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Abstract	9 

Survival	during	an	epidemic	is	partly	determined	by	host	genetics.	While	quantitative	10 

genetic	studies	typically	consider	survival	as	an	indicator	for	disease	resistance,	11 

mortality	rates	of	populations	undergoing	an	epidemic	are	also	affected	by	tolerance	12 

and	infectivity	(i.e.	the	propensity	of	an	infected	individual	to	transmit	disease).	Few	13 

studies	have	demonstrated	genetic	variation	in	disease	tolerance,	and	no	study	has	14 

demonstrated	genetic	variation	in	host	infectivity,	despite	strong	evidence	for	15 

considerable	phenotypic	variation	in	this	trait.		Here	we	propose	an	experimental	16 

design	and	statistical	models	for		estimating	genetic	diversity	in	all	three	host	traits.	17 

Using	an	infection	model	in	fish	we	provide,	for	the	first	time,	direct	evidence	for	18 

genetic	variation	in	host	infectivity,	in	addition	to	variation	in	resistance	and	tolerance.	19 

We	also	demonstrate	how	genetic	differences	in	these	three	traits	contribute	to	20 

survival.		Our	results	imply	that	animals	can	evolve	different	disease	response	types	21 

affecting	epidemic		survival	rates,	with	important	implications	for	understanding		and	22 

controlling	epidemics.			23 
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	28 

Introduction		29 

Infectious	disease	presents	an	enormous	threat	to	animal	and	human	populations,	30 

with	epidemic	outbreaks	often	causing	high	mortality	due	to	insufficient	disease	31 

control	strategies.	Over	the	last	decades	genetic	and	genomic	studies	have	produced	32 

compelling	evidence	of	substantial	genetic	variability	in	host	response	to	infectious	33 

agents,	potentially	affecting	epidemic	risks	and	survival1–8.	Nevertheless,	remarkably	34 

little	is	known	about	how	the	genetics	of	individuals	affects	survival	and	disease	35 

spread	at	a	population	level.		Quantifying	the	host	genetic	contribution	to	epidemic	36 

risk	and	severity	remains	a	long-standing	challenge	in	infectious	disease	research9–11.	37 

Quantitative	genetic	studies	tend	to	consider	disease	resistance	as	the	primary	and	38 

often	sole	host	target	trait	for	genetic	disease	control.	The	definition	of	disease	39 

resistance	varies	across	studies	depending	on	the	disease	in	question	and	the	40 

knowledge	of	the	host	response	mechanism	exhibiting	genetic	variation2.	However,	41 

due	to	large	sample	size	requirements	in	quantitative	genetic	studies,	disease	42 

resistance	is	defined	by	individual	mortality,	as	it	is	easy	to	observe	whether	and	43 

when	an	individual	exposed	to	infection	dies.	But	survival	is	multifaceted,	and	may	not	44 

only	depend	on	the	individual’s	resistance	to	becoming	diseased,	but	also	on	its	45 

tolerance,	which	in	the	context	of	survival	may	be	defined	as	the	propensity	of	an	46 

individual,	once	infected,	to	survive	the	infection12,13.	Moreover,	recently	emerging	47 

evidence	for	the	superspreader	phenomenon,	where	a	small	proportion	of	highly	48 

infectious	individuals	are	responsible	for	the	majority	of	transmission,	has	raised	49 

awareness	that	individual	variation	in	infectivity	can	also	hugely	influence	population	50 

mortality	rates14–19.	Unsurprisingly,	interest	in	the	genetic	regulation	of	infectivity,	51 

which	can	be	defined	as	the	host	ability	to	infect	an	average	susceptible	individual	52 

upon	unit	contact,	is	increasing	rapidly.	Understanding	the		genetic	regulation	of	53 

infectivty	is	particularly	pertinent	if	there	are	unfavourable	genetic	correlations	54 

between	this	trait	and	resistance	or	tolerance17,20.	55 
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Resistance,	tolerance	and	infectivity	may	be	regulated	by	different	sets	of	genes	with	56 

varying	contributions,	both	in	direction	and	in	degree,	to	overall	survival21.	However,	57 

no	study	to	date	has	simultaneously	investigated	these	three	traits.	Whereas	a	58 

plethora	of	quantitative	genetic	studies	has	demonstrated	genetic	variation	in	59 

resistance1,2,22–25,	relatively	few	studies	have	demonstrated	genetic	variation	in	60 

disease	tolerance26–28.	No	study		to	date	has	demonstrated	genetic	variation	in	host	61 

infectivity.	Since	genetic	control	strategies	are	environmentally	friendly,	non-intrusive	62 

and	long-term	preventive29,	a	more	precise	understanding	of	the	genetic	mechanisms	63 

underlying		disease	outbreaks	and	resulting	mortality	rates	is	urgently	needed.	64 

In	this	study,	which	considers	infectious	diseases	with	potentially	fatal	outcomes,	we	65 

define	disease	resistance	as	an	individual’s	propensity	for	developing	disease	66 

following	contact	with	an	infectious	individual	or	material	of	average	infectivity,	and	67 

tolerance	as	the	propensity	of	a	diseased	individual	to	survive.	In	line	with	these	68 

definitions,	measurements	of	time	of	onset	of	disease	and	time	from	onset	of	disease	69 

to	death	in	disease	challenge	experiments	can	disentangle	resistance	from	tolerance.		70 

However,	in	the	context	of	natural	disease	transmission,	these	phenotypes	are	no	71 

longer	just	affected	by	the	genetics	of	the	individuals	in	consideration.	Instead	they	72 

result	from	interactions	between	infected	and	non-infected	individuals.		Hence,	time	73 

of	onset	of	disease	and	time	of	death	due	to	infection	may	no	longer	only	depend	on	74 

an	individual’s	own	resistance	and	tolerance	genes,	but	also	on	the	infectivity	genes	of	75 

infected	individuals	in	the	same	contact	group.	This	complex	genetic	interaction	calls	76 

for	particular	experimental	designs	and	statistical	models	that	can	reliably	disentangle	77 

and	estimate	genetic	effects	for	all	three	epidemiological	host	traits.		78 

Here	we	show	how	transmission	experiments	can	be	designed	and	analysed	to	79 

identify	genetic	variation	and	disentangle	genetic	effects	in	resistance,	tolerance	and	80 

infectivity.	We	used	infection	by	Philasterides	dicentrarchi	in	turbot	fish	81 

(Scophthalmus	maximus)	as	a	model	system,	for	which	genetic	variation	in	mortality	82 

has	been	previously	established30.	P.	dicentrarchi	is	a	ciliate	parasite	which	is	the	83 

causative	agent	of	scuticociliatosis,	a	common	cause	of	mortality	in	turbot	farming.	84 

Our	resulting	data	not	only	allow	quantitative	genetic	studies	of	infectious	disease	85 
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traits,	but	also	enable	evaluation	of	the	relative	contribution	of	resistance,	tolerance	86 

and	infectivity	to	survival.	By	analysing	family	differences	in	these	traits,	we	87 

demonstrate,	for	the	first	time,	that	there	is	genetic	variance	in	infectivity,	in	addition	88 

to	resistance	and	tolerance,	and	how	genetic	differences	in	host	infectivity	affect	89 

disease	spread	and	survival.	90 
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Results	106 

