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Abstract
Despite	a	long	presence	in	the	contiguous	United	States	(US),	the	distribution	of	in-
vasive wild pigs (Sus scrofa × domesticus)	has	expanded	rapidly	since	the	1980s,	sug-
gesting a more recent evolutionary shift towards greater invasiveness. Contemporary 
populations	of	wild	pigs	represent	exoferal	hybrid	descendants	of	domestic	pigs	and	
European	wild	boar,	with	such	hybridization	expected	to	enrich	genetic	diversity	and	
increase the adaptive potential of populations. Our objective was to characterize how 
genetic enrichment through hybridization increases the invasiveness of populations 
by identifying signals of selection and the ancestral origins of selected loci. Our study 
focused	on	 invasive	wild	pigs	within	Great	Smoky	Mountains	National	Park,	which	
represents	a	hybrid	population	descendent	from	the	admixture	of	established	popu-
lations	 of	 feral	 pigs	 and	 an	 introduction	 of	 European	wild	 boar	 to	North	America.	
Accordingly,	we	genotyped	881	wild	pigs	with	multiple	high-	density	single-	nucleotide	
polymorphism	(SNP)	arrays.	We	found	233	markers	under	putative	selection	spread	
over	79	regions	across	16	out	of	18	autosomes,	which	contained	genes	involved	in	
traits	 affecting	 feralization.	Among	 these,	 genes	were	 found	 to	 be	 related	 to	 skull	
formation	and	neurogenesis,	with	two	genes,	TYRP1	and	TYR,	also	encoding	for	cru-
cial melanogenesis enzymes. The most common haplotypes associated with regions 
under selection for the Great Smoky Mountains population were also common among 
other populations throughout the region, indicating a key role of putatively selective 
variants in the fitness of invasive populations. Interestingly, many of these haplotypes 
were absent among European wild boar reference genotypes, indicating feralization 
through genetic adaptation.

K E Y W O R D S
admixture,	coat	colouration,	invasive	bridgehead	effect,	invasive	pigs,	selective	sweep
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1  |  INTRODUC TION

Founder	effects	are	expected	to	dominate	genetic	processes	among	
non-	native	 species	 introduced	 into	 new	 ecosystems,	 whereby	 re-
leased propagules capture a subset of the diversity found within native 
populations (Estoup et al., 2016).	Upon	introduction,	individuals	must	
survive, reproduce and potentially adapt to unique selective pres-
sures encountered in novel habitats to give rise to invasive populations 
(Kolbe et al., 2004).	Thus,	the	loss	of	genetic	diversity	incurred	during	
the	initial	bottleneck	would	be	expected	to	restrain	both	demographic	
and evolutionary processes and concomitantly diminish the likelihood 
of a successful invasion. Empirical studies investigating the genetic 
processes of biological invasion, however, have demonstrated that 
successful	 invasions	 are	 seldom	 characterized	 by	 the	 expected	 loss	
of genetic diversity (Estoup et al., 2016).	Rather,	various	attributes	of	
the introduction process, such as large propagule size, sustained gene 
flow	from	source	populations,	or	admixture	of	multiple	lineages	in	the	
introduced range, likely ameliorate the effects of an initial bottleneck 
(Comeault et al., 2020; Estoup et al., 2016).

Introduction from disparate source populations, in particular, may 
promote	successful	invasion	given	that	admixture	can	efficiently	offset	
expected	losses	of	genetic	diversity	(Dlugosch	et	al.,	2015; Dlugosch & 
Parker,	2008).	One	particular	case	of	genetic	release	through	admix-
ture,	 called	exoferalization,	 represents	 the	hybridization	of	domestic	
and wild lineages among invasive populations and the assembly of gene 
combinations that have been shaped by natural and artificial selection 
(Gering et al., 2019).	This	particular	genetic	enrichment	mechanism	can	
lead to more rapid adaptation to the local environment by two means. 
First,	the	introgression	of	wild	genetic	material	into	feral	animals	from	
domestic origins can release descendant hybrid populations from the 
negative fitness effects conveyed by the domestication syndrome 
(Wright et al., 2020).	The	domestication	syndrome	 is	a	phenomenon	
in which specific physical and physiological traits have repeatedly been 
modified	 during	 the	 domestication	 of	 several	 species.	 For	 example,	
in	pigs,	 such	 traits	 include	 (but	 are	not	 limited	 to)	 decreased	overall	
intelligence, loss of coat pigmentation, decreased function of the ol-
factory	 system	 and	 deformation	 of	 the	 skull	 (Fulgione	 et	 al.,	 2017; 
Maselli et al., 2014).	Generally	 speaking,	 these	 traits	 are	 thought	 to	
have	a	negative	fitness	effect	on	free-	living	animals	and	are	selected	
against in the natural environment. Second, certain traits that arose 
through intensive breeding can be beneficial, such as increased litter 
size	or	larger	body	size	(in	the	presence	of	sufficient	food	resources)	
(Fulgione	et	al.,	2016).	In	that	sense,	artificial	selection	would	increase	
the	phenotypic	range	of	a	free-	living	population,	on	which	natural	se-
lection could subsequently operate.

Through	exoferalization,	the	resulting	admixed	populations	may	
serve as a precursor to what has been characterized as an invasive 
bridgehead effect. This effect describes a process in which a pri-
mary invasion gives rise to adept invaders that pose a heightened 
risk for secondary invasions across a novel landscape, often hy-
pothesized to be mediated through evolved invasiveness (Lombaert 
et al., 2010).	 This	 phenomenon	 is	 often	 explained	 through	 rapid	
local adaptation and increased genetic health. Conversely, 

secondary invasion success could also be attributed to increased 
abundance within invasive populations or similar patterns of human 
movement that contributed to the initial introduction (Bertelsmeier 
& Keller, 2018).	Regardless,	 admixture	 from	multiple	 source	pop-
ulations has been hypothesized to, at least, release introduced 
populations from inbreeding depression while potentially enabling 
unique gene assemblies and novel epistatic interactions that could 
increase	fitness	and,	by	extension,	invasiveness	(Kolbe	et	al.,	2004; 
Lavergne & Molofsky, 2007).	 The	 increasing	 availability	 of	 high-	
resolution genomic tools enables the testing of hypotheses related 
to the response of enriched diversity to selective pressures while 
beginning to elucidate evolutionary mechanisms that contribute to 
heighted	invasiveness	(North	et	al.,	2021).

Wild pigs (Sus scrofa)	are	recognized	as	among	the	most	destructive	
invasive species in the world, with populations established on all conti-
nents	except	Antarctica	(Lewis	et	al.,	2017; Lowe et al., 2000).	Although	
the origins of introduction may vary among the global regions invaded 
by wild pigs, both domestic pigs and wild boar have contributed to inva-
sive wild pig populations distributed throughout much of the contiguous 
United	States	(Mayer	&	Brisbin,	1991; Smyser et al., 2020, 2024).	Though	
most	of	the	spread	of	wild	pigs	in	the	US	occurred	over	the	last	40 years,	
free-	living	populations	of	domestic	pigs	were	initially	established	in	the	
contiguous	US	in	the	1500s,	introduced	with	Spanish	exploration	(Mayer	
& Brisbin, 1991).	Once	established,	populations	were	continuously	aug-
mented	through	the	mid-	1900s	as	a	consequence	of	the	incidental	es-
cape of pigs seasonally released into forested habitats to fatten on fallen 
mast crops (White, 2011).	In	the	late	1800s	and	early	1900s,	a	time	in	
which	feral	populations	of	domestic	pigs	were	well-	established,	wild	boar	
were	first	imported	to	the	US	from	native	populations	in	Europe	to	stock	
captive hunting preserves. Subsequent escapes from such preserves cre-
ated opportunities for wild boar and feral domestic pigs to interbreed. 
The	 1912	 importation	 of	wild	 boar	 to	Hooper	 Bald,	Graham	County,	
North	Carolina,	adjacent	to	the	present-	day	boundaries	of	Great	Smoky	
Mountains	National	Park,	was	perhaps	the	most	consequential	of	these	
introductions	(Bratton	&	Power,	1975; Buderman et al., 2023; Mayer & 
Brisbin, 1991).	When	the	Hooper	Bald	hunting	preserve	failed	as	a	com-
mercial	enterprise	in	1922,	wild	boar	escaped	and	began	to	interbreed	
with the established feral pig populations, with hybrid populations estab-
lishing	within	the	park	by	the	late-	1940s	(Bratton	&	Power,	1975; Mayer 
& Brisbin, 1991; Stegeman, 1938).	Shortly	thereafter,	wild	pigs	from	the	
region were noted for wild boar phenotypic characteristics, a morpho-
type deemed to be more desirable for hunting than that of typical feral 
pigs (Mayer & Brisbin, 1991).	Accordingly,	from	the	late	1920s	through	
the	1970s,	wild	pigs	from	the	region	were	used	as	a	source	for	the	delib-
erate creation of new wild pig populations (to create additional hunting 
opportunities	for	the	public)	or	released	to	augment	established	feral	pig	
populations (as a means of increasing the phenotypic appeal of recipient 
populations)	(Mayer	&	Brisbin,	1991).

