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Abstract
Tick-	borne	 encephalitis	 (TBE)	 virus	 is	 considered	 the	 medically	 most	 important	
arthropod-	borne	virus	in	Europe.	Although	TBE	is	endemic	throughout	central	Europe,	
ticks	and	rodents	determine	its	maintenance	in	small,	difficult-	to-	assess,	natural	foci.	
We	investigated	the	interrelation	between	the	population	genetics	of	the	main	TBE	
virus	 (TBEV)	vector	 tick	 (Ixodes ricinus),	 the	most	 important	 reservoir	host	 (Myodes 
glareolus,	 syn.	Clethrionomys glareolus),	 and	TBEV.	Rodents	 and	 ticks	were	 sampled	
on	15	sites	within	an	exploratory	study	area,	which	has	been	screened	regularly	for	
TBEV	occurrence	in	ticks	for	more	than	10 years.	On	all	15	sites,	ticks	and	bank	voles	
were	sampled,	screened	for	TBEV	presence	via	serology	and	RT-	PCR,	and	genetically	
examined.	Moreover,	TBEV	isolates	derived	from	these	analyses	were	sequenced.	In	
long-	term	TBEV	foci	bank	vole	populations	show	extraordinary	genetic	constitutions,	
leading	to	a	particular	population	structure,	whereas	ticks	revealed	a	panmictic	ge-
netic	 structure	overall	 sampling	 sites.	 Landscape	genetics	 and	habitat	 connectivity	
modeling	 (analysis	of	 isolation	by	 resistance)	 showed	no	 landscape-	related	barriers	
explaining	 the	 genetic	 structure	 of	 the	 bank	 vole	 populations.	 The	 results	 suggest	
that	bank	voles	do	not	simply	serve	as	TBEV	reservoirs,	but	their	genetic	composi-
tion	appears	to	have	a	significant	influence	on	establishing	and	maintaining	long-	term	
natural	TBEV	foci,	whereas	the	genetic	structure	of	TBEV's	main	vector	I. ricinus does 
not	play	an	important	role	in	the	sustainability	of	long-	term	TBEV	foci.	A	thorough	in-
vestigation	of	how	and	to	which	extent	TBEV	and	M. glareolus	genetics	are	associated	
is	needed	to	further	unravel	the	underlying	mechanisms.
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1  |  INTRODUC TION

Tick-	borne	encephalitis	(TBE),	a	disease-	causing	potentially	severe	
neurological	 symptoms	 in	patients,	 is	 endemic	 throughout	many	
European	 countries,	with	 usually	 higher	 incidences	 in	 the	 Baltic	
and	 central	 European	 countries	 and	 an	 annual	 number	 of	 TBE	
cases	fluctuating	between	2000	and	4000	cases	in	the	European	
Union	 (Beauté	 et	 al.,	2018;	 Lindquist	&	Vapalahti,	2008).	 TBE	 is	
caused	by	the	tick-	borne	encephalitis	virus	(TBEV),	a	zoonotic	fla-
vivirus	 that	 is	 considered	 the	medically	most	 crucial	 arthropod-	
borne	 virus	 (arbovirus)	 in	 Europe	 (Randolph,	 2011;	 Süss,	 2011; 
Tonteri	et	al.,	2013).

In	 2020,	 TBE	 cases	 in	Germany	 reached	 an	 all-	time	 high	with	
706	 confirmed	 cases,	 representing	 an	 increase	 of	 cases	 of	 59%	
compared	with	2019,	with	a	hospitalization	rate	of	85%	of	patients	
(European	Centre	 for	Disease	Prevention	 and	Control,	2022).	 The	
virus	is	maintained	in	a	transmission	cycle	involving	ticks	and	small	
mammals	within	small,	locally	restricted,	so-	called	microfoci	(Borde	
et	al.,	2022).	In	Europe,	Ixodes ricinus	ticks	function	as	the	main	ar-
thropod	 vector	 for	 TBEV,	 whereas	 bank	 voles	 (Myodes glareolus,	
syn.	Clethrionomys glareolus)	serve	as	a	main	reservoir	host	for	TBEV	
(Knap	et	al.,	2012;	Süss,	2011).	Additionally,	rodents	are	hosts	for	the	
juvenile	stages	of	I. ricinus	(Mihalca	&	Sándor,	2013).	Several	ways	of	
transmission	and	maintenance	of	TBEV	are	known	(Chitimia-	Dobler	
et	 al.	 (2019).	 Ticks	 become	 infected	 by	 feeding	 on	 a	 viremic	 host	
(Mansfield	et	al.,	2009)	or	co-	feeding	on	a	non-	viremic	host	(Labuda	
et	al.,	1997;	Randolph,	2011)	and	perpetuate	the	infection	transsta-
dially	(Karbowiak	&	Biernat,	2016)	or	rarely	transovarially	(Danielová	
et	al.,	2002).	Therefore,	all	stages	of	ticks	can	become	infected	with	
the	virus,	and	all	hematophagous	stages	can	also	transmit	the	virus	
to	vertebrate	hosts	(Grzybek	et	al.,	2018).	Furthermore,	rodents	play	
an	essential	role	in	maintaining	TBEV	in	nature	by	carrying	persistent	
latent	infections	(Tonteri	et	al.,	2011;	Zöldi	et	al.,	2015).	Many	stud-
ies	underline	 the	 crucial	 role	 I. ricinus	 ticks	 and	 rodents,	 especially	
M. glareolus	(Zöldi	et	al.,	2015),	play	in	maintaining	and	transmitting	
TBEV.

