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Abstract
Studying	hybrid	zones	that	form	between	morphologically	cryptic	taxa	offers	valuable	
insights	into	the	mechanisms	of	cryptic	speciation	and	the	evolution	of	reproductive	
barriers.	Although	hybrid	zones	have	long	been	the	focus	of	evolutionary	studies,	the	
awareness	of	cryptic	hybrid	zones	increased	recently	due	to	rapidly	growing	evidence	
of	biological	diversity	lacking	obvious	phenotypic	differentiation.	The	characterization	
of	cryptic	hybrid	zones	with	genome-	wide	analysis	is	in	its	early	stages	and	offers	new	
perspectives	for	studying	population	admixture	and	thus	the	impact	of	gene	flow.	In	
this	 study,	we	 investigate	 the	population	genomics	of	 the	Myotis nattereri	 complex	
in	 one	 of	 its	 secondary	 contact	 zones,	 where	 a	 putative	 hybrid	 zone	 is	 formed	
between	two	of	its	cryptic	lineages.	By	utilizing	a	whole-	genome	shotgun	sequencing	
approach,	 we	 aim	 to	 characterize	 this	 cryptic	 hybrid	 zone	 in	 detail.	 Demographic	
analysis	suggests	that	the	cryptic	lineages	diverged	during	the	Pliocene,	c.	3.6	million	
years	ago.	Despite	this	ancient	separation,	the	populations	in	the	contact	zone	exhibit	
mitochondrial	introgression	and	a	considerable	amount	of	mixing	in	nuclear	genomes.	
The	genomic	structure	of	the	populations	corresponds	to	geographic	 locations	and	
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1  |  INTRODUCTION

The	 isolation	 of	 nuclear	 genomes	 is	 rather	 frequently	 incomplete	
across	 eukaryote	 species,	 allowing	 hybridization	 among	 popu-
lations	 with	 wide-	ranging	 effects	 on	 adaptation	 and	 speciation	
(Barth	 et	 al.,	 2020).	 Hybridization	 after	 secondary	 contact	 can	
produce	 contrasting	 outcomes	 depending	 on	 the	 extent	 and	 the	
level	 of	 genetic	 differentiation	 and/or	 the	 accumulation	 of	 repro-
ductive	barriers	during	isolation.	On	the	one	hand,	secondary	con-
tact	can	decrease	 the	 level	of	genetic	differentiation	or	even	 lead	
to	the	fusion	of	gene	pools	by	rapidly	eroding	the	barriers	to	gene	
exchange;	 on	 the	 other,	 reinforcement	may	 strengthen	 premating	
reproductive	barriers	 in	the	case	of	selection	against	hybrids	 (Baiz	
et	al.,	2019;	Barton	&	Hewitt,	1985;	Seehausen,	2006;	Wu,	2001).	
Empirical	studies	of	secondary	contact	zones	have	shown	that	the	
nature	and	extent	of	reproductive	 isolation	vary	across	sister	spe-
cies	pairs,	 ranging	 from	substantial	 pre-		 and	post-	zygotic	 isolation	
(Alexandrino	et	al.,	2005;	Kindler	et	al.,	2017;	Leaché	&	Cole,	2007; 
Phillips	et	al.,	2004)	to	genetic	fusion	with	few	barriers	to	the	neutral	
dispersal	 of	 alleles	 (Sequeira	 et	 al.,	2005;	 Singhal	&	Moritz,	2013; 
Wake	 &	 Schneider,	 1998).	 An	 increasing	 number	 of	 studies	 have	
identified	stable,	 long-	lasting	natural	hybrid	zones,	suggesting	that	
varying	 degrees	 of	 reproductive	 isolation	 can	 be	 maintained	 de-
spite	the	potential	homogenizing	effects	of	gene	flow	across	larger	
geographic	distances	 (Abbott	et	al.,	2013;	Barton	&	Hewitt,	1985; 
Hewitt,	1988;	Moore,	1977).

Until	 recently,	 secondary	 contact	 zone	 studies	mostly	 focused	
on	morphologically	 distinct	 taxa	 while	 much	 less	 is	 known	 about	
the	contact	 zones	of	 cryptic	 lineages	 (Slager	et	al.,	2020).	The	ac-
cumulation	of	genetic	data,	on	the	other	hand,	suggests	that	there	
is	substantial	cryptic	diversity	 in	various	taxonomic	groups	(Struck	
et	 al.,	 2018).	 Bats,	 for	 instance,	 have	 become	 a	 prominent	 exam-
ple	 because	 of	 their	 extraordinary	 cryptic	 diversity,	 initiated	 by	
the	 discovery	 of	 highly	 differentiated	 mitochondrial	 lineages	 (e.g.	
Clare	 et	 al.,	2011;	 Çoraman	et	 al.,	2013;	Mayer	 et	 al.,	2007).	 This	
is	 not	 surprising	 since	 the	 traits	 important	 for	 species	 recognition	
and	mate	 choice	 in	 bats,	 such	 as	 ultrasound	 communication	 calls	
and	olfactory	cues,	are	challenging	to	study	and	hence	 identifying	
potential	 differences	 is	 considerably	 difficult.	 Furthermore,	 bats	
are rather inconspicuous in their colouration and closely related 
species usually have relatively similar appearances. In the last cou-
ple	 of	 decades,	 several	 bat	 populations	 represented	 by	 divergent	
mitochondrial	 lineages	were	described	as	new	taxa,	 including	new	

species.	However,	 several	cases	of	cyto-	nuclear	conflicts	were	 re-
ported	indicating	at	least	occasional	introgression	of	mitochondrial	
genomes	(e.g.	Artyushin	et	al.,	2009;	Berthier	et	al.,	2006; Çoraman 
et	al.,	2019,	2020;	Furman	et	al.,	2014;	Mao	&	Rossiter,	2020).	These	
studies	were	mostly	 based	on	mitochondrial	DNA	and	 sometimes	
included	very	few	nuclear	markers	with	limited	phylogenetic	resolu-
tion.	More	importantly,	 individuals	from	contact	zones	were	rarely	
studied	and	thus	little	is	known	about	the	ongoing	patterns	of	gene	
flow	between	lineages.

In	this	study,	we	investigate	the	population	genomic	structure	
in	one	of	 the	secondary	contact	zones	of	a	cryptic	bat	complex:	
Myotis nattereri	sensu	lato.	The	M. nattereri	complex	is	one	of	the	
most	genetically	diverse	groups	of	bats	and	has	received	much	at-
tention	because	of	its	deeply	diverged	cryptic	lineages.	In	the	last	
15 years,	 the	widely	 distributed	M. nattereri sensu lato was suc-
cessively	 split	 into	 several	 taxa,	 largely	based	on	 the	genetically	
divergent lineages; M. nattereri	 sensu	 stricto,	M. escalerai in the 
Iberian	Peninsula	(Ibáñez	et	al.,	2006),	M. crypticus	in	the	Apennine	
Peninsula	(Juste	et	al.,	2018;	Ruedi	et	al.,	2019: but see Çoraman 
et	al.,	2019),	M. zenatius	in	Morocco	and	Algeria	(Juste	et	al.,	2018; 
Ruedi	et	al.,	2019:	but	see	Çoraman	et	al.,	2019),	M. tschuliensis in 
the	Caucasus,	the	northwestern	coast	of	Black	Sea	and	the	Kopet	
Dag	Mountains	 in	 Turkmenistan	 (Çoraman	 et	 al.,	2019;	 Kruskop	
&	 Solovyeva,	 2020),	 Myotis nustrale	 in	 Corsica	 (Puechmaille	
et	al.,	2023)	 and	 finally,	M. hoveli	 in	 the	Levant	 region	 (Çoraman	
et	al.,	2019;	Smirnov	et	al.,	2020;	Uvizl	&	Benda,	2021).	Although	
these	taxa	are	highly	differentiated	at	the	mitochondrial	genome,	
they closely resemble each other in morphology and are mostly in-
distinguishable	in	external	characters.	Based	on	the	dense	genetic	
sampling,	 the	distribution	 ranges	of	 these	 taxa	are	now	well	un-
derstood	and	several	cryptic	contact	zones	have	been	identified.	
However,	nothing	is	known	about	reproductive	isolation	between	
cryptic	 lineages	and	thus	 the	extent	of	gene	flow	and	hybridiza-
tion	upon	secondary	contact.	Recently,	based	on	 the	analysis	of	
one	mitochondrial	gene	and	four	nuclear	intron	markers,	Çoraman	
et	al.	 (2019)	found	several	cytonuclear	conflicts	 indicating	multi-
ple	hybridization	events	between	some	of	these	cryptic	lineages.	
However,	the	timing	and	the	extent	of	these	hybridization	events	
remained	unknown.