Ancestry	analyses	of	wild	pigs	throughout	invaded	regions	within	
the	contiguous	US	demonstrate	that	contemporary	populations	over-
whelmingly represent hybrids of domestic pigs and wild boar (Smyser 
et al., 2020, 2024).	The	exoferal	origin	of	invasive	wild	pigs	diverges	
from the historical record that documents a long and sustained period 
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in which escaped domestic pigs contributed to wild populations in 
contrast to very limited wild boar releases. The discrepancy between 
the historical record and genetic patterns suggests greater fitness 
and associated heightened invasiveness of wild boar × domestic 
pig	 hybrids,	 exemplified	 by	 the	Great	 Smoky	Mountain	 population.	
Accordingly,	we	sought	 to	 leverage	 the	unique	molecular	 resources	
available for the S. scrofa	domestic-	wild	species	complex	to	elucidate	
genomic processes shaping invasive wild pig populations, specifically, 
and how the interaction between genetic diversity and selective pres-
sures contributes to invasiveness more broadly. In addition, we aimed 
to	unravel	whether	the	hybrid	genomic	background	of	US	wild	pigs	
facilitated feralization and local adaptation.

The goal of this study was to characterize the genomic re-
sponse	 of	 an	 exoferal	 population	 of	 invasive	wild	 pigs	 to	 natural	
and anthropogenic selective pressures and evaluate whether hybrid 
origins contribute to heightened invasiveness related to genetic en-
richment.	Utilizing	high-	resolution	Single-	Nucleotide	Polymorphism	
(SNP)	genotypes	generated	for	wild	pigs	collected	in	Great	Smoky	
Mountains	National	Park	and	surrounding	populations,	our	objec-
tives are to identify loci and associated genes that demonstrate a re-
sponse to selection, evaluate the association of identified genomic 
regions to domestic pig versus wild boar origins, and determine 
whether signatures of selection observed among wild pigs conform 
to the predictions of the invasive bridgehead hypothesis. Great 
Smoky	Mountains	National	Park	 represents	an	 ideal	study	system	
to	address	these	objectives	as:	 (1)	the	associated	wild	pig	popula-
tion descends from among the earliest releases of wild boar in the 
US,	(2)	the	long-	term	management	as	a	national	park	(established	in	
1934)	likely	limits	human-	facilitated	immigration	that	could	disrupt	
evolutionary	processes	and	(3)	the	park	encompasses	>2000 km2 of 
remote, forested habitat, in which the population is subjected to a 
wide array of natural selective pressures.

2  |  MATERIAL S AND METHODS

2.1  |  Wild pig sampling, and genetic and ecological 
context

Genetic material was collected from wild pigs from the Great Smoky 
Mountain	National	Park	population	(GRSM,	n = 537)	and	spatially	dis-
junct	but	proximate	populations	in	Tennessee,	South	Carolina,	North	
Carolina	 and	West	 Virginia	 (TN,	 SC,	 NC,	WV;	 n = 344)	 (Figure 1, 
Table S1).	 These	 populations	 represent	 hybrid	 swarms	 from	 the	
original	Hooper	bald	introduction	and	possess	modestly	greater	an-
cestry	 from	European	wild	boar	 (mean = 0.57)	 than	Western	herit-
age	breeds	 (mean = 0.29;	 breeds	 developed	 in	 Europe	or	 in	North	
America	 from	 European	 stock)	 (Dataset	S7 (Smyser et al., 2020)).	
Genetic	samples	(hair	or	a	pinna	biopsy)	were	collected	by	personnel	
from	the	National	Park	Service,	Wildlife	Services,	or	other	coopera-
tors from animals euthanized as part of invasive species control or 
disease	 surveillance	efforts.	For	each	animal,	 the	 location	of	 sam-
pling was recorded.

In previous work, we elucidated the ancestral sources that contrib-
uted	 to	wild	pig	populations	 throughout	 the	 contiguous	US	 (Smyser	
et al., 2020).	 Therefore,	 for	 comparison	 purposes,	 pre-	existing	 ge-
notypic data from European wild boar and Western heritage breeds 
were	used	as	proxies	for	the	ancestral	populations	of	 invasive	swine	
in	the	US	(Alexandri	et	al.,	2017;	Burgos-	Paz	et	al.,	2013; Goedbloed 
et al., 2013; Iacolina et al., 2016; Roberts & Lamberson, 2015; Smyser 
et al., 2020; Yang et al., 2017).	The	Western	Heritage	reference	cluster	
includes	breeds	predominantly	raised	using	traditional	 (i.e.,	extensive	
as	opposed	to	intensive)	husbandry	practices	and	traditional	breeding	
methods	as	opposed	to	 intensive,	genomics-	based	mate	selection	as	
it is typically implemented with modern commercial breeds. The wild 
boar reference cluster includes animals sampled across most of Europe, 

F I G U R E  1 Sampling	of	Invasive	Swine	
populations. This figure represents the 
sampling locations within the Great 
Smoky	Mountain	National	Park	(GRSM)	
and the outlying states. The circles 
within each state represent the general 
sampling areas, with the size of the circle 
representing	the	relative	sample	size.	NC,	
North	Carolina;	SC,	South	Carolina;	TN,	
Tennessee;	WV,	West	Virginia.
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spanning from Spain to Eastern Europe. These reference clusters were 
used to compare the relative genetic diversity and level of inbreed-
ing	of	GRSM.	Additionally,	we	aimed	to	assess	the	ancestral	origin	of	
the selective signals found by comparing GRSM with these reference 
clusters. To accurately interpret the origin of selective signals derived 
from	 either	 the	Western	Heritage	 or	 European	wild	 boar	 reference	
clusters,	an	extra	reference	cluster	not	associated	with	the	wild	pigs	
was	needed.	To	this	end,	we	used	a	collection	of	Asian	S. scrofa geno-
types that included both local domestic breeds and endemic wild boar 
(Burgos-	Paz	et	al.,	2013; Smyser et al., 2020; Yang et al., 2017).

Adult	GRSM	wild	pigs	generally	 show	a	black	coat	 (regarded	as	
a	 domestic	 pig	 trait),	 whereas	 juveniles	 display	 a	 wild-	type	 striped	
pattern (characteristic of wild boar; Mayer & Brisbin, 1991).	 The	
erect ears and straight tails of GRSM wild pigs are consistent with 
wild boar phenotypic characteristics, while the reproductive output 
of wild pigs in general tends to be more similar to domestic output 
(Chinn et al., 2021, 2022).	 Based	 on	 anecdotal	 evidence	 from	park	
managers,	 black	 bears	 and	 bobcats	 exert	 some	 predation	 pressure;	
however,	human	predation	 (culling)	 is	 the	predominant	pressure.	As	
for	the	habitat,	Great	Smoky	Mountain	National	Park	is	characterized	
by closed canopy forests such as hardwood forests (dominant over-
story species: Quercus rubra)	and	birchwood	forests	(most	dominant	
overstory species: Quercus rubra; Jenkins, 2007).	 In	 that	sense,	 the	
primary	diet	of	GRSM	wild	pigs	consists	of	plant	material	(about	90%),	
with mast years largely influencing winter survival and reproductive 
success (Salinas et al., 2015; Scott, 1973).