Although	 many	 different	 TBEV	 strains	 have	 been	 genetically	
characterized	(Sukhorukov	et	al.,	2023),	little	is	known	about	the	ge-
netic	structure	of	the	vectors	(I. ricinus)	and	reservoir	hosts	(M. glare-
olus)	of	TBEV	in	natural	TBEV	foci	or	the	spatial	genetic	interrelation	
between	vector,	reservoir,	and	TBE	virus.	Our	study	integrates	pop-
ulation	genetic	analyses	of	both	the	vector,	I. ricinus,	and	the	reser-
voir	host,	M. glareolus,	shedding	light	on	the	genetic	dynamics	within	
these	 populations	 and	 their	 potential	 implications	 for	 establishing	
and	maintaining	 TBEV	 natural	 foci.	Moreover,	we	 incorporate	 ge-
netic	data	of	TBEV	strains	 isolated	 from	our	 study	plots.	This	ho-
listic	approach	 is	novel	and	critical	 for	understanding	 the	 intricate	
interplay	 between	 the	 genetic	makeup	 of	 vectors,	 reservoirs,	 and	
the	pathogen	itself,	which	has	not	been	comprehensively	explored	
in	previous	research.	In	this	study,	we	investigate	the	genetic	struc-
ture	 of	 the	 TBEV	 vector	 species	 I. ricinus	 and	 the	 TBEV	 reservoir	
species M. glareolus	 on	 15	 sampling	 sites,	 including	 known	 TBEV	
foci	and	sites	with	no	information	about	TBEV	occurrence,	and	data	

regarding	 the	 genetic	 structure	 of	 TBEV	 strains	 isolated	 from	 six	
sites.	Combing	genetic	data	of	vector,	reservoir,	and	pathogen	with	
habitat	suitability	and	corridor	analysis	of	the	reservoir	species	bank	
vole,	we	aim	 to	estimate	 the	 role	 the	genetic	 composition	of	 vec-
tors	(I. ricinus)	and	host	(M. glareolus)	may	play	in	the	distribution	and	
transmission	of	TBE	virus.

2  |  MATERIAL S AND METHODS

2.1  |  Sampling of Myodes glareolus and Ixodes 
ricinus

Sampling	of	rodents	and	ticks	took	place	on	15	sites	within	an	es-
tablished	 exploratory	 study	 area	 in	 southern	Germany,	which	 has	
been	screened	regularly	for	TBEV	occurrence	in	ticks	for	more	than	
10 years	 (Brugger	et	al.,	2018).	 In	 the	course	of	 these	evaluations,	
two	plots,	EE	and	MM	have	been	found	to	be	well-	established	TBEV	
natural	 foci.	 Rodents	were	 trapped	 from	March	 to	October	 2019	
(see	 Table 1	 and	 Figure 2)	 using	 Sherman	 Traps.	 Permission	 was	
granted	through	the	district	government	of	Upper	Palatinate	(ROP-	
SG55.1-	8646.4-	1-	125-	2).	The	traps	were	placed	along	the	ecotone	
with	an	approximate	distance	of	5 m	between	traps	plus,	if	the	site	
allowed	for	entering	the	forest,	approximately	5 m	inside	the	forest	
in	a	5 m	distance.	Five	sampling	nights	took	place	on	each	site,	with	
at	 least	5 days	between	each	sampling	event.	Bank	voles	were	an-
esthetized	using	 Isoflurane,	euthanized	by	cervical	dislocation,	 im-
mediately	transferred	to	dry	ice,	and	stored	at	−80°C	until	further	
processing.	All	animal	handling	was	performed	 in	accordance	with	
Directive	2010/63/EU.	On	 sites	EE	 and	MM,	 additional	 bank	 vole	
sampling	was	conducted	by	Brandenburg	et	al.	(2023)	in	2019.

Ticks	 were	 sampled	 from	 June	 to	 October	 2017–2019	 using	
the	 flagging	method	with	a	1m2	 cotton	cloth.	Subsamples	of	 ticks	
were	taken	from	vegetation	strips	of	10 m	with	10 m	in	between	the	
strips.	After	each	10 m	strip,	the	ticks	were	removed	from	the	cloth,	
stored	in	a	tube,	and	taxonomically	classified.	Larvae,	nymphs,	and	
adult	 ticks	 were	 selected	 for	 analysis	 proportionally	 to	 occurring	
life	stages.	The	ticks	were	stored	in	RNAlater	at	−20°C	until	further	
processing.

2.2  |  TBE virus detection

RNA	extraction	of	TBEV	from	bank	voles	was	performed	on	brain	
tissue,	which	has	been	shown	to	be	an	ideally	suitable	organ	for	the	
detection	of	TBEV	RNA	(Achazi	et	al.,	2011;	Kovac	&	Moritsch,	1959; 
Michelitsch	 et	 al.,	 2021;	 Tonteri	 et	 al.,	 2011).	 I. ricinus	 ticks	 were	
processed	 in	 pools	 of	 10	 nymphs	 or	 five	 adults	 per	 pool.	 The	 ex-
tracted	 nucleic	 acid	 from	 bank	 vole	 and	 tick	 samples	 was	 tested	
for	 TBEV	 RNA	 using	 the	 RT-	PCR	 as	 described	 by	 Schwaiger	 and	
Cassinotti	 (2003)	 in	 order	 to	 detect	 the	 presence	 of	 TBEV	 RNA.	
Virus	 isolation	 from	 brains	 and	 other	 organs	 of	 rodents	was	 con-
ducted	as	described	in	Boelke	et	al.	(2019)	except	that	10%	of	organ	
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homogenates	were	used	as	inoculum	in	cell	culture.	Additionally,	all	
bank	 voles	were	 screened	 serologically	 for	 the	 presence	 of	 TBEV	
antibodies	 via	 Indirect	 Immunofluorescence	 Assay	 (IIFA)	 (FSME-	
Viren	(TBEV),	Euroimmun	AG,	Luebeck,	Germany),	see	Brandenburg	
et	al.	(2023)	for	detailed	information.

