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Abstract
Ɛĺ	 The	mutation	accumuѴation	theory	of	senescence	predicts	that	ageŊreѴated	dete-

rioration	of	fitness	can	be	exaggerated	when	inbreeding	causes	homozygosity	for	
deѴeterious	aѴѴeѴesĺ	A	vitaѴ	component	of	fitnessķ	in	naturaѴ	popuѴationsķ	is	the	inci-
dence	and	progression	of	diseaseĺ

Ƒĺ	 Evidence	 is	 growing	 for	naturaѴ	 Ѵinks	between	 inbreeding	 and	ageingĸ	 between	
inbreeding	and	diseaseĸ	between	sex	and	ageingĸ	and	between	sex	and	diseaseĺ	
Howeverķ	there	is	scant	evidenceķ	to	dateķ	for	Ѵinks	among	ageķ	diseaseķ	inbreeding	
and	sex	in	a	singѴe	naturaѴ	popuѴationĺ

ƒĺ	 Using	 ecoѴogicaѴ	 and	 epidemioѴogicaѴ	 data	 from	 a	 ѴongŊterm	 ѴongitudinaѴ	 fieѴd	
studyķ	we	show	that	in	wiѴd	European	badgers	ŐMeles meleső	exposed	naturaѴѴy	to	
bovine	tubercuѴosis	ŐbTBőķ	inbreeding	Őmeasured	as	muѴtiѴocus	homozygosityő	in-

tensifies	a	positive	correѴation	between	age	and	evidence	of	progressed	infection	
Őmeasured	as	an	antibody	response	to	bTBőķ	but	onѴy	among	femaѴesĺ	MaѴe	badg-
ers	suffer	a	steeper	reѴationship	between	age	and	progressed	infection	than	fe-

maѴesķ	with	no	infѴuence	of	inbred	statusĺ	We	found	no	Ѵink	between	inbreeding	
and	the	incidence	of	progressed	infection	during	earѴy	Ѵife	in	either	sexĺ

Ɠĺ	 Our	 findings	highѴight	an	ageŊreѴated	 increase	 in	 the	 impact	of	 inbreeding	on	a	
fitnessŊreѴevant	trait	Ődisease	stateő	among	femaѴesĺ	This	reѴationship	is	consistent	
with	 the	 predictions	 of	 the	 mutation	 accumuѴation	 theory	 of	 senescenceķ	 but	
other	mechanisms	couѴd	aѴso	pѴay	a	roѴeĺ	For	exampѴeķ	ѴateŊѴife	decѴines	in	condi-
tionķ	arising	through	mechanisms	other	than	mutation	accumuѴation	might	have	
increased	the	magnitude	of	inbreeding	depression	in	Ѵate	Ѵifeĺ

Ɣĺ	 Whichever	mechanism	 causes	 the	 observed	 patternsķ	 we	 have	 shown	 that	 in-

breeding	can	 infѴuence	ageŊdependent	patterns	of	disease	andķ	by	extensionķ	 is	
ѴikeѴy	to	affect	the	magnitude	and	timing	of	the	ѴateŊѴife	decѴines	in	components	of	
fitness	 that	characterise	 senescenceĺ	Better	understanding	of	 sexŊspecific	 Ѵinks	
between	 inbreedingķ	 disease	 and	 ageing	provides	 insights	 into	popuѴationŊѴeveѴ	
pathogen	dynamics	and	couѴd	infѴuence	management	strategies	for	wiѴdѴife	reser-
voirs	of	zoonotic	diseaseĺ
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ƐՊ |ՊINTRODUC TION

Inbreeding	depression	describes	a	reduction	in	the	fitness	of	offspring	
of	 reѴated	 individuaѴs	 ŐCharѴesworth	ş	CharѴesworthķ	 ƐƖѶƕĸ	Darwinķ	
ƐѶƕѵĸ	SѴate	et	aѴĺķ	 ƑƏƏƓő	 and	 is	expѴained	by	 the	expression	of	deѴe-

terious	aѴѴeѴes	that	are	made	homozygous	by	breeding	among	reѴated	
individuaѴsĺ	Inbreeding	might	harm	components	of	fitness	throughout	
an	individuaѴĽs	ѴifeŊ	courseķ	or	mightķ	through	a	variety	of	mechanismsķ	
become	more	harmfuѴ	with	increasing	ageĺ	For	exampѴeķ	the	mutation	
accumuѴation	theory	of	senescence	ŐMedawarķ	ƐƖƔƑő	predicts	that	nat-
uraѴ	seѴection	on	earѴyŊ	Ѵife	fitness	components	shouѴd	purge	the	deѴete-

rious	effects	of	inbreeding	in	earѴy	Ѵife	whiѴe	ѴateŊ	acting	effects	remainķ	
Ѵeading	to	an	increase	in	the	magnitude	of	inbreeding	depression	with	
advancing	age	ŐCharѴesworth	ş	Hughesķ	ƐƖƖѵĸ	WiѴѴiamsķ	ƐƖƔƕĸ	WiѴsonķ	
Charmantierķ	ş	HadfieѴdķ	ƑƏƏѶőĺ	Mutation	accumuѴation	 is	notķ	how-

everķ	the	onѴy	mechanism	that	can	yieѴd	changes	in	the	magnitude	of	
inbreeding	depression	with	advancing	ageĺ	The	 same	changes	couѴd	
be	caused	by	speciaѴ	cases	of	antagonistic	pѴeiotropy	ŐCharѴesworth	ş	
Hughesķ	ƐƖƖѵĸ	WiѴѴiamsķ	ƐƖƔƕő	and	by	conditionŊ	dependent	inbreeding	
depression	when	condition	decѴines	with	age	independent	of	accumu-

Ѵated	ѴateŊ	acting	mutations	ŐWiѴson	et	aѴĺķ	ƑƏƏѶőĺ
Evidence	 is	 growing	 for	 naturaѴ	 Ѵinks	 between	 inbreeding	 and	

ageingĸ	between	 inbreeding	and	diseaseĸ	between	sex	and	ageingĸ	
and	between	sex	and	disease	ŐaѴѴ	reviewed	beѴowőĺ	Howeverķ	there	
is	scant	evidenceķ	to	dateķ	for	Ѵinks	among	ageķ	diseaseķ	 inbreeding	
and	sex	in	a	singѴe	naturaѴ	popuѴationĺ	Understanding	the	causes	and	
consequences	of	inbreeding	depression	has	important	appѴications	
for	conservation	ŐHedrick	ş	GarciaŊ	Doradoķ	ƑƏƐѵĸ	KeѴѴer	ş	WaѴѴerķ	
ƑƏƏƑő	and	for	the	epidemioѴogy	of	wiѴdѴife	and	zoonotic	disease	ŐDe	
Castro	ş	BoѴkerķ	ƑƏƏƔőĺ	It	is	therefore	important	to	consider	interac-
tions	among	ageķ	inbreeding	and	host	traits	in	our	attempts	to	under-
stand	and	manage	disease	in	popuѴations	of	wiѴd	animaѴsĺ

Thanks	 to	 the	 existence	 of	 severaѴ	 exempѴary	 demographic	
study	 systemsķ	 actuariaѴ	 senescence	 Őincreasing	 risk	 of	 mortaѴity	
with	 increasing	 ageő	 and	 ageŊ	dependent	 decѴines	 in	 other	 fitness	
components	 have	 now	 been	 documented	 in	 naturaѴ	 popuѴations	
ŐBeirneķ	Waringķ	McDonaѴdķ	DeѴahayķ	ş	Youngķ	ƑƏƐѵĸ	B࣐rub࣐ķ	FestaŊ	
Bianchetķ	 ş	 Jorgensonķ	 ƐƖƖƖĸ	 Loisonķ	 FestaŊ	Bianchetķ	 GaiѴѴardķ	
Jorgensonķ	 ş	 JuѴѴienķ	 ƐƖƖƖĸ	 Nusseyķ	 Froyķ	 Lemaitreķ	 GaiѴѴardķ	 ş	
Austadķ	ƑƏƐƒőķ	and	genomewide	homozygosityķ	caused	by	inbreed-

ingķ	 has	 been	 shown	 to	 exaggerate	 ageŊ	dependent	 trajectories	 of	
mortaѴity	and	performance	ŐKeѴѴerķ	Reidķ	ş	Arceseķ	ƑƏƏѶĸ	ReynoѴds	
et	aѴĺķ	 ƑƏƏƕĸ	 Snoke	 ş	 PromisѴowķ	 ƑƏƏƒĸ	 SwindeѴѴ	 ş	 Bouzatķ	 ƑƏƏѵĸ	
WiѴson	et	aѴĺķ	ƑƏƏƕķ	ƑƏƏѶőĺ	In	humansķ	inbreeding	has	been	Ѵinked	to	
the	Ѵate	onset	of	a	range	of	diseases	ŐRudan	et	aѴĺķ	ƑƏƏƒőĺ	Howeverķ	
empiricaѴ	 data	 Ѵinking	 inbreeding	 depression	 to	 infection	 and	 dis-
ease	are	very	Ѵimited	in	wiѴd	popuѴations	ŐSpieѴmanķ	Brookķ	Briscoeķ	
ş	Frankhamķ	ƑƏƏƓĸ	Townsend	et	aѴĺķ	ƑƏƏƖőĺ	Recent	exampѴes	of	in-

breeding	 depression	 in	 immunoѴogicaѴ	 responses	 to	 pathogen	 ex-
posure	 incѴude	 song	 sparrows	 ŐMelospiza melodiaő	 ŐReidķ	Arceseķ	ş	
KeѴѴerķ	 ƑƏƏƒőķ	American	 crows	 ŐCorvus brachyrhynchoső	 ŐTownsendķ	
CѴarkķ	 McGowanķ	 MiѴѴerķ	 ş	 BuckѴesķ	 ƑƏƐƏő	 and	 Tasmanian	 deviѴs	
ŐSarcophilus harrisiiő	 ŐSiddѴe	 et	aѴĺķ	 ƑƏƏƕőĺ	 Inbreeding	 has	 aѴso	 been	