2.2  |  Genotyping and filtering

All	tissue	samples	analysed	for	this	study	were	genotyped	using	the	
GeneSeek	Genomic	Profiler	 (GGP)	for	Porcine	SNP	Array	 (Illumina	
BeadChip	 microarrays	 [San	 Diego,	 California]	 licensed	 exclusive	
to	 GeneSeek,	 a	 Neogen	 Corporation	 [Lincoln,	 Nebraska];	 Ramos	
et al., 2009),	 yielding	62,128	biallelic	 loci	 distributed	 across	 all	 18	
autosomes. Genotypes were filtered using Plink	v1.90b6.21	64-	bit	
(Chang et al., 2015),	with	filtering	steps	adapted	to	the	specific	re-
quirements	of	the	associated	analyses.	As	a	general	rule,	all	filtering	
was performed after subsetting chromosomes or merging datasets. 
For	all	 analyses,	SNP	 loci	with	 call	 rates	 lower	 than	95%	were	 re-
moved, and individuals missing >10%	of	 SNP	 loci	were	discarded.	
Generally, these quality control steps resulted in a dataset with 530 
genotypes	from	GRSM.	For	analyses	based	on	genetic	stratification,	
such	as	principal	 components	analysis,	 admixture	analysis	 and	ge-
netic	diversity,	genotypes	were	also	filtered	by	removing	all	SNP	loci	
with	a	minor	allele	frequency	lower	than	5%.

To	 complement	 analyses	 with	 the	 GGP	 SNP	 array,	 53	 animals,	
strategically selected to represent the genetic range observed within 
GRSM,	 were	 genotyped	 with	 the	 high-	resolution	 Axiom	 Porcine	
Genotyping	Array	(ThermoFisher,	Applied	Biosystems,	Waltham,	MA;	
yielding	592,053	SNP	loci	for	analysis).	The	selection	of	animals	was	
based on family clusters, with at least one animal selected from each 
observed subcluster.

2.3  |  Genetic diversity, inbreeding and 
population structure

Genetic relatedness to other populations and genetic structure 
within GRSM were assessed with principal components analysis 
(PCA),	admixture	analyses	and	F-	statistics.	For	PCA,	we	used	the	-	-	
pca function of Plink with default settings. This calculates the first 20 
principal	components	by	sliding	along	windows	of	SNP	loci	(Figure 2, 
Figures S3 and S4).	 For	 genetic	 clustering	 analyses,	 we	 utilized	
Admixture	v1.3	to	delineate	genetic	clusters	(Alexander	et	al.,	2009).	
Generally, we chose the number of ancestry clusters based on the 
lowest	value	for	the	cross-	validation	statistic	calculated	by	Admixture, 
combined with our knowledge of the population history. In other 
words,	we	compared	the	CV	scores	of	Admixture runs over a range of 
clusters (k)	from	1	to	8	and	selected	the	iteration	with	the	lowest	CV	
score as the most informative value of k.	In	cases	where	CV	scores	
were very similar across values of k, we chose the Admixture run with 
ancestral	clusters	that	were	closest	to	what	we	expected	based	on	
the historical records of the populations (Figures S1 and S2).	Finally,	
overall population genetic differences between GRSM and the sur-
rounding populations were characterized with Wright's FST analyses 
(Holsinger	&	Weir,	2009; Weir & Cockerham, 1984)	using	the	-	-	fst	
function of Plink with default settings.

2.4  |  Genetic diversity and inbreeding

To assess genetic diversity, heterozygosity and level of inbreed-
ing were calculated. Measures of genetic diversity also served as a 
validation for selective sweep analyses, as selective sweep analyses 
are	sensitive	to	the	 (near)	 fixation	of	 large	regions	through	drift.	To	
characterize the genetic diversity of invasive wild pigs, we calculated 
the total heterozygosity of the GRSM population and compared these 
values to both the reference clusters and the surrounding popula-
tions. This was done using the Plink	function	-	-	het,	which	calculates	
individual	heterozygosity	as	1	minus	the	number	of	homozygous	SNPs	
divided	by	the	total	number	of	SNPs	genotyped	for	that	individual.

To evaluate the level of inbreeding, the genotypes were assessed 
for	 the	presence	of	 long	 runs	of	homozygosity	 (ROH).	For	all	 individ-
uals,	 the	number	of	ROHs,	 the	average	 length	of	ROHs	and	the	total	
length	of	ROHs	were	calculated	using	the	function	-	-	homozyg	of	Plink. 
We	restricted	the	characterization	of	ROHs	to	regions	with	a	minimum	
SNP	density	of	80	SNPs/kb,	a	maximum	gap	size	of	600 kb	and	required	
complete	homozygosity	 (excluding	regions	with	>1	heterozygous	 loci)	
as described by Meyermans et al. (2020).	Additionally,	datasets	used	for	
ROH	calculation	were	only	filtered	for	SNP	call	rates	(≥95%)	and	individ-
ual	call	rates	(≥90%),	and	thus	not	for	minor	allele	frequency	or	linkage	
disequilibrium.	The	number	of	ROH	segments	and	the	length	of	these	
fragments	were	used	to	calculate	the	fraction	of	ROHs	(fROH)	of	the	
total	autosomal	genetic	material	per	individual.	As	inbreeding	leads	to	in-
creased	homozygosity,	the	fROH	is	a	relative	measurement	of	inbreed-
ing.	As	a	relative	measurement,	fROH	values	for	GRSM	were	compared	
with the reference clusters and the surrounding invasive populations. To 
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further infer family structure and detect inbreeding, we also performed 
Identity-	By-	Descent	analyses	using	the	-	-	genome	function	of	Plink on 
specific populations. These analyses were used to calculate the relative 
probability that an individual was more related to another individual 
than the baseline would predict. Detecting inbreeding is relevant as drift 
effects tend to disrupt selective sweep analyses; therefore, discarding 
highly	related	individuals	is	beneficial.	Although	some	pairwise	dyads	in	
the	dataset	were	distantly	related,	no	pair	of	individuals	exceeded	the	
relatedness	threshold	(Proportion	Identity-	By-	Descent = 0.75)	specified	
for selective sweep analysis (Figure S6).	 To	 support	 this	 analysis,	we	
also	performed	a	relatedness	analysis	using	the	-	-	relatedness2	function	
from VCFtools V0.1.16 (Danecek et al., 2011). The output was checked 
for an average relatedness score as well as individual pairs showing a 
relatedness score equal to or higher than 0.3. The average relatedness 
score	was	−0.054,	while	26	pairwise	comparisons	out	of	281,430	possi-
ble comparisons showed a relatedness score of at least 0.3. Relatedness 
analyses were predominantly performed to assess the general genetic 
structure of the sampled groups. In that sense, we allowed some family 
structure as this would not bias our analyses, and thus we were able to 
use	a	relatively	high	Identity-	By-	Descent	threshold.