The	focus	of	this	study	is	the	secondary	contact	zone	of	two	
cryptic	 lineages	 in	 an	 area	 encompassing	 the	 eastern	 Alps	 and	
the	northwest	of	 the	Balkan	Peninsula	 (Figure 1a),	a	well-	known	
area	of	post-	glacial	secondary	contact	zones	of	animals	and	plants	

the	genomic	admixture	changes	along	a	geographic	gradient.	These	findings	suggest	
that	there	is	no	effective	hybridization	barrier	between	both	lineages,	nevertheless,	
their	population	structure	is	shaped	by	dispersal	barriers.	Our	findings	highlight	how	
such	deeply	diverged	cryptic	lineages	can	still	readily	hybridize	in	secondary	contact.

K E Y W O R D S
bats,	introgression,	secondary	contact,	speciation
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F IGURE  1 (a)	Sampling	locations.	Individuals	were	coloured	by	their	mitochondrial	DNA:	Blue	for	crypticus	and	orange	for	nattereri.	
The	size	of	a	point	indicates	the	number	of	samples	at	a	location.	The	dashed	line	approximates	the	border	between	individuals	with	a	
predominantly	crypticus	or	nattereri	nuclear	genome.	The	individual	from	southern	Bavaria	marked	with	an	asterisk	exhibited	an	admixed	
genome.	(b)	Focus	on	the	hybridization	zone.	Pie	charts	indicate	the	admixture	proportions	for	each	individual.	(c)	PC	plot	obtained	using	
genotype	likelihoods.	(d)	Admixture	panels	showing	clusters	for	K	between	2	and	4.	Individuals	were	sorted	according	to	admixture	
proportion	for	K = 2.	The	lower	panel	shows	the	assignment	of	individuals	to	mitochondrial	lineages.
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(Hewitt,	2000;	Taberlet	et	al.,	1998).	Çoraman	et	al.	(2019)	found	
that	 some	of	 the	 individuals	 from	 this	 area	had	 cytonuclear	dis-
cordance and they interpreted this as caused by the mitochon-
drial	introgression	from	the	local	nattereri	populations	(hereafter	
referred	to	as	the	nattereri	lineage)	to	the	expanding	populations	
of	crypticus	 (hereafter	referred	to	as	the	crypticus	 lineage)	 from	
the	Apennine	 Peninsula.	 Based	 on	 the	 timing	 of	 this	 expansion,	
they suggested that these lineages recently came into secondary 
contact	 after	 the	 Last	 Glacial	 Maximum.	 These	 interpretations	
were	based	on	relatively	few	nuclear	and	mitochondrial	markers,	
and	the	level	and	the	timing	of	gene	flow	between	these	lineages	
remained	 unexplored.	 Here,	 we	 utilized	 a	 whole-	genome	 shot-
gun	 sequencing	 approach,	 and	 we	 explored	 the	 whole-	genome	
differentiation	 of	 these	 lineages.	Our	main	 aims	 are	 (i)	 to	 inves-
tigate	whether	and	 to	which	degree	 the	 two	 lineages	hybridized	
or	still	hybridize,	 (ii)	 to	 localize	and	characterize	 the	hybrid	zone	
and	(iii)	to	estimate	the	divergence	time	of	the	two	lineages	using	
demographic	approaches.	Being	one	of	 the	first	studies	to	apply	
a	whole-	genome	approach	 in	a	bat	 secondary	contact	 zone,	 this	
study	 will	 contribute	 to	 the	 understanding	 of	 the	 evolutionary	
consequences	of	hybridization	such	as	range	expansion,	genomic	
introgression and adaptation.

2  | MATERIALS AND METHODS

2.1  |  Sampling

Samples	 were	 obtained	 from	 the	 collection	 at	 the	 Museum	 für	
Naturkunde	 Berlin	 or	 recent	 fieldwork	 (Table S1).	 Wild	 bats	 were	
caught	using	mist	nets.	After	species	identification,	age	and	sex	were	
determined	and	external	morphological	traits	were	measured.	In	addi-
tion,	a	small	wing	sample	of	3–5 mm	in	diameter	was	taken	by	a	sterile	
biopsy	punch	and	stored	in	80%	ethanol.	After	processing,	each	bat	
was	 immediately	 released	at	 the	capture	site.	 In	 total,	 the	genomes	
of	62	bats	were	sequenced	originating	from	46	locations	in	10	coun-
tries	comprising	Italy,	Slovenia,	Austria,	Croatia,	Hungary,	Bosnia	and	
Herzegovina,	Serbia,	Albania,	Bulgaria	and	Germany	(Figure 1a).

2.2  | DNA extraction

DNA	 was	 extracted	 either	 by	 using	 QIAGEN	 DNeasy	 Blood	 and	
Tissue	kit	 following	the	manufacturer's	 recommendation	or	with	a	
salt–chloroform	extraction	method	 (Dietz	et	al.,	2016;	Müllenbach	
et	al.,	1989).	Tissue	samples	were	digested	in	a	lysis	buffer	for	1	h	
at	56°C,	 followed	by	37°C	overnight.	 In	 the	end,	DNA	was	eluted	
in	90 μL	of	AE	buffer	(Qiagen).	We	checked	the	DNA	concentration	
and	purity	by	using	a	NanoDrop	spectrophotometer	(Thermo	Fisher	
Scientific	 Inc).	 The	 degree	 of	 DNA	 degradation	was	 visualized	 by	
agarose	gel	(1%)	electrophoresis.

For	 genomic	 library	 preparation,	 500 ng	 of	 DNA	 was	 me-
chanically	 sheared	 by	 an	 S220	 Focused	Ultrasonicator	 (Covaris	

Inc)	 to	 achieve	 a	 fragment	 length	 below	 800 bp.	 The	 fragment	
size	distribution	of	 sheared	DNA	was	checked	with	Bioanalyzer	
(High	Sensitivity	DNA	Chip,	Agilent	 Inc)	 and	 concentration	was	
determined	 using	Qubit	 2.0	 Fluorometer	 and	 dsDNA	HS	 Assay	
Kit	(Thermo	Fisher	Scientific	Inc).	Eighty	nanogram	of	fragmented	
DNA	 was	 used	 to	 prepare	 libraries	 for	 paired-	end	 Illumina	 se-
quencing	with	NEXTflex	Rapid	DNA	Seq	Kit	2.0	(PerkinElmer	Inc)	
(Table S2).

During	the	study,	a	switch	was	made	to	the	NEXTflex	Rapid	XP	
Library	 Preparation	 Kit	 (PerkinElmer	 Inc)	 employing	 an	 enzymatic	
fragmentation.	One-	hundred nanogram	of	unsheared	DNA	was	used	
for	preparing	lllumina	libraries	(Table S2).

2.3  | Genome shotgun sequencing

In	 total,	 three	 different	 NEXTFLEX	 library	 preparation	 kits	
(PerkinElmer	 Inc)	 were	 used	 following	 the	 manufacturer's	
instructions:	NEXTflex	Rapid	XP	DNASeq	Kit	for	45	enzymatically	
sheared	 samples,	NEXTflex	Rapid	DNASeq	Kit	 for	6	mechanically	
sheared	 samples	 and	 NEXTflex	 Rapid	 DNASeq	 Kit	 2.0	 for	 11	
mechanically	sheared	samples.	All	libraries	were	made	according	to	
the	manufacturer's	‘bead	size	selection’	protocol	aiming	for	a	library	
size	of	~ 500 bp	 and	 libraries	were	barcoded	 for	multiplexing	with	
NEXTflex	HT	Barcodes	(PerkinElmer	Inc).

Library	 size	 and	 quantity	were	 determined	with	 a	 Bioanalyzer	
or	a	TapeStation	(High	Sensitivity	DNA	Chip	or	D1000	Kit,	Agilent	
Technologies	 Inc)	 and	 a	Qubit	 2.0	 Fluorometer	 (dsDNA	HS	Assay	
Kit,	 Thermo	 Fisher	 Scientific	 Inc)	 following	 the	 manufacturer's	
recommendations.

Genomic	 libraries	were	 all	 sequenced	at	150 bp	paired	end	on	
three	 different	 Illumina	 sequencing	 instruments	 NextSeq500,	
HiSeq2500	 and	 NovaSeq6000.	 Five	 samples	 were	 additionally	
sequenced	 as	 150 bp	 single	 end	 on	 a	 NextSeq500	 instrument	
(Table S2).