Ѵinked	to	higher	rates	of	parasitism	in	a	range	of	species	 ŐCoѴtmanķ	
PiѴkingtonķ	Smithķ	ş	Pembertonķ	ƐƖƖƖĸ	SmaѴѴboneķ	van	Oosterhoutķ	
ş	CabѴeķ	ƑƏƐѵĸ	Whitemanķ	Matsonķ	BoѴѴmerķ	ş	Parkerķ	ƑƏƏѵőĺ

Sex	 differences	 in	 susceptibiѴity	 to	 disease	 are	 weѴѴ	 known	 in	
humansķ	 domesticated	 and	 wiѴd	 animaѴs	 ŐAustad	 ş	 Fischerķ	 ƑƏƐѵĸ	
Boumanķ	Heinemanķ	 ş	 Faasķ	 ƑƏƏƔĸ	 GuerraŊ	SiѴveira	 ş	AbadŊ	Franchķ	
ƑƏƐƒĸ	MarkѴe	ş	Fishķ	ƑƏƐƓĸ	Schuurs	ş	VerheuѴķ	ƐƖƖƏĸ	Zuk	ş	McKeanķ	
ƐƖƖѵőĺ	MaѴes	are	commonѴy	more	susceptibѴe	to	disease	in	mammaѴs	
ŐKѴeinķ	 ƑƏƏƏĸ	 McDonaѴdķ	 Smithķ	 McDonaѴdķ	 DeѴahayķ	 ş	 Hodgsonķ	
ƑƏƐƓőĸ	thereforeķ	the	strength	of	age	dependence	in	disease	incidence	
and	severity	might	be	expected	to	differ	between	the	sexesĺ	Divergent	
hypotheses	regarding	the	Ѵink	between	sexŊ		and	ageŊ	dependent	dis-
ease	are	perhaps	equaѴѴy	vaѴid	a	prioriĺ	If	maѴes	are	more	susceptibѴe	to	
infection	and	diseaseŊ	induced	mortaѴityķ	there	shouѴd	be	greater	se-

Ѵection	pressure	for	earѴyŊ	Ѵife	resistance	or	toѴerance	in	this	sexķ	at	the	
expense	of	 ѴateŊ	Ѵife	effectsķ	yieѴding	a	more	 intense	ageŊ	dependent	
pattern	 in	maѴes	 reѴative	 to	 femaѴesĺ	 AѴternativeѴyķ	 diseaseŊ	induced	
mortaѴity	 may	 be	 sufficientѴy	 intense	 among	 maѴes	 that	 subѴethaѴ	
changes	in	disease	incidence	are	simpѴy	undetectabѴe	in	this	sexĺ

AgeŊ	dependent	patterns	 in	 infection	and	disease	can	have	many	
proximate	causesķ	incѴuding	immunosenescence	ŐageŊ	reѴated	decѴines	
in	immunoѴogicaѴ	resistance	toķ	or	toѴerance	ofķ	infectionőĸ	behaviouraѴ	
changes	with	age	Őcausing	greater	exposure	to	infection	with	increas-
ing	 ageőĸ	 ageŊ	dependent	 sensitivity	 to	 diagnostic	 testsĸ	 and	 generaѴ	
decѴines	 in	 condition	with	age	 Őcausing	greater	 incidence	of	diseaseķ	
independent	of	the	immune	systemőĺ	Surveys	of	disease	incidence	can-

not	readiѴy	tease	apart	the	reѴative	importance	of	these	mechanisms	
Ѵeading	to	age	dependenceĺ	Indeedķ	any	popuѴation	of	hosts	that	suf-
fer	constant	exposure	to	infection	wiѴѴ	dispѴay	an	increase	in	incidence	
andņor	severity	of	disease	with	increasing	ageķ	simpѴy	due	to	the	sta-
tisticaѴ	process	of	cumuѴative	exposureĺ	Surveys	canķ	howeverķ	detect	
heterogeneity	in	the	sѴope	of	disease	prevaѴence	with	increasing	ageķ	
providing	evidence	for	 Ѵinks	between	age	dependence	of	disease	 in-

cidence	and	host	traitsĺ	To	dateķ	we	know	of	onѴy	two	exampѴes	that	
suggest	a	Ѵink	between	inbreeding	and	ageŊ	dependent	diseaseķ	in	wiѴd	
animaѴsĺ	In	song	sparrows	ŐReid	et	aѴĺķ	ƑƏƏƒőķ	disease	resistance	is	de-

termined	by	maternaѴ	effects	in	nestѴings	and	by	inbreeding	depression	
among	aduѴtsĸ	and	among	wiѴd	Soay	sheep	ŐCoѴtman	et	aѴĺķ	ƐƖƖƖőķ	 in-

breeding	correѴates	with	macroparasite	Ѵoads	in	aduѴts	but	not	Ѵambsĺ
Hereķ	we	study	naturaѴ	interactions	between	sexķ	ageķ	inbreed-

ing	and	infection	status	in	European	badgers	ŐMeles meleső	naturaѴѴy	
exposed	to	Mycobacterium bovisķ	 the	pathogen	responsibѴe	 for	bo-

vine	 tubercuѴosis	 ŐbTBőĺ	There	 is	evidence	 from	a	 range	of	 species	
that	host	genotype	has	an	infѴuence	on	the	outcome	of	tubercuѴo-

sis	 infection	caused	by	members	of	the	Mycobacterium tuberculosis 

ŐTBő	compѴex	ŐѴe	Roexķ	van	HeѴdenķ	Koetsķ	ş	HoaѴķ	ƑƏƐƒőĺ	In	humansķ	
inbreeding	depression	has	been	associated	with	increased	suscepti-
biѴity	to	TB	infection	ŐLyonsķ	Frodshamķ	Zhangķ	HiѴѴķ	ş	Amosķ	ƑƏƏƖőĺ	
SimiѴarѴyķ	inbred	rabbits	are	more	susceptibѴe	to	TB	infection	under	
experimentaѴ	infection	conditions	ŐDorman	et	aѴĺķ	ƑƏƏƓőķ	and	inbred	
Ѵines	of	mice	 segregate	 into	 resistant	and	susceptibѴe	phenotypesķ	
with	no	intermediates	ŐBriѴesķ	ƑƏƐƑőĺ	Inbreeding	depression	has	been	
Ѵinked	to	increased	susceptibiѴity	to	M. bovis	infection	in	African	Ѵions	
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(Panthera leo)	 ŐTrinkeѴķ	 Cooperķ	 Packerķ	 ş	 SѴotowķ	 ƑƏƐƐőķ	 red	 deer	
ŐQueirॕsķ	Vicenteķ	AѴvesķ	de	 Ѵa	Fuenteķ	ş	Gortazarķ	ƑƏƐѵő	and	wiѴd	
boar	ŐAcevedoŊ	Whitehouse	et	aѴĺķ	ƑƏƏƔőĺ

In	the	UK	and	IreѴandķ	the	European	badger	is	the	principaѴ	wiѴd-

Ѵife	 reservoir	 of	 M. bovis	 and	 is	 invoѴved	 in	 the	 transmission	 and	
persistence	of	bTB	 in	cattѴeĺ	The	sociaѴ	 structureķ	kin	structure	and	
dispersaѴ	 patternsķ	 typicaѴ	 of	 highŊ	density	 badger	 popuѴationsķ	 are	
known	to	infѴuence	mating	patterns	ŐCarpenter	et	aѴĺķ	ƑƏƏƔőķ	increas-
ing	 the	 ѴikeѴihood	 of	 mating	 between	 reѴatives	 ŐSzuѴkin	 ş	 SheѴdonķ	
ƑƏƏѶőĺ	 ExtraŊ	group	 mating	 is	 commonpѴace	 ŐDugdaѴeķ	 MacdonaѴdķ	
Popeķ	ş	Burkeķ	ƑƏƏƕĸ	Evansķ	MacdonaѴdķ	ş	Cheesemanķ	ƐƖѶƖőķ	with	
approximateѴy	haѴf	of	aѴѴ	cubs	 fathered	by	maѴes	 from	other	groups	
ŐCarpenter	et	aѴĺķ	ƑƏƏƔőĺ	 It	 is	possibѴe	that	this	behaviour	evoѴved	to	
miѴitate	against	fitness	costs	associated	with	inbreeding	ŐAnnavi	et	aѴĺķ	
ƑƏƐƓĸ	Durrant	ş	Hughesķ	ƑƏƏƔőķ	perhaps	heѴping	to	diversify	the	bad-