Designing	disease	transmission	experiments	to	identify	genetic	variation	in	host	107 

resistance,	infectivity	and	tolerance.		Transmission	experiments	such	as	that	depicted	108 

in	Figure	1	provide	data	to	identify	genetic	regulation	of	resistance,	infectivity	and	109 

tolerance	to	disease.	Our	experimental	design	meets	the	contrasting	requirements	for	110 

studying	genetic	regulation	of	each	trait	in	isolation.	In	outbred	populations,	detection	111 

of	genetic	variation	in	host	resistance	and	tolerance	with	respect	to	a	particular	112 

pathogen	can	be	deduced	from	family	differences	in	response	to	infection,	thus	113 

requiring	related	individuals	from	several	families,	ideally	exposed	to	or	infected	with	114 

the	same	pathogen	strain	or	dose.	Genetic	variation	in	these	traits	can	then	be	115 

detected	through	family	differences	in	time	to	disease	and	time	from	disease	to	death,	116 

respectively.		On	the	other	hand,		infectivity	of	a	host	impacts	the	disease	status	of	its	117 

group	mates	rather	than	its	own	disease	status.	Because	of	this,		and	due	to	the	118 

difficulty	in	tracking	who	acquired	infection	from	whom	during	an	epidemic,	host	119 

variation	in	this	trait	can	be	inferred	by	observing	the	speed	at	which	the	disease	is	120 

naturally	transmitted	to	susceptible	individuals31.	This	can	only	be	achieved	by	121 

allocating	genetically	related	infected	individuals	(shedders)	across	many	contact	122 

groups	containing	susceptible	individuals	(recipients),	such	that	recipient	time	to	onset	123 

of	disease	can	be	observed	(Figure	1).		The	groups	should	be	closed	such	that	124 

transmission	only	occurs	between	shedders	and	recipients	within	the	groups,	therefore	125 

restricting	the	sources	of	infection	and	thus	reducing	uncertainty	in	infectivity	126 

estimates.	Furthermore,	in	contrast	to	resistance	and	tolerance	experiments,	smaller	127 

groups	are	preferable	to	larger	groups	to	minimise	the	confounding	of	the	expression	128 

of	infectivity	from	shedders	and	recipients32,33.		129 

Genetic	differences	in	host	infectivity	based	on	shedder	family	information	can	be	130 

detected	by	analysing	recipient	time	to	onset	of	the	disease.	However,	the	risk	of	131 

transmission	and,	consequently,	time	to	onset	of	the	disease	depend	not	only	on	host	132 

infectivity	but	also	on	the	resistance	of		recipient	individuals34.	Moreover,	infected	133 

recipients	may	also	become	sources	of	transmission	in	closed	groups.	Therefore,	to	134 

detect	genetic	differences	in	shedder	infectivity,	recipients	exposed	to	different	135 
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shedder	families	must	have,	on	average,	similar	levels	of	resistance	and	infectivity.	136 

Then,	a	comparison	of	the	speed	of	the	transmission	within	recipients	across	shedders	137 

from	different	families	allows	detection	of	genetic	variation	in	host	infectivity.	In	138 

particular,	infection	is	expected	to	spread	faster	in	groups	of	recipients	exposed	to	139 

individuals	from	a	more	infectious	shedder	family.		140 

To	obtain	empirical	data	to	study	genetic	variation	in	resistance,	tolerance	and	141 

infectivity,	we	performed	a	Philasterides	dicentrarchi	infection	experiment	in	two	142 

large	cohorts	of	turbot	fish	(total	n	=	1,800)	from	44	full-sib	families	(see	Figure	1).	The	143 

visually	conspicuous	infection	signs	caused	by	this	parasite	enable	non-invasive	144 

tracking	of	the	epidemics	in	real-time35–37	(see	Methods),	which	is	usually	difficult	to	145 

observe	in	transmission	trials.		We	distributed	shedder	fish	artificially	inoculated	with	146 

the	parasite	across	72	isolated	tanks,	such	that	these	fish	transmitted	the	disease	to	147 

previously	non-infected	recipient	fish	(see	Methods).		148 

Each	tank	comprised	five	shedder	fish	from	the	same	family	and	20	recipient	fish	from	149 

four	different	families,	forming	a	recipient	family	composition	(Figure	1).	This	group	150 

size	and	composition	allowed	to	meet	requirements	for	reliably	detecting	genetic	151 

differences	in	infectivity	(which	requires	small	groups	with	families	distributed	across	152 

groups32,38)	as	well	as	in	recipient	resistance	and	tolerance	(which	are	best	inferred	153 

from	large	groups	comprising	multiple	offspring	from	many	families).	As	environmental	154 

conditions	were	controlled	(see	Methods),	the	only	sources	of	variation	in	tanks	were	155 

recipient	family	composition	and	shedder	family.	Family	composition	in	tanks	was	156 

designed	to	detect	genetic	variance	in	host	infectivity	while	having	a	suitable	157 

experimental	setup	to	verify	genetic	differences	in	resistance	and	tolerance.	To	achieve	158 

this,	we	exposed	each	of	four	shedder	fish	families	to	the	same	nine	recipient	family	159 

compositions,	in	each	of	two	trials	of	the	experiment	(see	Methods).	With	this,	160 

infection	was	expected	to	spread	consistently	faster	in	recipient	groups	exposed	to	the	161 

most	infectious	shedder	family,	thus	avoiding	confounding	between	shedder	family	162 

infectivity	and	genetic	resistance	and	infectivity	of	recipient	fish.	Also,	we	included	163 

each	recipient	family	in	two	recipient	family	compositions	(Figure	1,	see	Methods).	This	164 

way,	each	recipient	family	was	exposed	to	all	shedder	families	(to	avoid	confounding	165 
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between	recipient	family	resistance	and	shedder	family	infectivity)	and	a	sufficiently	166 

large	number	of	fish	from	different	families,	ensuring	reliable	detection	of	differences	167 

in	resistance	and	tolerance	between	recipient	families.	Therefore,	the	resulting	design	168 

allowed	not	only	detection	of	genetic	variation	in	infectivity	through	differences	in	169 

disease	onset	profiles	of	recipient	fish	pooled	by	shedder	families,	but	it	also	enabled	170 

detection	of	genetic	variation	in	resistance	and	tolerance	by	comparing	different	171 

profiles	for	onset	of	disease	and	infection-induced	death,	respectively,	pooled	by	172 

recipient	family.	173 

Disease	and	survival	data	from	the	experiment	were	collected	by	inspecting	all	fish	174 

twice	a	day	over	the	duration	of	the	experiment	for	visual	signs	of	infection	and	for	175 

mortality.	For	each	fish	displaying	visual	infection	signs,	the	date	and	time	of	first	176 

detection	of	signs	was	recorded.	Similarly,	for	fish	that	had	succumbed	to	the	177 

infection,	the	date	and	time	of	detected	mortality	was	recorded.		Whilst	178 

measurements	of	time	to	signs	allow	genetic	analysis	of	resistance	of	recipient	fish	179 

and	infectivity	of	shedder	fish,	measurements	of	the	time	from	signs	to	death	provide	180 

information	on	genetic	variation	in	tolerance.	181 

Analysis	of	time-to-event	measurements	associated	with	fish	onset	of	disease	and	182 

subsequent	survival.	It	took	longer	for	the	recipients	in	the	experiment	to	develop	183 

disease	signs	than	to	die	following	infection,	with	large	variation	in	time	to	signs	184 

across	trials	(median	time	to	signs	was	43	and	110	days	for	trials	1	and	2	respectively,	185 

see	also	Figure	2).	This	large	variation	between	trial	1	and	2	might	be	caused	by	lower		186 

virulence	of	the	pathogen	strain	in	trial	2,	as	a	later	onset	of	visual	signs	in	recipient	187 

fish	were	found	in	that	trial.	Correspondingly,	trials	1	and	2	lasted	respectively	104	188 

and	160	days	(see	Methods).		There	was	however	similar	within-trial	variation	in	time	189 

to	signs	and	time	from	signs	to	death,	suggesting	that	the	same	traits	were	measured	190 

despite	the	different	pathogen	virulence	in	both	trials.	(Figure	2).	Fish	from	both	trials	191 

died	quickly	and	with	low	variation	following	onset	of	signs	(Figure	2).	Median	times	192 

from	signs	to	death	were	8	and	7	days	for	recipient	fish	from	trials	1	and	2	193 

respectively.	Also,	the	large	recipient	variation	in	time	to	signs	that	we	could	not	194 
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observe	in	time	from	signs	to	death	can	be	explained	by	factors	associated	with	tank	195 

composition	as	described	below.		196 

Long	recipient	survival	post	exposure	was	strongly	associated	with	long	time	to	signs	197 

(Kendall	correlation	coefficients	0.70	and	0.74	for	trials	1	and	2	respectively,	P<	0.001,	198 

see	Figure	3),	but	weakly	correlated	with	time	from	signs	to	death	(Kendall	correlation	199 

coefficients	are	0.20	(P	<	0.001)	and	-0.01	(P	=	0.50)	for	trials	1	and	2,	respectively).	We	200 

also	found	a	weak	positive	relationship	between	recipient	time	to	signs	and	time	from	201 

these	signs	to	death	(Kendall	correlation	coefficients	-0.19	(P	=	0.003),	and	-0.34	(P	<	202 