2.4  | Merging and cleaning reads

Following	sequencing,	the	quality	of	raw	reads	was	inspected	with	
FastQC	v0.11.8	(Andrews,	2010)	after	which	the	adapters	were	re-
moved	using	Trimmomatic	v0.36	 (Bolger	et	al.,	2014).	Overlapping	
reads	were	then	merged	using	PEAR	v0.9.11	(Zhang	et	al.,	2014).	The	
p-	value	for	the	assembly	using	PEAR	had	to	exceed	the	lowest	pos-
sible	value	of	0.0001,	the	minimum	overlap	size	had	to	be	at	 least	
20 bp	 and	 a	minimum	possible	 read	 length	of	 30 bp	was	 required.	
Next,	 quality	 trimming	 was	 done	 by	 Trimmomatic	 v0.36	 (Bolger	
et	al.,	2014)	to	trim	read	ends	with	phred	base	quality	below	15	and	
to	discard	reads	shorter	than	30 bp.	Following	cleaning,	the	polished	
reads	 data	 were	 then	 re-	checked	 with	 FastQC	 v0.11.8	 to	 ensure	
that	all	possible	adapters	and	low-	quality	sequences	were	removed.	
Parameters	not	mentioned	in	this	section	were	left	at	their	default	
or	as	recommended	in	the	programs'	manuals.
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2.5  | Mapping to the Myotis myotis 
reference genome

We mapped the cleaned reads to the M. myotis	 reference	 genome	
(GenBank	assembly	accession:	GCA_014108235.1)	that	was	provided	
by	 the	 Bat1K	 genome	 project	 allowing	 us	 early	 access	 to	 the	 non-	
annotated	92	scaffold	assembly	(Jebb	et	al.,	2020).	We	used	Burrows-	
Wheeler	 Aligner	 (Li	 &	 Durbin,	2009)	 BWA	 v0.7.17	mem	 algorithm,	
using	 the	 -	M	 parameter	 to	 ensure	 compatibility	 with	 Picard	 Tools	
(broad insti tute. github. io/ picard/ ).	 Both	 paired	 and	 unpaired	 reads	
were	mapped	separately	to	produce	a	bam	(binary	alignment)	file	for	
each	individual.	We	used	Picard	Tools	MarkDuplicates	v2.18.25	to	re-
move	duplicates.	We	then	used	samtools-	1.9	(Li	et	al.,	2009)	to	sort	
and	merge	the	bam	files	with	paired	and	unpaired	reads.	After	merg-
ing,	we	used	Qualimap	v2.2.1	(Okonechnikov	et	al.,	2016)	to	evaluate	
the	mapping	results	for	each	individual.

2.6  | Variant calling

We	 used	 two	 parallel	 workflows	 for	 variant	 calling,	 using	 hard-	
called	 genotypes	 and	 genotype	 likelihoods	 to	 assess	whether	 the	
heterogeneity	 in	 coverage	 between	 samples	 (Table S1)	 influenced	
the	inference	of	population	structure.

For	 the	pipeline	based	on	genotypes,	we	used	Freebayes	v1.3.1	
(Garrison	&	Marth,	2012).	Only	 reads	with	 a	mapping	 quality	 score	
above	10	were	used	to	generate	a	multi-	sample	VCF	file.	Subsequently,	
we	filtered	with	VCFtools	v0.1.17	(Danecek	et	al.,	2011)	using	the	fol-
lowing	parameters:	only	biallelic	sites,	coverage	per	site	between	2	and	
40	for	each	individual	and	mean	coverage	between	5	and	60	over	all	
included	individuals.	Minimal	mapping	quality	was	set	to	20,	and	we	
allowed	for	10%	missing	data	per	site.	Finally,	indels	were	removed	and	
the	minor	allele	frequency	threshold	was	set	to	0.03.

Genotype	likelihoods	(GLs)	were	estimated	using	the	GATK	model	
in	ANGSD	 v0.928	 (Korneliussen	 et	 al.,	2014;	McKenna	 et	 al.,	2010),	
which	only	uses	the	observed	bases	that	overlap	at	a	specific	position	
together	 with	 their	 associated	 sequencing	 quality	 scores.	 Only	 sites	
with	 a	minimum	mapping	 quality	 of	 20	 and	minimum	 coverage	 of	 2	
were	considered.	The	SNP	p-	value	threshold	for	the	likelihood	ratio	test	
was	set	to	1e-	6.	We	excluded	sites	that	showed	a	significant	p-	value	for	
being	triallelic,	and	those	that	had	a	minor	allele	frequency	below	0.05.

2.7  |  Relatedness

We	 applied	 NgsRelate	 v.2	 (Hanghøj	 et	 al.,	 2019)	 to	 infer	 related-
ness	using	genotype	 likelihoods	within	our	nattereri	and	crypticus	
individuals.	 As	 input	 for	 this,	 we	 calculated	 genotype	 likelihoods	
of	our	dataset	using	ANGSD	as	described	previously	with	 the	ad-
dition	 of	 -	doGlf	 3	 which	 prints	 the	 output	 as	 a	 binary	 likelihood	
file	as	opposed	to	a	beagle	file.	The	number	of	sites	used	between	
pairwise	comparisons	was	48,859,081	for	nattereri	 individuals	and	
53,864,885	for	crypticus	individuals.

2.8  |  Population structure analysis

To	 assess	 population	 genetic	 structure,	 we	 performed	 a	 principal	
component	analysis	(PCA)	first	on	hard-	called	autosomal	genotypes	
and	 second	 on	 genotype	 likelihoods.	 The	 PCA	 on	 genotypes	was	
performed	using	Plink-	1.9	(Chang	et	al.,	2015).	To	account	for	non-	
independence	between	sites	(linkage	disequilibrium;	LD),	we	pruned	
all sites with an r2	exceeding	0.1	across	a	50 kb	window.	The	PCA	
using	genotype	likelihoods	for	the	whole	genome	was	performed	by	
PCAngsd	v0.98	(Meisner	&	Albrechtsen,	2018).

2.9  | Admixture analysis

To	further	analyse	the	population	structure	and	to	identify	admixed	
individuals,	we	performed	admixture	analyses	on	both	the	genotype	
and	the	genotype	likelihood	data	set	comprising	all	62	individuals.

The	genotype	data	set	was	analysed	using	the	Admixture	v1.3.0	
software	(Alexander	et	al.,	2009).	We	varied	the	number	of	possible	
populations	 (K)	between	1	and	10.	The	best-	supported	value	of	K	
was	determined	using	the	lowest	value	of	the	cross-	validation	error	
in	Admixture.

The	admixture	analysis	based	on	genotype	likelihoods	was	per-
formed	with	NGSAdmix	v32	(Skotte	et	al.,	2013).	We	ran	NGSAdmix	
five	times	with	K	ranging	between	1	and	10,	and	the	rest	of	the	set-
tings	were	left	as	default.	The	optimal	value	for	K	was	determined	
by	the	delta	K	statistic	(Evanno	et	al.,	2005),	which	was	calculated	
from	the	obtained	log-	likelihood	scores	with	CLUMPAK	(Kopelman	
et	al.,	2015).

Individuals	were	assigned	to	three	different	categories	accord-
ing	 to	 the	 results	 of	 the	 Admixture	 and	 the	 NGSAdmix	 analyses	
for	K = 2.	 Individuals	 being	 assigned	 by	 both	 analyses	 as	 100%	 to	
only	one	group	were	classified	as	‘pure	nattereri’	or	‘pure	crypticus’.	
Individuals	with	admixture	proportions	to	both	groups	were	classi-
fied	as	‘admixed’.

2.10  |  Population differentiation and ancestry 
informative markers (AIMs)

The	 pairwise	 per	 site	 fixation	 index	 (FST)	 was	 calculated	 between	
nattereri	 and	 crypticus	 individuals	 based	 on	 genotypes	 from	 the	
Freebayes	 pipeline	 using	 the	 software	 VCFtools	 (−weir-	fst-	pop	
option).

To	 further	 evaluate	 the	 degree	 of	 admixture	 of	 candidate	 hy-
brids,	we	 first	 identified	 loci	with	 fixed	differences	between	 ‘pure	
nattereri’	and	‘pure	crypticus’.	We	identified	sites	with	an	FST value 
of	1,	that	is,	fixed	differences,	by	comparing	non-	admixed	(pure)	in-
dividuals	of	the	two	parental	populations.	Subsequently,	we	asked	
for	 each	of	 these	 ancestry	 informative	markers	 (sites)	whether	 an	
admixed	individual	was	homozygous	for	the	nattereri	allele,	hetero-
zygous	or	homozygous	for	the	crypticus	allele.	Based	on	these	geno-
types,	we	calculated	for	each	admixed	individual	its	hybrid	index	and	
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heterozygosity	(Figure 2).	For	evaluating	the	hybridization	ancestry	
of	admixed	individuals,	we	calculated	the	expected	hybrid	index	and	
heterozygosity	for	an	F1,	F2	and	a	first-	generation	backcross	hybrid	
for	two	scenarios.	First,	hybrids	originating	from	mating	between	a	
pure	nattereri	and	pure	crypticus.	Second,	for	the	hybridization	sce-
nario	between	a	pure	nattereri	and	an	individual	from	the	admixed	
Hungarian	population	in	the	Pannonian	basin	with	15%	nattereri	and	
85%	crypticus	ancestry.	Finally,	the	hybrid	index	and	heterozygosity	
were	calculated	for	an	individual	from	a	panmictic	hybrid	population	
with	15%	nattereri	and	85%	crypticus	ancestry	(Figure 2).