2.5  |  Selective sweep analyses based on extended 
haplotype homozygosity

Given	that	recent	(strong)	selection	leads	to	an	increase	in	the	fre-
quency	 of	 beneficial	 alleles	 and	 eventual	 fixation,	 SNPs	 that	 are	
physically linked to such selectively advantageous alleles are often 
also	fixed.	As	a	result,	long	haplotypes	will	form	in	the	genomic	re-
gions surrounding beneficial alleles and will contain many neutral 
variable	loci	and	one	or	a	few	selective	loci.	Using	this	principle,	we	
screened the GRSM genotypes for long and frequent haplotypes, 
indicative of selective sweeps. To generate haplotypes, the data 
was phased with shAPeit v2.17 (Delaneau et al., 2012),	using	default	

settings.	 After	 phasing,	 the	 data	were	 filtered	 for	MAF	 (≥5%),	 as	
low-	frequency	alleles	can	lead	to	false	positives	in	a	sweep	analysis.	
The	haplotypes	were	 then	 scanned	 for	 the	presence	of	 extended	
homozygosity.	Using	the	package	rehh	in	R	(Gautier	&	Vitalis,	2012),	
the	 Extended	 Haplotype	 Homozygosity	 (EHH)	 was	 calculated,	
which is defined as the probability that two chromosomes carry-
ing the core haplotype are identical by descent over a certain re-
gion (Tang et al., 2007).	The	EHH	values	were	calculated	using	the	
approach of Sabeti et al. (2007).	Using	these	EHHs,	the	integral	of	
decay	per	 SNP	was	 calculated,	which	 itself	was	used	 to	 calculate	
the	integrated	haplotype	score	(iHS)	for	individual	SNP	loci	follow-
ing	Voight	 et	 al.	 (2006).	 SNP	 loci	with	 an	 iHS	 corresponding	 to	 a	
p-	value	≤ .01	were	 interpreted	as	being	putatively	under	selection
and	identified	as	focal	SNP	loci.	This	selective	sweep	protocol	was
also	applied	to	genotypes	produced	with	the	high-	resolution	Axiom
Porcine	Genotyping	Array	 data	 to	 investigate	 patterns	 that	 arose
from the main selective sweep analysis on a finer scale.

To compare haplotype structure between GRSM and the reference 
clusters (European wild boar and Western heritage breeds of domes-
tic	pig),	we	also	performed	a	cross-	population	EHH	analysis	(XP-	EHH).	
This	 analysis	 compares	EHH	values	 for	 specific	 alleles	between	 two	
populations.	Using	this	principle,	haplotypes	that	are	more	elongated	in	
one population than in the other population can be detected, indicating 
local	selection	in	the	first	population.	Note	that	this	analysis	was	only	
used	as	a	supporting	analysis	for	the	iHS-	based	sweep	analysis,	so	the	
main selective sweep analysis was only performed on GRSM to reduce 
noise generated by different genetic backgrounds.

To	further	confirm	the	iHS	SNP	loci	as	putatively	being	under	selec-
tion,	the	occurrence	of	ROHs	containing	focal	iHS	SNP	loci	was	com-
pared	to	the	occurrence	of	ROHs	containing	neutral	SNP	loci.	Similar	
to	 the	presence	of	extended	haplotypes	due	 to	 recent	selection,	 re-
cent	selection	can	also	lead	to	the	formation	of	long	ROHs	through	the	
effects of the linkage between neutral variants and selected variants. 
Therefore,	a	ROH	can	be	indicative	of	recent	selection	in	a	particular	

F I G U R E  2 Principal	Component	
Analysis	comparing	the	GRSM	
population with the reference clusters. 
Represented is the genetic clustering of 
the subpopulations within the GRSM. The 
algorithm	calculated	the	top	20	PC	axes,	
of which the top two are represented 
here.	Note	that	the	GRSM	represents	its	
own genetic cluster, while still showing 
the signature of a hybrid swarm.
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region (Bosse et al., 2012).	The	calculation	of	ROHs	for	this	purpose	
was	done	in	the	same	manner	as	described	above	for	the	fROH.

For	the	validated	iHS	focal	SNP	loci,	phased	states	of	surrounding	
SNP	 loci	were	used	 to	determine	 the	genomic	 regions	under	selec-
tion.	Around	each	focal	marker	from	the	iHS	analysis,	the	site-	specific	
EHH	 (EHHS)	 was	 calculated.	 Regions	 under	 selection	 were	 deter-
mined	as	the	regions	in	which	an	EHHS	threshold	of	0.3	was	exceeded	
(Figure S9).	If	two	regions	physically	overlapped	for	more	than	40	per-
cent	(in	bp),	the	focal	marker	with	the	lowest	iHS	was	discarded.	The	
resulting	subset	of	SNP	loci	was	used	in	all	further	analyses.

2.6  |  Spread of haplotypes under selection through 
invasive populations

Using	phased	haplotype	states	(as	generated	by	shAPeit),	we	investi-
gated the frequencies at which the variants that were under selec-
tion in GRSM occurred in the surrounding populations. Specifically, 
we	compared	the	haplotype	frequencies	containing	SNP	loci	under	
putative selection in GRSM with comparable haplotype frequen-
cies among other invasive populations (Tennessee, South Carolina, 
North	Carolina	and	West	Virginia).	Using	 the	physical	positions	of	
the	 iHS	 focal	SNP	 loci,	haplotypes	were	determined	based	on	 the	
combined phased data of GRSM and the four surrounding popula-
tions.	 All	 haplotypes	 were	 approximately	 0.5 Mbp,	 with	 the	 focal	
marker at the centre (Table S4 and Figure S13).

2.7  |  Inferring genes under putative selection and 
related GO terms

Additionally,	 we	 sought	 to	 identify	 the	 genes	 that	 were	 located	
in the regions under putative selection as determined by the ap-
proaches	 described	 above.	 For	 this,	 gene	 transfer	 data	 from	 the	
Ensembl database was used, based on the Sscrofa11.1 genome as-
sembly	 (GCA_000003025.6).	 From	 this	 dataset,	 all	 genes	 (includ-
ing	both	introns	and	exons)	overlapping	the	regions	under	selection	
were	extracted.	As	the	regions	under	selection	were	relatively	long,	
they contained a large number of different genes. Therefore, we 
used	Gene	Ontology	 (GO)	 terms	 to	 assess	which	genes	were	most	
likely	causing	the	selective	signal.	Additionally,	genes	found	by	pre-
vious research to be related to domestication were identified and 
evaluated for signatures of selection according to our analysis (Maga 
et al., 2015).	For	the	GO	term	analysis,	the	gene	stable	IDs	of	genes	
under putative selection were submitted to Ensembl BioMart to re-
turn	gene	names.	Using	these	gene	names,	the	Functional	Annotation	
Tool of dAVid	v.	6.8	(Huang	et	al.,	2009)	was	used	with	default	settings	
to	extract	Gene	Ontology	(GO)	terms	for	both	KEGG	pathways	and	
biological	 processes	 (filtered	 for	broad	GO	 terms)	 based	on	human	
gene	annotations.	As	GO	terms	tend	to	be	fairly	wide-	ranging,	 two	
sets	of	genes	under	putative	selection	were	more	closely	examined.	
First,	we	 assessed	 genes	 associated	with	melanogenesis	 given	 that	
the coat colouration of wild pigs appears to be different than that of 

domestic pigs, indicating a basis for morphological adaptation (Chinn 
et al., 2021; Mayer & Brisbin, 1991).	The	importance	of	melanogenesis	
as a metabolic pathway under apparent selection was also revealed 
by the gene ontology analysis. Second, genes under selection were 
cross-	referenced	with	 a	 list	 of	 92	 craniofacial	 genes	present	 in	Sus 
scrofa (a subset of the list of Maga et al., 2015).	These	skull	morphol-
ogy genes are of specific interest since the occipital wall of the skull in 
domestic pigs is different from that of wild boar (Dinu, 2009).

2.8  |  Origin of haplotypes under selection based 
on identity- by- descent

As	wild	pigs	most	likely	descend	from	both	European	wild	boar	and	
Western heritage breeds (Smyser et al., 2020, 2024; Stegeman, 1938),	
we	were	interested	in	identifying	the	ancestral	source	of	the	SNP	loci	
under selection. To this end, we identified which haplotypes contain-
ing	 focal	 SNP	 loci	were	 shared	 between	GRSM	 and	 the	 reference	
clusters	 (including	 the	Asian	cluster	as	a	 reference).	As	 recombina-
tion events are likely to have occurred both within GRSM and within 
the reference clusters, it would be improbable to find identical long 
haplotypes between populations. It is more likely to find shorter/
fragmented	haplotypes,	which	could	miss	the	SNP	loci	in	our	geno-
type dataset. To allow for small genetic differences while compar-
ing	haplotype	structure,	an	approach	based	on	Identity-	By-	Descent	
was used, which allowed us to determine shared haplotypes based 
on the estimated ancestral state. The combined genotype data of 
GRSM	 and	 reference	 clusters	 was	 phased	 using	 the	 Identity-	By-	
Descent dependent method of BeAgle v5.2 with default settings 
(Browning et al., 2018).	The	phased	haplotypes	were	assessed	for	the	
probability that they were based on the same ancestral haplotype 
by means of the software reFined iBd (Browning & Browning, 2013).	
Shared haplotypes were determined within and between the previ-
ously determined family clusters. Shared segments were recorded 
if the segments had a LOD score of at least three, after trimming 
0.001 cM	off	the	ends	of	the	haplotypes.	The	location	and	length	of	
haplotypes that GRSM shared with the reference clusters were de-
termined (Figure S11).	The	relative	proportion	of	shared	haplotypes	
per reference cluster was calculated by dividing the number of shared 
haplotypes	with	the	potential	maximum	shared	haplotypes	based	on	
sample size and all potential positions for shared haplotypes.