gerĽs	major	histocompatibiѴity	compѴex	 ŐMHCőķ	a	principaѴ	 source	of	
genetic	resistance	to	disease	ŐSinķ	DugdaѴeķ	Newmanķ	MacdonaѴdķ	ş	
Burkeķ	ƑƏƐƑőĺ	EarѴy	work	on	popuѴation	genetics	suggested	inbreed-

ing	rates	among	badgers	in	highŊ	density	popuѴations	were	Ѵower	than	
those	reported	in	other	sociaѴ	mammaѴs	ŐEvans	et	aѴĺķ	ƐƖѶƖőĸ	howeverķ	
more	 recentķ	 pedigreeŊ	based	 findings	 reported	 that	 Ɣѷ	 of	matings	
were	 among	 kin	 ŐDugdaѴe	 et	aѴĺķ	 ƑƏƏƕőĺ	 The	 badger	 system	 is	 weѴѴ	
suited	to	the	study	of	Ѵinks	between	ageķ	sex	and	inbreedingķ	because	
ageŊ	reѴated	 decѴines	 in	 immune	 ceѴѴ	 teѴomere	 Ѵength	 and	 cytokine	
responses	 have	 been	 documented	 in	 both	 sexes	 ŐBeirneķ	 DeѴahayķ	
Haresķ	ş	Youngķ	ƑƏƐƓĸ	Beirne	et	aѴĺķ	ƑƏƐѵőķ	and	sex	differences	in	com-

ponents	 of	 immunity	 have	 aѴso	 been	 reported	 ŐBeirne	 et	aѴĺķ	 ƑƏƐѵőĺ	
Evidence	of	both	reproductive	ŐDugdaѴeķ	Popeķ	Newmanķ	MacdonaѴdķ	
ş	Burkeķ	ƑƏƐƐő	and	body	mass	senescence	ŐBeirneķ	DeѴahayķ	ş	Youngķ	
ƑƏƐƔő	 have	 aѴso	 been	 documentedĺ	 Body	 mass	 senescence	 is	 aѴso	
more	intense	among	maѴe	badgersķ	and	maѴes	aѴso	suffer	significantѴy	
higher	rates	of	disease	progression	and	diseaseŊ	induced	mortaѴity	foѴ-
Ѵowing	infection	with	M. bovis	ŐMcDonaѴd	et	aѴĺķ	ƑƏƐƓőĺ

We	 investigate	the	reѴationship	between	 inbreedingķ	ageķ	sex	
and	disease	status	using	data	from	a	 ѴongŊ	term	study	of	badgers	
naturaѴѴy	exposed	to	M. bovis	infectionĺ	We	predict	that	individuaѴs	
with	higher	inbreeding	coefficients	wiѴѴ	be	more	ѴikeѴy	to	express	
antibody	responses	to	infectionķ	indicative	of	progressed	diseaseĺ	
We	 further	 predictķ	 based	 on	 the	mutation	 accumuѴation	modeѴ	
of	ageing	ŐMedawarķ	ƐƖƔƑőķ	that	this	 Ѵink	between	inbreeding	co-

efficients	and	progressed	disease	wiѴѴ	intensify	with	ageĺ	We	aѴso	
propose	that	this	Ѵink	between	inbreeding	and	ageŊ	dependent	pat-
terns	of	infection	wiѴѴ	differ	between	maѴes	and	femaѴesķ	but	it	is	
difficuѴt	 to	predict	which	sex	wiѴѴ	 suffer	ageŊ	dependent	progres-
sion	more	acuteѴyķ	or	in	which	sex	it	wiѴѴ	be	most	easiѴy	detectedĺ

ƑՊ |ՊMATERIAL S AND METHODS

ƑĺƐՊ|ՊBadger sampѴing and TB diagnostic tests

AѴѴ	 data	 used	 in	 these	 anaѴyses	 were	 coѴѴected	 from	 the	 cap-

tureŋmarkŋrecapture	 study	 of	 a	 wiѴd	 popuѴation	 of	 badgers	 at	

Woodchester	Park	 in	GѴoucestershire	 ŐDeѴahay	 et	aѴĺķ	 ƑƏƐƒőĺ	 Since	
ƐƖƕѵķ	badgers	have	been	trapped	up	to	four	times	a	yearĺ	Since	the	
start	of	the	studyķ	a	range	of	cѴinicaѴ	sampѴes	Ősputumķ	faecesķ	urineķ	
swabs	of	bite	wounds	or	abscesseső	have	been	routineѴy	 taken	for	
the	 detection	 of	M. bovis	 by	 cuѴture	 ŐGaѴѴagher	 ş	 HorwiѴѴķ	 ƐƖƕƕőĺ	
Between	 ƐƖƖƏ	 and	 ƑƏƏƔķ	 bѴood	 sampѴes	 were	 subjected	 to	 the	
Brock	ELISA	antibody	test	ŐGoodger	et	aѴĺķ	ƐƖƖƓő	which	was	repѴaced	
with	the	improved	StatŊ	Pak	antibody	test	in	ƑƏƏѵ	ŐChambers	et	aѴĺķ	
ƑƏƏѶőĺ	A	gammaŊ	interferon	assay	for	the	cytokines	associated	with	
the	ceѴѴŊ	mediated	response	to	M. bovis	ŐDaѴѴey	et	aѴĺķ	ƑƏƏѶő	was	aѴso	
introduced	in	ƑƏƏѵ	ŐDeѴahay	et	aѴĺķ	ƑƏƐƒőĺ

We	 considered	 onѴy	 those	 badgers	 of	 known	 age	 Őiĺeĺķ	 first	
trapped	 as	 cubső	 and	 for	 which	 we	 had	 a	 genotypeĺ	 The	 badger	
markŋrecapture	 database	 comprises	 a	majority	 of	 individuaѴs	 that	
never	tested	positive	to	M. bovis	infectionĺ	For	anaѴysesķ	we	incѴuded	
onѴy	those	badgers	whose	Ѵifetime	set	of	diagnostic	test	resuѴts	indi-
cated	they	had	been	exposed	to	M. bovisĺ	AѴѴ	exposed	badgers	con-

tributed	their	entire	set	of	capture	data	and	diagnostic	test	resuѴts	
to	 the	anaѴysisĺ	AѴthough	aѴѴ	 the	diagnostic	 tests	have	 their	 Ѵimita-
tionsķ	the	combination	of	test	resuѴts	provide	bioѴogicaѴѴy	meaningfuѴ	
information	on	the	incidence	and	subsequent	progression	of	infec-
tion	 within	 individuaѴs	 ŐTomѴinsonķ	 Chambersķ	 Carterķ	 et	aѴĺķ	 ƑƏƐƒĸ	
TomѴinsonķ	 Chambersķ	 WiѴsonķ	 McDonaѴdķ	 ş	 DeѴahayķ	 ƑƏƐƒőĺ	 TB	
progression	 in	badgers	 is	assumed	to	be	one	way	 Őiĺeĺķ	 infected	 in-

dividuaѴs	do	not	recoverő	ŐGaѴѴagherķ	Moniesķ	GavierŊ	Widenķ	ş	RuѴeķ	
ƐƖƖѶĸ	 Graham	 et	aѴĺķ	 ƑƏƐƒőĺ	 Outcomes	 of	 the	 different	 diagnostic	
tests	refѴect	different	stages	of	infectionķ	from	earѴy	ŐceѴѴŊ	mediated	
responseķ	 as	 measured	 by	 the	 gammaŊ	interferon	 assayőķ	 to	 pro-

gressed	ŐseroѴogicaѴ	responses	measured	by	Brock	ELISA	and	StatŊ
Pak	tests	ŐGoodger	et	aѴĺķ	ƐƖƖƓĸ	Chambers	et	aѴĺķ	ƑƏƏѶő	to	advanced	
ŐľinfectiousĿ	individuaѴs	excrete	M. bovis	baciѴѴi	at	singѴe	or	muѴtipѴe	
Ѵocations	 ŐŐPritchard	et	aѴĺķ	ƐƖѶѵĸ	Graham	et	aѴĺķ	ƑƏƐƒőķ	 as	detected	
by	cuѴtureőĺ	Limitations	in	the	sensitivity	of	these	tests	have	been	ex-
pѴored	in	detaiѴ	eѴsewhere	ŐBuzduganķ	Chambersķ	DeѴahayķ	ş	Dreweķ	
ƑƏƐѵĸ	 Dreweķ	 TomѴinsonķ	WaѴkerķ	 ş	 DeѴahayķ	 ƑƏƐƏőĺ	 Howeverķ	 aѴѴ	
tests	 used	 are	 highѴy	 specific	 ŐgammaŊ	interferon	 assayĹ	 Ɩƕѷ	 spe-

cific	 ŐBuzdugan	 et	aѴĺķ	 ƑƏƐѵĸ	 Hodgson	 ş	 McDonaѴdķ	 ƑƏƐѶőķ	 Brock	
ELISAĹ	 ƖƓѷŋƖѶѷ	 ŐCѴiftonŊ	HadѴeyķ	 Sayersķ	ş	 Stockķ	 ƐƖƖƔĸ	Goodger	
et	aѴĺķ	ƐƖƖƓőķ	StatŊPakĹ	Ɩƕѷ	ŐBuzdugan	et	aѴĺķ	ƑƏƐѵő	and	cuѴtureĹ	ƐƏƏѷ	
ŐDrewe	et	aѴĺķ	ƑƏƐƏĸ	Pritchard	et	aѴĺķ	ƐƖѶѵőőĺ	We	are	therefore	confi-
dent	that	those	individuaѴs	identified	as	infected	in	this	study	are	not	
truѴy	uninfectedĺ