We	 used	 the	 GenoPop	 R	 package	 (https://	github.	com/	MiGur	
ke/	GenoPop)	to	calculate	nucleotide	diversity	 (π)	within	each	pure	
population and nucleotide divergence between the two pure popu-
lations	(Dxy).	We	used	the	same	R	package	to	calculate	the	FST,	π and 
Dxy	across	the	whole	genome	 in	50 kb	and	100 kb	windows	with	a	
1000 kb	step.

2.11  | Demographic analyses

The	 demographic	 history	 of	 both	 pure	 populations	 was	 inferred	
using	the	pairwise	sequentially	Markovian	coalescent	(PSMC)	model	
(Li	&	Durbin,	2011)	and	coalescent-	based	simulations	implemented	

in	Fastsimcial2	(Excoffier	et	al.,	2021).	For	PSMC	analysis,	we	used	
three	 high-	coverage	 genomes:	 two	 samples	 of	 crypticus	 (repre-
senting	 two	 lineages	according	 to	Çoraman	et	 al.,	2019)	 and	one	
sample	of	nattereri	from	southern	Germany.	We	applied	the	PSMC	
model	to	the	autosomal	sequences.	A	consensus	diploid	sequence	
for	each	individual	was	generated	by	using	the	mpileup	command	in	
BCFtools	v1.9	(Li,	2011),	with	the	BAM	file	as	an	input	and	M. myo-
tis	as	a	reference,	while	adjusting	for	mapping	quality	(-	C	50).	The	
X	chromosome	was	excluded	by	using	a	BED	file	without	scaffold	4	
when	running	a	mpileup.	The	output	was	then	passed	to	BCFtools	
to	construct	the	actual	consensus	sequence	using	the	-	c	flag.	This	
consensus	VCF	file	was	then	converted	to	fastq	format	using	the	
vcf2fq	 command	 of	 the	 vcfutils	 script	 and	 setting	 the	 minimum	
read	depth	(−d)	to	12	and	maximum	read	depth	(-	D)	to	100.	Finally,	
the	consensus	sequence	in	fastq	format	was	converted	to	the	input	
format	required	by	PSMC	using	the	fq2psmcfa	script	provided	by	
PSMC,	 while	 filtering	 out	 bases	 with	 a	 quality	 score	 lower	 than	
20.	PSMC	analysis	was	 run	using	 the	parameter	 settings	 -	t	 15	 -	r	
5	 -	p	 4 + 25	× 2 + 4 + 6,	 as	 previously	 reported	 by	 Chattopadhyay	
et	al.	(2019).	One	hundred	bootstrap	replicates	were	performed	for	
each	of	the	three	samples.

In	 addition,	 we	 used	 the	 composite-	likelihood	 method	 imple-
mented	in	Fastsimcoal2	v2.7	(Excoffier	et	al.,	2021)	to	evaluate	five	
alternative	demographic	models	 (no,	early,	different,	 constant	and	
recent	gene	flow,	Figure 4,	Table S3)	by	including	all	individuals.	To	
prepare	 the	 input	 site	 frequency	 spectrum	 (SFS)	 for	Fastsimcoal2,	
we	used	a	VCF	file	that	had	no	MAF	filter	applied.	All	other	filters	
were	the	same	as	for	the	VCF	file	that	was	used	for	hard	calling	and	
PCA.	 We	 used	 EasySFS	 (https:// github. com/ isaac overc ast/ easyS 
FS#	easysfs)	to	convert	variant	call	format	(VCF)	to	the	Fastsimcoal2	
style	site	frequency	spectrum.	In	the	preparation	of	the	SFS,	we	ad-
justed	the	genome	sequence	length	in	the	following	way.	Given	that	
filtering	was	applied	only	to	the	raw	VCF	file	(variant	sites	only),	we	
assumed	the	same	sequence	quality	 for	variant	and	monomorphic	
sites.	Accordingly,	the	genome	size	was	reduced	by	the	proportion	
of	SNPs	that	were	filtered	out	from	the	raw	VCF	file.

We	ran	each	model	100	times	with	80	iterations	per	run	for	likeli-
hood	maximization.	The	expected	site	frequency	spectrum	(SFS)	was	
approximated	through	250,000	coalescent	simulations	per	iteration.	
We	assumed	a	mutation	 rate	of	2.5	× 10−8 per bp per haploid ge-
nome	per	generation.	No	population	growth	was	allowed,	but	pop-
ulation	size	could	change	when	migration	rates	changed.	The	best	
model	was	 selected	 according	 to	 the	Akaike	 information	 criterion	
(AIC,	Akaike,	1974).	To	obtain	95%	confidence	intervals	(CI)	for	best	
model	parameters,	we	used	a	non-	parametric	block-	bootstrap	ap-
proach.	We	split	our	VCF	file	into	100	parts	that	we	then	randomly	
put	back	together.	We	created	50	new	VCF	files	and	we	then	reran	
Fastsimcoal2	 as	 described	 above	 for	 each	 of	 these	VCFs.	We	 fol-
lowed the steps described here: https:// speci ation genom ics. github. 
io/	fasts	imcoa	l2/	.	We	used	 the	 parameter	 estimates	 from	 the	best	
run	of	each	VCF	to	calculate	our	95%	CI.

For	 both	 demographic	 analyses,	 we	 used	 a	 mutation	 rate	 of	
the	human	genome	of	2.5	× 10−8 mutations per nucleotide site per 

F IGURE  2 Triangle	plot	of	admixed	individuals	based	on	hybrid	
index	and	heterozygosity	both	calculated	by	fixed	sites	from	the	
AIM	analysis	(blue	circles).	Red	circles	refer	to	expected	values	of	
pure	nattereri	and	crypticus	individuals.	Red	squares	represent	
expected	values	of	an	F1	hybrid	or	an	F2	hybrid	or	a	first-	generation	
backcross	to	a	pure	crypticus	individual.	Red	rhombs	represent	
expected	values	of	an	F1 hybrid between a pure nattereri and 
an	admixed	individual	with	15%	nattereri	and	85%	crypticus	
ancestry	or	an	F2	hybrid	or	a	first-	generation	backcross	to	an	
admixed	individual	with	15%	nattereri	and	85%	crypticus	ancestry.	
Red	triangle	represents	the	expected	value	of	an	individual	of	a	
panmictic	population	of	15%	nattereri	and	85%	crypticus	ancestry.
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generation	 (Sovic	 et	 al.,	2016)	 and	 a	 generation	 time	 of	 7.3 years,	
which	 was	 estimated	 for	 the	 closely	 related	 species	Myotis bech-
steinii	(Fleischer	et	al.,	2017).

