pathogen	colonization.

These	factors	make	Pseudomonas a prime target for developing 
an	anti-	microbiota	vaccine.	To	explore	the	hypothesis	that	targeting	
Pseudomonas would influence the microbial community structure 
and affect tick health, in silico analyses based on data from a pre-
vious	study	(Bioproject	PRJNA931807)	(Piloto-	Sardiñas	et	al.,	2023)	
were initially performed, aiming to have a better understanding of 
Pseudomonas'	impact	on	the	Om	microbial	community.

Following	 this,	 the	 focus	 of	 the	 vaccine	 development	 was	 on	
Pseudomonas, while Lactobacillus was abundant within the com-
munity but did not meet the criteria to be considered a keystone 
taxon.	 The	microorganism	was	 selected	 as	 a	 point	 of	 comparison,	
control	and	to	analyse	in	vivo	the	consequences	for	the	community	
of	manipulating	an	abundant	but	non-	keystone	 taxon.	The	effects	
of	immunizing	rabbits	with	either	the	Pseudomonas or Lactobacillus 
vaccine on tick fitness and the microbial communities within ticks 
that	fed	on	these	rabbits	were	assessed	(Figure 1).	An	overview	of	
the study is displayed in Figure 1.

2.2  |  Pseudomonas connectivity in OmMG and 
OmSG networks

To	investigate	how	Pseudomonas taxon integrates into the microbial 
community	 of	Om,	 specifically	within	 the	MG	 and	 SG,	 both	 their	
positive and negative interactions with other bacteria in the microbi-
ome	were	examined.	Sub-	networks	from	larger	global	co-	occurrence	

networks	 (Piloto-	Sardiñas	et	al.,	2023)	were	generated	to	visualize	
these	 interactions	 (Piloto-	Sardiñas	 et	 al.,	 2023).	 The	 analysis	 was	
carried	out	 in	Gephi	v0.10	 (Bastian	et	al.,	2009),	with	 the	connec-
tions	 between	 microbes	 quantified	 using	 Sparse	 Correlations	 for	
Compositional	 (SparCC)	 (SparCC	 >0.75 or <−0.75)	 (Friedman	 &	
Alm,	2012)	in	R	v.4.3.1	(R	Core	Team,	2023),	using	RStudio	(RStudio	
Team,	2020)	(File	S1).

2.3  |  Centrality measures in networks of 
OmMG and OmSG microbiome

To	 understand	 the	 structure	 of	 the	 microbiome	 networks	 within	
OmMG	and	OmSG,	the	analysis	was	focused	on	the	distribution	of	
centrality measures across different taxa, including Pseudomonas 
and	others	within	these	networks.	This	analysis	was	conducted	to	
assess the roles that various taxa play within the network, using 
measures	of	within-	module	(Zi)	and	among-	module	(Pi)	connectivity	
(Guimerà	&	Nunes	Amaral,	2005).	These	measures	help	categorize	
the taxa into four distinct roles based on their connectivity:

•	 Peripheral	 taxa:	Taxa	 that	have	 limited	connections	within	 their	
own module and minimal interactions with other modules, char-
acterized	by	Zi	≤2.5	and	Pi	≤0.62.

•	 Connectors:	Taxa	that	primarily	 link	different	modules	together,	
identified	by	Zi	≤2.5	but	with	a	higher	Pi	>0.62, indicating their 
role in connecting disparate parts of the network.

•	 Module	hubs:	Highly	connected	taxa	within	their	own	module	but	
not significantly connected to other modules, marked by Zi >2.5 
and	Pi	≤0.62.

•	 Network	hubs:	Taxa	that	serve	as	central	connectors	both	within	
their own module and across the entire network, with high con-
nectivity indicated by Zi >2.5 and Pi >0.62.

The	thresholds	of	2.5	and	0.62	are	standard	values	defined	by	
Guimerà	and	Nunes	Amaral	(2005).	For	each	taxon	within	the	net-
work, Zi and Pi values were calculated considering only positive 
interactions.	 The	 calculations	 were	 performed	 using	 the	 ‘code-	zi-	
pi-	plot’	package	 (Cao	et	al.,	2018;	Guo	et	al.,	2022)	 in	R	v.4.3.1	 (R	
Core	Team,	2023),	using	RStudio	(RStudio	Team,	2020)	(File	S2).	The	
resulting network structures and the positions of taxa within them 
were	then	visualized	using	GraphPad	Prism	version	8.0.1	(GraphPad	
Software,	San	Diego,	CA,	USA).	This	approach	allows	to	identify	key	
players in the microbial community of Om and understand how they 
interact within and across different modules of the network.

2.4  |  Module composition in OmMG and OmSG

The	analysis	of	the	module	composition	was	performed	both	in	the	
presence of Pseudomonas and after its removal to assess its impact. 
The	equivalence	of	modules	within	the	Om	(MG-	SG)	networks	was	
maintained consistent, resulting in the identification of two main 

 1365294x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.17506 by E
N

V
 A

lfort, W
iley O

nline L
ibrary on [19/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4 of 17  |     CANO-ARGÜELLES et al.

modules: M1, which included Pseudomonas,	and	M2,	characterized	
by	 greater	 taxonomic	 diversity	 and	 a	 higher	modularity	 value.	 To	
better understand the influence of Pseudomonas	on	the	network's	
assembly	and	module	composition,	sub-	networks	 in	presence	(wP)	
and	after	taxon's	removal	(woP)	were	constructed.	The	relationships	
and distinctions between the modules were visually represented 
through	Venn	diagrams,	utilizing	the	online	tool	available	at	http:// 
bioin	forma	tics.	psb.	ugent.	be/	webto	ols/	Venn/	.	 To	 represent	 micro-
bial	 taxa	shared	between	the	wP	and	woP	sub-	networks,	core	as-
sociation	networks	(CANs)	were	created,	using	a	software	toolbox,	
anuran	(a	toolbox	with	null	models	for	identification	of	nonrandom	
patterns	in	association	networks)	(Röttjers	et	al.,	2021),	and	this	ver-
sion was tested in Python 3.6.

2.5  |  Robustness analysis using nodes removal and 
addition

The	 resilience	of	 the	network	 to	disruptions	 through	both	 the	 re-
moval and addition of nodes, specifically focusing on changes within 

the	OmMG	and	OmSG	networks	before	and	after	 the	 in	 silico	 re-
moval of Pseudomonas	was	 studied.	To	evaluate	 the	network's	 ro-
bustness	to	node	removal,	the	Network	Strengths	and	Weaknesses	
Analysis	(NetSwan)	package	(Lhomme,	2015)	was	utilized	in	R	v.4.3.1	
(R	Core	Team,	2023),	using	RStudio	 (RStudio	Team,	2020; File	S3).	
This	involved	calculating	the	fraction	of	nodes	that	needed	to	be	re-
moved to cause a connectivity loss of 80%, following both directed 
(e.g.	based	on	betweenness,	cascading	effects	and	degree	centrality)	
and random removal strategies.

To	examine	how	the	network	responded	to	the	addition	of	nodes,	
the	 Network	 Analysis	 and	 Visualization	 package	 was	 employed	
(Freitas	et	al.,	2021)	in	R	v.4.3.1	(R	Core	Team,	2023),	using	RStudio	
(RStudio	Team,	2020; File	S4).	Network	connectivity	was	quantified	
using two metrics: the degree metric of the largest connected com-
ponent	 (LCC)	 and	 the	 average	 path	 length	 (APL),	 the	 nodes	were	
incrementally	added	in	sections	ranging	from	50	to	500.	To	analyse	
the	significance	of	differences	in	LCC	and	APL	before	and	after	node	
addition,	a	Wilcoxon	signed-	rank	test	was	conducted.	The	resulting	
p-	values	were	then	adjusted	using	the	Benjamini–Hochberg	proce-
dure	to	minimize	the	false	discovery	rate.	Bootstrapping	techniques	

F I G U R E  1 Experimental	design	for	testing	of	anti-	microbiota	vaccines.	Three	groups	of	rabbits	were	given	two	doses	(days	0	and	15)	of	
live bacteria vaccine containing Pseudomonas	(1 × 106	colony-	forming	units	(CFU))	or	Lactobacillus	(1 × 106	CFU)	or	with	a	mock	vaccine	(PBS).	
At	day	30,	45	female	and	40	male	adult	Ornithodoros moubata	ticks	were	allowed	to	feed	on	each	rabbit	for	a	1-	h	period.	Blood	was	collected	
at different point times as shown, and engorged ticks were used for vaccine efficacy and microbiome analysis.
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were also implemented to generate confidence intervals for these 
metrics.	Significance	level	was	set	at	p < .05	to	determine	statistical	
relevance.