ƑĺƑՊ|ՊGenotyping and measures of inbreeding

On	 first	 captureķ	 a	 hair	 sampѴe	 was	 taken	 from	 trapped	 badgers	
and	stored	in	ѶƏѷ	ethanoѴ	prior	to	DNA	extraction	and	genotyping	
ŐCarpenter	et	aѴĺķ	ƑƏƏƔőĺ	Genotyping	invoѴved	the	use	of	ƑƑ	micros-
ateѴѴite	markersķ	each	with	Ɠŋƕ	aѴѴeѴesĺ	The	MicroDrop	Programme	
ŐWang	ş	Rosenbergķ	ƑƏƐƑő	was	used	to	impute	missing	microsateѴ-
Ѵite	dataĺ	Deviations	from	HardyŋWeinberg	equiѴibrium	for	each	of	
the	ƑƑ	microsateѴѴite	markers	were	 tested	on	 the	 imputed	dataset	
using	the	hwtest	function	in	ľadegenetķĿ	and	none	were	identifiedĺ	
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Homogeneity	of	variance	among	Ѵoci	was	confirmed	Őp	Ʒ	ƏĺƕѶő	using	
BartѴettĽs	testĺ

In	 the	absence	of	 a	detaiѴed	pedigreeķ	 inbreeding	was	 inferred	
using	measures	of	muѴtiѴocus	heterozygosity	ŐJombartķ	ƑƏƏѶĸ	KeѴѴer	
ş	 WaѴѴerķ	 ƑƏƏƑő	 using	 the	 MLH	 function	 in	 the	 INBREEDR	 package	
ŐStoffeѴ	et	aѴĺķ	ƑƏƐѵőĺ	An	individuaѴ	inbreeding	coefficient	ŐIICő	can	aѴso	be	
estimated	directѴy	from	microsateѴѴite	markersķ	where	it	is	defined	as	
the	probabiѴity	of	an	individuaѴ	inheriting	two	identicaѴ	aѴѴeѴes	from	
a	singѴe	ancestorĺ	We	checked	the	robustness	of	our	MLH	anaѴyses	
using	estimates	of	IICķ	caѴcuѴated	using	the	R	package	ADEGENET	Őv	ƐĺƒŊ	
ƖĺƑő	ŐJombartķ	ƑƏƏѶőĺ	MuѴtiѴocus	homozygosityķ	and	IICķ	was	scaѴed	
to	have	zero	mean	and	unit	varianceķ	prior	to	aѴѴ	anaѴysesĺ

ƑĺƒՊ|ՊStatisticaѴ modeѴѴing

AѴѴ	 statisticaѴ	 anaѴyses	were	 conducted	 in	R	 version	ƒĺƒĺƑ	 ŐR	Core	
DeveѴopment	 Teamķ	 ƑƏƐѵőķ	 using	 mixedŊ	effects	 modeѴs	 using	 the	
package	 LME4	 ŐvƐĺƏŊ	Ɣő	 ŐBatesķ	ƑƏƐƏőĺ	 In	aѴ Ѵ 	anaѴysesķ	we	regressed	the	
antibody	response	ŐBrock	ELISA	or	StatŊ	Pak	antibody	test	resuѴtő	of	each	
badger	on	each	sampѴing	occasionķ	as	a	binary	response	variabѴe	Őan-

tibody	positive	or	negativeőķ	against	 the	age	 Őmeasured	 in	quarterŊ	
yearsőķ	homozygosity	 Őmeasured	as	ƐŊ	MLHő	and	sex	of	 the	badgerķ	
and	their	interactionsĺ	As	there	is	evidence	that	antibody	test	sen-

sitivities	 increase	with	TB	progression	 in	badgers	 ŐChambers	et	aѴĺķ	
ƑƏƏѶĸ	Goodger	et	aѴĺķ	ƐƖƖƓőķ	the	diagnosis	ľantibody	positiveĿ	is	here	
assumed	to	provide	evidence	for	progressed	infectionķ	rather	than	
evidence	for	successfuѴ	defence	against	infectionĺ	We	incѴuded	the	
random	effect	of	badger	identity	to	account	for	the	repeated	meas-
ures	of	recaptures	during	a	badgerĽs	Ѵifeĺ	We	aѴso	accounted	for	vari-
ation	in	the	prevaѴence	of	 infection	in	the	popuѴation	among	years	
by	 incѴuding	 year	 as	 a	 random	 effectĺ	 FinaѴѴyķ	 we	 considered	 the	
popuѴation	 structure	among	badgers	by	 incѴuding	 the	 sociaѴ	 group	
territory	in	which	each	badger	was	capturedķ	as	a	third	random	ef-
fectĺ	The	key	hypothesis	was	that	any	reѴationship	between	antibody	
response	to	exposureķ	and	ageķ	shouѴd	be	intensified	by	inbreedingķ	
possibѴy	with	 sexŊ	reѴated	 differencesĺ	 This	 required	 testing	 of	 the	
homozygosityŊ	byŊ	ageŊ	byŊ	sex	 interactionĺ	We	 checked	 the	 robust-
ness	of	 this	 test	by	 fitting	 the	main	effect	of	 age	as	either	 a	 con-

tinuous	or	categoricaѴ	variabѴe	Őwith	age	cѴassified	into	quarterŊ	year	
categoriesķ	or	haѴfŊ	years	when	sampѴe	sizes	became	too	smaѴѴőĺ	We	
aѴso	checked	the	robustness	of	our	resuѴt	by	repѴacing	homozygosity	
with	IIC	in	our	regression	modeѴsĺ

Links	between	homozygosity	and	fitness	can	be	caused	by	direct	
effectsķ	 in	which	 individuaѴ	marker	 Ѵoci	 are	 responsibѴe	 for	 fitness	
consequencesķ	 ѴocaѴ	 effectsķ	 in	 which	 individuaѴ	 Ѵoci	 are	 Ѵinked	 to	
genes	 that	affect	 fitnessĸ	and	generaѴ	effectsķ	 in	which	 inbreeding	
depression	 is	caused	by	genomewide	homozygosity	 ŐDavidķ	ƐƖƖѶőĺ	
We	distinguished	between	 ѴocaѴ	and	generaѴ	effects	of	 inbreeding	
by	 regressing	 antibody	 response	 against	 age	 and	 the	 homozygos-
ity	at	each	marker	Ѵocusķ	using	separate	modeѴsĺ	We	used	the	same	
random	effects	structure	Őbadgerķ	yearķ	sociaѴ	groupőĺ	IndividuaѴ	Ѵoci	
were	 judged	 important	 if	 the	 reѴationship	 between	 antibody	 re-

sponse	and	homozygosityķ	or	homozygosity	interacting	with	age	and	

sexķ	remained	significant	foѴѴowing	Bonferroni	correction	for	muѴti-
pѴe	testingĺ	Those	individuaѴ	marker	Ѵociķ	found	to	infѴuence	antibody	
responses	significantѴyķ	were	fiѴtered	from	the	datasetķ	and	the	MLH	
anaѴysis	was	repeated	using	onѴy	the	nonsignificant	Ѵociĺ

ƑĺƓՊ|ՊChecking assumptions

A	cѴassic	probѴem	with	 tests	 for	homozygosityŊ	fitness	correѴations	
is	 the	 risk	 that	 effects	 are	masked	when	variance	 in	 inbreeding	 is	
Ѵowĺ	Identity	disequiѴibrium	is	used	as	a	proxy	measure	of	variance	in	
inbreedingĸ	 indeedķ	significant	 identity	disequiѴibrium	is	a	standard	
test	to	ensure	that	anaѴyses	of	inbreeding	effects	have	sufficient	sta-
tisticaѴ	power	ŐMiѴѴer	ş	CoѴtmanķ	ƑƏƐƓőĺ	To	test	for	the	presence	of	
identity	disequiѴibrium	ŐDavidķ	ƐƖƖѶőķ	the	gƑ	statistic	and	its	standard	
error	 for	 the	badger	 genotypes	were	 caѴcuѴated	using	 the	 ľgƑōmi-
crosatsĿ	 function	 within	 the	 R	 package	 INBREEDR	 ŒƔƐœĺ	 FoѴ Ѵowing	
the	methodoѴogy	in	a	simiѴar	study	ŐHarrisonķ	Yorkķ	Cramķ	ş	Youngķ	
ƑƏƐƒőķ	 a	 randomisation	 approach	was	 used	 to	 quantify	 the	 corre-