2.12  | Nuclear phylogenetics

To	infer	a	nuclear	phylogeny,	we	first	called	variants	with	Freebayes	
v1.3.1	(Garrison	&	Marth,	2012)	for	each	individual	and	scaffold.	Only	
variants	with	a	quality	score	above	20	were	retained	and	indel	varia-
tion	was	removed.	We	then	used	SAMtools	v1.12	(Li	et	al.,	2009)	to	
calculate	coverage	depth	at	each	position	and	generated	a	mask	file	
for	consensus	calling	with	BCFtools	(Li,	2011).	The	resulting	consen-
sus	sequences	for	each	scaffold	and	individual	included	N's	at	sites	
that	were	either	heterozygous,	or	had	a	coverage	below	3	or	higher	
than 150×.	 The	 consensus	 sequences	 were	 combined	 into	 align-
ments	 for	each	scaffold	and	filtered	using	a	custom	Python	script.	
We used a jumping window approach where we sampled a window 
of	10 kb	long	and	every	300 kb,	and	assessed	the	extent	of	missing	
data	 for	 that	 specific	window.	Alignment	 columns	with	more	 than	
50%	missing	data	were	removed	and	windows	were	discarded	if	less	
than	50%	of	the	alignment	columns	remained.	Moreover,	each	align-
ment	 row	 (individual)	 needed	 to	 have	 less	 than	 40%	missing	 data	
and	windows	were	only	retained	when	more	than	80%	of	our	target	
individuals	fulfilled	those	criteria.	If	a	window	did	not	pass	these	fil-
tering	criteria,	a	window	alignment	directly	adjacent	to	that	window	
was	sampled	and	again	 filtered	 for	 the	same	criteria.	We	used	 the	
window	alignments	for	two	distinct	phylogenetic	approaches.	First,	
we concatenated all window alignments into one large genome align-
ment	(sex-	linked	scaffold	4	was	excluded)	and	inferred	a	maximum-	
likelihood	 phylogeny	 using	 IQtree2	 v2.0.3	 (Minh	 et	 al.,	2020)	 and	
a	GTR + I + G	 substitution	model.	To	assess	bipartition	 support,	we	
used	ultra-	fast	bootstrapping	as	implemented	in	IQtree2	with	1000	
replicates.	 Second,	 to	 account	 for	 incomplete	 lineage	 sorting,	 we	
inferred	a	maximum-	likelihood	‘gene’-	tree	(IQtree2)	for	each	of	the	
window alignments and then used a summary coalescent approach 
to	infer	a	species	tree	using	ASTRALIII	(Zhang	et	al.,	2018).	We	used	
IQtree2	to	evaluate	bipartition	support	by	calculating	site	and	win-
dow	concordance	factors	using	all	window	alignments	and	trees.

2.13  | Mitochondrial phylogenetics

Mitochondrial	 genomes	 were	 assembled	 by	 mapping	 the	 cleaned	
reads to the M. myotis	(RefSeq:	NC_029346)	mitochondrial	genome	
(Jebb,	Foley,	Puechmaille,	&	Teeling,	2017).	We	used	the	BWA-	mem	
algorithm	 for	mapping	 all	 acquired	 reads	 to	 the	mitochondrial	 ge-
nome	requiring	a	mapping	quality	above	20.	We	used	Freebayes	to	
call	variants	and	GATK	v4.1.3.0	FastaAlternateReference	maker	(Van	
der	Auwera	et	al.,	2013)	was	used	to	generate	consensus	sequences	
for	each	individual.	Sites	were	masked	if	coverage	was	below	10	or	
above	5	 times	 the	mean	coverage.	A	multiple-	sequence	alignment	
was	 generated	 by	 using	 the	 G-	insi	 algorithm	 in	MAFFT	 (Katoh	 &	

Standley,	 2013),	 and	 no	 evidence	 for	 nuclear	 mitochondrial	 DNA	
(numts),	premature	stop	codons	and	frameshifts	was	found	by	visual	
inspection	of	the	alignment	in	Geneious	2019.2.3	(Biomatters	Ltd).	
The	mitochondrial	genome	of	M. bechsteinii	(RefSeq:	NC_034227.1;	
Jebb,	Foley,	Kerth,	&	Teeling,	2017)	was	included	in	the	alignment	as	
an	 outgroup.	A	maximum-	likelihood	 phylogeny	was	 inferred	 using	
RAxML	v8.2.10	(Stamatakis,	2014)	by	identifying	the	tree	with	the	
highest	 likelihood	 score	 out	 of	 10	 independent	 tree	 searches	 and	
100 bootstrap replicates were conducted to estimate support.

3  |  RESULTS

3.1  | Genome sequencing and variant calling

Sequencing	of	62	individuals	was	done	in	two	batches	and	differed	
in	sequencing	yield	(Table S1).	Among	the	59	individuals	sequenced	
at	 a	 lower	 depth,	 we	 retained	 44,363,594	 to	 255,125,812	 (mean	
117,499,668)	reads	per	individual;	between	57%	and	98%	(mean	78%)	
of	all	reads	were	kept	after	filtering.	All	retained	reads	were	mapped	
to	 the	 reference	nuclear	genome	and	 the	 reference	mitochondrial	
genome	 of	 Myotis myotis.	 Between	 97%	 and	 99%	 (mean	 98%)	
of	 these	 reads	 mapped	 successfully	 to	 the	 nuclear	 genome	 and	
mapping	quality	varied	between	48	and	53	(mean	52).	Sequencing	
coverage	 of	 the	 nuclear	 genome	 ranged	 from	2.5×	 to	 12.8× with 
a	mean	of	6.7×.	 In	addition,	three	individuals	were	sequenced	at	a	
higher	 depth	 to	 perform	 a	 PSMC	 analysis	 (Table S1).	 Sequencing	
coverage	of	the	nuclear	genome	of	these	three	individuals	was	27.4×,	
34.5× and 36.0×.	 After	 calling	 and	 filtering	 variants,	we	 obtained	
25,788,685	SNPs	with	Freebayes	and	VCFtools,	while	using	ANGSD	
and	genotype	likelihoods,	we	obtained	33,640,565	SNPs.

3.2  |  Population structure

Our	results	using	NgsRelate	show	that	individuals	were	not	related.	
Population	 structure	 analysis	 using	 principal	 component	 analyses	
(PCAs)	revealed	two	clearly	separated	groups,	that	is,	the	nattereri	
and	crypticus	lineages,	irrespective	of	the	approach	used.	Principal	
component	 1	 (PC1)	 separates	 the	 two	 lineages	 while	 using	 both	
methodological	approaches	(i.e.	genotype	likelihoods	(Figure 1c)	and	
hard	calling	of	genotypes	(Figure S1a)),	explaining	35.2%	and	33.8%,	
respectively,	of	 the	 total	 variance.	The	 two	groups	 split	 according	
to	 the	 taxonomy	 of	 individuals	 from	 outside	 a	 putative	 contact	
zone.	One	group	comprises	all	the	nattereri	from	Germany,	while	all	
crypticus	from	Italy	are	found	in	the	other	group.

All	other	PCs	explain	less	than	4.6%	of	the	total	variance.	PC2	
of	 the	 PCA	 based	 on	 genotype	 likelihoods	 separates	 nattereri-	
like	 animals	 from	 the	Balkan	peninsula	 (Albania,	Bulgaria,	 Serbia,	
Bosnia	and	Herzegovina	and	Croatia)	from	individuals	from	Central	
Europe	(Hungary	and	Germany)	(Figure 1c).	In	contrast,	PC2	of	the	
PCA	based	on	genotypes	separates	crypticus-	like	individuals	along	
a	geographic	gradient	from	Central	 Italy	to	Hungary	 (Figure S1a).	
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Along	 the	 latter	 geographic	 transect,	 individuals	 appear	 slightly	
more	 similar	 to	 the	 group	 of	 nattereri-	like	 individuals.	 The	 same	
transition	 among	 the	 crypticus-	like	 individuals	 is	 also	 revealed	
by	 PC3	 of	 both	 PCA	 approaches	 (Figure S2	 for	 the	 genotype	
likelihood-	based	PCA	and	Figure S1b	for	the	genotype-	based	PCA).	
Thus,	 both	PCA	 approaches	 reveal	 that	 crypticus-	like	 individuals	
become	more	similar	to	nattereri-	like	individuals	(i.e.	less	separated	
along	PC1)	in	the	putative	contact	zone	than	outside	of	it.

3.3  | Admixture

The	genetic	structure	of	populations	and	the	degree	of	admixture	
were	analysed	using	two	different	data	sets:	first,	using	NGSAdmix	
for	genotype	 likelihoods;	and	second,	using	Admixture	for	called	
genotypes.	 Both	 approaches	 suggested	 K = 2	 as	 the	 optimal	
number	 of	 groups	 (Figure S3a,b)	 and	 led	 to	 an	 almost	 identical	
population	structure.	For	K = 2,	the	two	main	groups	of	the	PCAs	
were	 recovered,	 that	 is,	 the	 nattereri-	like	 and	 the	 crypticus-	
like	 individuals	 (Figure 1d,	 Figures S4 and S5).	 However,	 many	
individuals	 were	 identified	 as	 admixed	 individuals.	 Among	 the	
crypticus-	like	 individuals,	 many	 had	 an	 admixture	 proportion	 of	
nattereri	 of	 ~ 15%	 and	 up	 to	 30%.	 Such	 individuals	 were	 found	
in	 a	 confined	 geographic	 area	 comprising	 Croatia,	 Hungary	 and	
Bosnia-	Herzegovina	 (Figure 1b).	 For	 K = 3,	 these	 crypticus-	like	
admixed	individuals	formed	a	separate	group,	likely	indicating	that	
their	distinct	genetic	makeup	is	defined	by	their	nattereri	ancestry.	
For	K = 4	 and	K = 5,	 the	 nattereri-	like	 individuals	 were	 split	 into	
a	 northern	Central	 European	population	 and	 a	Balkan	Peninsula	
population,	which	matches	the	grouping	in	the	PCA.