3  |  RESULTS

3.1  |  Genetic diversity and inbreeding of wild pigs

In	total,	we	genotyped	881	animals	with	the	GGP	assay	(62,128	bial-
lelic	 loci),	537	from	the	GRSM	and	the	remaining	344	from	North	
Carolina	(NC),	South	Carolina	(SC),	Tennessee	(TN)	and	West	Virginia	
(WV)	(hereafter,	outlying	populations).

The invasive wild pig population within the Great Smoky Mountains 
National	Park	demonstrated	similar	 levels	of	genetic	diversity	 relative	
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to reference populations of Western heritage breeds of domestic pig 
or European wild boar (Figure 3a,b).	Observed	heterozygosity	 among	
GRSM	 (Het = 0.22,	 nloci = 28,368)	 was	 similar	 to	 that	 observed	 for	
Western	 Heritage	 breeds	 (0.26)	 and	 the	 European	 wild	 boar	 (0.22).	
Likewise, the inbreeding coefficient derived from homozygous segments 
(fROH)	for	GRSM	of	0.098	(nloci = 28,368)	was	comparable	to	Western	
Heritage	(0.10)	and	slightly	higher	than	European	wild	boar	(0.051).

Levels of genetic diversity and inbreeding were similar across all 
invasive populations (Figure 3c,d).	Average	heterozygosity	for	GRSM	
was 0.23 (nloci = 57,654),	whereas	heterozygosity	among	surrounding	
invasive	populations	ranged	from	0.17	to	0.29	(WV:	0.17,	NC:	0.24,	
SC:	0.26,	TN:	0.29).	A	similar	trend	was	observed	for	fROH,	with	an	
average	fROH	value	within	GRSM	of	0.3	(nloci = 57,654),	compared	to	
values	between	0.16	and	0.44	 for	 the	other	populations.	The	PCA,	
Admixture and FST analyses all demonstrated that the GRSM popula-
tion had a distinct genetic signature compared to the outlying popula-
tions (Figures S3 and S6).

3.2  |  Integrated haplotype scores and runs of 
homozygosity indicate selective sweeps

In	 calculating	 the	 integrated	 haplotype	 score	 (iHS)	 for	 all	 available	
SNP	 loci	 (nloci = 57,472),	 233	 loci	 were	 found	 to	 be	 under	 putative	

selection (Figure 4).	After	correcting	negative	values,	the	average	iHS	
of	putatively	selected	loci	was	2.86	(SD	0.23).	These	loci	were	vali-
dated as being under recent selection by evaluating their occurrence 
in	ROHs	(Figures S7 and S8):	SNPs	that	were	under	putative	selec-
tion,	as	 inferred	 from	the	 iHS	analysis,	were	more	often	contained	
in	ROHs	(on	average	in	266.5	individuals	(SD	131.0)	of	the	total	530	
individuals),	compared	to	SNPs	not	under	putative	selection	(present	
in	a	ROH	in	154.0	(SD	69.9)	individuals).	To	validate	these	results,	a	
bootstrapping analysis of 100 repeats sampling 233 random markers 
was performed. This analysis resulted in an average of 154.7 individu-
als	(SD	4.79)	possessing	a	ROH	per	assessed	marker.

The	putatively	selected	 focal	SNP	 loci	were	 found	to	be	closely	
linked	and	non-	randomly	distributed	across	the	genome,	allowing	us	
to identify specific chromosomal regions under selection (e.g., red 
segments in Figure 4b).	This	was	done	by	calculating	the	site-	specific	
Extended	 Haplotype	 Homozygosity	 (EHHS)	 for	 all	 loci	 surrounding	
the	 focal	 SNP	and	 then	determining	 the	upper	 and	 lower	boundar-
ies	 for	 the	 regions	under	 selection	based	on	an	EHHS	 threshold	of	
0.3.	After	discarding	duplicate	 regions	under	 selection,	 this	 analysis	
resulted	in	79	unique	regions	suspected	to	be	under	selection,	which	
were used in the following analyses (Dataset S1).

When	 performing	 the	 iHS	 and	 EHHS	 analyses	 on	 the	 high-	
resolution genotypic data (nloci = 373,532),	 we	 found	 430	 SNP	 loci	
under selection distributed over 126 individual regions (Dataset S2).	

F I G U R E  3 Genetic	diversity	and	level	of	inbreeding	of	invasive	and	native	pigs.	In	this	figure,	the	genetic	diversity	in	terms	of	
heterozygosity	(a,	c)	and	the	level	of	inbreeding	in	terms	of	fraction	Runs	of	Homozygosity	(fROH)	(b,	d)	of	Western	heritage,	European	wild	
and	invasive	populations	are	represented.	The	measurements	within	a	sub-	figure	are	relative	to	each	other;	therefore,	the	heterozygosity	of	
GRSM	is	0.22	in	(a)	and	0.28	in	(b).
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Because of the higher resolution of this data, these regions were 
smaller	 than	 those	 inferred	 from	 the	GGP	 data,	 therefore	 allowing	
a	 closer	 examination	of	 selective	 signals.	 In	 total,	 13	out	 of	 the	79	
regions	 identified	 with	 the	 GGP	 data	 overlapped	 (in	 part)	 with	 at	
least	one	of	the	126	regions	from	the	high-	resolution	genotypic	data,	
while many other regions were nearly overlapping. One important 
observation was that the major peak on chromosome 1, highlighted 
in Figure 2b,	was	narrower	using	the	high-	resolution	genotypic	data	
while still incorporating the TYRP1 gene (Figure S5).	Similarly,	the	sup-
porting	XP-	EHH	analyses	also	revealed	the	TYRP1	gene	to	be	in	ex-
tended haplotypes in the GRSM compared to both the European wild 
boar and the Western heritage clusters (Figure S10).

3.3  |  Shared haplotypes show the 
European origin of markers under selection

Most of the putatively selected haplotypes identified within the 
GRSM population for which ancestry could be determined were as-
sociated with Western heritage origins, followed by European wild 
boar (Figure 5 and Figure S12).	Our	analysis	revealed	that	at	12,250	

genetic regions, GRSM shared 153,162 haplotypes with the other 
populations	(Western	Heritage:	116,283;	European	wild	boar:	25,611;	
Asian:	16,336).	Thus,	of	the	haplotypes	for	which	the	ancestry	could	
be	determined,	66%	were	of	Western	heritage	ancestry,	versus	25%	
and	9%	for	European	wild	boar	and	Asian	swine,	 respectively	 (per-
centages	are	corrected	for	sample	size).	Additionally,	the	haplotypes	
that GRSM shared with Western heritage breeds were also longer 
(4.61 Mb,	SD	4.28)	 than	 the	haplotypes	shared	with	European	wild	
boar	(3.89 Mb,	SD	2.61)	or	the	Asian	reference	cluster	(3.85 Mb,	SD	
3.12).	Combined,	these	results	point	to	a	European	origin	(both	wild	
and	domestic),	with	the	important	note	that	a	unique	genetic	signa-
ture is found in GRSM, as most of its haplotypes were unique to this 
population	(710,253	unique	haplotypes).