2.6  |  Experimental evaluation of anti- microbiota 
vaccines on O. moubata

To	empirically	assess	the	impact	of	altering	microbial	taxa	through	
vaccination, experiments focusing on tick fitness and midgut micro-
bial	 community	 structure	of	OmMG	were	conducted.	The	experi-
ments were carried out using ticks fed on rabbits that had been 
immunized	with	either	a	vaccine	targeting	Pseudomonas, a key mi-
crobial	 player	 identified	 as	 a	 prime	 candidate	 for	 anti-	microbiota	
vaccine development, or Lactobacillus, which was chosen as a con-
trol	due	to	its	minor	role	in	the	Om	microbiome.	This	approach	al-
lowed	 direct	 investigation	 of	 the	 effects	 of	 immunization	 against	
these	specific	microbes	on	the	tick's	fitness	and	its	microbial	com-
munity structure.

For	 bacteria	 immunization,	 Pseudomonas aeruginosa	 (ATCC	
27853)	was	selected	considering	that	it	is	a	reference	bacterial	strain	
used	 in	 antibiotic	 susceptibility	 testing	 and	 quality	 control,	 while	
Lactobacillus casei was selected because despite being a species of 
probiotic	bacteria,	it	is	characterized	by	generating	innate	and	adap-
tive immune responses in the host.

2.6.1  |  Bacterial	growth

The	 bacterial	 strains	 Pseudomonas aeruginosa	 (ATCC	 27853)	 and	
Lactobacillus casei	 (Acedo-	Felix	 &	 Gaspar	 Perez-	Martınez,	 2003)	
were	grown	 in	50 mL	of	Luria	Broth	 (Sigma-	Aldrich,	St.	Louis,	MO,	
USA)	at	37°C	until	 they	reached	an	optical	density	 (OD	600)	of	1.	
The	 cultures	 were	 then	 washed	 twice	 with	 phosphate-	buffered	
saline	 (PBS)	 (Sigma-	Aldrich).	Following	this,	 the	bacteria	were	cen-
trifuged at 1000× g	 for	5 min,	resuspended	in	PBS,	and	thoroughly	
mixed	using	a	glass	homogenizer	with	20	strokes	to	ensure	a	uniform	
suspension.	All	steps	in	the	preparation	of	the	bacteria	were	carried	
out under sterile conditions to prevent contamination.

2.6.2  |  Live	bacteria	immunization	in	rabbits

To	create	the	live	bacteria	vaccine,	1 × 106	colony-	forming	units	(CFU)	
of either Pseudomonas aeruginosa	 (ATCC	 27853)	 or	 Lactobacillus 
casei	 (Acedo-	Felix	&	Gaspar	Perez-	Martınez,	2003)	were	blended	
with	 a	water-	in-	oil	 emulsion	 enriched	with	70%	Montanide™	 ISA	
71	 VG	 adjuvant	 (Seppic,	 Paris,	 France).	 Subsequently,	 500 μL of 
each of these formulations was subcutaneously administered to a 
group	of	three	New	Zealand	white	rabbits	per	candidate.	A	vaccine	
booster	was	administered	15 days	following	the	initial	dose.	As	part	
of the control group, an additional three rabbits received a treat-
ment	comprising	PBS	and	adjuvant.

Blood	samples	were	systematically	collected	from	all	experimen-
tal	 animals	 at	 distinct	 time	 intervals:	 pre-	immune	 (before	 the	 first	
vaccine	dose),	at	15 days	post-	immunization	(dpi)	with	the	first	dose,	
30 dpi	 (15 days	after	 the	second	dose	and	prior	 to	 tick	 infestation)	
and	45 dpi	(30 days	after	the	second	dose	and	15 days	following	the	
tick	challenge).	These	collected	samples	were	left	2 h	incubating	at	
room temperature to facilitate clotting, after which sera were ex-
tracted	and	stored	at	−20°C.

New	 Zealand	White	 rabbits	 were	 purchased	 to	 a	 commercial	
supplier:	Granja	San	Bernardo	(Tulebras,	Navarra	(Spain),	www. granj 
asanb ernar do. com).	 All	 rabbits	 were	 7 weeks	 old	 females,	 around	
1.5 kg	 at	 the	 beginning	 of	 the	 experiment,	 reared	 by	 the	Minimal	
Disease	 Level	 system,	 which	 guarantees	 Specific	 Pathogen-	Free	
animals.

2.7  |  Humoral response analysis

2.7.1  |  Bacterial	total	protein	extraction

To	 extract	 total	 proteins	 from	 Pseudomonas and Lactobacillus bac-
terial cells, a series of steps were carried out for optimal results. 
Initially, the bacterial cells underwent a thorough double wash in 
PBS.	 Subsequently,	 these	 cells	were	 subjected	 to	 centrifugation	 at	
1000× g	for	5 min	at	4°C.	Following	this,	the	resulting	pellet	of	cells	
was	carefully	resuspended	in	a	lysis	buffer	composed	of	1%	Triton-	
PBS	(Sigma-	Aldrich).	For	effective	disruption	of	cellular	material,	me-
chanical	homogenization	was	carried	out	using	a	sterile	26G	needle.

The	 resulting	 homogenate	was	 subjected	 to	 another	 round	 of	
centrifugation at 300× g	for	5 min	at	4°C,	yielding	a	supernatant	that	
was	meticulously	 collected	 for	 subsequent	 analysis.	 To	 determine	
the	protein	concentration	in	this	supernatant,	the	Bradford	Protein	
Assay	(Thermo	Scientific,	San	Jose,	CA,	USA)	was	employed,	utiliz-
ing bovine serum albumin as the reference standard.

2.7.2  |  Enzyme-	linked	immunosorbent	assay	(ELISA)

Prior to tick infestation, the antibody titres of immune sera against 
bacterial total proteins from Pseudomonas and Lactobacillus was 
assessed	 using	 a	 serial	 dilution	 ELISA,	 following	 established	 pro-
tocols	 (Carnero-	Morán	 et	 al.,	 2023;	 García-	Varas	 et	 al.,	 2010).	
ELISA	plates	were	coated	with	50 ng	of	bacterial	proteins	per	well,	
diluted	in	100 μL	of	0.05 M	carbonate/bicarbonate	buffer	(pH 9.6).	
Serum	 dilutions	 in	 TPBS	 buffer	 (phosphate-	buffered	 saline	 sup-
plemented	with	0.05%	Tween	20)	were	prepared	using	a	twofold	
dilution	method,	ranging	from	1/50	to	1/6400.	Additionally,	anti-	
rabbit	IgG-	peroxidase	(Sigma-	Aldrich)	was	used	at	a	dilution	factor	
of	1/10,000.	All	incubation	steps	were	performed	at	37°C.	Ortho-	
phenylenediamine was employed as the chromogenic substrate 
for	peroxidase,	 and	 the	 reaction	was	 stopped	by	adding	50 μL of 
3 N	sulphuric	 acid.	Sample	OD	was	measured	at	 a	wavelength	of	
492 nm.	 The	 serum	 titre	 was	 determined	 as	 the	 highest	 dilution	
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at which the reactivity exceeded twice the dilution of the corre-
sponding	pre-	immune	serum.

Afterwards,	 to	 assess	 the	 reactive	 antibody	 levels	 to	 bacterial	
proteins at each time point of the experiment, we used the same 
ELISA	protocol.	 In	this	case,	the	sera	from	both	vaccinated	rabbits	
and	the	control	group	were	diluted	at	a	ratio	of	1/100	in	PBS.	The	
rest of protocol was executed as described above.

2.8  |  Tick infestation with O. moubata

The	 tick	 specimens	 utilized	 in	 this	 study	 were	 from	 a	 labora-
tory colony maintained at the Institute of Natural Resources and 
Agrobiology	of	Salamanca	(IRNASA-	CSIC,	Salamanca,	Spain).	These	
ticks	 were	 initially	 provided	 by	 the	 Institute	 for	 Animal	 Health	
(Pirbright,	Surrey,	UK)	and	originally	sourced	from	Malawi.	The	tick	
colonies were regularly fed on New Zealand white rabbits and were 
carefully controlled under specific conditions, which included main-
taining	a	constant	temperature	of	28°C,	a	relative	humidity	level	of	
85%	and	adhering	to	a	12-	h	light–dark	cycle.