2.3  |  Genetic analysis of Myodes glareolus, Ixodes 
ricinus, and TBE virus

DNA	 extraction	 was	 performed	 on	 bank	 vole	 tail-	tissue	 samples	
and	 whole	 ticks	 using	 phenol–chloroform–Isopropanol	 extraction	
(Hogan	et	al.,	1986).	For	genetic	analysis,	we	applied	a	set	of	12	mi-
crosatellite	loci	for	M. glareolus	(CG13G2,	CG5F6,	CG16E2,	CG17E9,	
CG7C9,	CG15F7,	CG12B9,	CG13F9,	CG5G56,	CG12A7	 (Rikalainen	
et	al.,	2008)	and	MSCg-	15	(Gockel	et	al.,	1997))	as	well	as	a	set	of	
12	 microsatellite	 loci	 for	 I. ricinus	 (IR27,	 IR32,	 IR39,	 IR8,	 (Delaye	
et	al.,	1998)	IRic05,	IRic08,	IRic11,	(Kempf	et	al.,	2011)	IRic09,	IRic13	
(Noel	 et	 al.,	2012)	 IRN-	3,	 IRN-	7,	 and	 IRN-	14	 (Roeed	et	 al.,	2006)).	
Multiplex	PCR	was	performed	in	a	total	volume	of	15 μL	containing	
a	maximum	of	24 ng	of	genomic	DNA	using	the	QIAGEN	Multiplex	
PCR	Kit	 (QIAGEN).	Primer	concentration	varied	between	0.15	and	
0.25 μM	in	the	bank	vole	multiplex	system	and	0.06	and	0.21 μM	in	
the	tick	multiplex	system	(see	Appendix	S1).	The	bank	vole	multiplex	
protocol	describes	an	 initial	denaturation	at	95°C	 for	5 min,	35 cy-
cles	of	94°C	for	30 s,	55°C	respectively,	60°C	for	90 s,	72°C	for	30 s,	
and	a	final	extension	at	68°C	for	10 min.	The	tick	multiplex	protocol	
describes	an	initial	denaturation	at	95°C	for	5 min,	35 cycles	of	95°C	
for	30 s,	58°C	for	90 s,	72°C	for	30 s,	and	a	final	extension	at	68°C	
for	10 min.	Fragment	sizes	were	determined	by	electrophoresis	on	
4.5%	(w/v)	denaturing	19:1	acrylamide:bisacrylamide	gels	on	the	ABI	
Prism™	377	sequencer,	using	the	GeneScan	2.0	software	and	a	ROX-	
labeled	 commercial	 size	 standard	 as	 an	 internal	 standard	 (Applied	
Biosystems).

RT-	PCR-	positive	tissue	was	used	to	isolate	and	molecularly	char-
acterize	the	respective	TBEV	strain,	according	to	Kupča	et	al.	(2010).	
For	detailed	information	regarding	RNA	extraction	and	virus	 isola-
tion,	see	Chitimia-	Dobler	et	al.	(2019.	Envelope	(E)	gene	sequencing	
was	performed	as	described	previously	in	Weidmann	et	al.	(2011).

2.4  |  Statistical analysis

We	arranged	microsatellite	data	with	the	Excel	Microsatellite	Tool	
Kit	3.1.1	(Park,	2001)	and	converted	data	into	the	favored	file	types.	
With	FSTAT	v.	2.9.3	(Goudet,	2001)	allele	frequencies,	average	allele	
numbers	per	locus	(A),	allelic	richness	(AR),	expected	and	observed	
heterozygosities	 (HE,	HO),	FIS	 values,	 average	 individual	 inbreeding	
coefficient	 (I)	 and	 pairwise	 FST	 values	 (Weir	 &	 Cockerham,	 1984)	
were	 calculated.	 MICRO-	CHECKER	 v.	 2.2.3	 (Van	 Oosterhout	
et	al.,	2004)	was	used	to	check	the	data	regarding	genotyping	errors	
and	the	presence	of	null	alleles.	The	impact	of	null	alleles	on	FST esti-
mation	was	evaluated	with	FREENA	(Chapuis	&	Estoup,	2007)	using	

the	 excluding	 null	 alleles	 (ENA)	method	with	 1000	 bootstraps	 by	
comparing	FST	estimates	before	and	after	correction	for	null	alleles.

We	visualized	the	genetic	structure	by	performing	a	discriminant	
analysis	of	 principal	 components	 (DAPC)	with	 the	R-	package	 ade-
genet	 (Jombart,	2008)	on	 individual	and	population	 level	 for	bank	
voles	and	ticks.

For	 microsatellite	 data,	 we	 used	 STRUCTURE	 2.3.4	 software	
[32]	to	determine	the	number	of	genetic	clusters	(K).	We	tested	the	
number	of	clusters	 from	1	 to	15	with	10	 iterations	 for	each	K	 (20	
000	burn-	ins,	200.000	Markov	chain	Monte	Carlo	replicates	in	each	
run)	using	the	“No	admixture”	model	and	assuming	correlated	allele	
frequencies	 to	 assess	 convergence	of	 the	probability	 ln	P(X|K).	R-	
package	pophelper	 (Francis,	2017)	was	used	to	determine	the	final	
number	of	clusters	from	ΔK,	the	rate	of	change	in	the	log	probability	
over	all	10	iterations	(Evanno	et	al.,	2005),	and	to	find	the	optimal	
individual	alignments	of	replicated	cluster	analyses.	The	probability	
of	each	individual	belonging	to	one	of	the	K	clusters	got	transformed	
into	a	 three-	dimensional	vector	using	principal	coordinate	analysis	
(PCoA)	 of	 the	 Euclidean	 distance	 of	 each	 cluster	 probability.	 The	
PCoA	vectors	were	transferred	via	RGB	algorithm	to	a	genetic	color	
code.

The	 presence	 of	 isolation	 by	 distance	 (IBD)	 was	 tested	 using	
Mantel's	 test	between	the	genetic	Euclidean	distance	of	structure	
data	and	the	geographic	Euclidean	distance	among	population	sites.	
We	tested	 for	 isolation	by	 resistance	 (IBR)	using	Mantel's	 test	be-
tween	genetic	Euclidean	distance	of	 structure	data	 and	 least-	cost	
distance	among	population	sites	based	on	landscape	features.	Least-	
cost	 distance	 was	 calculated	 using	 the	 R-	packages	 terra	 (Hijmans	
et	al.,	2022)	and	gdistance	(van	Etten,	2017).