A	subset	of	the	data	only	consisting	of	haplotypes	that	contained	at	
least	one	of	the	233	iHS	focal	SNP	loci	showed	largely	similar	origins.	
GRSM shared 7403 haplotypes with Western heritage, 1363 haplotypes 
with	European	wild	boars	and	1068	haplotypes	with	Asian	animals.	With	
relative	proportions	of	74%,	19%	and	7%,	respectively,	associations	of	
variants under selection also demonstrate a European origin.

A	subset	of	the	data	only	consisting	of	haplotypes	that	contained	at	
least	one	of	the	233	iHS	focal	SNP	loci	showed	largely	similar	origins.	

F I G U R E  4 Integrated	Haplotype	
Score	for	extended	haplotypes.	For	
each individual genetic marker on each 
chromosome,	the	Extended	Haplotype	
Homozygosity	(EHH)	was	calculated.	
Using	the	integrals	of	these	values,	the	
integrated	Haplotype	Score	(iHS)	could	be	
calculated. This is a measurement for the 
relative chance that a marker is found in 
a	long	haplotype.	All	markers	exceeding	
a threshold of log(p-	value)	2	were	
considered significant (grey segmented 
line).	(a)	All	chromosomes,	while	(b)	
zooms-	in	on	chromosome	1.	In	(b),	the	
red segments depict the regions under 
selection derived from these markers. 
The blue marker represents the location 
of a genetic marker associated with the 
melanization gene TYRP1.
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GRSM shared 7403 haplotypes with Western heritage, 1363 haplo-
types	with	European	wild	boar	and	1068	haplotypes	with	Asian	animals.	
With	relative	proportions	of	74%,	19%	and	7%,	respectively,	associa-
tions of variants under selection also demonstrate a European origin.

3.4  |  iHS focal marker haplotype frequencies show 
haplotype spread through invasive populations

Most	 haplotypes	 containing	 iHS	 focal	 SNP	 loci	 that	 had	 high	
frequencies in GRSM were also common among the surround-
ing invasive populations, even though recombination events and 
multiple	 ancestries	 could	 easily	 affect	 haplotype	 structure.	 As	
an	example,	Table S4 represents the haplotype frequencies con-
sisting	 of	 SNP	 loci	 surrounding	 the	melanistic	 gene	TYRP1 (Ren 
et al., 2011; Wu et al., 2016).	 The	most	 frequent	 haplotype	 for	
GRSM	(0.91	of	all	chromosomes)	is	also	frequently	present	in	the	
outlying	 populations	 (TN:	 0.60,	 SC:	 0.47,	 NC:	 0.60,	WV:	 0.30).	
When	 considering	 all	 79	 regions	 under	 selection,	 we	 observed	
that	an	average	of	76%	of	all	chromosomes	present	in	GRSM	car-
ried the same haplotype. The most frequent haplotypes of GRSM 
were found to have average frequencies ranging between 0.16 

and	0.43	in	the	outlying	populations	(TN:	0.16,	SC:	0.20,	NC:	0.43,	
WV:	0.23)	(Figure S13).

3.5  |  Gene ontology enrichment analysis

The	79	regions	that	we	found	to	be	under	putative	selection	based	
on	the	iHS	analysis	contained	a	total	of	1235	genes	(Dataset	S3),	645	
of which we were able to identify the gene name. On this gene set, a 
gene	ontology	(GO)	term	enrichment	analysis	resulted	in	155	signifi-
cant GO terms (p-	value < .05)	(Dataset	S5).	Most	of	the	enriched	terms	
were fairly uninformative (e.g., roughly 25 are somewhat related to 
ion	transport),	but	one	pattern	did	emerge	–	7	GO	terms	associated	
with neurogenesis were enriched (12 terms for p < .10).	Most	notably,	
GO:0022008: neurogenesis (p = .002,	 60	 genes)	 and	 GO:0007399:	
nervous system development (p < .001,	88	genes)	appeared	enriched.

Additionally,	 an	 analysis	 of	 enriched	 KEGG	 pathway	 genes	 sug-
gested melanogenesis (p = .13,	6	genes)	was	more	enriched	than	most	
other	GO	terms.	This	non-	significant	result	stimulated	a	closer	investi-
gation of the causative genes under putative selection (Table 1).	Most	
of	these	six	genes	were	broad	receptors	or	transcription	factors;	how-
ever, two specific genes were identified, TYR and TYRP1, that encode 

F I G U R E  5 Haplotypes	on	
Chromosome 1 that the GRSM shares 
with	Western	Heritage,	European	
Wild	and	Asian	clusters.	Represented	
here	are	all	haplotypes	(a)	and	only	the	
haplotypes	containing	iHS	markers	(b)	
from chromosome 1 that GRSM shares 
with any of the reference clusters. The 
differentiation of haplotypes is based 
on	an	identity-	by-	descent	approach	
that calculates the likelihood that two 
haplotypes are derived from the same 
ancestral haplotype. Only haplotypes 
with a LOD score of 3 or higher were 
considered identical.
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for enzymes crucial in melanogenesis and are known to cause albinism 
when impaired (Wu et al., 2012).	For	TYRP1,	three	SNP	loci	surround-
ing	this	gene	were	found	at	a	high	frequency	in	GRSM	(freq:	0.88),	but	
less	frequent	among	European	wild	boar	(freq:	0.29)	and	Western	heri-
tage	(0.12)	(Table S2).	When	investigating	the	53	animals	with	comple-
mentary	high-	resolution	genotypes,	we	observed	a	specific	haplotype	
surrounding TYRP1	that	was	shared	among	80%	of	all	sampled	chromo-
some	copies	and	contained	five	SNP	loci	spanning	11.95 kb	(Table S3).	
These results combined indicate a unique pattern for GRSM at this par-
ticular locus, suggesting selection for melanogenesis.

As	 the	 skulls	 of	 invasive	 wild	 pigs	 have	 a	 unique	 morphotype	
(Mayer & Brisbin, 1991),	 the	 genes	 under	 putative	 selection	 were	
cross-	referenced	with	a	list	of	92	known	craniofacial	genes.	From	this	
list,	 six	 genes	 appeared	 to	be	under	 selection	 (Table 1),	which	may	
suggest a selective signal on skull formation.

A	GO	analysis	on	the	126	regions	 (899	total	genes,	Dataset	S4)	
under	selection	according	to	the	iHS	analysis	on	the	high-	resolution	
genotype data revealed another interesting GO term signal; multi-
ple enriched GO terms were associated with olfaction (Dataset S6).	
Among	 these	 enriched	GO	 terms	were	 ‘GO:0050907:	 detection	 of	
chemical stimulus involved in sensory perception’ (p < .001,	32	genes)	
and	‘GO:0007608:	sensory	perception	of	smell’	 (p < .001,	33	genes).	
Closer	examination	revealed	that	two	selective	signals	in	olfactory	re-
ceptor clusters on two different chromosomes are mainly causative of 
these signals. Combined with the neurological signal, one could spec-
ulate that this indicates selective pressure on traits affecting foraging 

behaviour and predator detection, as predation pressure (including 
population	control)	and	new	food	types	are	strong	selective	pressures.

4  |  DISCUSSION

Understanding	 the	 ecological,	 demographic	 and	 evolutionary	 pro-
cesses that contribute to the establishment and spread of invasive 
species is a major challenge for invasion biology. Studying the im-
portance of genetic diversity in limiting or enabling the capacity for a 
species to adapt to local environments has become feasible with the 
recent rise of genomics (Welles & Dlugosch, 2018).	Using	these	new	
possibilities, our research demonstrates the effect hybridization, and 
specifically	exoferalization,	can	have	on	increasing	genetic	diversity,	
adaptive potential and consequently the invasiveness of wild pigs.

4.1  |  Admixed characteristics explained with 
genetic data

Based on the notion that the wild pigs in GRSM are hybrid de-
scendants of wild boar and domestic pigs, we wanted to assess 
the	implications	of	admixture	on	their	adaptive	potential	and,	by	
extension,	 invasiveness.	 Our	 results	 demonstrate	 that	 the	 inva-
sive wild pigs of GRSM have undergone adaptation by means of 
directional selection, implying higher invasiveness. The selective 

TA B L E  1 Description	of	genes	under	putative	selection.