0.001)	for	trials	1	and	2,	respectively,	see	also	Figure	3).	These	results	suggest	that	203 

factors	controlling	the	onset	of	disease	have	a	stronger	influence	on	survival	than	204 

factors	driving	within	host	disease	progression.		205 

Fish	family	variation	in	disease	resistance	and	tolerance.	We	found	significant	206 

differences	across	the	36	recipient	fish	families	in	time	to	signs	(log-rank	test:	P	<	207 

0.001	for	both	trials)	but	small	recipient	family	variation	in	time	from	signs	to	death	208 

(log-rank	test:	P	=	0.053	and	P	=	0.084	for	trial	1	and	2,	respectively,	also	see	Figure	4).	209 

These	results	may	indicate	large	genetic	variation	in	resistance	but	small	variation	in	210 

tolerance	to	the	disease.	Large	and	low	variation	for,	respectively,	time	to	signs	and	211 

time	from	signs	to	death	were	also	found	across	tanks	(Supplementary	Figure	1).	212 

Effect	of	shedder	family	infectivity	on	onset	of	disease	and	subsequent	survival.		213 

Shedder	fish	family	had	a	strong	effect	on	recipient	time	to	signs	but	little	influence	on	214 

time	from	these	signs	to	death	(Figure	2	and	Table	1).	To	quantify	the	effect	of	shedder	215 

family	on	recipient	infection	and	survival,	we	fit	generalized	linear	mixed	models	216 

(GLMMs)	to	daily	counts	of	recipient	fish	with	visual	signs	and	recipient	fish	that	died	217 

due	to	infection	(see	Methods).	When	applied	to	discrete	time-to-event	data	and	218 

assuming	a	baseline	hazard	for	each	day,	these	models	can	estimate	hazard	ratios	219 

between	different	shedder	families	while	controlling	for	other	factors	of	the	220 

transmission	experiment39,40.	Recipients	exposed	to	the	most	infective	shedder	families	221 

(C	and	F	for	trials	1	and	2	respectively,	see	Figures	5a	and	5b)	got	diseased	at	222 

approximately	twice	the	rate	of	recipients	exposed	to	the	least	infective	shedder	families	223 

(B	and	G	for	trials	1	and	2	respectively,	see	Figures	5a	and	5b;	hazard	ratio	estimates:	224 
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trial	1	posterior	mean:	1.80,	95%	CI:	1.37,	2.23;	trial	2	posterior	mean:	2.10,		95%	CI:	225 

1.60,	2.75).	As	a	further	illustration	of	the	effects	of	genetic	differences	in	shedder	226 

infectivity,	we	found	that	the	relative	hazard	of	a	recipient	showing	disease	signs	when	227 

exposed	to	the	most	vs	the	least	infective	shedder	family	was	greater	than	1.5,	with	228 

Bayesian	posterior	probabilities	0.85	and	0.98	for	trials	1	and	2,	respectively.	In	contrast,	229 

shedder	family	infectivity	did	not	significantly	affect	recipient	time	of	death	following	230 

disease	(hazard	ratio	estimates:	trial	1	posterior	mean:	1.27,		95%	CI:	0.88,	1.84;	trial	2	231 

posterior	mean:	0.98,	95%	CI:		0.76,	1.21;	Bayesian	posterior	probabilities	that	recipient	232 

hazard	ratio	of	death	following	disease	between	most	and	least	infective	shedder	fish	233 

family	is	at	least	1.5:	<0.005	for	both	trials).	234 

Effect	of	recipient	family	composition	on	onset	of	disease	and	subsequent	survival.	235 

To	evaluate	the	effect	of	the	genetic	composition	of	the	tank	members	(accounting	for	236 

combined	differences	in	recipient	resistance,	infectivity	and	tolerance)	on	disease		and	237 

survival	times,	random	effects	representing	recipient	family	composition	were	238 

considered	in	all	models	(see	Methods).	Variance	component	estimates	for	recipient	239 

family	composition	are	much	larger	in	the	models	for	time	to	onset	of	visual	signs	than	240 

in	models	for	time	between	infection	signs	and	death	(Table	2),	suggesting	that	the	241 

genetic	composition	of	tank	members	played	a	strong	role	in	disease	spread	but	had	242 

little	influence	on	survival	post	infection.		243 

	244 

	245 

	246 

	247 

	248 

	249 

	250 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 30, 2018. ; https://doi.org/10.1101/483602doi: bioRxiv preprint 

https://doi.org/10.1101/483602
http://creativecommons.org/licenses/by-nd/4.0/


	 10	

	251 

Discussion	252 

Host	genetics	has	yet	not	been	fully	exploited	to	reduce	the	impact	of	infectious	253 

disease	in	animal	populations.	It	is	therefore	crucial	to	understand	and	disentangle	254 

the	effects	of	genetic	diversity	in	different	host	defence	mechanisms	to	disease.	Here	255 

we	presented	a	novel	transmission	experimental	design	which	allows	simultaneous	256 

genetic	analyses	of	host	resistance,	tolerance	and	infectivity.	Temporal	epidemic	data	257 

generated	by	applying	our	experimental	design	in	an	infectious	disease	model	using	258 

family-structured	fish	allowed	to	dissect	the	different	sources	of	genetic	variation	on	259 

disease	prevalence	and	subsequent	mortality.	This	contrasts	with	most	genetic	studies	260 

of	infectious	disease	which	focus	on	disease	resistance	alone,	and	often		use	binary	261 

mortality	data	at	the	end	of	the	epidemic,	thus	not	fully	capturing	the	dynamic	nature	262 

of	infectious	disease41–43.	263 

	Our	study	provided	the	first	direct	evidence	that	there	are	genetic	differences	in	host	264 

infectivity	and	that	the	genetic	make-up	of	a	host	can	largely	affect	the	survival	of	its	265 

group	mates	by	affecting	their	risk	of	becoming	diseased.	The	novel	genetic	266 

differences	found	in	host	infectivity	significantly	explain	variation	in	time	to	the	267 

appearance	of	visual	infection	signs,	which	in	turn	was	found	to	be	strongly	related	to	268 

survival.	Host	ability	to	transmit	infections	may	also	depend	on	the	rate	of	contact	269 

between	hosts	or	their	excreted	infectious	material	with	susceptible	individuals	and	270 

on	duration	of	the	infection	period34,44.	The	mode	of	the	transmission	of	Philasterides	271 

dicentrarchi	through	contamination	of	water	suggests	constant	rate	of	contact	272 

between	susceptible	fish	and	the	parasites	shed	by	hosts	(see	Methods).	Moreover,	273 

we	could	not	find	significant	family	differences	in	shedder	time	to	death	in	both	trials	274 

(Supplementary	Figure	2).	This	suggests	that	differences	in	infectivity	are	not	simply	275 

explained	by	the	fact	that	more	infectious	individuals	shed	longer	nor	that	they	are	276 

more	tolerant	to	the	disease.	In	addition,	although	higher	infectivity	can	be	also	277 

manifested	by	shedding	higher	quantity	or	more	virulent	infectious	material45,	there	is	278 

no	evidence	for	this	in	our	study,	as	shedder	family	did	not	have	a	significant	effect	on	279 
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recipient	time	from	signs	to	death.	Therefore,	apart	from	the	detected	genetic	280 

variation	in	infectivity,	we	could	not	identify	other	significant	epidemic	factors	that	281 

may	explain	variation	in	the	ability	to	transmit	the	disease.	282 

Our	findings	suggest	that	genetic	variation	in	host	resistance	is	larger	than	genetic	283 

variation	in	tolerance,	and	are	in	line	with	previous	genetic	studies	of	these	traits	for	a	284 

variety	of	diseases	and	species46–49.	However,	the	results	may	also	partly	depend	on	285 

the	trait	definitions	used	in	our	study.	Since	time	to	infection	can	usually	not	be	286 

observed	under	natural	transmission,			we	analysed	resistance	to	onset	of	the	disease,	287 

which	may	be	different	from	resistance	to	becoming	infected.		Not	developing	disease	288 

after	infection	may	be	considered	as	an	aspect	of	tolerance.	Indeed,	despite	high	289 

sensitivity	and	specificity	for	onset	of	visual	signs	as	a	diagnostic	test	for	infection	by	P.	290 

dicentrarchi	(see	Supplementary	Table	1	and	Methods),	we	found,	through	post	291 

mortem	detection,	parasites	in	222	recipient	fish	(out	of	1420	recipients	that	were	post	292 

mortem	examined	–	see	Methods)	which	did	not	show	signs	of	infection	during	the	293 

experiment.	We	surprisingly	also	detected	neither	parasites	nor	signs	of	infection	in	53	294 

out	of	the	180	artificially	infected	fish	used	in	trial	2.	These	findings	indicate	that	fish	295 

can	express	high	levels	of	tolerance	to	infection	that	prevents	development	of	296 

infection	signs,	resulting	in	a	minimum	impact	of	the	parasite	on	their	health.	This	297 

aspect	of	tolerance	could		however	not	be	separated	from	resistance	in	our	study.	298 