Fifteen	 days	 following	 the	 final	 administration	 of	 the	 antigen	
dose	 (30 dpi),	 nine	 uniform	 groups	 (one	 for	 each	 rabbit)	were	 or-
ganized,	each	consisting	of	45	newly	moulted	female	and	40	male	
adult	Om	ticks.	These	ticks	were	 individually	weighed	and	subse-
quently	allowed	to	feed	on	rabbits	for	a	period	of	1 h.	During	this	
time frame, most ticks successfully completed their feeding, and 
any tick that remained attached to the host animal was promptly 
removed.	 Fed	 ticks	 were	 kept	 under	 controlled	 conditions:	 28°C	
temperature and 85% humidity.

The	 ticks	 were	 divided	 into	 two	 distinct	 groups	 48 h	 after	
feeding.	 The	 first	 group	 consisted	 of	 nine	 batches,	 with	 each	
one	comprising	15	females	and	30	males	per	rabbit.	These	spec-
imens were weighed and checked for survival after feeding. 
Subsequently,	 each	 female	 tick	 was	 paired	 with	 two	male	 ticks	
to facilitate mating and reproduction under controlled conditions. 
The	second	group,	comprising	60	randomly	selected	females	from	
each vaccination group, had their midguts carefully extracted 
in	 a	 cold	 (4°C)	 PBS	 solution	 and	were	 then	 stored	 at	 −20°C	 for	
subsequent	analysis.	Before	this	procedure,	the	ticks	underwent	
a series of meticulous washes using various solutions, including 
tap water, 3% hydrogen peroxide, two rinses in distilled water, 
70%	ethanol,	 and	 an	 additional	 two	 rinses	 in	 distilled	water.	All	
procedures were executed using sterile materials to prevent any 
potential contamination of the samples.

2.9  |  Vaccine efficacy calculation

To	assess	the	impact	of	the	vaccine	on	these	tick	specimens,	sev-
eral	parameters	were	evaluated,	including	survival	(the	percentage	
of	ticks	alive	after	feeding),	ingested	blood	volume	(determined	by	
measuring	the	weight	difference	before	and	48 h	after	feeding),	fe-
male	oviposition	(the	count	of	eggs	laid	per	female)	and	fertility	(the	

count	of	newly	hatched	nymphs-	1	per	female).	The	results	for	these	
parameters	were	presented	 as	 the	mean ± standard	deviation	per	
group.	Vaccine	 efficacy	 (E)	 for	 each	 antigen	was	 calculated	using	
the following formula: E = 100 × [1 − (S × F)],	where	‘S’	and	‘F’	repre-
sent reductions in the survival and fertility of female ticks.

2.10  |  Statistical analysis

Comparative	analysis	of	antibody	levels	was	conducted	through	the	
following	statistical	methods.	For	the	comparison	between	control	
and	immunized	rabbits,	a	two-	way	ANOVA	was	utilized.	This	was	
followed	by	pairwise	comparisons,	achieved	using	the	Bonferroni	
test.	 These	 analyses	 were	 performed	 using	 GraphPad	 Prism	 10	
software	 (GraphPad	 Software,	 Boston,	MA,	 USA).	 To	 assess	 the	
vaccine's	impact	on	ticks	that	had	fed	on	vaccinated	rabbits,	a	one-	
way	ANOVA	was	employed.	Post	hoc	analysis	was	carried	out	using	
Dunnett's	T-	test.	Significance	was	 set	at	p < .05.	These	 statistical	
analyses	 were	 conducted	 using	 SPSS	 version	 29	 software	 (IBM,	
Armonk,	USA).

2.11  |  Tick genomic DNA extraction

To	extract	genomic	DNA,	 the	NucleoSpin®	Tissue	Kit	 (Macherey-	
Nagel,	 Germany)	 as	 per	 the	 manufacturer's	 guidelines	 was	 used.	
Specifically,	 10	pools	 per	 vaccination	 group	were	processed,	 each	
comprising six individual midguts from fed female Om ticks.

The	 procedure	 involved	 resuspending	 all	 samples	 in	 T1	 buffer	
and	Proteinase	K,	 followed	by	mechanical	homogenization	using	a	
T	25	digital	ULTRA-	TURRAX®	(IKA,	Germany).	Subsequently,	these	
samples	were	incubated	overnight	at	56°C.

The	quality	and	concentration	of	DNA	was	determined	using	the	
NanoDrop	2000c	(Thermo	Scientific,	USA)	and	agarose	gel	electro-
phoresis.	As	a	control	for	the	DNA	extraction	process,	five	PBS	sam-
ples were also processed, following the same conditions and steps 
as the midgut samples.

2.12  |  16S rRNA amplicon sequencing and 
sequence processing

The	 library	preparation	and	sequencing	of	 the	bacterial	16S	rRNA	
gene	were	carried	out	at	Novogene	Bioinformatics	Technology	Co.	
in	 London,	UK.	 For	 library	 preparation,	 up	 to	200 ng	of	DNA	was	
utilized	 with	 a	 concentration	 exceeding	 20 ng/μL. Libraries were 
constructed	 using	 the	NEBNext®	Ultra™	 II	DNA	 Library	 Prep	Kit	
from	New	England	Biolabs,	located	in	Ipswich,	MA,	USA.	Sequencing	
was	conducted	on	a	single	lane	of	the	Illumina	MiSeq	system,	gen-
erating	251-	base	paired-	end	reads	targeting	the	variable	region	V4	
of	the	16S	rRNA	gene.	This	was	achieved	by	utilizing	barcoded	uni-
versal	primers	(515F/806R).	The	raw	16S	rRNA	sequences	obtained	
from	OmMG	have	been	deposited	in	the	SRA	repository	under	the	
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Bioproject	 accession	 no.	 PRJNA1035006.	 Additionally,	 DNA	 am-
plification was performed on the extraction controls, following the 
same conditions as the other samples.

Subsequently,	the	raw	sequences	underwent	demultiplexing	to	
create	FASTQ	files.	These	files	were	then	subjected	to	denoising,	
quality	trimming,	and	merging	processes	using	DADA2	(Callahan	
et al., 2016),	a	tool	implemented	within	the	QIIME	2	pipeline	(ver-
sion	 2021.4;	 Bolyen	 et	 al.,	 2019).	 To	mitigate	 the	 impact	 of	 po-
tential	contaminants	originating	from	tissue	processing	and	DNA	
extraction,	the	Decontam	R	package	(Davis	et	al.,	2018)	was	em-
ployed,	utilizing	a	prevalence-	based	method	with	a	threshold	set	
at 0.5.

Amplicon	sequence	variants	 (ASVs)	were	aligned	using	 the	q2-	
alignment	tool	of	MAFFT	(Katoh	&	Standley,	2013),	and	a	phyloge-
netic	tree	was	constructed	using	the	q2-	phylogeny	tool	of	FastTree	
2	(Price	et	al.,	2010).	Taxonomic	classifications	were	assigned	to	the	
ASVs	using	a	classify-	sklearn	naïve	Bayes	taxonomic	classifier,	which	
was	built	upon	the	SILVA	database	(release	138;	Quast	et	al.,	2012)	
and	the	515F/806R	primer	set.	The	resulting	taxonomic	data	table	
was aggregated at the genus level and used for the assessment of 
bacterial diversity and network analysis.

2.13  |  Bacterial taxonomic diversity, 
composition and differential relative abundance

Microbial	 comparisons	 in	 the	OmMG	microbiome	were	made	be-
tween the groups vaccinated with Pseudomonas	 (OmMG-	P)	 and	
Lactobacillus	(OmMG-	L)	and	the	control	(OmMG-	C)	group.	Various	
alpha and beta diversity metrics were used for analysis, employ-
ing	the	q2-	diversity	plugin	 in	QIIME	2	(Bolyen	et	al.,	2019).	Alpha	
diversity	 metrics,	 which	 assess	 within-	group	 diversity,	 were	 de-
termined	 using	 the	 observed	 features	 (DeSantis	 et	 al.,	 2006)	
and	 Faith's	 phylogenetic	 diversity	 index	 (Faith,	 1992)	 to	measure	
richness.	 Evenness	 was	 assessed	 using	 Pielou's	 evenness	 index	
(Pielou,	 1966).	 Differences	 in	 alpha-	diversity	 metrics	 between	
groups	were	assessed	with	the	Kruskal–Wallis	test	(p < .05)	within	
QIIME	2	(Bolyen	et	al.,	2019).