Gene name Phenotypic trait Gene description Genotype array Literature

TYRP1 Coat colouration Encodes	an	enzyme	that	converts	DHICA	into	
Indolequinone.	Associated	with	brown	and	
blond	colouration	in	Asian	pigs

Porcine	SNP	Array	and	
High-	resolution

Ren et al. (2011),	Wu	
et al. (2016)

TYR Coat colouration Encodes an enzyme that converts Tyrosine into 
Dopaquinone. Knockdown causes total albinism 
in pigs.

Porcine	SNP	Array Wu et al. (2012),	Zhou	
et al. (2015)

COL9A1 Craniofacial formation Encodes	for	collagen	expressed	in	the	eye	socket,	
among other tissues.

Porcine	SNP	Array Van	Camp	et	al.	(2006)

FREM1 Craniofacial formation Encodes for a basement membrane protein. 
Mutations are associated with Craniosynostosis.

Porcine	SNP	Array Vissers	et	al.	(2011)

SIX3 Craniofacial formation Transcription	factor	that	suppresses	WNT3.	
Important in the development of the forebrain 
and eyes.

Porcine	SNP	Array Lagutin et al. (2003)

PIBF1 Craniofacial formation Transcription factor induced by progesterone. 
Usually	associated	with	the	immune	system,	but	
mutations are also associated with craniofacial 
disorders.

Porcine	SNP	Array Maga et al. (2015)

SMARCE1 Craniofacial formation Encoded	protein	is	part	of	SWI/SNF,	a	chromatin	
remodelling	complex.

Porcine	SNP	Array Fowles	et	al.	(2003)

TP63 Craniofacial formation Encodes for a transcription factor needed for 
proper olfactory development.

Porcine	SNP	Array Durante et al. (2020)

Olfaction 
genes

Olfaction Clusters of olfactory receptors High-	resolution NA

Note:	Represented	are	some	of	the	most	interesting	genes	located	in	regions	under	selection	in	GRSM	individuals.	The	column	“Phenotypic	trait”	
represents only one of the functions that these genes are involved in.
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signals suggest increased fitness after selection at these local-
ized genetic sites. This, combined with the fact that adaptation 
to	novel	environments	(including	human	influences)	increases	the	
fitness of invasive populations, provides us with a genetic basis 
for	 increased	 invasiveness.	 Not	 only	 did	 the	 analysis	 indicate	
selection at genes related to foraging behaviour and cryptic col-
ouration, but genetic stratification analyses provided a basis for 
the possibility of adaptation. Comparisons of heterozygosity and 
fROH	demonstrated	GRSM	maintained	genetic	diversity	similar	to	
Western heritage breeds and European wild boar. The process of 
exoferalization,	therefore,	elevated	genetic	diversity	beyond	lev-
els observed among populations established from a low number 
of founding individuals of either wild boar or Western heritage 
breed origins.

When assessing the speculative effects of the selective sweeps, 
the GO enrichment analyses suggested selective pressure on the 
neural system, revealing enrichment of genes involved in neuro-
genesis	 (GO:0022008,	 60	 genes)	 and	 nervous	 system	development	
(GO:0007399,	 88	 genes).	 Interestingly,	 feralization	 has	 been	 sug-
gested to involve evolution in brain size and composition, including 
behavioural	adaptation	(Henriksen	et	al.,	2018).	Notably,	neurological	
capacity has been found to correlate positively with effective foraging 
behaviour	and	anti-	predator	behaviour	(Croney	et	al.,	2003),	whereas	
the domestication process selected animals with behavioural traits 
that were more manageable in production settings (Kruska, 2005).	
Thus, artificial selection resulted in a severe decrease of the brain–
body ratio in several domestic pig breeds compared to wild boar 
(Kruska, 1970; Maselli et al., 2014).	Multiple	olfaction	GO	terms	were	
enriched,	 including	 ‘Sensory	 perception	 of	 smell’	 (GO:0007608,	 33	
genes),	hinting	at	the	olfactory	receptor	family	known	to	play	an	im-
portant role in rapid pig evolution (Liu et al., 2022; Maga et al., 2015).	
Our results are in line with previous research among Italian feral pigs 
that describes olfactory traits reverting to predomestication pheno-
types	 (Petrelli	 et	 al.,	 2022).	 Selection	 on	 olfaction	 would	 stimulate	
foraging behaviour in a similar way as increased neurological devel-
opment, and perhaps these selective signals are the result of the same 
environmental	selective	pressure.	Additionally,	consistent	population	
control	efforts	within	GRSM	since	1959	are	likely	to	have	led	to	anti-	
predator behavioural responses associated with humans, potentially 
with adaptations in both morphology and physiology (Buderman 
et al., 2023; Mayer & Brisbin, 1991).	The	adaptive	response	to	both	
environmental and anthropogenic selective pressures will lead to in-
creasingly	 invasive	animals	due	to	the	direct	extension	of	 fitness	to	
the invasiveness of these introduced species.

Another	 interesting	 (though	 admittedly	 speculative)	 pattern	 is	
that	 six	 known	 craniofacial	 genes	 appear	 to	 be	 under	 putative	 se-
lection.	These	genes	encode	 for	 two	structural	proteins	 (Van	Camp	
et al., 2006;	 Vissers	 et	 al.,	 2011)	 and	 four	 transcriptional	 regula-
tors (Durante et al., 2020;	Fowles	et	al.,	2003; Lagutin et al., 2003; 
Maga et al., 2015).	 The	observed	 selective	 signal	 is	 exciting,	 as	 the	
skull	shape	has	been	observed	to	be	under	directional	selection.	For	
example,	 across	 the	S. scrofa	 domestic-	wild	 species	 complex,	 a	gra-
dient of skull occipital angle morphologies has been described that 

ranges from ±65° in domestic pigs to ±95°	 in	wild	 boar	 (Mayer	&	
Brisbin, 1991).	Interestingly,	when	comparing	long	term	feral	pig	pop-
ulations	and	short-	term	feral	pig	populations,	the	long-	term	feral	pigs'	
occipital angle was found to shift towards a greater angle (and thus 
starting	to	resemble	wild	type).	Dinu	(2009)	proposed	that	the	differ-
ence	in	skull	shape	that	has	emerged	among	domestic	pigs	is	due	to	(1)	
artificial	selection	for	more	manageable	pigs	and	(2)	directional	selec-
tion to relieve stress on jaw muscles associated with domestic diets. 
The presence of selective signals on skull morphology genes in GRSM 
could therefore indicate a similar return to wild type skulls.

Two genes encoding for crucial enzymes in the melanogenesis 
pathway were found in selective sweeps: TYR	(tyrosinase,	Chr	9)	and	
TYRP1	(tyrosinase	related	protein	1,	Chr	1).	Both	genes	are	associated	
with coat pigmentation, as TYR	 knockdown	experiments	have	been	
shown to cause total albinism in pigs and mice (Wu et al., 2012;	Zhou	
et al., 2015).	 In	 the	melanosome,	 tyrosine	 is	 converted	 to	dopaqui-
none by the activity of tyrosinase, which in turn is converted into 
either eumelanin, which is mediated by TYRP1, or pheomelanin (Ito 
& Wakamatsu, 2003).	The	ratio	between	these	types	of	melanins	de-
termines the coat colouration. While mutations in TYR have not yet 
been associated with a specific coat colouration, a mutation in TYRP1 
is thought to cause the unique brown colouration of Chinese pigs 
(Ren et al., 2011).	Similarly,	examples	are	known	of	mutations	in	this	
gene being associated with different coat colouration morphologies 
in domestic breeds of chicken, goat and rabbit (Becker et al., 2015; 
Li et al., 2019;	Utzeri	et	al.,	2014).	These	studies	corroborate	our	in-
terpretation of selection associated with this gene as inferred from 
the	unique	allele	frequencies	for	three	SNP	loci	encompassing	TYRP1 
in	GRSM	compared	 to	 the	 reference	clusters.	An	 interesting	aspect	
is	 the	 fact	 that	 in	 multiple	 animal	 species,	 similar	 melanogenesis-	
relevant genes cause behavioural changes, specifically fearfulness and 
aggressiveness	(McKinnon	&	Pierotti,	2010).	This,	combined	with	the	
neurological developmental changes, could have interesting implica-
tions for the behaviour of invasive wild pigs.