IBD	and	IBR	were	computed	with	a	Monte	Carlo	randomization	
test	 based	 on	 999	 replicates	 implemented	 in	 the	 R-	package	 ade4 
(Thioulouse	et	al.,	1997).

TBEV	 isolate	 sequences	 were	 aligned	 using	 the	 R-	package	
DECIPHER	 (Wright,	 2020).	 PCoA	 was	 calculated	 on	 the	 genetic	
Euclidean	 distance	 between	 the	 sequences,	 and	 principal	 coordi-
nates	were	color-	coded	via	RGB	transformation	using	the	R-	package	
dartR	(Mijangos	et	al.,	2022).	UPGMA	tree	was	generated	in	MEGA	
Version	11	 (Tamura	et	 al.,	2021)	 using	Kimura	2-	parameter	model	
and	500	replications.

We	 combined	 the	 results	 of	 the	PCoA	on	population	 level	 for	
bank	 voles	 and	 ticks	 and	 on	 the	 isolate	 level	 for	 TBEV	with	 geo-
graphical	data	in	a	synthesis	map	to	illustrate	the	genetic	constitu-
tion	in	space	using	ArcGIS	Pro	(ESRI,	2022).

2.5  |  Habitat suitability and corridor analysis

To	 determine	 the	 suitable	 habitats	 for	 bank	 voles	 and	 the	 con-
nectivity	of	sampling	sites	within	the	sampling	area,	habitat	suit-
ability	 analysis	 and	 corridor	 analysis	 were	 conducted	 using	 the	
ArcGIS	Toolbox	“Spatial	Analyst”	(ESRI,	2022)	and	“Linkage	map-
per	v	3.1.0”	 (McRae	&	Kavanagh,	2011).	Landscape	features	 (ag-
riculture,	 vegetation,	 settlements,	 waterbodies,	 streams,	 traffic	
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routes)	 were	 reclassified	 according	 to	 their	 suitability	 as	 bank	
vole	 habitats	 based	 on	 expert	 estimation.	 We	 modeled	 habitat	
suitability	 and	 suitable	 corridors	 for	 bank	 voles	 based	 on	 land-
scape	features	to	detect	possible	 landscape-	related	barriers	that	
could	indicate	a	restriction	in	gene	flow	and	habitat	connectivity.	
Features	like	settlements,	traffic	routes,	waterbodies,	and	streams	
were	assigned	a	low	habitat	suitability	value.	Forests	and	hedges	
were	characterized	as	highly	suitable	habitats.	Agriculturally	used	
areas,	as	well	as	moors	and	heaths,	are	assigned	medium	habitat	
suitability	values.	Based	on	the	calculated	habitat	suitability	value	
for	each	cell,	an	inverted	resistance	value	for	each	cell	was	com-
puted,	too.	The	tools	Linkage	Pathway	(McRae	&	Kavanagh,	2011)	
and	 Linkage	Priority	 (Gallo	&	Greene,	2018)	 included	 in	 the	GIS	
toolbox	Linkage	Mapper	were	used	 to	carry	out	habitat	connec-
tivity	 analysis.	 Linkage	 pathway	 tool	 computed	 least-	cost	 paths	
representing	the	minimum	cost-	weighted	distance	between	each	
source	and	destination	(Adriaensen	et	al.,	2003).	Linkage	Priority	
tool	weighs	combinations	of	multiple	 factors	 regarding	 the	 sam-
pling	sites	and	linkages	to	quantify	the	relative	conservation	prior-
ity	of	each	linkage,	we	used	the	default	values	to	calculate	linkage	
priority.

3  |  RESULTS

3.1  |  Abundance and demography of 
rodents and ticks

A	 total	 of	 197	 bank	 voles	were	 caught	 on	 15	 sampling	 sites.	 The	
number	of	caught	bank	voles	and	 their	abundance	varied	strongly	
between	sites,	ranging	from	3/1.6	on	site	II	to	36/13.9	on	site	MM,	
with	an	average	abundance	of	7.1	bank	voles	per	100	 trap	nights,	
see Table 1.

The	 abundance	 of	 Apodemus	 spp.	 was	 evaluated	 too,	 since	
this	genus	is	the	bank	voles'	greatest	competitor	 in	forest	habitats	
and	 their	 ecotones.	 Overall,	 277	 animals	 belonging	 to	 the	 genus	
Apodemus	were	identified	with	an	average	abundance	of	9.8	per	100	
trap	nights.	Number	and	abundance	of	Apodemus	spp.	ranged	from	
7/3.7	on	plot	II	to	57/20.4	on	plot	DD.	On	five	plots	(AA,	EE,	JJ,	MM,	
and	NN),	bank	voles	were	the	dominant	species	and	showed	higher	
abundances	than	Apodemus	spp.	On	Plot	FF,	abundances	were	the	
same,	whereas,	on	the	remaining	plots	(BB,	CC,	DD,	GG,	HH,	II,	KK,	
LL,	OO),	Apodemus	spp.	were	more	abundant	than	bank	voles.

Overall,	 9%	 (24)	 of	 the	 examined	 bank	 voles	 tested	 TBEV-	
positive	were	 distributed	 on	 seven	 plots	 (AA,	 EE,	GG,	HH,	 JJ,	 LL,	
MM).	Plots	with	bank	voles	being	the	dominant	rodent	showed	the	
highest	 amount	 of	 TBEV-	positive	 bank	 voles	 except	 for	 plot	 NN,	
where	no	positive	bank	voles	were	caught.	Only	plots	HH	and	LL	
showed	TBEV-	positive	bank	voles,	while	Apodemus	 spp.	being	 the	
dominant	rodent	species.

Three	 thousand	 six	 hundred	 twenty-	four	 ticks	 were	 sampled	
using	 the	 flagging	method	with	cotton	cloth	on	15	sampling	sites.	
Tick	 number	 and	 abundance	 per	 100 m2	 varied	 strongly	 between	

sites,	 ranging	 from	31/6.5	on	 site	HH	 to	1425/129.2	on	 site	MM.	
Sampled	ticks	comprised	55%	Larvae,	37%	Nymphs,	4%	adult	males,	
and	4%	adult	females.	None	of	the	sampled	ticks	tested	positive	for	
TBEV	(see	Table 1).