Ѵation	 between	 inbreeding	 estimates	 and	 heterozygosity	 ŐBaѴѴouxķ	
Amosķ	ş	CouѴsonķ	 ƑƏƏƓő	 and	 to	 caѴcuѴate	 the	 heterozygosityŋhet-
erozygosity	 correѴation	 ŐBaѴѴoux	 et	aѴĺķ	 ƑƏƏƓő	 between	 microsateѴ-
Ѵitesĺ	Weak	 but	 significant	 identity	 disequiѴibrium	was	 detected	 in	
the	 genotype	 dataset	 of	 the	whoѴe	Woodchester	 Park	 popuѴation	
ŐgƑ	Ʒ	ƏĺƏƏƔķ	SD	Ʒ	ƏĺƏƏƏѵķ	p	Ʒ	ƏĺƏƐ	based	on	ƐƏƏ	 iterationsőĺ	A	sig-
nificant	 heterozygosityŋheterozygosity	 correѴation	 was	 detectedķ	
consistent	with	the	presence	of	identity	disequiѴibrium	ŐHHC	Ʒ	ƏĺƏƕķ	
CI	ƏĺƏƒŋƏĺƐƐőĺ	Thereforeķ	the	heterozygosity	of	the	marker	Ѵoci	re-

fѴects	heterozygosity	at	unѴinkedķ	functionaѴѴy	important	Ѵociĸ	a	key	
requirement	for	the	generaѴ	effect	hypothesis	of	inbreeding	depres-
sion	 ŐSѴate	 et	aѴĺķ	 ƑƏƏƓőĺ	 Heterozygosity	 and	 inbreeding	 estimates	
were	 significantѴy	 negativeѴy	 correѴatedķ	 based	 on	 ƐƏƏ	 iterations	
Őr	Ʒ	ƴƏĺƏѶ	ŐCIĹ	ƴƏĺƐƏ	to	ƴƏĺƏƕőĸ	this	is	in	Ѵine	with	the	expected	corre-

Ѵation	given	the	number	of	microsateѴѴites	empѴoyed	and	the	popuѴa-
tion	structure	ŐBaѴѴoux	et	aѴĺķ	ƑƏƏƓő	and	suggests	that	the	variation	in	
heterozygosity	among	individuaѴs	is	informative	of	their	inbreeding	
ѴeveѴ	ŐHarrison	et	aѴĺķ	ƑƏƐƒőĺ

We	 aѴso	 checked	 for	 the	 WahѴund	 effect	 ŐSinnockķ	 ƐƖƕƔőķ	 in	
which	Ѵinks	between	homozygosity	and	fitness	traits	are	not	cause	
and	effectķ	but	are	the	outcome	of	popuѴation	structure	that	cѴusters	
generaѴѴy	homozygous	individuaѴs	 in	pѴaces	that	coincide	with	high	
or	 Ѵow	 trait	vaѴuesĺ	This	 is	 important	 in	our	 study	system	because	
highŊ	density	 badger	 popuѴations	 exhibit	 distinct	 sociaѴ	 and	 spatiaѴ	
structure	ŐRoperķ	ƑƏƐƏőĺ	We	tested	for	heterogeneity	in	homozygos-
ity	amongŊ	badger	sociaѴ	groups	and	regressed	groupŊ	ѴeveѴ	homozy-
gosity	 against	 groupŊ	ѴeveѴ	 disease	 incidenceķ	 using	 mixedŊ	effects	
modeѴs	with	incidence	as	a	binomiaѴ	response	and	year	as	a	random	
effectĺ

ƒՊ |ՊRESULTS

The	 censored	dataset	 comprised	ƒƕƐƑ	 capture	 eventsķ	 from	ƐƖƖƏ	
to	 ƑƏƐƐķ	 of	 ƓƖƏ	 individuaѴ	 exposed	 badgers	 of	 known	 ageĺ	 The	
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ѴikeѴihood	of	detecting	 an	 antibody	 response	 to	bTB	 Őhere	 consid-

ered	 indicative	of	progressed	 infectionĸ	 see	aboveő	 increased	with	
ageĺ	 This	 resuѴt	 heѴd	 whether	 age	 was	 modeѴѴed	 as	 a	 continuous	
Ő�2

1
	Ʒ	ƕƕĺƑƒķ	 p < ƏĺƏƏƐő	 or	 categoricaѴ	 ŐcѴassified	 into	 quarterŊ	year	

age	intervaѴsĸ	�2

43
	Ʒ	ƐƒƖĺƖѶķ	p < ƏĺƏƏƐő	main	effectĺ	This	positive	re-

Ѵationship	between	age	and	the	probabiѴity	of	showing	an	antibody	
response	became	more	positive	with	 increasing	homozygosityķ	but	
onѴy	 among	 femaѴes	 Őinteraction	 between	 ageķ	 homozygosity	 and	
sexķ	�2

1
	Ʒ	ƐѵĺƓƒķ	p < ƏĺƏƏƐĸ	 Figure	Ɛĸ	 aѴso	 robust	 to	 fitting	 age	 as	 a	

categoricaѴ	main	 effectķ	�2

1
	Ʒ	ƐƖĺƓƐķ	p < ƏĺƏƏƐőĺ	OveraѴѴķ	 highѴy	 out-

bred	 femaѴe	 badgers	 showed	 a	 nonsignificant	 decѴine	 in	 immuno-

ѴogicaѴ	evidence	for	progressed	infection	with	increasing	age	Őtest	of	
reѴationship	between	disease	progression	and	age	in	the	ƐƏѷ	most	
outbred	 femaѴesĸ	�2

1
	Ʒ	ƏĺƐƓķ	 p = ƏĺƕƐķ	 Figure	Ɛaķ	 red	 Ѵineőĺ	With	 in-

creasing	homozygosityķ	femaѴe	badgers	showed	an	increasingѴy	posi-
tive	reѴationship	between	age	and	evidence	of	progressed	infectionĺ	
Among	maѴesķ	we	aѴso	observed	increasing	prevaѴence	of	progressed	
disease	with	increasing	ageķ	but	the	sѴope	of	this	reѴationship	did	not	
depend	 on	 markerŊ	wide	 homozygosity	 ŐFigure	Ɛbőĺ	 In	 both	 sexesķ	

there	is	no	reѴationship	between	homozygosity	and	evidence	of	pro-

gressed	disease	 in	 cubs	 Őbadgers	 aged	 Ѵess	 than	Ɛĸ	 z	 test	 of	 sѴope	
using	 regression	 modeѴ	 with	 age	 as	 categoricaѴ	 variabѴe	 cѴassified	
into	ƽƐ	year	and	ƻƐ	yearĸ	zfemaѴe	ƽ	Ɛ	Ʒ	ƴƐĺѵƓķ	p = 0.10; zmaѴe	ƽ	Ɛ	Ʒ	ƴƏĺѵƑķ	
p = ƏĺƔƓőĺ	AѴѴ	 resuѴts	were	 robust	 to	 the	 repѴacement	of	muѴtiѴocus	
homozygosity	with	IICsĺ

Five	marker	Ѵoci	individuaѴѴy	showed	a	highѴy	significant	Ѵink	be-

tween	homozygosity	and	antibody	response	ŐTabѴe	Ɛőĺ	One	showed	
a	significant	main	effect	of	homozygosity	on	antibody	responseĺ	Two	
Ѵoci	showed	effects	of	homozygosity	onѴy	as	an	interaction	with	ageĺ	
Two	Ѵoci	reveaѴed	impacts	of	homozygosity	onѴy	in	interaction	with	
ageŊ		 and	 sexŊ	effectsĺ	 Locus	mƐƑ	showed	an	 infѴuence	of	homozy-
gosity	 as	main	 effectķ	 intensifying	with	 age	 in	 both	 sexesķ	 but	 es-
peciaѴѴy	among	femaѴesĺ	FoѴѴowing	removaѴ	of	these	important	Ѵociķ	
howeverķ	 there	 remained	 a	 significant	 interaction	 between	 muѴti-
Ѵocus	homozygosity	 and	 ageķ	 in	 their	 effect	 on	 antibody	 response	
Ő�2

1
	Ʒ	ƒĺѶѶƓķ	p = ƏĺƏƓѶѶőĺ	 This	 residuaѴ	 effect	 of	 homozygosity	was	

not	sexŊ	specific	Őinteraction	between	ageķ	sex	and	residuaѴ	homozy-
gosityķ	�2

1
	Ʒ	ƑĺƐƔķ	p = 0.142).

F IGURE  ƐՊThe	reѴationship	between	badger	age	and	the	ѴikeѴihood	of	detection	of	antibody	response	to	Mycobacterium bovis	intensifies	
with	increasing	vaѴues	of	markerŊ	wide	homozygosity	among	femaѴes	Őaő	but	not	maѴes	Őbőĺ	Data	are	coѴoured	by	deviation	from	average	
homozygosityķ	measured	in	haѴfŊ	standard	deviations	from	the	meanķ	from	dark	grey	ŐmostŊ	heterozygous	individuaѴsĸ	ƴƒ	standard	deviations	
from	the	meanő	to	paѴe	grey	ŐmostŊ	homozygous	individuaѴsĸ	Ƴƒ	standard	deviations	from	the	meanő	and	sized	proportionaѴѴy	to	the	number	
of	data	points	for	each	ageŋhomozygosity	combinationĺ	Fitted	Ѵines	are	from	sexŊ	specific	generaѴised	mixed	modeѴs	of	antibody	response	
against	sexķ	age	and	homozygosityķ	incѴuding	badgerķ	year	and	sociaѴ	group	as	random	effectsĺ	In	the	maѴesŊ	onѴy	modeѴķ	there	is	no	significant	
interaction	between	age	and	homozygosityķ	and	no	main	effect	of	homozygosityĺ	CoѴours	of	fitted	Ѵines	foѴѴow	the	coѴour	ramp	of	data	
pointsķ	from	dark	grey	ŐmostŊ	heterozygous	individuaѴső	to	paѴe	grey	ŐmostŊ	homozygous	individuaѴső
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Our	 test	 for	 the	WahѴund	effect	 ŐSinnockķ	ƐƖƕƔő	 reveaѴed	 that	
badger	 sociaѴ	 groups	 varied	 significantѴy	 in	 ѴeveѴs	 of	 homozygos-
ity	 Ő�2