The	putative	selective	pressure	on	colouration	genes	could	be	ex-
plained by the fact that coat colouration appears to influence neonate 
survival. Survival rates of wild pig neonates with striped coats (a char-
acteristic	of	wild	boar	that	is	generally	absent	in	domestic	pigs)	appear	
to be higher than those with domestic pelage patterns (e.g., fully black 
or	black	and	white	spotted)	(Chinn	et	al.,	2021).	Furthermore,	selec-
tion of coat colouration could provide increased protection against 
sun	exposure.	Wild	boar	are	susceptible	to	UV	damage,	partly	explain-
ing their need for wallowing (Bracke, 2011;	Newell	et	al.,	2021).	A	wild	
type	coat	offers	greater	UV	protection;	however,	one	could	question	
the	selective	pressure	imposed	by	UV	exposure	in	the	closed	canopy	
forests characteristic of the Great Smoky Mountains region.

The fact that genes responsible for neurological development, coat 
colouration and skull formation appear to be under selection in invasive 
wild	pigs,	is	interesting	from	an	evolutionary	perspective	in	the	context	
of the role of these traits in the domestication syndrome. The domesti-
cation syndrome describes a phenomenon in which certain trait morphs 
have been selected for in multiple domestic species and are generally 
considered to result in low fitness in the wild (Wilkins et al., 2014; Wright 
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et al., 2020).	As	domesticated	traits	often	decrease	effective	foraging,	a	
return to the ancestral state could imply increased invasiveness among 
GRSM. The signatures of selection indicate that genes specifically asso-
ciated with the domestication syndrome are under selection, solidifying 
an evolutionary hypothesis in which processes of natural selection fa-
vour the ancestral, wild type of those traits. This pattern has also been 
observed in other domesticated populations that became feral, such 
as	rabbits,	chickens	and	dingos	(Henriksen	et	al.,	2018).	 Interestingly,	
our analyses contradict the assumption that these haplotypes are wild 
boar-	derived,	as	 the	selected	haplotypes	were	genetically	most	simi-
lar to haplotypes observed among heritage breeds. Therefore, it is not 
merely	 the	 introgression	 of	 wild	 boar	 alleles,	 but	 the	 genome-	wide	
combination of domestic and wild ancestry that forms the basis of the 
invasiveness of the wild pigs, strikingly similar to patterns observed 
among	Hawaiian	feral	chickens	(Johnsson	et	al.,	2016).

4.2  |  From exoferalization to invasive bridgehead

The	 exoferalization	 patterns	 combined	 with	 the	 selective	 signals	
observed in this study paint an invasion scenario in which hybridiza-
tion enriched genetic diversity and fostered local adaptation. When 
translating	 this	 to	 the	bridgehead	effect,	we	would	 in	 fact	 expect	
GRSM, a known invasive bridgehead, to be genetically diverse 
with	 low	 inbreeding	 depression	 (Ascunce	 et	 al.,	 2011; Lombaert 
et al., 2010).	 Otherwise,	 all	 secondary	 populations	 would	 quickly	
succumb to the effects of inbreeding and concomitant genetic load. 
Therefore, the observed genetic diversity and signatures of selec-
tion support the hypothesis that the GRSM population, descending 
from	the	wild	boar	introduced	into	Hooper	Bald,	would	be	a	strong	
bridgehead population. We also found that other invasive popula-
tions surrounding GRSM had high diversity levels and similar hap-
lotype structures at selective genetic sites, increasing the likelihood 
of a population achieving invasive success through local adaptation.

Critiques on the application of evolutionary theory in invasion 
ecological	 theory	 (including	 IBE)	 mainly	 stem	 from	 the	 fact	 that	
there	is	no	research-	based	phenotypic	or	genetic	evidence	for	ad-
aptation in these cases (Bertelsmeier & Keller, 2018).	 Generally,	
such evolutionary invasion studies tend to only provide ancestry 
models showing that one invasive population contributed to the 
emergence of many new invasive populations (Javal et al., 2019).	
Here,	we	 identify	the	genetic	basis	for	adaptation,	 in	combination	
with	 the	pre-	existing	evidence	 that	 these	animals	are	morpholog-
ically distinct from both wild boar and heritage breeds (Mayer & 
Brisbin, 1991).	Additionally,	our	analyses	provide	a	genetic	basis	for	
directional adaptation to the wild, contributing to feralization, as 
some of the genes under intense selection identified in the present 
work have been associated with traits involved in domestication.

Generally, when considering an invasive population as an invasive 
bridgehead, failed introductions are provided as evidence that a given 
invasive population is the only population that could be established 
(Keller et al., 2012; Rahbari et al., 2017).	 For	 example,	 in	 develop-
ing the concept of an IBE, Lombaert et al. (2010)	demonstrated	that	

multiple intentional introductions of Harmonia axyridis for pest control 
did	not	result	in	invasive	populations.	However,	one	particularly	inva-
sive H. axyridis population became established, resulting in secondary 
introductions. This is clearly not the case for wild pigs, given that mul-
tiple	introductions	are	known	that	have	led	to	self-	propagating	inva-
sive populations (Mayer & Brisbin,1991).	However,	it	is	clear	that	the	
population in the Great Smoky Mountains region, descending from 
the	Hooper	Bald	wild	boar	 introduction,	has	 served	as	a	 source	 for	
secondary introductions of invasive wild pigs into many areas not geo-
graphically	linked	to	the	GRSM.	Historical	records	describe	situations	
in which hunting associations actively sourced hybrid swine from the 
region for the purposes of establishing additional populations for 
recreational hunting (Lewis, 1966).	The	fact	that	the	translocation	of	
wild pigs from the Great Smoky Mountains region led to new invasive 
populations helps strengthen our conclusion that this population has 
adapted to be more invasive.

As	for	our	hypothesis	that	exoferalization	led	to	the	formation	of	
an invasive bridgehead, we argue that this might be a common phe-
nomenon, though generally not described as such in the literature. 
Populations	formed	through	exoferalization	and	invasive	bridgehead	
populations often have one aspect in common: they are geneti-
cally	admixed	(Blumenfeld	et	al.,	2021;	Henriksen	et	al.,	2018; Javal 
et al., 2019; Keller et al., 2012; Kruska, 2005).	As	such,	we	advocate	
for the inclusion of evolutionary hypotheses related to feralization in 
invasive bridgeheads to include species that have been domesticated. 
This would allow for greater insights into the evolutionary implications 
of	admixture	that	have	been	restrictively	classified	as	feralization.

5  |  CONCLUSION

The current research provides support for the hypothesis that the 
heightened	invasiveness	of	populations	descending	from	the	Hooper	
Bald	wild	boar	introduction	was	(at	least	in	part)	attributable	to	exofe-
ralization between wild boar and heritage breeds. The GRSM popula-
tion and surrounding populations were found to be genetically diverse, 
enabling subsequent adaptation to novel ecosystems. The signatures 
of the selection observed among invasive wild pig populations are 
likely to be the result of directional selection against domestic pheno-
types, such as loss of coat pigmentation. On the other hand, we also 
found evidence for selection acting on haplotypes derived from do-
mestic pigs. These results suggest that the unique combination of wild 
and domestic alleles that occurred within GRSM allowed the popula-
tion to function as an invasive bridgehead population, with descendant 
populations	demonstrating	 increased	 invasiveness.	As	 the	 spread	of	
wild	pigs	has	continued	in	the	US,	intensive	containment	and	control	
efforts	are	needed.	Research	on	the	genetic	make-	up	and	adaptability	
of these animals increases our understanding of their invasive nature 
and allows for better regulation of these populations.
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