For	beta	diversity,	which	evaluates	between-	group	diversity,	we	
employed	the	Bray	Curtis	dissimilarity	 index	 (Bray	&	Curtis,	1957)	
and	performed	a	PERMANOVA	test	 (p < .05)	 in	QIIME	2.	Beta	dis-
persion	was	calculated	using	the	betadisper	function	and	the	Vegan	
script	 implemented	 in	 RStudio	 (Oksanen	 et	 al.,	 2021;	 RStudio	
Team,	 2020)	 with	 an	 ANOVA	 test	 (p < .05)	 for	 statistical	 analysis	
(File	S5).	Cluster	analysis	was	conducted	using	 the	 Jaccard	coeffi-
cient	of	similarity	within	Vegan	(Oksanen	et	al.,	2021)	implemented	
in	RStudio	 (RStudio	Team,	2020; File	S6).	Unique	and	 shared	 taxa	
among	 the	 three	 conditions	 were	 visualized	 using	 Venn	 diagrams	
created	 with	 an	 online	 tool	 (http:// bioin forma tics. psb. ugent. be/ 
webto	ols/	Venn/	).

To	assess	differences	in	taxa	relative	abundance	among	the	three	
conditions,	a	Kruskal-	Wallis	test	(p < .05)	was	used	and	implemented	
it	using	the	ANOVA-	Like	Differential	Expression	(ALDEx2)	package	

(Fernandes	et	al.,	2013)	on	RStudio	 (RStudio	Team,	2020; File	S7).	
Only	 taxa	 with	 significant	 differences	 (p < .05)	 were	 selected	 for	
representation of the differential taxa relative abundance. Relative 
abundance	values	were	transformed	using	the	centred	log	ratio	(clr)	
transformation.	 The	 identified	 differentially	 abundant	 taxa	 were	
used	to	generate	a	heatmap	using	the	‘Heatplus’	package	in	RStudio	
(RStudio	Team,	2020; File	S8).

2.14  |  Co- occurrence networks analysis

Co-	occurrence	 networks	 for	 each	 group	were	 created	 by	 utilizing	
taxonomic	information	at	the	genus	level.	To	compute	the	correlation	
matrices,	the	SparCC	method	(Friedman	&	Alm,	2012)	implemented	
in	 RStudio	 (RStudio	 Team,	2020)	was	 employed.	 The	 visualization	
of bacterial networks and the calculation of various topological pa-
rameters, such as the number of nodes and edges, weighted degree, 
network diameter, modularity, and clustering coefficient, were con-
ducted	using	Gephi	v.0.10.1	(Bastian	et	al.,	2009).	In	these	networks,	
each node represented a taxon, and edges indicated either positive 
correlations	(SparCC	>0.50)	or	negative	correlations	(SparCC	<0.50)	
between the nodes.

The	colours	of	nodes	are	assigned	by	the	modularity	class	metric	
values,	and	the	node	size	is	proportional	to	the	eigenvector	central-
ity	of	each	taxon.	The	colours	in	the	edges	represent	strong	positive	
(blue)	or	negative	 (red)	correlations.	The	unique	and	shared	nodes	
between	groups	were	represented	with	Venn	diagrams	(http:// bioin 
forma	tics.	psb.	ugent.	be/	webto	ols/	Venn/	).

2.15  |  Comparative bacterial networks

The	 network	 comparisons	 were	 conducted	 using	 the	 Network	
Construction	 and	 Comparison	 for	 Microbiome	 Data	 (NetCoMi)	 R	
package	(Peschel	et	al.,	2021)	in	R	v.4.3.1	(R	Core	Team,	2023),	using	
RStudio	 (RStudio	Team,	2020; File	S9).	To	measure	 the	dissimilari-
ties	between	nodes	 in	 the	vaccinated	groups'	networks	and	those	
in	the	control	group,	we	calculated	Jaccard	indices	for	various	cen-
trality measures, such as degree, betweenness centrality, closeness 
centrality,	eigenvector	centrality	and	hub	taxa.	‘Most	central	nodes’	
refer to those with centrality values exceeding the 75th percentile 
of the empirical values.

The	Jaccard	index	ranges	from	0	(completely	dissimilar	sets)	to	1	
(identical	sets).	The	probabilities	were	also	computed,	represented	as	
P(J ≤ j)	and	P(J ≥ j),	which	indicate	the	likelihood	of	obtaining	a	Jaccard	
index	‘j’	or	less	and	‘j’	or	greater,	respectively,	for	the	given	total	number	
of	taxa	in	both	sets,	compared	to	random	calculations.	Furthermore,	
the	Adjusted	Rand	Index	(ARI)	was	calculated,	which	varies	from	−1	to	
1.	A	positive	ARI	value	suggests	greater	similarity	of	clustering,	while	a	
negative	value	implies	less	similarity	than	expected.	All	analyses	were	
performed	in	RStudio	(RStudio	Team,	2020).

Additionally,	in	Gephi	v0.10	(Bastian	et	al.,	2009),	sub-	networks	
were constructed to highlight the local connectivity of Pseudomonas 
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and Lactobacillus within the global networks of the vaccinated 
(OmMG-	P	and	OmMG-	L)	and	control	(OmMG-	C)	groups.

2.16  |  Network tolerance to node removal and 
addition

A	comprehensive	 analysis	of	 tolerance	 to	node	 removal	 and	addi-
tion	 was	 conducted	 between	 OmMG-	P,	 OmMG-	L	 and	 OmMG-	C	
networks.	The	network's	robustness	to	node	removal	was	evaluated	
after	directed	(betweenness,	cascading	and	degree)	and	random	at-
tacks	 using	 the	 NetSwan	 package	 (Lhomme,	 2015),	 implemented	
in	 RStudio	 (RStudio	 Team,	2020).	 Furthermore,	 the	 robustness	 of	
microbial coexistence networks to the addition of nodes was ex-
plored	 using	 Network	 Analysis	 and	 Visualization	 package	 (Freitas	
et al., 2021),	 the	 nodes	were	 added	 gradually	 in	 sections	 ranging	
from	5	to	100.	Both	analyses	were	carried	out	following	the	proce-
dures	described	in	the	Section	2.5.

3  |  RESULTS

3.1  |  Nesting patterns of Pseudomonas in O. 
moubata microbiome

To	explore	 the	hypothesis	 that	 targeting	Pseudomonas, a keystone 
taxon	in	the	Om	microbiome	(Piloto-	Sardiñas	et	al.,	2023),	would	in-
fluence the microbial community structure, in- silico analyses were 
initially performed based on data from a previous study on Om mi-
crobiome	(Piloto-	Sardiñas	et	al.,	2023; Figure 1).	The	primary	focus	
was on understanding how Pseudomonas interacts with other mi-
crobes	within	the	MG	and	SG	of	Om.

The	 findings	 from	 the	 study	 underscored	 the	 significance	 of	
Pseudomonas	 within	 these	microbial	 networks.	 Specifically,	 in	 the	
MG,	 Pseudomonas was found to interact with 47 different taxa 
(Figure 2a),	 14	 of	 which	 were	 keystone	 (Table S1).	 In	 the	 SG,	 it	
connected	with	17	taxa	(Figure 2b),	with	five	keystones	(Table S1).	
Additionally,	 when	 examining	 the	 distribution	 of	 connections	 (Zi	
and	Pi	 connectivity),	 a	 similar	 pattern	 in	 both	MG	 (Figure 2c)	 and	
SG	(Figure 2d)	was	observed:	most	microbes,	Pseudomonas included, 
were	categorized	as	peripheral,	indicating	that	they	did	not	serve	as	
central hubs within their respective networks.