3.2  |  Genetic diversity of bank vole and tick 
populations

Sixty-	nine	bank	voles	from	Brandenburg	et	al.	(2023)	caught	in	2019	
on	sites	EE	 (N = 38)	 and	MM	 (N = 31)	were	 included	 in	 the	genetic	
analysis,	resulting	in	266	bank	voles	that	were	genetically	examined.	
The	set	of	12	microsatellite	 loci	produced	139	alleles	for	the	bank	
voles.	The	genetic	diversity	of	all	15	populations	 is	high,	with	 sig-
nificant	differences	between	HE	and	HO. FIS	and	average	inbreeding	
value	(I)	are	comparable	and	in	a	low	range.	The	populations	with	the	
lowest	number	of	individuals	sampled	(CC,	II)	also	show	the	lowest	
number	of	alleles	per	 locus	(A),	 the	 lowest	observed	and	expected	
heterozygosity	(HE,	HO),	and	the	lowest	allelic	richness	(AR).	No	bank	
vole	population	shows	any	conspicuous	features	regarding	the	basic	
population	genetic	parameter.

Four	hundred	twenty-	eight	ticks	were	genetically	examined.	The	
set	of	12	microsatellite	loci	produced	123	alleles	for	the	ticks.	Within	
all	populations,	the	level	of	genetic	diversity	is	situated	in	the	lower	
mid-	range,	with	significant	differences	between	HE	and	HO. FIS	and	
average	inbreeding	value	(I)	are	comparable	and	in	an	intermediate	
range.	No	tick	population	shows	any	conspicuous	features	regarding	
the	basic	population	genetic	parameter.	Table 2	gives	an	overview	
of	all	basic	populations’	parameters	for	the	15	tick	and	and	15	bank	
vole	populations.

3.3  |  Genetic differentiation and genetic 
composition

3.3.1  |  Bank	voles

MICRO-	CHECKER	 revealed	 signs	 of	 possible	 null	 alleles	 at	 three	
loci	 (CG16E2,	 CG12B9,	 CG15F7)	 across	 our	 dataset.	 To	 estimate	
the	impact	of	possible	null	alleles,	FST	values	were	calculated	using	
the	ENA	algorithm	 (FREENA),	which	 corrects	 for	 null	 alleles.	We	
observed	 minor	 differences	 between	 the	 corrected	 and	 uncor-
rected	 estimates	 of	 genetic	 differentiation,	 that	 do	 not	 seem	
substantial	 (overall	FST	 using	 ENA,	FST = 0.037003;	without	 ENA,	
FST = 0.038558).	 Both	 calculated	 FST	 values	 deviate	 significantly	
from	 zero	 (p < .05).	 DAPC	 analysis	 based	 on	 allele	 composition	
shows	obvious	 genetic	 differentiation	between	 the	15	bank	vole	
populations	(Figure 1).

PCoA	analysis	and	RedGreenBlue	transformation	of	the	proba-
bility	of	each	bank	vole	belonging	to	one	of	eight	clusters	show	that	
particularly	populations	MM	and	EE	hold	a	special	position	among	
the	15	bank	vole	populations.	The	results	of	PCoA	analysis	and	RGB	
transformation	in	conjunction	with	geographical	data	are	shown	in	
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Figure 2a.	 Similar	 colors	 represent	 similar	 genetic	 constitutions	of	
individuals	 or	 populations.	 Figure 2a	 suggests	 comparatively	 high	
inter-	population	 genetic	 variation,	 with,	 especially	 populations	 EE	

and	MM	differing	strongly	from	each	other	but	also	from	all	other	
populations.	Figure 2b	shows	that	intra-	population	genetic	variation	
is low.

TA B L E  2 Microsatellite	diversity	indices	of	bank	vole	(Myodes glareolus)	and	tick	(Ixodes ricinus)	populations.

Plot ID

Myodes glareolus Ixodes ricinus

N A HO HE FIS AR I N A HO HE FIS AR I

AA 24 12 0.76 0.87 0.13 4.46 0.19 29 7.8 0.44 0.72 0.40 5.62 0.38

BB 5 6 0.75 0.84 0.13 4.23 0.20 30 7.6 0.46 0.72 0.37 5.82 0.37

CC 4 4 0.65 0.78 0.20 3.56 0.20 29 8.1 0.44 0.73 0.40 6.1 0.40

DD 10 9 0.73 0.86 0.17 4.46 0.21 29 9.0 0.48 0.75 0.37 6.4 0.37

EE 56 16 0.74 0.89 0.17 4.68 0.23 30 8.8 0.46 0.75 0.40 5.87 0.38

FF 12 9 0.71 0.87 0.19 4.47 0.21 29 8.1 0.41 0.74 0.46 5.86 0.42

GG 10 8 0.73 0.86 0.16 4.32 0.19 30 7.6 0.46 0.75 0.40 6.49 0.36

HH 16 10 0.69 0.86 0.20 4.42 0.24 28 8.9 0.40 0.75 0.48 6.12 0.43

II 3 4 0.67 0.83 0.23 4.08 0.17 29 8.1 0.41 0.76 0.47 5.93 0.43

JJ 16 10 0.76 0.86 0.12 4.41 0.18 29 7.9 0.43 0.76 0.44 5.69 0.40

KK 10 8 0.73 0.87 0.17 4.4 0.21 14 7.1 0.46 0.76 0.44 5.81 0.41

LL 13 10 0.76 0.87 0.13 4.45 0.18 29 7.8 0.41 0.71 0.45 6.51 0.43

MM 67 16 0.73 0.88 0.17 4.53 0.23 32 8.4 0.40 0.71 0.48 6.18 0.44

NN 8 8 0.69 0.86 0.21 4.4 0.23 32 9.2 0.41 0.77 0.42 6.33 0.40

OO 12 9 0.71 0.85 0.18 4.32 0.23 29 8.4 0.43 0.74 0.41 6.32 0.37

266 428

Abbreviations:	A,	the	average	number	of	alleles	per	locus;	AR,	mean	allelic	richness	per	population;	FIS,	Fis-	Value;	HO,	observed	and	HE,	expected	
heterozygosity;	I,	average	inbreeding	value;	N,	number	of	animals;	Plot	ID,	plot	identifier.

