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Abstract
Defense	 against	 natural	 enemies	 constitutes	 an	 important	 driver	 of	 herbivore	
host	 range	evolution	 in	 the	wild.	Populations	of	 the	Baltimore	checkerspot	butter-
fly,	Euphydryas phaeton	 (Nymphalidae),	 have	 recently	 incorporated	 an	 exotic	 plant,	
Plantago lanceolata	 (Plantaginaceae),	 into	their	dietary	range.	To	understand	the	tri-
trophic	consequences	of	utilizing	this	exotic	host	plant,	we	examined	immune	perfor-
mance,	chemical	defense,	and	interactions	with	a	natural	entomopathogen	(Junonia	
coenia	densovirus,	Parvoviridae)	across	wild	populations	of	this	specialist	herbivore.	
We	measured	 three	 immune	 parameters,	 sequestration	 of	 defensive	 iridoid	 glyco-
sides	 (IGs),	and	viral	 infection	 load	 in	 field-	collected	caterpillars	using	either	P. lan-
ceolata	or	a	native	plant,	Chelone glabra	(Plantaginaceae).	We	found	that	larvae	using	
the	exotic	plant	exhibited	reduced	immunocompetence,	compositional	differences	in	
IG	sequestration,	and	higher	in	situ	viral	burdens	compared	to	those	using	the	native	
plant.	On	both	host	plants,	high	IG	sequestration	was	associated	with	reduced	hemo-
cyte	concentration	in	the	larval	hemolymph,	providing	the	first	evidence	of	incompat-
ibility	 between	 sequestered	 chemical	 defenses	 and	 the	 immune	 response	 (i.e.,	 the	
“vulnerable	host”	hypothesis)	from	a	field-	based	study.	However,	despite	this	nega-
tive	 relationship	 between	 IG	 sequestration	 and	 cellular	 immunity,	 caterpillars	with	
greater	sequestration	harbored	lower	viral	loads.	While	survival	of	virus-	infected	in-
dividuals	decreased	with	increasing	viral	burden,	it	ultimately	did	not	differ	between	
the	exotic	and	native	plants.	These	results	provide	evidence	that:	(1)	phytochemical	
sequestration	may	contribute	to	defense	against	pathogens	even	when	immunity	is	
compromised	and	(2)	herbivore	persistence	on	exotic	plant	species	may	be	facilitated	
by	sequestration	and	its	role	in	defense	against	natural	enemies.
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1  |  INTRODUC TION

The	introduction	of	exotic	species	into	ecosystems	has	profound	im-
pacts	on	 the	ecology	and	evolution	of	native	organisms	 (Bezemer	
et	 al.,	 2014;	 Singer	 et	 al.,	 1993;	 Strauss	 et	 al.,	 2006;	 Sunny	 et	 al.,	
2015).	In	particular,	the	arrival	of	exotic	plant	species	may	create	op-
portunities	for	the	evolution	of	herbivore	host	range	if	these	plants	
are	 incorporated	into	the	diets	of	native	herbivores	(Bowers	et	al.,	
1992;	Carroll	&	Fox,	2007;	Forister	et	al.,	2009;	Singer	et	al.,	1993).	
Incorporation	of	exotic	host	plant	 species	 is	 a	 common	phenome-
non	in	insect	herbivores;	for	example,	Graves	and	Shapiro	(2003)	re-
ported	that	34%	of	butterfly	species	in	California	utilize	introduced	
plant	taxa	for	either	larval	feeding	or	oviposition.	Paradoxically,	use	
of	 exotic	 host	 plants	 is	 overwhelmingly	 associated	 with	 negative	
effects	on	herbivore	performance	 relative	 to	native	host	plants	 in	
Lepidoptera	 (Yoon	&	 Read,	 2016),	 as	 indicated	 by	metrics	 includ-
ing	development	rate,	weight,	feeding	efficiency,	and	survival	(e.g.,	
Bowers	et	al.,	1992;	Forister	et	al.,	2009;	Fortuna	et	al.,	2013;	Keeler	
&	Chew,	2008).	Therefore,	 the	 incorporation	of	exotic	host	plants	
into	the	diets	of	native	herbivores	frequently	presents	the	question	
of	which	ecological	benefits,	if	any,	facilitate	herbivore	persistence	
on	these	species.