37
	Ʒ	ƐƑƓĺƒƓķ	p < ƏĺƏƏƐőķ	but	with	high	 ѴeveѴs	of	 amongŊ	badger	

variation	 ŐFigure	Ƒaőĺ	Howeverķ	 at	 the	 sociaѴ	 group	 ѴeveѴ	 there	was	
no	evidence	of	a	Ѵink	between	mean	inbreeding	and	the	prevaѴence	
of	 positive	 antibody	 responses	 to	 M. bovis	 Ő�2

1
	Ʒ	ƏĺƐƏķ	 p	Ʒ	ƏĺƕƓƕķ	

Figure	Ƒbőĺ	 This	 suggests	 that	 the	 evidence	 for	 a	 Ѵink	 between	 in-

breeding	and	ageŊ	dependent	disease	is	not	due	to	artefacts	caused	
by	popuѴation	genetic	structuringĺ	We	have	controѴѴed	for	any	such	
effects	using	sociaѴ	group	as	a	random	effect	 in	our	mixedŊ	effects	
regressionsķ	aboveĺ

ƓՊ |ՊDISCUSSION

We	 have	 demonstrated	 a	 Ѵink	 between	 muѴtiѴocus	 homozygosity	
Őindicative	of	inbreeding	among	badgersőķ	age	and	the	ѴikeѴihood	of	
detecting	signs	of	progressed	diseaseĺ	This	is	evident	mainѴy	among	
femaѴe	badgersĺ	MaѴes	show	an	 increase	 in	disease	 incidence	with	
increasing	ageķ	but	with	no	Ѵink	to	inbreeding	Őexcept	in	our	regres-
sion	modeѴ	 that	 removed	 a	 subset	 of	 five	 important	marker	 Ѵociőĺ	

SimiѴar	 Ѵinks	 between	 inbreeding	 and	 ageŊ	dependent	 fitness	 com-

ponents	 have	 been	 demonstrated	 for	 vitaѴ	 rates	 of	 reproduction	
Ősong	sparrowsĸ	KeѴѴer	et	aѴĺķ	ƑƏƏѶő	and	contribution	 to	popuѴation	
growth	 Őred	deer	 ŐWiѴson	et	aѴĺķ	ƑƏƏƕőĺ	Our	findings	provide	a	rare	
exampѴe	of	ageŊ	dependent	inbreeding	depression	reѴating	to	disease	
in	a	wiѴd	mammaѴ	and	are	 the	 first	exampѴeķ	 to	our	knowѴedgeķ	of	
sexŊ	dependent	Ѵinks	between	inbreeding	and	trajectories	of	disease	
with	ageĺ	Our	findings	are	aѴso	important	because	of	the	roѴe	of	the	
badger	in	the	epidemioѴogy	of	bTB	in	cattѴe	 in	the	UKķ	RepubѴic	of	
IreѴand	and	other	parts	of	Europeĺ

We	 found	 evidence	 for	 ѴocaѴ	 effects	 of	 homozygosity	 on	 the	
reѴationship	between	 inbreedingķ	age	and	progressed	diseaseķ	at	a	
subset	 of	 genetic	markersĺ	 These	 findings	 are	 consistent	with	 the	
observation	of	genetic	resistance	to	bovine	TB	in	wiѴd	boar	where	
onѴy	singѴeŊ	Ѵocus	effects	predicted	TB	progressionķ	with	severaѴ	of	
the	singѴe	Ѵoci	being	identified	as	mapping	to	regions	of	the	genome	
with	 known	 immune	 function	 ŐAcevedoŊ	Whitehouse	 et	aѴĺķ	 ƑƏƏƔőĺ	
Howeverķ	we	aѴso	found	residuaѴ	evidence	for	generaѴ	Őand	nonŊ	sexŊ	
specificő	 effects	 of	muѴtiѴocus	 homozygosityķ	 foѴѴowing	 fiѴtering	 of	
the	 individuaѴѴy	 important	 Ѵociĺ	Thisķ	coupѴed	with	significant	 iden-

tity	disequiѴibrium	 in	 the	badger	popuѴationķ	 is	consistent	with	 the	

Marker Ѵocus
Homozygosity 

pŊ vaѴue
AgeĹ homozygosity 

pŊ vaѴue

AgeĹ sexĹ 
 homozygosity 

pŊ vaѴue

1bl 0.180 0.775 0.545

1bm ƏĺƖƒƕ 0.310 0.565

Ɛbs 0.262 ƏĺƕƖѶ 0.437

ƐbxѴ 0.045 4.11 × 10ƴƓ 0.410

ƐgѴ ƏĺƏƖѶ 0.285 0.067

Ɛgm 0.205 0.005 0.807

Ɛgs ƏĺѵƖƐ 0.143 0.012

ƐgxѴ ƏĺƕƖƑ ƏĺƐƏƖ 0.058

Ɛys 0.177 0.716 ƏĺƖƖƏ

ƐyxѴ 0.733 0.017 0.533

Ƒbs 0.388 0.306 2.55 × 10ƴƕ

ƑbxѴ 0.567 0.074 ƏĺƏƏƖ

ƑgѴ 0.410 0.577 0.801

Ƒgs 0.878 0.660 1.6 × 10ƴƔ

ƑgxѴ 0.053 0.086 0.107

2yl 0.364 0.026 0.286

Ƒys ƏĺѶѵƖ 3.22 × 10ƴƔ 0.670

m1 ƏĺƖƑƖ ƏĺƔƕƖ 0.156

m10 ƏĺƏƏƖ 0.046 0.047

m12 5.12 × 10ƴƓ 4.41 × 10ƴƕ ƖĺƕƏ Ƶ ƐƏƴƓ

m14 0.060 ƏĺƐƏƖ ƏĺƖƏѶ

m15 0.057 0.855 ƏĺƖƒƖ

Noteĺ	In	aѴѴ	casesķ	WaѴdĽs	chiŊ	squared	tests	were	used	to	assess	significanceķ	based	on	mixedŊ	effects	
modeѴs	with	binary	responseķ	Ѵocus	homozygosity	as	fixed	effectķ	and	random	effects	of	badgerķ	year	
and	 sociaѴ	 groupĺ	 Significant	 resuѴts	 are	 boѴd	 if	 they	 satisfy	 the	 Bonferroni	 correction	 of	
αŖ	Ʒ	ƏĺƏƔņƑƑ	Ʒ	ƏĺƏƏƑƔ	to	account	for	experimentŊ	wide	error	rateĺ

TABLE  ƐՊpŊ	VaѴues	from	a	series	of	
individuaѴ	modeѴs	to	assess	the	strength	of	
association	between	antibody	responses	
to	Mycobacterium bovis	infection	and	
homozygosity	at	each	marker	Ѵocusķ	in	
badgers	from	Woodchester	Park	
ŐƐƖƖƏŋƑƏƐƐő
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ľgeneraѴ	effectĿ	hypothesis	for	inbreeding	depressionķ	in	which	neu-

traѴ	marker	Ѵoci	are	correѴated	with	genomewide	heterozygosityĺ	We	
propose	a	 combination	of	 ѴocaѴ	 and	generaѴ	 impacts	of	 inbreeding	
depression	in	this	caseĹ	GeneraѴ	and	ѴocaѴ	effects	represent	two	ends	
of	a	spectrumķ	and	this	popuѴation	 Ѵies	somewhere	aѴong	the	scaѴe	
ŐBaѴѴoux	et	aѴĺķ	ƑƏƏƓőĺ

In	the	absence	of	experimentaѴ	chaѴѴengeķ	and	without	knowѴedge	
of	 the	 timing	of	 exposure	 to	 infectionķ	we	 cannot	 tease	 apart	 the	
exposureķ	 resistance	and	 toѴerance	mechanisms	 that	drive	 the	age	
dependence	of	progressed	disease	detected	hereĺ	The	pattern	couѴd	
refѴect	increases	with	age	in	the	cumuѴative	probabiѴity	of	Őaő	a	naive	
individuaѴ	having	been	exposed	to	the	disease	andņor	Őbő	an	exposed	
individuaѴ	having	experienced	disease	progressionĺ	AѴternativeѴyķ	ex-
posureķ	resistance	and	toѴerance	might	themseѴves	change	with	ageķ	
making	them	truѴy	senescent	drivers	of	ageŊ	dependent	diseaseĺ	This	
means	that	the	infѴuence	of	inbreeding	couѴd	be	on	ageŊ	independent	
rates	of	exposureķ	resistance	or	toѴeranceķ	or	on	the	pattern	of	se-

nescence	in	these	ratesĺ	Inbreeding	couѴd	infѴuence	rates	of	exposure	
to	disease	via	changes	in	behaviour	or	conditionĺ	It	 is	aѴso	possibѴe	
that	ageŊ	reѴated	decѴines	in	components	of	immunity	Őas	previousѴy	
reported	in	this	popuѴation	ŒBeirne	et	aѴĺķ	ƑƏƐƓķ	ƑƏƐѵœő	acceѴerate	any	
underѴying	age	dependence	in	the	incidence	of	progressed	infectionĺ	
Hereķ	we	discuss	these	immunoѴogicaѴ	and	behaviouraѴ	expѴanationsķ	
and	their	impѴicationsķ	in	turnĺ