Further	inspection	of	the	geographic	origin	of	admixed	individu-
als	(Figure 1b,	Table S1)	revealed	a	rather	homogenous	group	of	ad-
mixed	individuals	in	the	south-	western	part	of	the	Pannonian	Basin.	
The	admixture	proportion	of	nattereri	 among	18	admixed	 individ-
uals	ranged	between	10%	and	17%.	 In	addition,	a	single	 individual	
with	a	surprisingly	high	nattereri	admixture	proportion	of	30%	was	
found	here.	Along	the	edges	of	the	Pannonian	Basin,	admixture	pro-
portions	 of	 nattereri	 either	 tend	 to	 decrease	 in	 the	west	 (Eastern	
Alps	and	northern	Dinaric	Alps),	that	is,	the	transition	zone	to	non-	
admixed	crypticus-	like	individuals	or	increase	in	the	north	and	east	
(Transdanubrian	and	Carpathian	Mountains),	that	is,	transition	zone	
to	non-	admixed	nattereri-	like	individuals.

3.4  |  Population differentiation

The	 differentiation	 between	 two	 populations	 (‘pure	 nattereri’	
and	 ‘pure	 crypticus’)	 was	 investigated	 by	 the	 weighted	Weir	 and	
Cockerham	 per	 site	 FST	 resulting	 in	 FST = 0.46.	 Fixed	 differences	
(FST = 1)	were	found	for	410,251	of	the	25,788,685	SNPs	sites	(1.6%)	
investigated	 for	 this	 comparison.	 We	 also	 calculated	 nucleotide	
diversity	 (π)	 for	 each	 of	 our	 pure	 populations.	 For	 the	 crypticus,	
the	 value	 was	 0.0019,	 and	 for	 nattereri,	 the	 value	 was	 0.00235.	

Nucleotide	divergence	 (Dxy)	was	calculated	 to	be	0.0042	between	
the pure populations.

Genome	 scans	 for	 all	 three	 parameters	 showed	homogeneous	
patterns	across	scaffolds	(Figure S6).	The	centromere	region	gener-
ally	showed	increased	values	in	FST and lower values in Dxy and π in 
comparison	to	the	arms	of	chromosomes.

3.5  | Ancestry informative markers (AIM)

Our	 AIM	 analysis	 considered	 only	 SNP	 sites	 that	 were	 fixed	 be-
tween	‘pure	nattereri’	and	‘pure	crypticus’.	Among	the	410,251	fixed	
SNPs	between	the	two	groups,	267,348	to	410,147	fixed	SNPs	were	
called	per	 individual.	Within	each	admixed	 individual,	 the	propor-
tions	of	fixed	SNPs	of	nattereri	and	crypticus,	respectively,	closely	
matched	the	admixture	proportions	of	the	two	admixture	analyses	
(Figures S4 and S5)	and	thus	support	the	hybridization	origin	of	ad-
mixed	individuals.	Heterozygosity	was	particularly	high	in	one	indi-
vidual	and	close	to	0.5,	indicating	a	recent	hybridization	event.	This	
animal	was	 caught	 in	Hungary	 among	 individuals	with	 admixture	
proportions	of	~ 15%	nattereri	and	85%	crypticus.	The	triangle	plot	
places	this	individual	close	to	a	first-	generation	backcross	of	an	F1 
to	a	crypticus	individual	(Figure 2).	The	similarity	was	even	higher	
to	a	 first-	generation	backcross	of	an	F1 hybrid to the local hybrid 
population	 of	 15%	 nattereri	 and	 85%	 crypticus	 ancestry.	 In	 con-
trast,	all	other	crypticus-	like	admixed	individuals	had	values	similar	
to	those	expected	for	individuals	of	a	panmictic	hybrid	population	
with	a	15%	nattereri	and	85%	crypticus	ancestry	(Figure 2).

3.6  | Demographic history

We	used	two	methods	of	demographic	inference.	First,	we	investigated	
the	 demographic	 history	 using	 a	 PSMC	approach.	 Three	 individuals	
representing	the	three	populations,	‘pure	nattereri’	and	‘pure	crypticus’	
from	northern	Italy	and	‘pure	crypticus’	from	southern	Italy,	were	used	
(Figure 3).	All	three	populations	show	similar	periods	of	population	ex-
pansion	and	decline.	The	first	decline	in	the	effective	population	size	
occurred	around	600,000	to	300,000 years	ago	and	is	more	prominent	
in	the	two	crypticus	populations	than	in	the	nattereri	population.	The	
peak	effective	population	size	was	reached	around	30,000 years	ago	
for	 all	 three	 investigated	 populations.	 Subsequently,	 population	 size	
declined	in	all	three	populations,	being	more	pronounced	in	nattereri	
than	in	crypticus.	Also,	the	analysis	shows	that	the	effective	population	
sizes	for	the	crypticus	populations	(north	and	south)	started	to	diverge	
around	22,000 years	ago.

Second,	five	demographic	scenarios,	differing	by	gene	flow	patterns	
(no	gene	flow,	early	gene	flow,	different	geneflow,	constant	gene	flow	
and	recent	gene	flow;	Figure 4),	were	tested	by	continuous-	time	coales-
cent	modelling	implemented	in	Fastsimcoal2	(Excoffier	et	al.,	2021).	The	
recent	gene	 flow	model	 (secondary	contact	 scenario)	was	 supported	
best	(Figure 4,	Table S3),	suggesting	a	split	time	between	nattereri	and	
crypticus	of	3.6	(95%	CI:	3.3–3.9)	million	years	ago	(MYA).	The	start	of	
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the	gene	flow	was	estimated	at	27	kYA	(95%	CI:	26–28)	and	population	
size	 estimates	 (2N)	 differed	 between	 both	 species:	 8226	 (CI:	 8160–
8305)	for	crypticus	and	10	(CI:	9–11)	for	nattereri.	Migration	measured	
as	Nm	was	the	same	magnitude	in	both	directions:	0.052	from	nattereri	
to	crypticus	and	0.021	from	crypticus	to	nattereri.

3.7  | Differentiation of the mitochondrial genome

In	the	mitochondrial	DNA,	we	observed	two	highly	distinct	lineages,	
one representing the crypticus lineage and the other the nattereri 

lineage	(Figures 1a and 5).	Within	the	crypticus	 lineage	two	highly	
divergent	 lineages	were	 found,	 separating	 individuals	 from	 south-
ern	 Italy	 from	 those	 in	 northern	 Italy,	 Austria,	 Slovenia	 and	 the	
northern	Adriatic	 coast	 of	Croatia.	Within	 the	 nattereri	 lineage,	 a	
clear	split	occurs	between	individuals	from	the	southern	(Bulgaria,	
Albania,	 Serbia,	 Bosnia-	Herzegovina	 and	 southern	 Croatia)	 and	
the	 northern	 distribution	 range	 (northern	 Croatia,	 Hungary	 and	
Germany)	 (Figure 5).	This	differentiation	of	the	mitochondrial	 line-
ages	agrees	with	the	differentiation	of	the	nuclear	genome	revealed	
by	 PCAs	 and	 admixture	 analyses.	However,	 at	 an	 individual	 level,	
we	observed	conflicting	assignments	between	the	nuclear	and	the	

F IGURE  3 Pairwise	sequential	
Markovian	coalescent	(PSMC)	model	for	
the	three	populations	nattereri	(orange),	
crypticus	from	southern	Italy	(grey)	and	
crypticus	from	northern	Italy	(blue).	
Changes	in	effective	population	size	Ne	
(with	100	bootstrap	repetitions)	in	the	
three populations based on an autosomal 
pairwise	sequential	Markovian	coalescent	
model.	Generation	time	was	set	at	
7.3 years	and	mutation	rate	per	generation	
(μ)	at	2.5e-	8.
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F IGURE  4 Demographic	models	differing	by	gene	flow	on	five	scenarios	were	analysed	by	Fastsimcoal2.	Fitting	of	the	model	simulations	
to	our	data	set	was	evaluated	by	comparing	Akaike	information	criteria	(AIC,	green	circles)	and	log	likelihoods	(LL,	red	circles)	of	the	five	
models.
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mitochondrial	data	(Figure 5).	Among	the	42	crypticus-	like	individu-
als,	21	(50%)	carried	a	mitochondrial	sequence	of	nattereri.	All	these	
21	individuals	were	crypticus-	like	admixed	individuals	from	Croatia,	
Bosnia-	Herzegovina	and	Hungary.	Only	five	crypticus-	like	admixed	
individuals	carried	a	mitochondrial	 sequence	of	crypticus.	The	op-
posite mismatch was never observed.