F I G U R E  1 Result	of	DAPC	analysis	
of	266	bank	vole	samples	from	15	
populations	color- coded by	RedGreenBlue	
transformation.
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Mantel's	 test	 revealed	 that	 the	 geographic	 distance,	 respec-
tively	 the	 landscape	 resistance	 between	 sampling	 sites,	 are	 not	
correlated	 with	 the	 genetic	 Euclidean	 distance	 of	 bank	 voles	
(IBD:	 simulated	 p-	value = .200;	 IBR:	 simulated	 p-	value = .432).	
Therefore,	 the	 genetic	 differentiation	 of	 bank	 vole	 populations	
can	not	only	be	explained	by	geographical	distance	or	 landscape	
resistance	 between	 the	 sampling	 sites.	 The	 outstanding	 genetic	
compositions	of	bank	voles	at	sites	EE	and	MM	could	contribute	

to	 that	 result,	 emphasizing	 their	 special	 position	 among	 the	 15	
populations.

3.3.2  |  Ticks

The	 15	 tick	 populations	 show	 very	 low	 genetic	 differentiation	
and	 population	 structure.	 MICRO-	CHECKER	 revealed	 signs	

F I G U R E  2 Genetic	differentiation	and	composition	of	bank	vole	populations.	(a)	Synthesis	map	combining	geographical	and	genetic	data	
of	the	bank	vole	populations	after	PCoA	analysis	based	on	the	genetic	cluster	data,	visualized	by	RedGreenBlue	transformation	(b)	Bank	vole	
individuals	cluster	affiliation	based	on	PCoA	analysis	visualized	by	RedGreenBlue	transformation.

F I G U R E  3 Result	of	DAPC	analysis	
of	428	Ixodes ricinus	samples	from	15	
populations	color-	coded	by	RedGreenBlue	
transformation.
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of	 possible	 null	 alleles	 at	 10	 loci	 across	 our	 dataset	 loci	 IRic05	
and	 IRic08	 did	 not	 show	 signs	 of	 null	 alleles.	 To	 estimate	 the	
impact	of	possible	null	 alleles,	FST	values	were	calculated	using	
the	ENA	algorithm	(FREENA),	which	corrects	for	null	alleles.	We	
observed	 some	 differences	 between	 the	 corrected	 and	 uncor-
rected	 estimates	 of	 genetic	 differentiation,	 that	 do	 not	 seem	
substantial	(overall	FST	using	ENA,	FST = 0.004958;	without	ENA,	
FST = 0.002914).	Both	calculated	FST	values	deviate	significantly	
from	 zero	 (p < .05).	 DAPC	 analysis	 based	 on	 allele	 composition	
shows	little	genetic	differentiation	between	the	15	tick	popula-
tions	(Figure 3).

PCoA	analysis	and	RedGreenBlue	transformation	of	the	proba-
bility	of	each	tick	pool	belonging	to	one	of	three	clusters	also	show	
very	few	genetic	differentiations	between	the	populations,	with	no	
populations	standing	out	(Figure 4).	These	results	illustrate	the	very	
similar	 genetic	 constitution	 between	 populations	 (Figure 4a)	 with	
high	 individual	 differentiation	 within	 the	 populations	 (Figure 4b).	
The	results	show	a	very	mixed	genetic	pattern	without	any	genetic	
structures	over	populations	or	groups	of	populations.	This	indicates	
a	strong	gene	flow	between	the	tick	populations.

3.3.3  |  TBE	virus

E-	Gene	sequences	were	successfully	generated	based	on	TBEV	iso-
lates	derived	from	six	plots	(AA,	EE,	II,	KK,	LL,	MM)	within	the	study	
area	(N = 15	plots).

We	 could	 detect	 strong	 genetic	 differentiation	 (see	 Figure 5).	
The	UPGMA	tree	in	Figure 5b	indicates	a	genetic	north/south	sep-
aration	of	TBEV.	In	the	north,	the	TBEV	isolate	MM	differs	strongly	
from	the	other	three	isolates	(KK,	II,	LL).	In	the	south,	TBEV	isolate	
EE	also	differs	from	AA.

3.4  |  Habitat suitability and corridor analysis

The	landscape	in	the	study	area	is	very	heterogeneous	(Figure 6a).	
The	biggest	settlements	are	Amberg,	Sulzbach-	Rosenberg,	Hirschau	
in	the	north	and	Schwandorf,	Schwarzenfeld,	and	Burglendenfeld	in	
the	south	(see	larger	red	patches	in	Figure 6a).	Multiple	waterbod-
ies,	streams,	and	 lakes	are	situated	 in	the	south	of	the	study	area.	
Moreover,	two	main	motorways	cross	the	area	(A6:	west/north	east	
and	A93:	north/south).	Relatively	large,	connected	forest	areas	are	
found	around	the	settlements,	for	example,	in	the	west,	the	south-
east,	and	the	north	of	the	sampling	area.

Figure 6b	shows	the	least-	cost	paths	between	all	sampling	sites.	
In	the	background,	corridor	priority	is	displayed.	Large	settlements	
show	 highest	 resistance.	 The	 most	 important	 corridors	 for	 bank	
voles	are	in	the	southeast,	including	sampling	sites	AA,	BB,	CC,	DD,	
EE,	FF,	II,	and	JJ,	and	in	the	northwest,	including	sampling	sites	HH,	
MM,	NN,	and	OO.