ƓĺƐՊ|ՊA possibѴe roѴe for immunosenescence

The	observed	ageŊ	reѴated	pattern	of	disease	among	femaѴes	couѴd	
arise	in	part	from	an	effect	of	inbreeding	on	the	rate	of	senescence	
in	toѴerance	of	infection	with	M. bovisĺ	Both	the	antibody	tests	used	
in	this	study	ŐBrock	ELISA	and	Brock	TB	StatŊPakő	are	more	sensitive	
in	 individuaѴs	with	 progressed	 or	 disseminated	 disease	 ŐChambers	
et	aѴĺķ	ƑƏƏѶķ	ƑƏƏƖő	which	may	pose	the	greatest	risk	of	transmitting	
infection	ŐChambers	et	aѴĺķ	ƑƏƏѶőĺ	The	pathogenesis	of	TB	in	badgers	
is	compѴexķ	 in	that	not	aѴѴ	badgers	exposed	to	M. bovis	deveѴop	es-
tabѴished	diseaseķ	with	a	proportion	mounting	a	successfuѴ	immune	
response	ŐCornerķ	Murphyķ	ş	GormѴeyķ	ƑƏƐƐőĺ	Badger	macrophages	
faiѴ	to	produce	key	defences	against	mycobacteriaѴ	infection	ŐBiѴham	

et	aѴĺķ	 ƑƏƐƕőĺ	 In	 some	 casesķ	 Ѵesions	 deveѴop	 and	 remain	 dormantķ	
with	badgers	 remaining	 in	 this	 Ѵatent	 phase	 throughout	 their	 Ѵives	
ŐCorner	 et	aѴĺķ	 ƑƏƐƐĸ	 GaѴѴagher	 ş	 CѴiftonŊ	HadѴeyķ	 ƑƏƏƏőĺ	 Howeverķ	
in	a	proportion	of	exposed	badgersķ	the	immune	response	is	insuf-
ficient	to	contain	the	pathogenķ	resuѴting	 in	active	disease	and	ex-
cretion	of	bacteria	ŐCorner	et	aѴĺķ	ƑƏƐƐĸ	GaѴѴagher	ş	CѴiftonŊ	HadѴeyķ	
ƑƏƏƏőĺ	 Inbreedingķ	 and	 its	 effects	 on	 immune	 function	 in	 ageing	
badgersķ	might	determine	this	transition	from	Ѵatency	to	progressed	
infectionķ	and	hence	to	 infectiousnessĺ	AgeŊ	reѴated	decѴines	 in	 im-

mune	system	performance	have	been	demonstrated	using	ex	vivo	
assays	of	components	of	 immunity	 in	badgers	 ŐBeirne	et	aѴĺķ	ƑƏƐƓķ	
ƑƏƐѵőĺ	 IndividuaѴ	homozygosity	couѴd	therefore	determine	rates	of	
attrition	in	immunocompetence	in	badgersķ	providing	one	potentiaѴ	
expѴanation	 for	 the	ageŊ	dependent	 trajectories	of	disease	 that	we	
observeĺ	Evidence	of	a	roѴe	for	senescence	in	disease	resistance	andņ
or	toѴerance	can	be	gѴeaned	from	experimentaѴ	pathogen	chaѴѴenges	
in	individuaѴs	of	different	ages	Őeĺgĺķ	Reid	et	aѴĺķ	ƑƏƏƒķ	ƑƏƏƕőĺ	A	more	
tractabѴe	approach	to	investigating	immunosenescence	reѴevant	to	
bTB	 infection	 in	 this	 study	popuѴation	wiѴѴ	 be	 to	 seek	evidence	of	
ѴateŊ	Ѵife	 increases	 in	the	ageŊ	specific	probabiѴities	of	 infectionķ	dis-
ease	progression	and	diseaseŊ	reѴated	mortaѴity	Őnow	a	key	focus	of	
our	workőĺ

ƓĺƑՊ|ՊBehaviouraѴ changeķ age and inbreeding

The	 patterns	we	 observed	 in	 this	 study	 are	 aѴso	 consistent	with	
a	 Ѵink	 between	 inbreeding	 and	 behaviours	 that	 cause	 increased	
exposure	 to	M. bovis	 infectionĺ	 It	 is	 aѴso	 possibѴe	 that	 inbreeding	
differentiaѴѴy	increases	the	instantaneous	risk	of	disease	exposure	
among	oѴder	 badgersĺ	 For	 exampѴeķ	 the	 ѴateŊ	Ѵife	 decѴines	 in	 body	
condition	observed	 in	badgers	of	both	 sexes	 ŐBeirne	et	aѴĺķ	ƑƏƐƔő	
couѴd	be	exacerbated	in	more	inbred	individuaѴsĺ	KnockŊ	on	effects	
of	 such	 condition	 Ѵoss	 on	 sociaѴ	 dominance	 couѴd	 Ѵeave	 inbredķ	
oѴder	badgers	ostracised	from	their	sociaѴ	groupsķ	forcing	them	to	
use	different	 resting	sites	or	 foraging	opportunitiesķ	and	perhaps	
bringing	them	 into	 increased	contact	with	environmentaѴ	sources	
of	 infection	 or	 infectious	 badgers	 Őor	 other	 host	 speciesőĺ	 SociaѴ	
network	 studies	 have	 demonstrated	 that	 badgers	 with	 TB	 are	

F IGURE  ƑՊAverage	ѴeveѴs	of	markerŊ	
wide	homozygosity	varied	significantѴy	
amongŊ	badger	groups	ŐbarpѴot	a	
derived	from	mixedŊ	effects	modeѴ	of	
homozygosity	regressed	against	sociaѴ	
group	with	year	as	random	effectőķ	but	
there	was	no	significant	reѴationship	
between	the	prevaѴence	of	antibody	
response	to	bTB	infection	and	average	
homozygosity	of	the	sociaѴ	group	
ŐscatterpѴot	bő
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more	prone	to	forming	sociaѴ	Ѵinks	with	members	of	other	groupsķ	
making	them	of	particuѴar	 importance	in	disease	transmission	be-

tween	groups	ŐWeberķ	Bearhopķ	et	aѴĺķ	ƑƏƐƒĸ	Weberķ	Carterķ	et	aѴĺķ	
ƑƏƐƒőĺ	Howeverķ	due	to	the	unknown	timing	of	infectionķ	inferring	
any	causaѴ	 reѴationship	between	 inbreedingķ	 sociaѴ	behaviour	and	
disease	remains	probѴematicĹ	are	sociaѴѴy	connected	badgers	more	
ѴikeѴy	to	get	infectedķ	or	does	being	infected	change	individuaѴ	be-

haviourĵ	 The	 possibiѴity	 that	 a	 simiѴar	 phenomenon	 is	 observed	
among	oѴder	andņor	more	inbred	badgers	has	yet	to	be	investigatedĺ

ƓĺƒՊ|ՊSex differences in age dependence of  
inbreeding

We	found	evidence	for	Ѵinks	between	inbreeding	and	ageŊ	dependent	
disease	mainѴy	in	femaѴe	badgersĺ	This	sex	difference	in	intensity	of	
inbreeding	depression	might	be	due	to	differences	 in	 Ѵongevity	and	
the	 infѴuence	 of	 bTB	 infectionĺ	 MaѴe	 badgers	 have	 an	 intrinsicaѴѴy	
higher	mortaѴity	than	femaѴesķ	regardѴess	of	their	bTB	infection	status	
ŐGraham	et	aѴĺķ	ƑƏƐƒőĺ	MaѴe	badgers	are	known	to	experience	faster	
progression	 of	 bTB	 once	 infected	 show	weaker	 immune	 responses	
ŐBeirne	 et	aѴĺķ	 ƑƏƐѵĸ	 TomѴinsonķ	 Chambersķ	 Carterķ	 et	aѴĺķ	 ƑƏƐƒĸ	
TomѴinsonķ	Chambersķ	WiѴsonķ	et	aѴĺķ	ƑƏƐƒő	and	experience	a	higher	
rate	 of	 diseaseŊ	induced	 mortaѴity	 compared	 to	 femaѴes	 ŐGraham	
et	aѴĺķ	ƑƏƐƒĸ	McDonaѴd	et	aѴĺķ	ƑƏƐƓőĺ	 It	 is	possibѴe	that	 investment	in	
intrasexuaѴ	 competition	 diverts	 resource	 away	 from	 investment	 in	
immunity	 among	 maѴesķ	 Ѵowering	 their	 toѴerance	 of	 bTB	 infection	
ŐBeirne	et	aѴĺķ	ƑƏƐƔőĺ	 In	additionķ	 infected	maѴe	badgers	may	die	off	
before	they	reach	an	advanced	ageķ	potentiaѴѴy	expѴaining	why	no	re-