4  | DISCUSSION

4.1  |  Secondary contact

Whole-	genome	sequencing	of	62	individuals	from	the	Myotis nattereri 
species	complex	 from	Central	Europe	and	the	Apennine	and	Balkan	
Peninsulas	revealed	two	genetically	highly	distinct	lineages.	These	lin-
eages	 lack	obvious	morphological	differences	and	their	external	and	
craniodental	traits	largely	overlap	(Juste	et	al.,	2018).	One	lineage	was	
found	on	the	Balkan	Peninsula	and	in	Central	Europe	representing	the	
nattereri	lineage,	while	the	second	lineage	was	found	on	the	Apennine	
Peninsula,	in	the	Eastern	Alps	and	the	northern	Dinarides	representing	
the	crypticus	lineage	(Çoraman	et	al.,	2019;	Puechmaille	et	al.,	2012; 
Ruedi	et	al.,	2019;	Salicini	et	al.,	2013).	Both	lineages	were	separated	
geographically	by	mountain	ranges	(Alps)	and	the	Mediterranean	Sea	
and	now	form	a	wide	contact	 zone	 in	 the	eastern	parts	of	 the	Alps	
and	northern	parts	of	the	Dinarides.	These	results	show	that	the	two	
lineages	represent	unique	gene	pools	with	their	own	long-	term	evo-
lutionary	histories.	In	addition,	our	genomic	approach	also	confirmed	
population divergence within the crypticus lineage separating into a 
northern	and	a	southern	population,	which	was	so	far	only	described	
based	on	mtDNA	analysis	(Salicini	et	al.,	2011,	2013).

The	contact	zone	is	located	in	a	well-	known	area	of	secondary	con-
tact	zones	of	animals	and	plants,	which	resulted	from	post-	glacial	range	
expansions	from	glacial	refugia	on	the	Balkan	and	Apeninne	Peninsulas	
(Hewitt,	2000;	Taberlet	et	al.,	1998).	Habitat	diversity	in	this	region	is	
high,	ranging	from	dry	and	open	steppe	habitats	in	the	Pannonian	Basin	
to	wet	and	forested	mountain	regions	in	the	Eastern	Alps	and	Dinaric	
Alps.	The	interplay	of	ecological	heterogeneity	and	genetic	incompati-
bilities	between	lineages	often	gives	rise	to	narrow	contact	and	hybrid	
zones;	 a	 phenomenon	observed	 in	 various	other	 taxa	 in	 this	 region,	
such as Triturus	 newts	 (Arntzen	 et	 al.,	2014),	 house	mice	 (Macholán	
et	al.,	2011),	Hyla	frogs	(Dufresnes	et	al.,	2015)	and	Bombina	fire-	bellied	
toads	(Dufresnes	et	al.,	2020).	In	contrast,	the	contact	zone	of	the	nat-
tereri	and	the	crypticus	lineages	is	exceptionally	wide,	spanning	a	grad-
ual	cline	of	more	than	100 km	from	Slovenia	to	Hungary.	Not	only	the	
high	mobility	of	bats	but	also	the	lack	of	effective	hybridization	barriers	
and	minor	or	even	no	ecological	differentiation	between	the	two	lin-
eages	have	likely	contributed	to	the	large	extent	of	this	hybrid	zone.

The	 contemporary	 contact	 zone	 was	 probably	 formed	 during	
the	 post-	glacial	warming	 in	 the	Holocene,	 yet	 nattereri	 and	 cryp-
ticus	 diverged	 several	 million	 years	 ago	 in	 the	 Pliocene.	 Applying	
demographic	 modelling,	 we	 estimated	 a	 split	 time	 of	 c.	 3.6	MYA	
(95%	CI:	3.3–3.9	MYA)	assuming	a	mutation	rate	of	2.5	× 10−8	(Sovic	
et	al.,	2016)	and	a	generation	time	of	7.3 years	(Fleischer	et	al.,	2017).	
Both	assumptions	underlie	some	uncertainties	since	they	were	calcu-
lated	for	other	organisms	(humans	and	a	closely	related	bat	species).	
Our	estimate	is	close	to	the	prior	estimates	of	c.	4	to	5	million	years	
which	were	based	on	molecular	phylogenies	with	fossil	record	cali-
brations	(Morales	et	al.,	2019;	Ruedi	et	al.,	2013).	An	earlier	estimate	
of	1.2	MYA	(Salicini	et	al.,	2013)	is	likely	caused	by	a	too	low	mutation	
rate	(see	Puechmaille	et	al.,	2012).	Our	estimates	of	divergence	time	
are	based	on	 a	human	mutation	 rate	 (Nachman	&	Crowell,	2000),	
which	was	also	employed	in	a	study	involving	bats	(Sovic	et	al.,	2016).	
However,	recent	human	mutation	rate	estimates	are	nearly	twofold	
slower	(1000	Genomes	Project	Consortium,	2010).	Utilizing	this	re-
vised	estimate	would	consequently	lead	to	a	doubling	of	our	diver-
gence	 time	estimates.	Moreover,	 the	generation	 time	employed	 in	
our	estimations	originates	 from	a	congeneric	 species	and	may	not	
accurately	reflect	that	of	our	study	group.	The	uncertainty	of	the	pa-
rameters	could	impact	the	precision	of	our	divergence	time	calcula-
tions.	Nevertheless,	all	of	these	earlier	or	later	divergence	estimates	
argue	for	an	ancient	split.

The	 estimates	 for	 the	 divergence	 times	 of	 the	 nattereri	 and	
crypticus	lineages	resemble	those	of	other	taxa	from	the	same	re-
gion	 such	 as	 4–5	MYA	 in	Triturus	 newts	 (Wielstra,	2019)	 and	 c.	
5	MYA	 in	Hyla	 frogs	 (Dufresnes	 et	 al.,	2015).	 Notably,	 all	 these	
estimates	 point	 to	 a	 period	 roughly	 after	 the	Messinian	 salinity	
crisis	event.	This	geological	epoch	is	characterized	by	a	significant	
drop	 in	Mediterranean	Sea	 levels.	During	 this	period,	 the	disap-
pearance	 of	 the	 Adriatic	 Sea	 created	 land	 bridges,	 likely	 facili-
tating	gene	flow	between	Apennine	and	the	Balkan	populations.	
Subsequently,	c.	5.3	MYA,	the	refilling	of	the	Mediterranean	Basin	
during	the	Zanclean	flood	could	have	acted	as	a	barrier,	leading	to	
the	isolation	of	populations	(Blanc,	2002).

The	lack	of	any	obvious	external	morphological	differences	be-
tween	 the	 nattereri	 and	 crypticus	 lineages	 (Çoraman	 et	 al.,	2019; 
Juste	et	al.,	2018)	is	surprising	given	a	long	time	of	divergence	of	both	
lineages.	 Insectivorous	bats	of	 the	genus	Myotis	 are	a	well-	known	
example	 of	 adaptive	 morphological	 divergence	 when	 bats	 adapt	
to	 different	 ecological	 niches	 and	 might	 not	 diverge	 in	 morphol-
ogy	while	 occupying	 similar	 niches.	However,	 stabilizing	 selection	
for	specialized	gleaning	of	insects	in	highly	cluttered	environments	
(Schnitzler	&	Kalko,	2001)	likely	prevented	the	nattereri	and	crypti-
cus	lineages	from	morphological	divergence.	Our	own	observations	
involving	extensive	mist	netting	as	well	 as	 radiotelemetry	support	

F IGURE  5 Phylogenetic	tree	of	nuclear	and	mitochondrial	DNA.	Blue	are	individuals	of	the	crypticus	lineage	and	orange	are	those	of	the	
nattereri	lineage.	Stars	denote	admixed	individuals.	Lines	connecting	both	phylogenies	refer	to	individuals	with	a	mismatch	between	their	
nuclear	and	mitochondrial	phylogenetic	assignment.	Circles	at	internal	nodes	indicate	bootstrap	support	50–70	(white),	70–90	(grey)	and >90 
(black).	The	name	of	each	sample	is	followed	by	the	abbreviation	of	the	country	where	it	was	collected:	Albania	(AL),	Austria	(AT),	Bosnia	and	
Herzegovina	(BA),	Bulgaria	(BG),	Croatia	(HR),	Germany	(DE),	Hungary	(HU),	Italy	(IT),	Serbia	(RS)	and	Slovenia	(SI).
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this	hypothesis.	Both	lineages	were	observed	in	a	wide	range	of	hab-
itats	ranging	from	dense	forests	to	meadows	(Dietz	&	Russo,	unpub-
lished).	Maintaining	the	plesiomorphic	state	even	over	many	million	
years	 likely	happened	also	within	 the	morphogroup	of	 ‘whiskered’	
bats.	Two	widely	distributed	European	bat	species	Myotis mystacinus 
and M. brandtii	remained	unrecognized	as	distinct	species	until	1970	
(Gaukler	&	Kraus,	1970;	Hanák,	1970)	illustrating	their	morphologi-
cal	similarity.	Phylogenetic	analyses	surprisingly	revealed	that	both	
species	are	representatives	of	the	two	most	divergent	clades	within	
the morphologically highly diverse genus Myotis covering a time 
span	of	c.	30	MYA	(Morales	et	al.,	2019).