4  |  DISCUSSION

TBEV	is	circulating	in	nature	in	a	transmission	cycle,	which	is	gen-
erally	 accepted	 to	 occur	 between	 the	 vector	 (ticks)	 and	 the	 host	
(small	mammals).	While	 the	 importance	 of	 the	 ticks	 is	 obvious	 in	
maintaining	this	natural	TBEV	focus,	the	biological	role	of	the	hosts	
is	less	clear.	Even	the	role	of	the	particular	mammal	species	is	under	
discussion.	While	some	researchers	prefer	 the	main	role	 to	mam-
mals	 of	 the	 genus	Apodemus	 (family	Muridae),	 often	mainly	 bank	
voles	 (family	 Cricetidae)	 are	 found	 positive	 in	 natural	 TBEV	 foci	
(Brandenburg	et	al.,	2023;	Esser	et	al.,	2022).	One	mystery	of	the	
TBEV	transmission	still	is	its	focality	on	so-	called	microfoci	or	natu-
ral	foci	(Borde	et	al.,	2022).

F I G U R E  4 Genetic	differentiation	and	composition	of	Ixodes ricinus	populations.	(a)	Synthesis	map	combining	geographical	with	genetic	
data	of	the	I. ricinus	populations	after	PCoA	analysis	based	on	the	genetic	cluster	data,	visualized	by	RedGreenBlue	transformation	(b)	
I. ricinus	individuals	cluster	affiliation	based	on	PCoA	analysis	visualized	by	RedGreenBlue	transformation.
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However,	to	the	best	of	our	knowledge,	no	genetic	analyses,	nei-
ther	of	the	vectors	nor	of	the	natural	hosts	of	TBEV	in	a	well-	defined	
natural	microfocus	of	TBEV,	have	been	conducted	so	far.	Therefore,	
the	impact	of	the	genetic	composition	of	vector	or	host	populations	
on	the	development	and	maintenance	of	TBEV	microfoci	is	unclear.

4.1  |  Bank voles

Our	findings	of	9%	TBEV-	positive	bank	voles	over	the	sampling	pe-
riod	are	in	accordance	with	the	findings	of	Brandenburg	et	al.	(2023)	
in	the	same	research	area.	Zöldi	et	al.	(2015)	detected	up	to	20%	of	
seroprevalence	in	bank	voles	in	Hungary.	Grzybek	et	al.	(2018)	found	
seroprevalence	rates	of	TBEV	of	about	14.8%	in	Poland,	with	signifi-
cant	variations	between	years	and	sampling	sites.

The	high	degree	of	genetic	diversity	of	bank	voles	corresponds	
with	the	findings	based	on	comparable	microsatellite	marker	anal-
ysis	done	by	Gerlach	and	Musolf	(2000)	in	the	same	species	in	the	
southwest	 of	 Germany	 and	 Switzerland	 and	 with	 the	 findings	 of	
Redeker	et	al.	(2006)	in	Denmark.	Populations	CC	and	II,	which	show	
a	lower	degree	of	genetic	diversity,	must	be	taken	with	precaution	
due	to	their	low	sample	sizes.

The	degree	of	habitat	fragmentation	and	the	number	of	corridors	
connecting	habitats	 are	 important	determinants	of	migration	 abil-
ity	and	gene	flow	(Aars	&	Ims,	1999;	Delaney	et	al.,	2010).	Guivier	
et	al.	(2011)	found	a	high	genetic	homogeneity	between	populations	
in	 extended,	mostly	 connected	woodlands.	 This	 corresponds	with	
our	 findings	 to	 a	 certain	 degree.	 The	 habitat	 connectivity	 model	
detected	 suitable	 paths	 and	 corridors	 between	 all	 sampling	 sites	
providing	habitat	connectivity,	and	we	found	similar	genetic	struc-
ture	and	differentiation	of	 all	 15	bank	vole	populations,	 excluding	
populations	EE	and	MM.	This	underlines	the	special	character	these	

two	 populations	 hold	 among	 the	 15	 sampling	 sites.	 The	 overall	
populations	 low	 individual	 inbreeding	 values,	 high	 heterozygosity	
values,	the	small	differences	between	observed	and	expected	het-
erozygosity,	and	the	lack	of	significant	correlation	between	genetic	
distance	and	geographical	distance,	respectively,	landscape-	related	
resistance	indicate	that	the	genetic	differentiation	of	the	bank	vole	
populations	is	not	only	determined	by	landscape	or	drift	effects.	In	
a	different	rodent	species,	Saxenhofer	et	al.	(2019)	have	shown,	that	
host	 (common	vole,	Microtus arvalis)	and	pathogen	(Tula	orthohan-
tavirus	(TULV))	genetics	are	linked.	They	found	genetically	different	
TULV	in	a	geographical	region,	where	common	voles	of	two	distinct	
evolutionary	lineages	interact	and	interbreed.	Underlining	the	fact,	
that	pathogens	can	drive	host	evolution.

4.2  |  Ticks

A	study	in	a	similar	region	of	Germany	tested	8805	ticks	for	TBEV	
via	 RT-	PCR	 and	 discovered	 a	 TBEV	 prevalence,	 evaluated	 as	 the	
minimum	infection	rate	(MIR),	of	0.26%	(Zubriková	et	al.,	2020).	Ott	
et	al.	(2020)	analyzed	17,893	ticks	and	found	comparatively	low	MIRs	
of	0.4%	in	a	TBE	high-	risk	endemic	area	in	southwestern	Germany.	
With	MIR	being	this	low	in	the	questioned	area,	our	comparably	low	
sample	size	(3624)	could	account	for	the	fact	that	no	TBEV-	positive	
tick	was	detected	in	our	study.