Ѵationship	between	 inbreeding	and	age	was	observed	among	maѴes	
in	the	current	studyĺ	BehaviouraѴ	differences	might	aѴso	expѴain	the	
sex	specificity	of	disease	trajectories	ŐGraham	et	aѴĺķ	ƑƏƐƒĸ	McDonaѴd	
et	aѴĺķ	 ƑƏƐƓőķ	 because	maѴe	 badgers	 commonѴy	 range	 beyond	 sociaѴ	
group	boundaries	and	are	more	ѴikeѴy	to	engage	in	aggressive	behav-
iours	 that	might	 transmit	 infection	 via	 biting	 for	 exampѴe	 ŐDeѴahay	
et	aѴĺķ	ƑƏƏѵĸ	MacdonaѴdķ	Harmsenķ	Johnsonķ	ş	Newmanķ	ƑƏƏƓőĺ

The	anaѴyses	presented	here	cannot	determine	whether	Ѵinks	be-

tween	 inbreedingķ	 disease	 and	 age	 are	weaker	 among	maѴes	 or	 are	
instead	not	evident	due	to	the	seѴective	mortaѴity	of	infected	andņor	
inbred	maѴesĺ	We	suggest	that	compѴex	muѴtistate	modeѴs	of	ageķ	in-

fection	statusķ	sex	and	inbreeding	Ősensu	ŐMcDonaѴd	et	aѴĺķ	ƑƏƐѵőő	wiѴѴ	
be	required	to	modeѴ	simuѴtaneousѴy	the	processes	of	disease	trans-
missionķ	progression	between	disease	statesķ	survivaѴ	and	ageingķ	and	
how	they	depend	on	inbreeding	in	both	sexesĺ	Such	muѴtistate	modeѴs	
wouѴd	aѴso	heѴp	tease	apart	the	processes	of	changes	in	exposure	to	
and	toѴerance	of	infection	with	increasing	ageķ	and	the	cumuѴative	and	
instantaneous	effects	of	age	on	exposure	and	disease	progressionĺ

ƓĺƓՊ|ՊImpѴications for management of bTB

The	 amount	 of	 infectious	 bacteria	 shed	 by	 an	 infectious	 badger	
is	 reѴated	 to	 the	 extent	 of	 pathoѴogicaѴ	 progression	 ŐNoѴanķ	 ƐƖƖƐőĸ	
henceķ	 individuaѴs	 with	 evidence	 of	 more	 progressed	 disease	 are	
ѴikeѴy	to	be	more	important	in	the	onward	transmission	of	infection	

to	susceptibѴe	individuaѴsĺ	From	a	management	perspectiveķ	our	evi-
dence	suggests	that	oѴderķ	inbred	femaѴes	are	more	ѴikeѴy	to	exhibit	
progressed	diseaseĺ	Howeverķ	 their	 importance	 for	disease	 spread	
wiѴѴ	depend	on	whether	they	are	aѴso	responsibѴe	for	a	greater	share	
of	infectious	contacts	Ődirect	or	indirectő	with	other	hostsĺ

Our	 findings	have	 reѴevance	 to	 the	management	of	TB	 in	bad-

ger	and	cattѴe	popuѴationsĺ	For	exampѴeķ	variation	in	immunogenetic	
profiѴes	among	badgers	may	pѴay	an	important	roѴe	in	M. bovis	trans-
mission	 and	persistence	within	 sociaѴ	 groups	 and	potentiaѴѴy	 scaѴe	
up	 to	 popuѴationŊ	ѴeveѴ	 effectsĺ	 If	 singѴe	 Ѵoci	 are	 powerfuѴ	 predic-
tors	of	TB	progressionķ	as	suggested	here	and	as	found	in	wiѴd	boar	
ŐAmos	ş	AcevedoŊ	Whitehouseķ	ƑƏƏƖőķ	 then	 targeted	management	
of	 susceptibѴe	 genotypes	might	 be	 an	 effective	means	 of	 disease	
controѴĺ	 If	 inbreeding	depression	 is	 indeed	caused	by	genomewide	
homozygosityķ	 then	management	 intervention	 couѴd	 target	 inbred	
individuaѴs	or	groupsķ	aѴthough	this	wouѴd	inevitabѴy	require	genetic	
surveys	to	identify	 inbred	individuaѴsĺ	Targeted	management	couѴd	
instead	focus	on	oѴder	badgersĺ	AѴternativeѴyķ	if	behaviouraѴ	mecha-
nisms	drive	Ѵinks	between	inbreeding	and	disease	exposure	or	pro-

gressionķ	 then	 interventions	 couѴd	be	 targeted	at	pѴacesķ	or	 timesķ	
that	are	frequented	by	inbred	badgersĺ	An	understanding	of	how	the	
underѴying	genetic	variation	among	badger	popuѴations	impacts	the	
severity	and	progression	of	disease	wouѴd	be	vaѴuabѴe	in	modeѴѴing	
the	spread	of	TB	into	new	areasĺ

AdditionaѴѴyķ	management	of	TB	in	badgers	through	cuѴѴing	may	
aѴter	 the	 genetic	 structure	 of	 their	 popuѴationsķ	 either	 by	 increas-
ing	ѴeveѴs	of	inbreeding	through	reducing	density	and	an	associated	
compensatory	 recruitment	 of	 cubs	 ŐMcDonaѴd	 et	aѴĺķ	 ƑƏƐѵőķ	 or	 by	
decreasing	 inbreeding	 as	 surviving	 individuaѴs	 range	 more	 wideѴy	
ŐRiordanķ	 DeѴahayķ	 Cheesemanķ	 Johnsonķ	 ş	 MacdonaѴdķ	 ƑƏƐƐőķ	 in-

creasing	mixing	among	 remaining	groupsĺ	Our	 resuѴts	highѴight	 the	
importance	 of	 considering	 the	 roѴe	 that	 host	 genotype	 pѴays	 on	
disease	 outcomesķ	 an	 area	 which	 untiѴ	 recentѴy	 has	 been	 ѴargeѴy	
overѴooked	ŐAѴѴen	et	aѴĺķ	ƑƏƐƏőĺ	Understanding	how	host	genetics	in-

fѴuence	pathogen	outcomes	can	heѴp	inform	epidemioѴogicaѴ	modeѴs	
of	 disease	 spread	 ŐHendricks	 et	aѴĺķ	 ƑƏƐƕő	 andķ	 as	 recentѴy	demon-

strated	in	the	Tasmanian	deviѴķ	can	heѴp	to	predict	popuѴationŊ	ѴeveѴ	
responses	to	pathogens	and	inform	conservation	interventions	such	
as	transѴocations	and	reintroductions	ŐHendricks	et	aѴĺķ	ƑƏƐƕőĺ

ƔՊ |ՊCONCLUSIONS

Our	 findings	 strongѴy	 suggest	 that	 inbreeding	 intensifies	 an	 ageŊ	
dependent	 increase	 in	 a	 fitnessŊ	reѴated	 traitķ	 the	 incidence	 of	 pro-

gressed	diseaseķ	in	a	wiѴd	mammaѴ	popuѴationĺ	This	adds	to	growing	
evidence	from	naturaѴ	popuѴations	in	support	of	the	mutation	accu-

muѴation	theory	for	the	evoѴution	of	senescence	Őeĺgĺķ	WiѴson	et	aѴĺķ	
ƑƏƏƕķ	 ƑƏƏѶőĺ	 That	 saidķ	 aѴternative	 expѴanations	 couѴd	 aѴso	 have	
pѴayed	a	roѴe	in	generating	this	reѴationshipĺ	For	exampѴeķ	conditionŊ	
dependent	inbreeding	depression	ŐArmbruster	ş	Reedķ	ƑƏƏƔő	couѴd	
account	for	such	a	reѴationship	independent	of	mutation	accumuѴa-
tionķ	as	Őaő	oѴder	badgers	show	reduced	body	condition	ŐBeirne	et	aѴĺķ	
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ƑƏƐƔő	and	 Őbő	 ѴateŊ	Ѵife	decѴines	 in	body	condition	couѴd	conceivabѴy	
arise	via	mechanisms	other	than	mutation	accumuѴation	ŐWiѴson	et	aѴĺķ	
ƑƏƏѶőĺ	Whatever	the	causeķ	these	Ѵinks	among	ageķ	sex	and	inbreed-

ing	have	impѴications	for	the	transmission	and	prevaѴence	of	TB	in	this	
wiѴdѴife	reservoir	and	in	aѴternative	host	speciesĺ	Our	survey	cannot	
tease	 apart	 the	 possibѴe	 immunoѴogicaѴķ	 behaviouraѴ	 or	 conditionŊ	
dependent	 drivers	 of	 disease	 progression	 among	 inbred	 badgersĸ	
henceķ	we	recommend	an	experimentaѴ	approachķ	using	immunoѴogi-
caѴ	chaѴѴengeķ	in	future	studiesĺ	We	aѴso	recommendĹ	immunogenetic	
anaѴysis	of	Ѵinks	between	important	marker	Ѵoci	and	bTB	resistance	or	
toѴeranceĸ	the	study	of	Ѵinks	between	inbreeding	and	behaviour	Őboth	
sociaѴ	 and	 spatiaѴő	 among	badgers	of	different	 agesĸ	 and	muѴtistate	
modeѴѴing	that	combines	badger	demographyķ	bTB	epidemioѴogy	and	
badger	genetic	profiѴesĺ	Such	studies	couѴd	prove	criticaѴѴy	important	
to	our	understanding	of	this	important	wiѴdѴife	reservoir	of	zoonotic	
disease	and	justify	the	deeper	study	of	immunogeneticsķ	ageing	and	
inbreeding	in	other	wiѴdѴifeŋdisease	systemsĺ
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