4.2  |  Reproductive isolation

Despite the divergence between the nattereri and crypticus lineages 
c.	 3.6	 MYA,	 admixture	 analysis	 assigned	 individuals	 throughout	
the	contact	zone	 to	both	 lineages	 (Figure 1b).	 In	addition,	a	 single	
individual	 from	southern	Bavaria	exhibited	an	admixed	genome	as	
well,	 suggesting	 hybridization	 in	 multiple	 contact	 zones	 between	
the	 two	 lineages.	 Admixture	 proportions	 varied	 largely	 among	
individuals,	suggesting	extensive	and	ongoing	hybridization	between	
both	lineages.	Pure	(non-	admixed)	individuals	were	either	found	on	
the	 Apennine	 Peninsula,	 in	 the	 Eastern	 Alps	 or	 the	 northwest	 of	
the	Balkan	Peninsula,	 representing	 the	 crypticus	 lineage	 or	 in	 the	
southern	 and	 eastern	 parts	 of	 the	 Balkan	 Peninsula	 and	 Central	
Europe	representing	the	nattereri	lineage.

Additional	 evidence	 for	 hybridization	 between	 both	 lineages	
comes	from	the	frequent	cyto-	nuclear	discrepancies	in	the	Pannonian	
Basin	and	the	southern	Alps	(see	also	Çoraman	et	al.,	2019).	Here,	in-
dividuals	showed	a	reverse	representation	of	lineages	in	the	nuclear	
and	mitochondrial	genome.	For	example,	within	the	south-	western	
Pannonian	Basin,	 the	mean	admixture	proportion	of	 the	crypticus	
nuclear	genome	was	85%	(range	from	70	to	93%),	while	77%	of	these	
individuals	 (20	of	26)	carried	a	mitochondrial	genome	of	nattereri.	
The	 reverse	pattern,	 that	 is,	 the	 introgression	of	a	crypticus	mito-
chondrial genome into an individual with a predominantly nattereri 
genome,	was	never	observed.	Such	a	cytonuclear	conflict	is	usually	
explained	by	mitochondrial	introgression	from	the	local	population	
into	 the	 range-	expanding	population	 (Berthier	et	 al.,	2006;	Currat	
et	al.,	2008).	Accordingly,	nattereri	settled	first	in	the	north-	western	
Balkan	Peninsula	and	crypticus	expanded	recently	to	this	area.

Gene	flow	from	crypticus	into	the	population	of	the	Pannonian	
Basin	is	indicated	by	the	continuous	distribution	in	combination	with	
clinal	transition	from	pure	crypticus	in	Italy	to	the	admixed	popula-
tion	 in	the	southwest	of	the	Pannonian	Basin	 (Figure 1b).	Towards	
further	East	and	North,	 the	wide	steppe	habitats	of	the	Little	and	
Great	Hungarian	Plain	 represent	 an	 unsuitable	 habitat	 for	 bats	 of	
the M. nattereri	complex	(Boldogh	et	al.,	2019;	Zoltán,	2007).	This	re-
gion	and	Lake	Balaton	may	impede	gene	flow	between	the	admixed	
population	 in	 the	 southwestern	 Pannonian	 Basin	 and	 nattereri	
populations	 in	the	Carpathian	Mountains	and	the	southern	Balkan	
Peninsula	and	thus	can	explain	the	lack	of	admixed	individuals	with	

more	 even	 admixture	 proportions.	 However,	 gene	 flow	 seems	 to	
occur	at	 least	occasionally	as	 indicated	by	one	 individual	 from	the	
Pannonian	Basin.	Of	19	 individuals	analysed	 from	this	 region,	one	
expressed	an	admixture	proportion	of	70%	crypticus	and	30%	nat-
tereri	 (70/30%),	while	all	other	 individuals	 showed	admixture	pro-
portions	close	to	85/15%.	This	 indicates	 the	detection	of	a	 recent	
hybridization	event	 since	 the	high	nattereri	 genome	proportion	 in	
combination	with	 the	 elevated	 rate	of	 heterozygosity	 of	 this	 indi-
vidual	closely	matches	those	of	a	first-	generation	backcross	of	an	F1 
hybrid	with	a	local	admixed	individual	(Figure 2).

Throughout	our	study	area,	we	observed	a	strong	genetic	pop-
ulation	 structure.	 Within	 each	 confined	 geographic	 region,	 bats	
closely	resembled	each	other	genetically	and	differed	to	some	de-
gree	from	other	regions.	This	was	unexpected	since	bats	are	rather	
mobile and seasonal migration occurs between summer roosts and 
hibernation	sites.	In	late	summer	and	autumn,	M. nattereri	is	known	
to	gather	at	swarming	sites	like	caves	or	mines	during	the	mating	pe-
riod	(Parsons	&	Jones,	2003;	Rivers	et	al.,	2006)	where	animals	from	
different	areas	meet	and	mate	(Pfeiffer	&	Mayer,	2013).	Our	findings	
suggest	now	that	the	catchment	area	of	such	swarming	sites	is	rather	
regional,	impeding	gene	flow	across	longer	distances.	This	is	in	line	
with short dispersal and migration distances in M. nattereri.	Banded	
bats	of	both	sexes	were	usually	recovered	at	distances	below	50 km	
from	the	banding	site	(Hutterer,	2005;	Rivers	et	al.,	2006; Siemers 
et	al.,	1999).

Instead	 of	 finding	 evidence	 for	 reproductive	 isolation,	 we	 ob-
served	a	wide	hybrid	zone	with	a	clinal	distribution	of	admixture	pro-
portions.	A	strikingly	different	pattern	is	observed	in	the	sister	group	
of	Myotis nattereri	group,	that	is,	 large	Myotis	species	of	the	Myotis 
myotis	complex.	The	sibling	species	M. myotis and M. blythii diverged 
within	the	last	six	MYA	(Morales	et	al.,	2019;	Ruedi	et	al.,	2013)	and	
closely	 resemble	each	other	 in	morphology,	but	have	 largely	over-
lapping	 distribution	 ranges	 in	 Europe	 and	 Asia	Minor.	 They	 occa-
sionally	even	occur	in	the	same	roost.	Here,	hybridization	is	ongoing	
and causes asymmetrical introgression towards M. blythii	 (Afonso	
et	al.,	2017;	Berthier	et	al.,	2006).	However,	selection	against	hybrids	
likely	prevents	the	collapse	of	species	barriers	(Berthier	et	al.,	2006).	
The	 lack	of	a	genomic	analysis	of	hybridization	between	M. myotis 
and M. blythii	 limits	 a	 deeper	 understanding	 of	 the	 evolutionary	
consequences	of	hybridization	between	these	taxa	so	far.	However,	
their	widely	overlapping	distribution	 ranges	suggest	effective	bar-
riers	to	gene	flow,	which	led	to	their	acceptance	as	good	biological	
species.	 In	contrast,	 the	wide	hybrid	zone	and	clinal	 interbreeding	
patterns between nattereri and crypticus are best described by ap-
plying	the	subspecies	concept	(Mallet,	2001;	Mayr,	1963)	and	treat-
ing	 the	 crypticus	 lineage	 as	 a	 (geographic)	 subspecies	 within	 the	
species Myotis nattereri	(see	also	Çoraman	et	al.,	2019).

The	cryptic	hybridization	observed	between	the	ancient	lineages	
of	the	Myotis nattereri	complex	provides	a	compelling	example	of	how	
the	interplay	of	geography	and	the	dynamic	shifts	in	environmental	
conditions	can	produce	complex	patterns	of	genetic	divergence	and	
population	structure.	The	lingering	question	pertains	to	the	potential	
impacts	of	these	hybridization	events	on	the	response	of	the	species	
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to	the	challenges	posed	by	current	climate	change.	Monitoring	this	
contact	zone	can	offer	unique	insights	into	how	evolutionary	mecha-
nisms	such	as	introgression	can	change	the	fitness	of	individuals	and	
thus can lead to rapid changes in population structures.
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