To	 further	 understand	 Pseudomonas's	 role,	 the	 effects	 of	 its	
removal	 from	 sub-	networks	 formed	 by	 modules	 M1	 (the	 module	
where Pseudomonas	was	located)	and	M2	(the	module	with	the	high-
est	modularity	 in	the	global	network)	were	examined.	The	OmMG	
sub-	network	 with	 Pseudomonas	 (wP,	 Figure 2e)	 had	 topological	
changes,	compared	to	that	of	the	sub-	network	without	Pseudomonas 
(woP,	 Figure 2f; Table S2).	 This	 distinction	was	 further	 evident	 in	
the	 composition	 of	 modules	 (M1–M2)	 as	 each	 module	 displayed	
unique	nodes	in	the	presence	or	absence	of	Pseudomonas	(Figure 2g; 
Table S3).	Shared	nodes	between	the	two	networks	(OmMG-	wP	and	

OmMG-	woP)	that	maintained	the	nature	of	their	connectivity	were	
represented	 by	 a	 CAN	 (Figure 2h).	 A	 similar	 trend	 was	 observed	
in	 OmSG,	 where	 topological	 changes	 were	 evident	 in	 OmSG-	wP	
(Figure 2i)	 and	 OmSG-	woP	 (Figure 2j; Table S2),	 alongside	 varia-
tions	in	module	composition	(Figure 2k; Table S3).	The	connectivity	
maintained between the nodes shared by both networks was repre-
sented	in	a	CAN	(Figure 2l).

Despite the removal of Pseudomonas, the networks remained 
robust, showing little change in their ability to withstand connectiv-
ity	 loss	after	both	random	(Figure S1A,B)	and	directed	disruptions	
such	as	 removal	based	on	betweenness	 (Figure S1C,D),	 cascading	
(Figure S1E,F)	and	degree	(Figure S1G,H; Table S4).	The	analysis	of	
LCC	size	and	APL	before	and	after	Pseudomonas's	removal	provided	
insights	into	the	network's	resilience.	In	the	OmMG	network,	LCC	
Size	and	APL	values	remained	relatively	unchanged,	indicating	sta-
bility	 (Figure S1I,J).	 However,	 in	 the	 OmSG	 network,	 differences	
in	LCC	size	and	APL	values	suggested	that	removing	Pseudomonas 
could	impact	network	stability	(Figure S1K,L; Table S5).

The	findings	from	the	study	underscore	the	nuanced	but	pivotal	
role of Pseudomonas in the Om microbiome, influencing both its 
structure and robustness.

3.2  |  Impact of anti- microbiota vaccine on O. 
moubata fitness

To	empirically	test	the	hypothesis	that	targeting	Pseudomonas could 
affect the fitness and microbiome of ticks feeding on rabbits, we 
conducted a vaccination experiment using Pseudomonas, a keystone 
species, and Lactobacillus,	a	non-	keystone	species	(Figure 1).	The	rab-
bits'	immune	response	to	these	vaccines	was	measured	by	checking	
the	 levels	 of	 IgG	 antibodies	 specific	 for	 each	bacterium.	From	 the	
fifteenth day after receiving the second dose of vaccine, the rab-
bits showed an increased antibody titres in both Pseudomonas and 
Lactobacillus	of	1/6400	and	1/3200,	respectively	(Figure S2A,B),	in-
dicating	successful	vaccination.	However,	antibody	levels	were	sig-
nificantly higher only in the Pseudomonas	group	(p < .05)	compared	
to	the	control	group	 (Figure 3a).	Cross-	reactivity	between	the	two	
groups was low in both cases, implying that there was no immune 
response against shared epitopes among the proteins of these bac-
teria	(Figure 3a,b).

How	the	vaccinations	affected	ticks	that	fed	on	the	vaccinated	
rabbits was evaluated. Notably, female ticks feeding on rabbits vac-
cinated with Pseudomonas showed a significant decrease in survival 
(p < .01),	though	this	effect	was	not	seen	in	male	ticks	or	those	feed-
ing on Lactobacillus-	vaccinated	rabbits	(Table 1).	Furthermore,	ticks	
feeding on rabbits vaccinated with Lactobacillus experienced reduc-
tions	 in	both	egg-	laying	 and	 fertility	 rates,	 suggesting	 the	 vaccine	
influenced	tick	reproductive	outcomes	(Table 1).	A	slight	decrease	in	
the amount of blood ticks were able to ingest in both groups were 
observed,	with	 the	 efficacy	 of	 the	 vaccines	measured	 at	 7.9%	 for	
Pseudomonas and 16.7% for Lactobacillus	(Table 1).
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3.3  |  Impact of anti- microbiota vaccine on the 
diversity, composition and abundance of O. moubata 
microbiome

After	vaccinating	with	Pseudomonas and Lactobacillus, the diversity, 
composition,	and	relative	abundance	of	bacterial	taxa	in	the	OmMG	
using	 16S	 rRNA	 gene	 profiling	 were	 examined.	 This	 analysis	 was	
done	 after	 identifying	 and	 removing	 DNA	 sequences	 deemed	 as	
contaminants	(Table S6).

The	findings	revealed	significant	changes	in	the	observed	spe-
cies	richness	(Figure 4a),	Faith's	phylogenetic	diversity	(Figure 4b),	
and	 evenness	 (Figure 4c).	 The	 results	 showed	 that	 all	 three-	
diversity	 metrics	 were	 significantly	 reduced	 in	 the	 OmMG-	L	

group, indicating a less diverse bacterial community compared to 
both	the	OmMG-	C	and	OmMG-	P	groups	(Kruskal–Wallis,	p < .05).	
This	suggests	that	vaccination	with	Lactobacillus has a notable im-
pact on reducing the variety and balance of bacterial species in the 
OmMG	microbiome.

Analysis	 using	 the	 Bray–Curtis	 index	 highlighted	 significant	
differences in the bacterial community structure between the 
OmMG-	C	and	OmMG-	L	groups	 (PERMANOVA,	p < .05),	as	well	as	
between	 the	 two	vaccinated	groups	 (PERMANOVA,	p < .01),	while	
no	 significant	 differences	 between	 the	 OmMG-	C	 and	 OmMG-	P	
groups	 (PERMANOVA,	p > .05;	 Figure 4d,e).	 Pairwise	 comparisons	
of beta dispersion showed no significant variability between sam-
ples	of	the	OmMG-	P	(ANOVA	test,	p > .05,	Figure 4d)	and	OmMG-	L	

F I G U R E  2 Assembly	patterns	of	Pseudomonas in microbial communities of O. moubata. Pseudomonas's	local	connectivity	in:	(a)	OmMG	
and	(b)	OmSG.	Within-	module	and	among-	module	connectivities,	Zi-	Pi	plot	of	the	individual	genera	from	four	groups:	(c)	OmMG	and	(d)	
OmSG.	Sub-	networks	of	M1	and	M2	in	the	presence	and	after	Pseudomonas's	removal	within	O. moubata	MG:	(e)	OmMG	wP	and	(f)	OmMG	
woP.	(g)	Venn	diagram	displaying	the	comparison	of	module	composition	in	O. moubata-	MG	(M1-	M2).	(h)	CAN	for	OmMG	(wP-	woP).	Sub-	
networks of M1 and M2 in the presence and after Pseudomonas's	removal	within	O. moubata-	SG:	(i)	OmSG	wP	and	(j)	OmSG	woP.	(k)	Venn	
diagram displaying the comparison of module composition in O. moubata-	SG	(M1–M2).	(l)	CAN	for	OmSG	(wP-	woP).	In	the	sub-	networks	
the	nodes	represent	bacterial	taxa	and	the	colours	in	the	edges	represent	strong	positive	(blue)	or	negative	(red)	correlations	(SparCC	>0.75 
or < −0.75).
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(ANOVA	 test,	 p > .05,	 Figure 4e),	 with	 the	 control	 group.	 Jaccard	
clustering analysis showed two main clusters: one primarily com-
posed	of	samples	from	OmMG-	P	group	and	another	primarily	from	
the	OmMG-	L	group	(Figure 4f).

The	 compositional	 analysis	 revealed	 a	 total	 of	 152	 bacte-
rial	 taxa,	 with	 44	 (28.9%)	 shared	 across	 all	 samples	 (Figure 4g; 
Table S7).	Notably,	the	OmMG-	P	group	contained	the	largest	num-
ber	of	unique	bacterial	taxa,	followed	by	the	control	and	OmMG-	L	
groups, indicating that vaccination with Pseudomonas resulted in 
a	more	diverse	bacterial	population	in	the	tick	midgut	(Figure 4g; 
Table S7).

Differential relative abundance analysis identified significant 
changes	 in	 four	 taxa	 (Francisella, Methylobacterium-	Methylorubrum, 
Phyllobacterium and Sphingobacterium)	 across	 the	 three	 groups	
(Figure 4h; Table S8).