The	15	Ixodes ricinus	populations’	genetic	divergence	is	very	low,	
the	populations	do	not	differentiate	based	on	the	genetic	constitu-
tion,	dominant	genetic	clusters,	or	structure	based	on	geographical	
distance.	A	nearly	panmictic	population	of	I. ricinus	is	to	be	assumed	
in	 the	 researched	 area.	 Comparative	 research	 on	 I. ricinus	 popu-
lations’	 genetics	 to	 capture	 spatial	 population	 structure	 on	 large	
geographical	scales	commensurate	with	our	findings	and	state	that	

F I G U R E  5 Genetic	differentiation	of	TBE	virus	isolates.	(a)	Synthesis	map	combining	geographical	with	genetic	data	of	the	TBEV	isolates	
after	PCoA	analysis	visualized	by	RedGreenBlue	transformation	(b)	UPGMA	Tree	of	TBEV	virus	isolates	based	on	PCoA	analysis,	nodes	are	
color-	coded	according	to	the	RedGreenBlue	transformed	PCoA	axis.	This	phylogeny	is	based	on	46	silent	point	mutations.
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I. ricinus	 only	 show	 genetic	 structure	 and	 deviation	 from	panmixia	
at	 larger	geographical	 scale	 than	our	 research	area	covers	 (Meeüs	
et	al.,	2002;	Noureddine	et	al.,	2011;	Poli	et	al.,	2020).

These	 findings	can	be	explained	by	 the	 fact	 that	 I. ricinus's live 
cycle	 includes	three	hemophagic	stages	(Medlock	et	al.,	2013)	and	
very	low	host	specificity,	resulting	in	I. ricinus	having	been	recorded	
from	over	300	terrestrial	vertebrate	species	(Gern	&	Humair,	2002,	
Gray	et	al.,	2021),	including	birds,	reptiles,	small	and	large	mammals	
with	respectively	large	ranges.

Climate,	weather,	and	vegetation	influence	the	survival	of	ticks	
in	certain	habitats,	but	due	to	their	very	low	host	specificity	com-
bined	with	 their	 very	 limited	ability	 to	 spatially	migrate	on	 their	
own,	 ticks	do	not	actively	contribute	 to	 their	 location	of	habitat	

(Gray	 et	 al.,	 2021).	 Therefore,	 modeling	 habitat	 suitability	 for	
ticks	regarding	its	interrelation	with	TBEV	transmission	and	TBEV	
focus	dispersal	would	not	add	any	value	 to	 the	 interpretation	of	
the	results.

4.3  |  Association of host and vector's population 
structure with TBEV

Bank	voles	and	ticks	show	very	unequal	genetic	differentiation	pat-
terns.	Tick	populations	do	not	show	any	genetic	structure	through-
out	 the	 study	 area.	 This	 underlines	 the	 little	 to	 no	 impact	 any	
biological	 or	 anthropogenic	 barriers	 have	on	 Ixodes ricinus	 genetic	

F I G U R E  6 Habitat	suitability	and	
corridor	analysis	for	bank	voles.	(a)	Habitat	
suitability	surface	of	the	sampling	area	(b)	
Modeled	least-	cost	paths	and	corridors	
for	bank	voles	connecting	the	sampling	
sites.
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diversity	and	differentiation,	at	this	spatial	scale.	Our	results	suggest	
that	 ticks'	 genetic	 features	do	not	 contribute	 to	 sustain	 long-	term	
focalitiy	of	TBEV.	In	contrast,	bank	voles	play	an	important	role	 in	
the	sustainability	of	long-	term	TBEV	foci.

Bank	 vole	 populations	 differ	 strongly	 genetically	 between	 sam-
pling	 sites.	 Especially	 populations	 EE	 and	 MM	 show	 very	 different	
genetic	 compositions	 compared	with	 the	 remaining	populations	 and	
each	other.	According	to	our	habitat	suitability	and	connectivity	model,	
the	genetic	differentiation	of	sampling	sites	EE	and	MM	cannot	be	ex-
plained	by	habitat	suitability	or	any	landscape-	related	barrier	restrict-
ing	habitat	connectivity	and	gene	flow.	This	indicates	that	factors	other	
than	geographical	distance	and	 landscape-	related	resistance	contrib-
ute	to	the	different	genetic	compositions	of	bank	vole	populations	in	
these	two	long-	time	monitored	TBEV	foci.	Nonsignificant	tests	on	IBD	
and	 IBR	 underline	 this	 assumption.	 TBEV	 clusters	 into	 four	 genetic	
groups.	Two	groups	are	 located	in	the	north,	and	two	groups	are	 lo-
cated	in	the	south	of	the	study	area,	with	sampling	sites	EE	and	MM	
differing	from	each	other	and	from	the	remaining	populations	in	their	
region.	Even	though	our	sample	size	regarding	TBEV	isolates	is	com-
parably	 small,	 our	 results	 coincide	with	 the	 characterization	 of	mul-
tiple	 TBEV	 strains	 by	Weidmann	 et	 al.	 (2013)	 (AA = Burglengenfeld,	
EE = Heselbach,	MM = Haselmühl).

On	multiple	 sites,	 TBEV-	positive	 bank	 voles	were	 detected	by	
serology	and	RT-	PCR	but	only	bank	vole	populations	on	sites	EE	and	
MM	show	extraordinary	genetic	constitutions.	The	same	accounts	
for	 the	 genetic	 analysis	 of	 TBEV	 isolates,	where	 EE	 and	MM	also	
differ	genetically	from	their	surrounding	sites.

The	major	difference	between	sites	EE	and	MM	and	all	other	sites	
where	TBEV	was	detected	(AA,	GG,	HH,	JJ,	LL)	is	the	fact	that	these	
plots	are	long-	term	(>10 years)	established	TBEV	foci.	Therefore,	we	
infer	that	the	genetic	constitution	of	bank	voles	and	the	establish-
ment	and	maintenance	of	natural	TBEV	foci	seem	to	be	associated.

This	leads	to	the	assumption	that	bank	voles	do	not	simply	serve	
as	a	TBEV	reservoir,	but	 their	genetic	composition	also	 influences	
the	establishment	and	maintenance	of	long-	term	natural	TBEV	foci.	
However,	this	interrelation	needs	to	be	investigated	further	in	terms	
of	 how	 and	 to	 which	 extent	 TBEV	 and	M. glareolus	 genetics	 are	
associated.
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