	Our	experimental	design	tested	in	fish	can	be	replicated	in	infection	models	with	299 

livestock	species.	The	advantage	of	conducting	these	studies	in	aquaculture	is	the	300 

relative	ease	of	creating	many	large	families	and	generating	large	sample	sizes.	301 

Conducting	transmission	experiments	in	fish	or	livestock	model	species	may	provide	302 

useful	genetic	information	for	studying	complex	disease	traits	such	as	resistance,	303 

tolerance	and	infectivity	in	the	context	of	infectious	diseases	in	human	populations	50.		304 

The	family	structure	of	the	fish	considered	in	our	transmission	experiment	is	expected	305 

to	provide	estimation	of	individual	genetic	risks	for	resistance,	tolerance	and	306 

infectivity51.	In	particular,	under	the	assumption	of	infectivity	being	a	heritable	trait,	it	307 

can	be	defined	as	an	indirect	genetic	effect	(IGE),	also	known	as	an	associative	or	a	308 

social	genetic	effect33,38,52,53.	Statistical	models	incorporating	IGEs	require	populations	309 
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structured	into	many	isolated	groups	with	related	individuals	in	each	of	these	310 

groups54,55,	which	was	the	case	in	our	experiment.	We	have	recently	extended	IGE	311 

models	to	incorporate	the	dynamics	of	infection	processes,	and	this	extension	can	312 

accurately	estimate	genetic	risks	as	well	as	heritabilities	and	environmental	effects	for	313 

both	infectivity	and	resistance32.	However,	further	work	is	needed	to	adapt	these	314 

models	for	infections	that	cause	recovery	or	death	(such	as	scuticociliatosis)	and	to	315 

incorporate	genetic	variation		in	tolerance	to	disease.	316 

These	IGE	models	have	the	advantage	that	they	incorporate	transmission	between	317 

recipients	into	estimation	of	genetic	risks	for	resistance,	infectivity	and	tolerance,	318 

which	was	not	explicitly	considered	in	our	study.	In	particular,	these		IGE	models	would	319 

provide	infectivity	genetic	risk	estimates		for	all	individuals	in	a	population,	from	which	320 

individuals	with	extreme	risks	can	be	identified	as	genetic	superspreaders32.	In	the	321 

context	of	animal	breeding,	these	genetic	superspreaders	have	higher	probability	of	322 

generating	offspring	that	would	transmit	most	of	the	infections	in	a	disease	outbreak,	323 

and	therefore	preventing	their	occurrence	would	be	an	effective	means	to	reduce	324 

disease	prevalence	in	subsequent	generations56.	325 

In	conclusion,	our	results	imply	that	animals	can	potentially	evolve	three	conceptually	326 

different	types	of	response	affecting	their	own	and	their	group	members’	chances	of	327 

surviving	infections.		In	particular,	we	demonstrate	for	the	first	time	that	there	is	328 

significant	genetic	variation	in	in	host	infectivity.	Our	findings	reveal	new	329 

opportunities	for	devising	more	effective	genetic	disease	control	strategies	by	330 

simultaneously	exploiting	genetic		variation	underlying	host	resistance,	infectivity	and	331 

tolerance	to	disease,	rather	than	focusing	only	on	disease	resistance	as	measured	by	332 

survival.	As	illustrated	with	a	biological	infection	model	in	fish,	genetic	effects	in	333 

resistance,	tolerance	and	infectivity	can	be	disentangled	by	a	single	experimental	334 

design.	Broadening	the	scope	of	disease	traits	in	genetic	studies	may	open	new	335 

avenues	for	identifying	novel	genes	affecting	disease	transmission	and	survival	as	well	336 

as	further	understanding	of	mechanisms	underlying	infectious	disease	dynamics	and	337 

evolution.	338 

	339 
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	340 

Methods	341 

The	scuticociliatosis	transmission	experiment	in	turbot.	Philasterides	dicentrarchi	(P.	342 

dicentrarchi)	is	a	histophagous	ciliate	causing	scuticociliatosis	in	many	fish	species,	in	343 

particular	olive	flounder	and	turbot.	Scuticociliatosis	is	one	of	the	most	important	344 

parasitological	problems	in	marine	aquaculture	worldwide57.	In	recent	years,	severe	345 

scuticociliatosis	outbreaks	with	high	mortality	rates	and	devastating	economic	346 

effects	have	been	reported	in	East	Asia	(Korea,	Japan,	China),	Europe	(Spain,	347 

Portugal)	and	other	regions	of	the	world37,58.	The	parasite	generates	a	severe	348 

systemic	infection	invading	internal	organs	such	as	brain,	gills,	liver	and	intestine	that	349 

generally	results	in	the	death	of	the	host59.			350 

Little	is	known	about	host	genetic	control	of	P.	dicentrarchi	infections.	A	QTL	mapping	351 

study	carried	out	using	a	controlled	intracelomical	challenge	infection	of	turbot	with	a	352 

fixed	high	dose	of	virulent	P.	dicentrarchi	strain,	identified	several	genomic	regions	353 

controlling	dichotomous	survival	at	the	end	of	the	experiment	(28dpi)	and	survival	354 

time	of	infected	fish,	suggesting	that	survival	is	under	genetic	control30.		355 

Experimental	facilities	and	turbot	family	structure.	The	farmed	turbot	used	in	the	356 

experiment	were	bred	and	reared	in	the	experimental	facilities	of	CETGA,	Spain.	The	357 

experiment	complies	with	ethical	regulations	and	was	approved	by	the	358 

Regional	Government	of	Xunta	de	Galicia	(registered	under	the	359 

code	ES150730055401/16/PROD.VET.047ROD.01).		Due	to	space	restrictions,	the	360 

transmission	experiments	were	carried	out	in	two	consecutive	trials.	Each	trial	361 

comprised	900	fish	(sex	ratio	1:1)	from	22	and	23	full-sibling	families	generated	from	362 

29	sires	and	25	dams,	for	trials	1	and	2	respectively.	The	resulting	full-sib	families	363 

included	eight	and	five	paternal	half-sibling	families	for	respectively,	trials	1	and	2		and	364 

seven	maternal	half-sib	families	in	each	of	these	trials.	Parental	fish	were	mostly	365 

unrelated,	except	for	two	paternal	and	three	maternal	half-sibs.	Average	body	weights	366 

at	the	start	of	trials	1	and	2	were	32.1g	(std.	dev.	9.2g)	and	91.6g	(std.	dev.	38.4g),	367 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 30, 2018. ; https://doi.org/10.1101/483602doi: bioRxiv preprint 

https://doi.org/10.1101/483602
http://creativecommons.org/licenses/by-nd/4.0/


	 14	

respectively.	Fish	were	tagged	according	to	their	full-sib	family	using	elastomers,	and	368 

fin	clipping	was	used	for	individual	identification.		369 

Distinction	between	shedder	and	recipient	fish	and	their	allocation	across	isolated	370 

experimental	units.	We	assigned	families	in	each	trial	into	either	shedder	families	371 