These	findings	indicate	that	vaccination	with	Lactobacillus had a 
more pronounced effect on the microbiome of the tick midgut com-
pared to the control and Pseudomonas vaccination, affecting both 
the	diversity	and	composition	of	bacterial	 taxa.	The	differences	 in	
the impact of vaccination with Lactobacillus and Pseudomonas sug-
gest that the choice of vaccine can significantly influence the micro-
bial community within the tick midgut.

F I G U R E  3 Antibody	response	in	rabbits	vaccinated	with	Pseudomonas or Lactobacillus.	IgG	antibody	levels	quantification	against	(a)	
Pseudomonas	proteins	and	(b)	Lactobacillus	proteins.	Values	are	the	mean	OD ± SD	at	492 nm	from	each	group.	The	comparative	analysis	
of	the	results	was	performed	using	a	two-	way	ANOVA,	followed	by	the	Bonferroni	test	for	pairwise	comparisons	between	control	and	
immunized	rabbits	(*p < .05,	***p < .001).	The	sera	were	used	at	1/100	dilution.	Sera	were	taken	before	first	antigen	dose	(pre-	immune),	
15 days	post-	inoculation	immunization	(dpi)	with	the	first	dose	(15	dpi),	15 days	after	the	second	dose	and	before	tick	infestation	(30	dpi),	
and	30 days	after	the	second	dose	and	15 days	after	the	tick	challenge	(45	dpi).

TA B L E  1 Effect	of	the	vaccination	
on O. moubata specimens fed on 
vaccinated rabbits with Pseudomonas 
and Lactobacillus.

Parameter
Developmental 
stage Control

Pseudomonas 
(% change)

Lactobacillus 
(% change)

Ingested	blood	(mg) Males 28.1 ± 3.1 27.0 ± 4.9
(3.9)

26.5 ± 0.7
(5.7)

Females 225.0 ± 10.5 244.4 ± 16.6 209.8 ± 18.3
(6.8)

Survival	(%) Males 96.7 ± 3.3 100 100

Females 100 93.3 ± 0.0
(6.7)**

100

Oviposition	(number	of	
eggs/female)

Females 274.6 ± 14.3 267.5 ± 13.6
(2.6)

226.6 ± 18.1
(17.5)**

Fertility	(number	of	
larvae/female)

Females 261.8 ± 11.1 258.5 ± 11.7
(1.3)

218.1 ± 16.1
(16.3)**

Efficacy	(%) – 7.9 16.7

Note:	Bacteria	were	administered	in	Montanide	ISA	71	VG.	Results	are	shown	as	mean ± standard	
deviation for each rabbit group. Means were compared between ticks fed on vaccinated and 
control	rabbits	by	one-	way	ANOVA	followed	by	the	Dunnett's	t-	test.	In	parentheses,	%	of	
reduction	in	the	corresponding	parameter	respect	to	the	control.	Values	p < .05	were	considered	
significant	(**p < .01).
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3.4  |  Effect of anti- microbiota vaccine on the 
community assembly of the O. moubata microbiome

The	 study	also	explored	 if	 anti-	microbiota	vaccination	also	has	 an	
impact	on	the	community	assembly	of	the	Om	microbiome.	To	ad-
dress	 this	 question,	 co-	occurrence	 networks	 were	 built	 for	 each	
group,	and	compared	using	NetCoMi.

Upon	visual	inspection,	the	networks	appeared	similar	across	the	
groups	(Figure 5a–c).	However,	the	topological	features	showed	dif-
ferences	between	the	networks	 (Table 2).	Specifically,	a	 reduction	
in	the	number	of	edges	in	OmMG-	P	and	OmMG-	L	networks,	com-
pared	 to	 OmMG-	C	 network.	 Additionally,	 the	 OmMG-	P	 network	
not	only	had	a	greater	number	of	taxa	(nodes)	but	also	exhibited	a	
higher degree of connectivity among these nodes. Remarkably, the 

F I G U R E  4 Impact	of	anti-	microbiota	vaccination	on	O. moubata	microbiome	diversity.	Comparison	of	alpha	diversity	between	OmMG-	C,	
OmMG-	P	and	OmMG-	L	group	(Kruskal-	Wallis	test,	significant	differences	for	p ≤ .05),	(a)	observed	features,	(b)	Faith's	phylogenetic	
diversity	(PD),	and	(c)	Pielou's	evenness	index.	Comparison	of	beta—diversity	with	Bray	Curtis	dissimilarity	index	between:	(d)	OmMG-	C	and	
OmMG-	P,	(e)	OmMG-	C	and	OmMG-	L	group.	Beta	dispersion	of	three	sets	of	samples	(pairwise	comparison).	Small	hexagons,	rhombuses	
and	triangles	represent	samples,	and	ellipses	represent	centroid	position	for	each	group.	ANOVA	test	was	performed	and	showed	that	
beta	dispersion	of	the	three	sets	of	samples	(three	conditions)	is	not	significantly	different	(OmMG-	C	and	OmMG-	P,	p = .28;	OmMG-	C	and	
OmMG-	L,	p = .68).	(f)	Jaccard	clusterization	of	OmMG-	C,	OmMG-	P	and	OmMG-	L	samples.	The	samples	are	represented	by	circles	and	the	
groups	by	colours	(legend).	(g)	Venn	diagram	displaying	the	comparison	of	taxa	composition	in	OmMG-	C,	OmMG-	P	and	OmMG-	L	groups.	
Common	and	unique	taxa	between	the	conditions	are	represented.	(h)	Comparison	of	relative	abundance	of	bacterial	communities	between	
OmMG-	C,	OmMG-	P	and	OmMG-	L	group.	Colour	represent	the	clr	value	(range	from	−15	to	15).
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modularity,	a	measure	of	the	network's	division	into	sub-	networks,	
of	 the	 OmMG-	P	 network	 was	 notably	 higher	 than	 the	 OmMG-	C	
and	OmMG-	L	networks.	This	suggests	a	more	complex	organization	
within the Pseudomonas	group's	microbiome.	The	OmMG-	P	network	

showed	a	higher	number	of	unique	nodes,	compared	to	the	others	
groups	(Figure 5d; Table S9).

NetCoMi	 was	 used	 to	 compare	 the	 networks	 of	 vaccinated	
groups	 against	 a	 control	 (OmMG-	C),	 focusing	 on	 Pseudomonas 
(OmMG-	P;	 Figure 5e)	 and	Lactobacillus	 (OmMG-	L;	 Figure 5f).	 The	
analysis	revealed	that	the	network	of	the	OmMG-	P	had	fewer	con-
nections	than	OmMG-	C,	a	difference	also	reflected	in	the	network's	
topological	characteristics	(Table 2).

Networks were also compared in terms of the distribution of 
local	 centrality	measures	 and	 clustering.	 The	 Jaccard	 index	 val-
ues	of	the	comparisons	OmMG-	P	versus	OmMG-	C,	and	OmMG-	L	
versus	OmMG-	C	were	 higher	 than	 expected	 by	 random,	 except	
for	 betweenness	 centrality	 in	 the	 OmMG-	L	 versus	 OmMG-	C	
comparison,	which	exhibited	a	random	distribution	(Table 3).	The	
comparison	of	node	clustering	networks	showed	higher	ARI	val-
ues	for	OmMG-	P	compared	to	OmMG-	C	networks	(ARI = 0.615),	
followed	by	OmMG-	L/OmMG-	C	(ARI = 0.586),	suggesting	that	the	
networks	are	more	similar	than	expected	by	random.	This	implies	
that, although there are differences between the networks of vac-
cinated groups with the control group, there may be still shared 

F I G U R E  5 Impact	of	anti-	microbiota	vaccination	on	O. moubata	community	assembly.	Co-	occurrence	networks	of	the	(a)	OmMG-	C,	(b)	
OmMG-	P	and	(c)	OmMG-	L	group.	The	positive	and	negative	association	are	showed	in	blue	and	red,	respectively.	(d)	Venn	diagram	represent	
the	composition	comparison	of	the	vaccinated	groups	with	the	control	group	OmMG	(C-	P-	L).	Differential	network	comparison	of	vaccinated	
group	to	the	OmMG-	C	group:	(e)	OmMG-	C	co-	occurrence	network	and	OmMG-	P	co-	occurrence	networks,	(f)	OmMG-	C	co-	occurrence	
network	and	OmMG-	L	co-	occurrence	networks.	The	positive	and	negative	association	are	showed	in	green	and	red,	respectively.	Directly	
connected nodes to Pseudomonas and Lactobacillus	in:	(g)	OmMG-	C,	(h)	OmMG-	P	and	(i)	OmMG-	L	group.	(j)	Common	directly	connected	
node to Pseudomonas	in	all	three	groups.	The	positive	and	negative	association	are	shown	in	blue	and	red,	respectively.

TA B L E  2 Topological	features	for	vaccinated	(OmMG-	P	and	
OmMG-	L)	and	OmMG-	C	networks.

Topological features OmMG- C OmMG- P OmMG- L

Total	nodes 87 112 64

Connected	nodes 39 49 35

Edges 159 127 134

Positives 124	(78%) 65	(51.2%) 103 
(76.9%)

Negatives 35	(22%) 62	(48.8%) 31	(23.1%)

Modularity 0.128 2.98 0.27

Network diameter 5 6 5

Average	degree 8.15 5.18 7.66

Weighted	degree 3.45 0.312 2.92

Clustering	coefficient 0.73 0.62 0.64
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patterns or relationships within the microbiome structure among 
these groups.

Co-	occurrence	 sub-	networks	 that	 highlight	 interactions	 spe-
cifically linked to Pseudomonas and Lactobacillus within each group 
was	also	analysed:	OmMG-	C	(Figure 5g),	OmMG-	P	(Figure 5h)	and	
OmMG-	L	(Figure 5i).	Interestingly,	Lactobacillus was missing from 
its	 vaccination	 group	 (OmMG-	L)	 as	 well	 as	 from	 the	 OmMG-	P	
group, indicating that this taxon is particularly sensitive to the per-
turbation	caused	by	anti-	microbiota	vaccines	(Figure 5h,i).	On	the	
other hand, Pseudomonas	showed	a	higher	degree	in	the	OmMG-	P	
and	 OmMG-	L	 groups	 compared	 to	 the	 OmMG-	C	 (Figure 5g–i),	
with significantly higher betweenness and eigenvector centrality 
values	(Table 4),	indicating	a	pivotal	role	in	the	microbial	network	
post-	vaccination.	The	sub-	networks	were	unique	in	their	connec-
tions, with Pseudomonas	 uniquely	 positioned	 against	 Francisella 
across	all	networks	(Figure 5j).

The	results	show	a	moderate	but	specific	impact	of	each	taxon	
on the assembly of the microbial community after vaccination. 
Changes	 in	network	configuration	as	a	consequence	of	manipulat-
ing taxa suggest possible differences in the ability to resist external 
perturbations.

3.5  |  Impact of anti- microbiota vaccine on network 
robustness

The	robustness	of	networks	from	each	group	was	analysed.	When	
randomly	 removing	 nodes,	 all	 networks	 were	 equally	 impacted	
(Figure 6a; Table S10).	 However,	 the	 OmMG-	L	 network	 showed	

the highest robustness against targeted removals based on be-
tweenness	(Figure 6b),	cascading	(Figure 6c)	and	degree	(Figure 6d; 
Table S10).	On	 the	 other	 hand,	 both	 the	OmMG-	C	 and	OmMG-	P	
networks experienced an 80% loss of connectivity after the removal 
of nearly 20% of their nodes, displaying a similar pattern of vulner-
ability	(Figure 6b–d; Table S10).

To	assess	the	 impact	of	adding	nodes,	changes	 in	the	LCC	size	
were	measured	(Figure 6e)	and	the	APL	(Figure 6f)	within	the	net-
works	 (Table S11).	 The	OmMG-	P	network	proved	 to	be	more	 tol-
erant	 to	 nodes	 addition,	 as	 indicated	 by	 a	 larger	 LCC	 compared	
to	 OmMG-	C	 and	 OmMG-	L	 networks	 (Figure 6e; Table S11).	
Additionally,	the	APL	remained	consistent	across	all	three	networks	
following	 the	addition	of	nodes	 (Figure 6f; Table S11),	 indicating	a	
similar response to network expansion.

The	robustness	of	the	networks	during	the	removal	and	not	the	
addition	 of	 nodes	 suggests	 a	 stabilizing	 potential	 of	 Lactobacillus 
vaccination against the loss of bacterial taxa.

4  |  DISCUSSION

This	study	introduces	an	innovative	strategy	using	an	anti-	microbiota	
vaccine to target and modulate specific bacterial groups within the 
microbiome	of	soft	ticks,	leveraging	host-	generated	antibodies.	The	
ultimate	aim	of	anti-	microbiota	vaccines	 is	 to	alter	vector	physiol-
ogy	and	 their	 capacity	 to	 transmit	pathogens	 (Maitre	et	 al.,	2022; 
Pavanelo et al., 2023;	Wang	et	al.,	2023;	Wu-	Chuang	et	al.,	2022).	
Two	bacterial	targets	were	tested:	Pseudomonas, the only common 
keystone	bacterium	previously	 identified	 in	the	MG	and	SG	of	the	

TA B L E  3 Comparison	of	centrality	measures	between	vaccinated	(OmMG-	P	and	OmMG-	L)	and	OmMG-	C	groups.

Local centrality measures

OmMG- P vs. OmMG- C OmMG- L vs. OmMG- C

Jacca P(≤Jacc) P(≥Jacc) Jacca P(≤Jacc) P(≥Jacc)

Degree 0.561 0.999 0.002260** 0.525 0.996 0.009552**

Betweenness	centrality 0.682 0.999 0.000879*** 0.526 0.976 0.064766

Closeness	centrality 0.561 0.999 0.002260** 0.525 0.996 0.009552**

Eigenvector	centrality 0.561 0.999 0.002260** 0.525 0.996 0.009552**

Hub	taxa 0.561 0.999 0.002260** 0.525 0.996 0.009552**

**p < .01,	and	***p < .001.
aJaccard	index.

Topological features

Groups

OmMG- C OmMG- P OmMG- L

Node Pseudomonas Lactobacillus Pseudomonas Pseudomonas

Degree 2 2 5 7

Weighted	degree −0.056 −0.028 1.78 2.8

Closeness	centrality 0.409 0.371 0.428 0.478

Betweenness	centrality 0 0.125 115 13.74

Modularity class 5 2 3 0

Eigenvector	centrality 0.09 0.079 0.252 0.36

TA B L E  4 Topological	features	for	
vaccinated	(OmMG-	P	and	OmMG-	L)	and	
OmMG-	C	sub-	networks.
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tick species O. moubata, and Lactobacillus,	 an	 abundant	 but	 non-	
keystone bacterium in the same species, serving as a comparative 
control in the study.

The	 previous	 demonstration	 that	 the	 diversity,	 composition,	
abundance and assembly of microbial communities associated with 
O. moubata are tissue specific suggests different interaction patterns 
in	 OmMG	 and	 OmSG	 (Piloto-	Sardiñas	 et	 al.,	 2023).	 Consequently,	
during	 the	colonization	process	 the	 taxa	will	not	only	have	 to	 face	
different physiological properties of each tissue but will also have to 
coexist with different microbial communities in terms of composition 
and interaction. In this context, the positioning of Pseudomonas as a 
common	keystone	taxon	in	both	tissues	(Piloto-	Sardiñas	et	al.,	2023)	
suggested an important role of the microorganism within the commu-
nity since in theory the taxon faced different conditions and was still 
capable	of	carrying	out	an	effective	colonization	process.	The	present	
findings revealed varied clustering patterns of Pseudomonas across 
different	 tissues,	highlighting	 the	bacterium's	 capacity	 to	 adjust	 its	
associations	 within	 microbial	 communities	 based	 on	 niche-	specific	
conditions.	This	variability	 in	clustering	patterns	may	be	 influenced	
by the high microbial diversity found in Om, which is thought to be 
shaped by the anatomical and physiological variations in the midgut 
(Piloto-	Sardiñas	et	al.,	2023).

As	a	result	of	cooperative	and	co-	exclusion	interactions	in	eco-
logical networks, microorganisms establish endogenous dynam-
ics that can cause a damping effect against disturbances within 

ecosystems	(Gonze	et	al.,	2018;	Konopka	et	al.,	2015).	The	in	silico	
analyses carried out revealed that Pseudomonas interacts exten-
sively with diverse taxa, including keystone species, highlighting 
its significance in maintaining the microbial community structure. 
Microorganisms that form intricate ecological networks with the 
ability	to	shape	entire	communities	are	crucial	(Mateos-	Hernández	
et al., 2020).	Despite	being	categorized	as	peripheral,	Pseudomonas 
removal	caused	topological	changes	in	sub-	networks,	demonstrat-
ing its nuanced yet influential role in the O. moubata microbiome, 
showcasing alterations in composition and connectivity patterns.