(four	per	trial)	or	recipient	families	(18	per	trial).	Shedder	families	were	inoculated	372 

with	a	virulent	strain	of	P.	dicentrarchi	and	then	introduced	into	isolated	tanks	373 

comprising	non-infected	recipient	fish	to	seed	the	infection	in	the	transmission	374 

experiment.	Eventually,	both	infected	shedders	and	recipients	express	infectivity,	but	375 

artificial	infection	of	shedders	implies	that	shedder	fish	provide	more	accurate	376 

information	about	infectivity	than	recipient	fish.	To	maximise	genetic	diversity,	the	377 

eight	shedder	families	were	unrelated,	i.e.	shared	no	common	sire	or	dam.		378 

Each	trial	consisted	of	36	independent	transmission	experiments	(i.e.	there	is	no	379 

between	group	transmission)	carried	out	in	36	isolated	50-litre	closed-circuit	aerated	380 

tanks	with	constant	water	temperature	of	17–18	oC	and	0.36‰	salinity.	To	maximise	381 

statistical	power	for	detecting	and	disentangle	genetic	variation	in	resistance	and	382 

infectivity,	we	strategically	distributed	the	shedder	and	recipient	fish	into	the	383 

different	tanks	as	follows	(see	also	Fig.	1):	each	tank	comprised	25	fish,	with	five	fish	384 

from	the	same	shedder	family	seeding	the	infection	to	20	fish	from	4	different	385 

recipient	families	(5	fish	per	recipient	family),	such	that	fish	from	each	of	the	families	386 

were	selected	at	random.	Also,	each	shedder	family	seeded	the	infection	in	9	different	387 

tanks	(9	experimental	replicates	per	shedder	family,	Fig.	1).	To	minimise	confounding	388 

between	shedder	fish	infectivity	and	genetic	resistance	and	infectivity	of	recipient	fish	389 

and	therefore	minimise	the	noise	for	detecting	shedder	family	differences	in	390 

infectivity,	the	same	recipient	family	compositions	were	used	across	the	4	shedder	391 

families.	This	resulted	in	9	different	family	compositions	per	trial,	with	each	recipient	392 

family	represented	in	8	tanks	and	in	2	different	family	compositions.	The	sample	size	393 

of	1800	fish	and	the	family	composition	in	tanks	are	in	line	with	experimental	design	394 

recommendations	supported	by	theoretical	results	regarding	studies	of	social	genetic	395 

effects60	as	well	as	simulation	studies	for	detecting	ideal	experimental	conditions	for	396 

estimating	infectivity	genetic	effects32.	397 
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Infection	of	donors	and	transmission	to	recipients.	Inoculation	of	shedder	fish	was	398 

carried	out	by	intraperitoneal	injection59	into	the	abdominal	cavity	of	200	µl	of	sterile	399 

physiological	saline	containing	(50,000	and	56,000	ciliates	were	used	in	each	of	400 

shedder	fish	from	trials	1	and	2,	respectively).	After	inoculation,	infected	shedder	fish	401 

were	immediately	introduced	into	the	tanks	comprising	initially	only	non-infected	402 

recipient	fish	and	the	epidemics	were	allowed	to	develop	naturally.	The	trials	were	403 

terminated	at	104	and	160	days	in	trials	1	and	2,	respectively.		Fish	still	alive	at	the	404 

end	of	this	period	were	killed	with	an	overdose	of	anaesthetic.	One	of	the	tanks	in	405 

trial	1	was	discarded	from	the	analysis	due	to	a	problem	with	oxygen	supply.	Also,	due	406 

to	technical	difficulties	in	daily	tracking	of	the	disease	status	of	all	fish	in	the	407 

experiment,	two	fish	from	trial	1	and	one	fish	from	trial	2	had	missing	disease	408 

information	and	was	also	discarded	from	the	analysis.	409 

Visual	signs	and	histology.	Visual	infection	signs	included	exophthalmia,	colour	410 

change	or	depigmentation,	visible	lesions	or	abnormal	swimming	behaviour	(no	411 

blinding	method	was	used).	Upon	detection,	dead	fish	were	removed	and	both	their	412 

brain	and	ascetic	fluid	collected	from	the	body	cavity	were	analysed	to	detect	the	413 

presence	of	the	scuticociliade.	At	the	end	of	the	experiment,	all	remaining	fish	were	414 

euthanized	and	screened	for	parasites.		415 

Statistical	analyses.	To	compare	infection	and	survival	profiles	associated	with	trials,	416 

tanks	and	families,	we	used	Kaplan-Meier	estimators	for	survival	probability	of	417 

developing	disease	and	dying	from	disease	using	time	to	signs	(with	censoring	given	418 

by	surviving	fish	that	did	not	show	signs	by	the	end	of	the	experiment)	and	time	to	419 

death,	respectively.	For	fish	that	displayed	visual	infection	signs,	Kaplan-Meier	420 

estimators	were	also	generated	for	time	from	signs	to	death.	Fish	that	had	signs	but	421 

survived	until	the	end	of	the	experiment	were	censored	in	this	case.	The	right-422 

censoring	mechanism	considered	was	independent	of	the	time	to	signs	and	time	to	423 

death	observed	in	recipient	fish,	a	crucial	assumption	for	calculation	of	Kaplan-Meier	424 

curves	and	log-rank	tests.61	425 

Daily	counts	of	recipient	fish	with	visual	infection	signs	in	each	tank	were	used	to	426 

estimate	the	effect	of	shedder	fish	family	on	time	to	infection.	For	a	tank	i	and	day	tj	427 
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of	the	experiment,	the	number	of	fish	with	visual	signs,	represented	by	Ci(tj)	was	428 

assumed	to	follow	a	binomial	distribution	with	parameters	given	by	the	number	of	429 

susceptible	individuals	at	day	tj	in	tank	i,	represented	by	Si(tj),	and	pj,	which	is	the	430 

probability	of	a	fish	showing	visual	signs	at	tj	given	it	was	susceptible	prior	to	that	day.	431 

This	conditional	probability	is,	by	definition,	the	disease	hazard	at	day	tj	39,40	and	can	432 

be	modelled	using	a	generalised	linear	mixed	model	with	a	complementary	log-log	433 

link	function	given	by	434 

	435 

where	αj	is	the	day-specific	intercept	representing	a	baseline	hazard,	SFi	is	the	shedder	436 

family	at	tank	i	with	effect	bi	and	Iij	is	an	offset	representing	the	proportion	of	infected	437 

fish	at	tank	i	and	day	tj.	Individual	family	effects	were	not	incorporated	in	this	tank-438 

day	level	model	as	each	tank	comprised	four	recipient	families.	Therefore,	RFCi	is	a	439 

random	effect	representing	recipient	family	composition	at	tank	i	such	that	its	440 

covariance	matrix	incorporates	family	relationships	within	and	between	the	441 

compositions62.	A	similar	model	was	considered	to	estimate	the	shedder	family	effect	442 

on	time	to	death	by	infection	by	assuming	that	the	daily	number	of	recipient	fish	that	443 

died	to	infection	at	tank	i,	represented	by	Ri(tj),	follows	a	binomial	distribution	with	444 

parameters	given	by	the	number	of	diseased	fish	alive	at	day	tj	in	tank	i	(Si(tj))	and	πj,	445 

which	is	the	probability	of	a	fish	dying	by	infection	tj	given	it	was	alive	and	displayed	446 

signs	prior	to	that	day.	Both	models	were	also	fitted	ignoring	shedder	family	effect	447 

and	compared	to	the	full	models	using	the	Watanabe-Akaike	information	criterion63.		448 

Bayesian	inference	for	model	parameters	was	based	on	the	Hamiltonian	Monte	Carlo	449 

algorithm	to	generate	samples	of	posterior	distributions,	implemented	in	the	Stan	450 

package	of	the	R	statistical	software64.	451 

 452 

Code	availability.	The	computer	code	used	in	this	study	are	available	from	the	453 

corresponding	author	upon	reasonable	request.		454 

	455 

	456 
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Data	Availability.		The	data	that	support	the	findings	of	this	study	are	available	from	457 

the	Centro	Tecnologico	del	Cluster	de	la	Acuicultura	de	Galicia	(CETGA),		but	restrictions	458 

apply	to	the	availability	of	these	data,	which	were	used	under	license	for	the	current	459 

study,	and	so	are	not	publicly	available.	Data	are	however	available	from	the	460 

corresponding	author	upon	reasonable	request	and	with	permission	of	CETGA.	461 

 462 

 463 

 464 

 465 

 466 

 467 

 468 

 469 

 470 

 471 

 472 

 473 

 474 

 475 

 476 

 477 

 478 

	479 

	480 

	481 

	482 

	483 

	484 

	485 

	486 

	487 

	488 

	489 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 30, 2018. ; https://doi.org/10.1101/483602doi: bioRxiv preprint 

https://doi.org/10.1101/483602
http://creativecommons.org/licenses/by-nd/4.0/


	 18	

	490 

	491 

References	492 

 493 
 494 
1.	 Bishop,	S.	C.	&	Woolliams,	J.	A.	Genomics	and	disease	resistance	studies	in	495 

livestock.	Livest.	Sci.	166,	190–198	(2014).	496 

2.	 Bishop,	S.	C.,	Axford,	R.	F.	E.,	Nicholas,	F.	W.	&	Owen,	J.	B.	Breeding	for	Disease	497 

Resistance	in	Farm	Animals.	(CABI,	2010).	498 

3.	 Bishop,	S.	C.	&	Morris,	C.	A.	Genetics	of	disease	resistance	in	sheep	and	goats.	499 

Small	Rumin.	Res.	70,	48–59	(2007).	500 

4.	 Yáñez,	J.	M.,	Houston,	R.	D.	&	Newman,	S.	Genetics	and	genomics	of	disease	501 

resistance	in	salmonid	species.	Front.	Genet.	5,	(2014).	502 

5.	 Lewin,	H.	A.	Disease	resistance	and	immune	response	genes	in	cattle:	strategies	for	503 

their	detection	and	evidence	of	their	existence.	J.	Dairy	Sci.	72,	1334–1348	(1989).	504 