In both examined tissues, Pseudomonas, as keystone taxon, was 
observed to cluster with other keystone bacteria, some of which 
were present in lower numbers within the community. In any eco-
system, keystone species can exert a significant influence on their 
community,	 regardless	 of	 their	 numerical	 presence	 (Banerjee	
et al., 2018).	 However,	 identifying	 a	 bacterium	 as	 a	 key	 species	
does not necessarily confirm its impact on the microbial community 
(Banerjee	et	al.,	2018).	Therefore,	the	analysis	of	clustering	and	nest-
ing patterns in complex ecological networks will allow predicting the 
effects of disturbances and the outcome of alterations such as con-
sequence	of	the	manipulation	of	taxa	within	the	community	(Deng	
et al., 2012;	Xiao	et	al.,	2017; Zhou et al., 2010).

These	 current	 findings	align	with	previous	 research	on	 the	O. 
moubata	microbiome	 (Piloto-	Sardiñas	et	al.,	2023),	 reinforcing	the	
central role of Pseudomonas in tick microbial communities as a 

F I G U R E  6 Impact	of	anti-	microbiota	vaccination	on	network	robustness.	Robustness	test	of	the	OmMG-	C,	OmMG-	P	and	OmMG-	L	
networks.	Node	removal	directed	attack	based	on	(a)	random,	(b)	betweenness,	(c)	cascading	and	(d)	degree.	Effect	of	node	addition	(n = 100)	
by	measuring	(e)	LCC	size	and	(f)	APL.

 1365294x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.17506 by E
N

V
 A

lfort, W
iley O

nline L
ibrary on [19/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  15 of 17CANO-ARGÜELLES et al.

promising target for interventions that influence the microbiome 
structure.

The	influence	of	a	keystone	bacterium	may	become	pivotal	under	
specific conditions, which might differ from those under experimental 
investigation.	This	underscores	the	complexity	of	predicting	and	ma-
nipulating microbial community dynamics within ecological systems.

The	empirical	vaccination	experiment	targeting	Pseudomonas and 
Lactobacillus in O. moubata revealed a successful immune response, 
indicated	by	increased	IgG	antibody	levels.	Pseudomonas vaccination 
elicited	significantly	higher	antibody	titres,	emphasizing	 its	robust-
ness.	Female	 ticks	 feeding	on	Pseudomonas-	vaccinated	 rabbits	 ex-
hibited increased mortality, while Lactobacillus vaccination affected 
tick	 reproductive	 outcomes,	 with	 reduced	 egg-	laying	 and	 fertil-
ity rates. Recent studies indicate that manipulating keystone taxa 
within I. ricinus	can	alter	the	fitness	of	hard	ticks	(Mateos-	Hernández	
et al., 2020).	Our	results	suggest	that,	although	moderate,	selective	
manipulation of Pseudomonas and Lactobacillus has a direct influence 
on tick physiology or indirectly through interactions with other taxa.

The	distinct	gender-	specific	and	reproductive	impacts	highlight	
the	potential	of	microbiota-	driven	vaccines	 in	tick	population	con-
trol.	The	observed	variations	 in	blood-	feeding	efficacy,	along	with	
differential	 vaccine	efficacy	 (7.9%	 for	Pseudomonas and 16.7% for 
Lactobacillus),	 emphasize	 the	 importance	 of	 specific	microbial	 tar-
gets	 in	 vaccine	 development.	 These	 differential	 responses	 under-
score the importance of understanding the microbiome dynamics 
within the tick host and the potential for precision in developing 
effective	 tick	 control	 strategies.	 Also,	 the	 vaccination	 experiment	
demonstrated	 the	 efficacy	 of	 microbiota-	driven	 vaccines	 in	 influ-
encing tick fitness and reproductive capabilities.

Despite being considered a keystone taxon, experimental manip-
ulation	 of	 the	OmMG	microbiome	with	Pseudomonas did not result 
in significant changes in microbial diversity and community config-
uration	 compared	 to	 the	 control	 group.	 Conversely,	 immunization	
with Lactobacillus led to a reduction in microbial diversity compared 
to	the	control	groups.	These	findings	differ	from	experimental	analy-
ses conducted in I. ricinus,	where	immunization	with	a	keystone	taxon	
resulted in a more pronounced decrease in microbial diversity and 
alterations	in	community	assembly	compared	to	the	effects	of	a	non-	
keystone	taxon	(Mateos-	Hernández	et	al.,	2021).	The	perturbation	of	
the	OmMG	microbiome	through	vaccination	with	Pseudomonas did not 
induce substantial changes in the diversity, composition and assem-
bly of the microbial community. Pseudomonas species have a versatile 
metabolism,	diverse	capacity	for	enzyme	production	and	rapid	growth	
in sustainable carbon sources, making them resistant to extreme envi-
ronments	and	external	perturbations	(Wang	et	al.,	2020).	These	traits	
of the bacterial genus may clarify why Pseudomonas	occupies	a	unique	
position, underscoring its pivotal role.

The	considerable	decrease	in	microbial	diversity	caused	by	vac-
cination with Lactobacillus and the absence in its own group and 
the Pseudomonas group indicated a specific response to vaccina-
tion	with	the	taxon.	The	implication	of	these	findings	suggests	that	
anti-	microbiota	vaccination	induces	specific	alterations	in	microbial	
community	 dynamics	 within	 the	 tick	 midgut.	 Understanding	 the	

structure of microbial communities after vaccination is crucial for 
optimizing	strategies	to	control	tick	populations	and	reduce	the	risk	
of	tick-	borne	diseases.

Due to community assembly, biodiversity, heterogeneity, func-
tional diversity and microbial interactions within ecosystems, mi-
crobial communities demonstrate resilience against fluctuating 
environmental	conditions	(Lee	et	al.,	2023;	Stenuit	&	Agathos,	2015).	
The	evaluation	of	microbial	network	robustness	post-	anti-	microbiota	
vaccination in O. moubata	midgut	(OmMG)	revealed	distinct	patterns.	
The	varied	responses	in	robustness	and	tolerance	to	node	removal	or	
addition indicate that the selection of a vaccine affects the structural 
adaptability of the microbial network in the tick midgut. Interestingly, 
during	node	removal,	the	OmMG-	L	network	was	more	robust	than	
OmMG-	P	and	OmMG-	C	networks.	In	ecosystems,	there	is	a	strong	
correlation between species diversity, microbial interactions and re-
sistance	to	external	disturbances.	Therefore,	theoretically,	higher	bio-
diversity	would	increase	the	community	stability	(Ratzke	et	al.,	2020).	
On the contrary, our findings revealed that despite the loss of mi-
crobial	diversity,	the	resilience	of	the	OmMG-	L	network	against	tar-
geted	 removals	 increased,	 suggesting	 a	 potential	 stabilizing	 effect	
of Lactobacillus vaccination. One potential explanation is that if the 
remaining members are capable of sustaining the ecosystem function 
previously carried out by the displaced taxa, the stability of the com-
munity	may	 remain	 unaffected.	 Conversely,	 the	 robustness	 of	 the	
OmMG-	P	network	to	node	addition	may	imply	a	more	adaptable	and	
resilient microbial community following Pseudomonas vaccination. 
This	provides	valuable	insights	for	optimizing	interventions	aimed	at	
manipulating tick microbial communities.

The	 synergy	 between	 in	 silico	 analyses	 and	 empirical	 vaccina-
tion	experiments	enhances	the	validity	of	the	study's	outcomes.	The	
study has elucidated the intricate dynamics of the Om microbiome, 
emphasizing	 the	 pivotal	 role	 of	Pseudomonas, a keystone taxon in 
tick	midgut,	in	shaping	microbial	networks.	Vaccination	against	the	
microbiota, specifically targeting Pseudomonas, demonstrates po-
tential in controlling tick fitness, impacting microbiome structure 
and	changing	community	assembly.	The	intricate	interactions	within	
the	tick	microbiome	emphasize	the	necessity	of	a	holistic	approach	
in	developing	effective	strategies	for	tick-	borne	disease	control.

Thus,	the	findings	reported	herein	support	the	development	of	
targeted	microbiota-	driven	vaccines	as	effective	strategies	for	con-
trolling	tick-	borne	diseases.
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