6.	 Wilfert,	L.	&	Schmid-Hempel,	P.	The	genetic	architecture	of	susceptibility	to	505 

parasites.	BMC	Evol.	Biol.	8,	187	(2008).	506 

7.	 Pritchard,	J.	K.	&	Cox,	N.	J.	The	allelic	architecture	of	human	disease	genes:	507 

common	disease-common	variant...or	not?	Hum.	Mol.	Genet.	11,	2417–2423	508 

(2002).	509 

8.	 O’Brien,	S.	J.	&	Evermann,	J.	F.	Interactive	influence	of	infectious	disease	and	510 

genetic	diversity	in	natural	populations.	Trends	Ecol.	Evol.	3,	254–259	(1988).	511 

9.	 Springbett,	A.	J.,	MacKenzie,	K.,	Woolliams,	J.	A.	&	Bishop,	S.	C.	The	Contribution	of	512 

Genetic	Diversity	to	the	Spread	of	Infectious	Diseases	in	Livestock	Populations.	513 

Genetics	165,	1465–1474	(2003).	514 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 30, 2018. ; https://doi.org/10.1101/483602doi: bioRxiv preprint 

https://doi.org/10.1101/483602
http://creativecommons.org/licenses/by-nd/4.0/


	 19	

10.	Doeschl-Wilson,	A.	B.	et	al.	Implications	of	Host	Genetic	Variation	on	the	Risk	and	515 

Prevalence	of	Infectious	Diseases	Transmitted	Through	the	Environment.	Genetics	516 

188,	683–693	(2011).	517 

11.	King,	K.	C.	&	Lively,	C.	M.	Does	genetic	diversity	limit	disease	spread	in	natural	host	518 

populations?	Heredity	109,	199–203	(2012).	519 

12.	Restif,	O.	&	Koella,	J.	C.	Concurrent	Evolution	of	Resistance	and	Tolerance	to	520 

Pathogens.	Am.	Nat.	164,	E90–E102	(2004).	521 

13.	Roy,	B.	A.	&	Kirchner,	J.	W.	Evolutionary	dynamics	of	pathogen	resistance	and	522 

tolerance.	Evolution	54,	51–63	(2000).	523 

14.	Woolhouse,	M.	E.	J.	et	al.	Heterogeneities	in	the	transmission	of	infectious	agents:	524 

Implications	for	the	design	of	control	programs.	Proc.	Natl.	Acad.	Sci.	94,	338–342	525 

(1997).	526 

15.	Lloyd-Smith,	J.	O.,	Schreiber,	S.	J.,	Kopp,	P.	E.	&	Getz,	W.	M.	Superspreading	and	527 

the	effect	of	individual	variation	on	disease	emergence.	Nature	438,	355–359	528 

(2005).	529 

16.	Chase-Topping,	M.,	Gally,	D.,	Low,	C.,	Matthews,	L.	&	Woolhouse,	M.	Super-530 

shedding	and	the	link	between	human	infection	and	livestock	carriage	of	531 

Escherichia	coli	O157.	Nat.	Rev.	Microbiol.	6,	904–912	(2008).	532 

17.	Gopinath,	S.,	Lichtman,	J.	S.,	Bouley,	D.	M.,	Elias,	J.	E.	&	Monack,	D.	M.	Role	of	533 

disease-associated	tolerance	in	infectious	superspreaders.	Proc.	Natl.	Acad.	Sci.	534 

111,	15780–15785	(2014).	535 

18.	O’Hare,	A.,	Orton,	R.	J.,	Bessell,	P.	R.	&	Kao,	R.	R.	Estimating	epidemiological	536 

parameters	for	bovine	tuberculosis	in	British	cattle	using	a	Bayesian	partial-537 

likelihood	approach.	Proc.	R.	Soc.	Lond.	B	Biol.	Sci.	281,	20140248	(2014).	538 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 30, 2018. ; https://doi.org/10.1101/483602doi: bioRxiv preprint 

https://doi.org/10.1101/483602
http://creativecommons.org/licenses/by-nd/4.0/


	 20	

19.	Wong,	G.	et	al.	MERS,	SARS,	and	Ebola:	The	Role	of	Super-Spreaders	in	Infectious	539 

Disease.	Cell	Host	Microbe	18,	398–401	(2015).	540 

20.	Leavy,	O.	Infectious	disease:	The	tolerance	of	superspreaders.	Nat.	Rev.	Immunol.	541 

14,	776–777	(2014).	542 

21.	Nath,	M.,	Woolliams,	J.	A.	&	Bishop,	S.	C.	Assessment	of	the	dynamics	of	543 

microparasite	infections	in	genetically	homogeneous	and	heterogeneous	544 

populations	using	a	stochastic	epidemic	model.	J.	Anim.	Sci.	86,	1747–1757	(2008).	545 

22.	Kwiatkowski,	D.	P.	How	Malaria	Has	Affected	the	Human	Genome	and	What	546 

Human	Genetics	Can	Teach	Us	about	Malaria.	Am.	J.	Hum.	Genet.	77,	171–192	547 

(2005).	548 

23.	Karlsson,	E.	K.,	Kwiatkowski,	D.	P.	&	Sabeti,	P.	C.	Natural	selection	and	infectious	549 

disease	in	human	populations.	Nat.	Rev.	Genet.	15,	379–393	(2014).	550 

24.	Barreiro,	L.	B.	&	Quintana-Murci,	L.	From	evolutionary	genetics	to	human	551 

immunology:	how	selection	shapes	host	defence	genes.	Nat.	Rev.	Genet.	11,	17–30	552 

(2010).	553 

25.	Houston,	R.	D.	Future	directions	in	breeding	for	disease	resistance	in	aquaculture	554 

species.	Rev.	Bras.	Zootec.	46,	545–551	(2017).	555 

26.	Råberg,	L.,	Sim,	D.	&	Read,	A.	F.	Disentangling	Genetic	Variation	for	Resistance	and	556 

Tolerance	to	Infectious	Diseases	in	Animals.	Science	318,	812–814	(2007).	557 

27.	Glass,	E.	J.	The	molecular	pathways	underlying	host	resistance	and	tolerance	to	558 

pathogens.	Front.	Genet.	3,	(2012).	559 

28.	Howick,	V.	M.	&	Lazzaro,	B.	P.	Genotype	and	diet	shape	resistance	and	tolerance	560 

across	distinct	phases	of	bacterial	infection.	BMC	Evol.	Biol.	14,	56	(2014).	561 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 30, 2018. ; https://doi.org/10.1101/483602doi: bioRxiv preprint 

https://doi.org/10.1101/483602
http://creativecommons.org/licenses/by-nd/4.0/


	 21	

29.	Gibson,	J.	P.	&	Bishop,	S.	C.	Use	of	molecular	markers	to	enhance	resistance	of	562 

livestock	to	disease:	a	global	approach.	Rev.	Sci.	Tech.	Int.	Off.	Epizoot.	24,	343–353	563 

(2005).	564 

30.	Rodríguez-Ramilo,	S.	T.	et	al.	Uncovering	QTL	for	resistance	and	survival	time	to	565 

Philasterides	dicentrarchi	in	turbot	(Scophthalmus	maximus).	Anim.	Genet.	44,	566 

149–157	(2013).	567 

31.	Velthuis,	A.	G.	J.,	BOUMA,	A.,	KATSMA,	W.	E.	A.,	NODELIJK,	G.	&	De	JONG,	M.	C.	M.	568 

Design	and	analysis	of	small-scale	transmission	experiments	with	animals.	569 

Epidemiol.	Infect.	135,	202–217	(2007).	570 

32.	Anacleto,	O.,	Garcia-Cortés,	L.	A.,	Lipschutz-Powell,	D.,	Woolliams,	J.	A.	&	Doeschl-571 

Wilson,	A.	B.	A	Novel	Statistical	Model	to	Estimate	Host	Genetic	Effects	Affecting	572 

Disease	Transmission.	Genetics	201,	871–884	(2015).	573 

33.	Lipschutz-Powell,	D.	et	al.	Bias,	Accuracy,	and	Impact	of	Indirect	Genetic	Effects	in	574 

Infectious	Diseases.	Front.	Genet.	3,	(2012).	575 

34.	Diekmann,	O.,	Heesterbeek,	H.	&	Britton,	T.	Mathematical	Tools	for	Understanding	576 

Infectious	Disease	Dynamics.	(Princeton	University	Press,	2012).	577 

35.	 Iglesias,	R.	et	al.	Philasterides	dicentrarchi	(Ciliophora,	Scuticociliatida)	as	the	578 

causative	agent	of	scuticociliatosis	in	farmed	turbot	Scophthalmus	maximus	in	579 

Galicia	(NW	Spain).	Dis.	Aquat.	Organ.	46,	47–55	(2001).	580 

36.	Moustafa,	E.	M.	M.,	Naota,	M.,	Morita,	T.,	Tange,	N.	&	Shimada,	A.	Pathological	581 

study	on	the	scuticociliatosis	affecting	farmed	Japanese	flounder	(Paralichthys	582 

olivaceus)	in	Japan.	J.	Vet.	Med.	Sci.	72,	1359–1362	(2010).	583 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 30, 2018. ; https://doi.org/10.1101/483602doi: bioRxiv preprint 

https://doi.org/10.1101/483602
http://creativecommons.org/licenses/by-nd/4.0/


	 22	

37.	Ramos,	M.	F.,	Costa,	A.	R.,	Barandela,	T.,	Saraiva,	A.	&	Rodrigues,	P.	N.	584 

Scuticociliate	infection	and	pathology	in	cultured	turbot	Scophthalmus	maximus	585 

from	the	north	of	Portugal.	Dis.	Aquat.	Organ.	74,	249–253	(2007).	586 

38.	Anche,	M.	T.,	de	Jong,	M.	C.	M.	&	Bijma,	P.	On	the	definition	and	utilization	of	587 

heritable	variation	among	hosts	in	reproduction	ratio	R0	for	infectious	diseases.	588 

Heredity	113,	364–374	(2014).	589 

39.	Kalbfleisch,	J.	&	Prentice,	R.	The	Statistical	Analysis	of	Failure	Time	Data.	(John	590 

Wiley	&	Sons,	2011).	591 

40.	Rabe-Hesketh,	S.	&	Skrondal,	A.	Multilevel	and	Longitudinal	Modeling	Using	Stata,	592 

Second	Edition.	(Stata	Press,	2008).	593 

41.	Vallejo,	R.	L.	et	al.	Genetic	Mapping	of	Quantitative	Trait	Loci	Affecting	594 

Susceptibility	to	Marek’s	Disease	Virus	Induced	Tumors	in	F2	Intercross	Chickens.	595 

Genetics	148,	349–360	(1998).	596 

42.	Pérez-Cabal,	M.	A.	et	al.	Genetic	evaluation	of	susceptibility	to	clinical	mastitis	in	597 

Spanish	Holstein	cows.	J.	Dairy	Sci.	92,	3472–3480	(2009).	598 

43.	Houston,	R.	D.	et	al.	The	susceptibility	of	Atlantic	salmon	fry	to	freshwater	599 

infectious	pancreatic	necrosis	is	largely	explained	by	a	major	QTL.	Heredity	105,	600 

318–327	(2010).	601 

44.	Lipschutz-Powell,	D.,	Woolliams,	J.	A.	&	Doeschl-Wilson,	A.	B.	A	unifying	theory	for	602 

genetic	epidemiological	analysis	of	binary	disease	data.	Genet.	Sel.	Evol.	46,	15	603 

(2014).	604 

45.	Charpin,	C.	et	al.	Infectiousness	of	pigs	infected	by	the	Porcine	Reproductive	and	605 

Respiratory	Syndrome	virus	(PRRSV)	is	time-dependent.	Vet.	Res.	43,	69	(2012).	606 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 30, 2018. ; https://doi.org/10.1101/483602doi: bioRxiv preprint 

https://doi.org/10.1101/483602
http://creativecommons.org/licenses/by-nd/4.0/


	 23	

46.	Kause,	A.,	Dalen,	S.	van	&	Bovenhuis,	H.	Genetics	of	Ascites	Resistance	and	607 

Tolerance	in	Chicken:	A	Random	Regression	Approach.	G3	Genes	Genomes	Genet.	608 

2,	527–535	(2012).	609 

47.	Lough,	G.	et	al.	Use	of	multi-trait	and	random	regression	models	to	identify	genetic	610 

variation	in	tolerance	to	porcine	reproductive	and	respiratory	syndrome	virus.	611 

Genet.	Sel.	Evol.	49,	37	(2017).	612 

48.	Detilleux,	J.	et	al.	Structural	equation	models	to	estimate	risk	of	infection	and	613 

tolerance	to	bovine	mastitis.	Genet.	Sel.	Evol.	45,	6	(2013).	614 

49.	Lillehammer,	M.	et	al.	Survival,	growth	and	sexual	maturation	in	Atlantic	salmon	615 

exposed	to	infectious	pancreatic	necrosis:	a	multi-variate	mixture	model	approach.	616 

Genet.	Sel.	Evol.	GSE	45,	8	(2013).	617 

50.	Lanzas,	C.,	Ayscue,	P.,	Ivanek,	R.	&	Gröhn,	Y.	T.	Model	or	meal?	Farm	animal	618 

populations	as	models	for	infectious	diseases	of	humans.	Nat.	Rev.	Microbiol.	8,	619 

139–148	(2010).	620 

51.	Saura,	M.	et	al.	Exploiting	linkage	disequilibrium	information	in	turbot	selection	621 

programs.	Proc.	36th	Int.	Soc.	Anim.	Genet.	Conf.	Dublin	Irel.	(2017).	622 

52.	Griffing,	B.	Selection	in	Reference	to	Biological	Groups	I.	Individual	and	Group	623 

Selection	Applied	to	Populations	of	Unordered	Groups.	Aust.	J.	Biol.	Sci.	20,	127–624 

140	(1967).	625 

53.	Baud,	A.	et	al.	Genetic	Variation	in	the	Social	Environment	Contributes	to	Health	626 

and	Disease.	PLOS	Genet.	13,	e1006498	(2017).	627 

54.	Bijma,	P.,	Muir,	W.	M.	&	Arendonk,	J.	A.	M.	V.	Multilevel	Selection	1:	Quantitative	628 

Genetics	of	Inheritance	and	Response	to	Selection.	Genetics	175,	277–288	(2007).	629 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 30, 2018. ; https://doi.org/10.1101/483602doi: bioRxiv preprint 

https://doi.org/10.1101/483602
http://creativecommons.org/licenses/by-nd/4.0/


	 24	

55.	Bijma,	P.,	Muir,	W.	M.,	Ellen,	E.	D.,	Wolf,	J.	B.	&	Van	Arendonk,	J.	A.	M.	Multilevel	630 

Selection	2:	Estimating	the	Genetic	Parameters	Determining	Inheritance	and	631 

Response	to	Selection.	Genetics	175,	289–299	(2007).	632 

56.	Tsairidou,	S.,	Anacleto,	O.,	Woolliams,	J.	A.	&	Doeschl-Wilson,	A.	B.	Enhancing	633 

genetic	disease	control	by	selecting	for	low	host	infectivity	and	susceptibility.	634 

(submitted)	(2017).	635 

57.	Cheung,	P.	J.,	Nigrelli,	R.	F.	&	Ruggieri,	G.	D.	Studies	on	the	morphology	of	Uronema	636 

marinum	Dujardin	(Ciliatea:	Uronematidae)	with	a	description	of	the	637 

histopathology	of	the	infection	in	marine	fishes.	J.	Fish	Dis.	3,	295–303	(1980).	638 

58.	Song,	J.-Y.	et	al.	Pathogenicity	of	Miamiensis	avidus	(syn.	Philasterides	639 

dicentrarchi),	Pseudocohnilembus	persalinus,	Pseudocohnilembus	hargisi	and	640 

Uronema	marinum	(Ciliophora,	Scuticociliatida).	Dis.	Aquat.	Organ.	83,	133–143	641 

(2009).	642 

59.	Paramá,	A.	et	al.	Philasterides	dicentrarchi	(Ciliophora,	Scuticociliatida):	643 

experimental	infection	and	possible	routes	of	entry	in	farmed	turbot	644 

(Scophthalmus	maximus).	Aquaculture	217,	73–80	(2003).	645 

60.	Bijma,	P.	Estimating	Indirect	Genetic	Effects:	Precision	of	Estimates	and	Optimum	646 

Designs.	Genetics	186,	1013–1028	(2010).	647 

61.	Bland,	J.	M.	&	Altman,	D.	G.	The	logrank	test.	BMJ	328,	1073	(2004).	648 

62.	Falconer,	D.	S.	&	Mackay,	T.	F.	C.	Introduction	to	Quantitative	Genetics.	(Longman,	649 

1996).	650 

63.	Gelman,	A.	et	al.	Bayesian	data	analysis.	2,	(CRC	press	Boca	Raton,	FL,	2014).	651 

64.	Stan	Development	Team.	RStan:	the	R	interface	to	Stan.	R	package	version	2.16.2.	652 

(2017).	653 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 30, 2018. ; https://doi.org/10.1101/483602doi: bioRxiv preprint 

https://doi.org/10.1101/483602
http://creativecommons.org/licenses/by-nd/4.0/


	 25	

	654 

Acknowledgements	655 

This	work	was	carried	out	with	funding	from	the	Biotechnology	and	Biological	Sciences	656 

Research	Council	Institute	Strategic	Programme	grant	ISP1	(to	O.A.,	J.A.W.,	R.H	and	657 

A.B.D.-W.)	and	the	European	Union’s	Seventh	Framework	Programme	(KBBE.2013.1.2-	658 

10)	under	grant	agreement	n°	613611	(all	authors).	659 

	660 

Author	contributions	661 

All	the	authors	conceived	the	experimental	design.	S.C.	carried	out	the	experiment.	662 

O.A.	carried	out	the	statistical	analyses.	O.A	and	A.B.D.-W	wrote	the	first	draft	of	the	663 

manuscript	and	all	the	authors	contributed	to	discussing	the	results	and	editing	the	664 

manuscript.	665 

	666 

Competing	financial	interests	667 

None	668 

	669 

	670 

	671 

	672 

	673 

	674 

	675 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 30, 2018. ; https://doi.org/10.1101/483602doi: bioRxiv preprint 

https://doi.org/10.1101/483602
http://creativecommons.org/licenses/by-nd/4.0/


	 26	

	676 

	677 
	678 

	679 

Figure	1:	Transmission	experimental	design	to	detect	genetic	differences	in	host	680 

resistance,	infectivity	and	tolerance.	a	Tank	composition	in	our	transmission	681 

experiment.	Each	of	the	72	tanks	comprised	five	artificially	inoculated	(shedder)	fish	682 

from	a	single	family	and	20	susceptible	(recipient)	fish	from	four	families.	b	683 

Transmission	experimental	design	in	one	of	the	trials.	Each	grey	circle	corresponds	to	684 

one	tank	and	a	unique	symbol-colour	combination	is	assigned	to	each	recipient	(Ri)	or	685 

shedder	(Si)	family	in	36	tanks	in	one	of	the	two	trials	of	our	experiment.	The	4	shedder	686 

families	(S1	to	S4)	were	distributed	across		nine	tanks	each.	Recipient	families	were	687 

housed	in	tanks	such	that	nine	recipient	family	combinations	were	created,	which	in	688 

turn	were	housed	with	each	of	four	shedder	families.	Each	recipient	family	was	689 

allocated	in	two	recipient	family	compositions.	 		 	 	690 

	691 
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	692 
Figure	2:	Turbot	might	have	a	short	lifespan	following	infection	by	Philasterides	693 

dicentrarchi.	a	Box	plots	of	time	to	disease	signs	for	recipient	fish	that	displayed	these	694 

signs	in	the	two	trials	of	our	experiment.		b	Box	plots	of	time	from	signs	to	death	for	695 

recipient	fish	considered	in	(a)	that	died	before	the	end	of	the	experiment.	696 
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	709 

 	710 

Figure	3:	Turbot	survival	during	disease	outbreaks	caused	by	Philasterides	

dicentrarchi	appear	to	be	strongly	influenced	by	time	to	infection	but	weakly	

correlated	with	time	from	infection	to	death.	Scatterplots	and	Kendall	correlations	

between	time-to-event	measurements	collected	for	recipient	fish	that	showed	disease	

signs	and	died	during	trials	1	(n=382)	and	2	(n=337)	of	the	transmission	experiment.	a	

and	b	time	to	death	vs	time	to	signs	(distance	between	dots	and	diagonal	line	

represents	time	from	signs	to	death).	c	and	d	time	to	death	vs	time	from	signs	to	

death	(distance	between	dots	and	diagonal	line	represents	time	to	signs).	e	and	f	time	

from	signs	to	death	vs	time	to	signs.	P-values	were	calculated	using	Kendall’s	tau	

statistic	(two-tailed).	
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	712 

	713 

 	714 
	715 

	716 

Figure	4.	Family	differences	in	onset	of	visual	signs	and	survival	post	disease.	717 

Evolution	of	disease	caused	by	Philasterides	dicentrarchi	(a-b)	and	survival	post	718 

disease	(c-d)	in	all	families	of	recipient	fish	in	trials	1		and	2		of	the	transmission	719 

experiment.	The	curves	were	obtained	through	family-based	Kaplan-Meier	plots	for	720 

time	to	signs	(a-b)	and	time	from	signs	to	death	(c-d).	P-values	were	calculated	using	721 

the	two	tailed	log-rank	test	for	detecting	family	differences	in	Kaplan-Meier	estimates.	722 

Number	of	fish	per	family	for	each	of	the	graphs	are	presented	in	Supplementary	723 

tables	2	and	3.	724 
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	732 

Figure	5.	Effect	of	shedder	fish	family	on	recipient	infection	and	survival	post	

infection.	Evolution	of	the	epidemics	and	survival	post	infection	in	recipient	fish	

pooled	by	families	of	shedder	fish	shared	across	recipients.	(a)	and	(b)	Kaplan-Meier	

curves	for	time	to	signs	of	recipient	fish	from	trials	1	(T1)	and	2	(T2)	by	shedder	family.	

(c)	and	(d)	Kaplan-Meier	curves	for	time	from	signs	to	death	for	recipient	fish	by	

shedder	family,	also	for	both	trials	of	the	experiment.	Number	of	recipient	fish	by	

shedder	family	for	each	of	the	graphs	are	presented	in	Supplementary	table	4.	
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Table	1:	Effect	of	shedder	fish	family	on	time	to	signs	and	time	from	signs	to	death	

estimated	with	the	Watanabe-Akaike	information	criterion	(WAIC,	see	Methods)	for	

generalised	linear	mixed	models	(GLMM)	fitted	to	time-to-event	measurements	with	

and	without	shedder	family	as	covariate.	Inclusion	of	the	shedder	family	as	model	

covariate	resulted	in	better	predictive	ability	in	GLMMs	for	time	to	onset	of	visual	

signs	when	compared	to	model	predictive	improvement	due	to	inclusion	of	shedder	

family	into	the	same	models	for	time	between	infection	signs	and	death.	
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Trial response	variable GLMM	with	
shedder	family

GLMM	without	
shedder	family

time	to	signs 2419.33 2453.33
time	from	signs	to	death 1588.29 1590.4
time	to	signs 2365.69 2391.38
time	from	signs	to	death 1343.7 1357.54

1

2

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 30, 2018. ; https://doi.org/10.1101/483602doi: bioRxiv preprint 

https://doi.org/10.1101/483602
http://creativecommons.org/licenses/by-nd/4.0/


	
	

32	

Table	2:		Estimates	of	variance	components	representing	recipient	family	762 

composition	effects,	included	in	the	generalised	linear	mixed	models	for	time	to	signs	763 

and	time	from	signs	to	death		764 
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mean median mean median
trial	1 0.64 0.47 0.18 1.85 0.12 0.07 0.00 0.53
trial	2 0.09 0.05 0.02 0.34 0.02 0.02 0.01 0.06

death	by	infectiontime	to	infection
95%	credible	interval 95%	credible	interval
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