While	 optimization	of	 herbivore	 performance,	 as	measured	by	
bitrophic	 indices	 focusing	 solely	 on	 the	 herbivore–	plant	 interac-
tion,	often	fails	to	explain	patterns	of	host	plant	use	(Forister	et	al.,	
2009;	Mason	et	al.,	2011),	persistence	on	novel	host	plants	involves	
an	 array	 of	 ecological,	 behavioral,	 and	 physiological	 factors	 be-
yond	suitability	for	development	(Forister	&	Wilson,	2013;	Mason,	
2016).	 In	 particular,	 herbivore	 interactions	 with	 natural	 enemies,	
including	predators	 (Grosman	et	al.,	2017;	Murphy,	2004),	parasit-
oids	(Fortuna	et	al.,	2013;	Harvey	&	Fortuna,	2012),	and	pathogens	
(Cory	&	Hoover,	2006;	Shikano,	2017)	can	differ	 substantially	be-
tween	 native	 and	 exotic	 host	 plant	 species.	 As	 these	 interactions	
comprise	a	major	source	of	mortality	for	insect	herbivores	(Hawkins	
et	 al.,	 1997),	 exploitation	 of	 enemy-	free	 or	 enemy-	reduced	 space	
may	constitute	an	important	driver	of	host	range	evolution	(Bernays	
&	Graham,	1988;	Jeffries	&	Lawton,	1984;	Singer	&	Stireman,	2005).	
Consideration	of	herbivore	performance	within	a	tritrophic	frame-
work,	including	attack	by	and	defense	against	natural	enemies,	may	
therefore	be	essential	for	understanding	the	ecological	mediators	of	
persistence	on	exotic	host	plants	(Fortuna	et	al.,	2013;	Harvey	et	al.,	
2010;	Singer	&	Stireman,	2005).

In	 recent	 years,	 eco-	immunological	 research	 has	 highlighted	
the	immune	response	as	a	critical	physiological	link	between	herbi-
vore	diet	and	interactions	with	natural	enemies.	Such	studies	have	
revealed	 substantial	 diet-	mediated	 variation	 in	 herbivore	 immune	
function	 (Singer	 et	 al.,	 2014),	 with	 repercussions	 for	 resistance	
against	diverse	natural	enemies	(reviewed	in	Smilanich	&	Muchoney,	

2022).	 For	example,	 several	 studies	have	documented	positive	ef-
fects	 of	 dietary	 protein	 content	 on	 caterpillar	 immune	 function,	
which	have	been	linked	to	increased	survival	following	bacterial	or	
viral	challenge	in	experimental	settings	(e.g.,	Cotter	et	al.,	2019;	Lee	
et	al.,	2006).	In	the	wild,	immunological	variation	may	be	driven	by	
differences	 in	plant	quality	 (Diamond	&	Kingsolver,	2011;	Klemola	
et	 al.,	 2008),	 macronutrient	 composition	 (Cotter	 et	 al.,	 2019;	 Lee	
et	 al.,	 2006),	 and/or	 secondary	 chemistry	 (Bukovinszky	 et	 al.,	
2009;	Haviola	et	al.,	2007;	Smilanich,	Dyer,	Chambers,	et	al.,	2009;	
Trowbridge	et	al.,	2016).	As	the	immune	response	provides	insects	
with	 effective	 defenses	 against	 parasitoids	 (Carton	 et	 al.,	 2008;	
Smilanich,	 Dyer,	 &	 Gentry,	 2009)	 and	 pathogens	 (Rantala	 &	 Roff,	
2007;	Washburn	et	al.,	1996),	host	plant	mediated	variation	in	her-
bivore	immunity	may	contribute	to	the	ecological	costs,	or	benefits,	
of	host	range	expansion.

A	 second	 physiological	 link	 between	 herbivore	 diet	 and	 inter-
actions	with	enemies	 is	phytochemical	sequestration.	Some	herbi-
vores	 possess	 the	 ability	 to	 sequester	 toxic	 plant	 compounds	 and	
employ	 them	 in	 defense	 against	 natural	 enemies	 (Bowers,	 1993;	
Nishida,	 2002;	 Opitz	 &	 Müller,	 2009).	 Use	 of	 exotic	 host	 plants,	
which	may	differ	 from	native	host	plants	 in	both	composition	and	
concentrations	of	secondary	metabolites,	can	 impact	chemical	de-
fense	in	sequestering	species,	with	ramifications	for	predator	deter-
rence	(Bowers,	1980;	Knerl	&	Bowers,	2013)	and	fitness	of	internal	
parasites	 (Barbosa	et	al.,	1991;	De	Roode	et	al.,	2008;	Ode,	2006;	
Singer	et	al.,	2009).	A	less-	explored	question	is	whether	sequestra-
tion	 also	 indirectly	 affects	 herbivore–	natural	 enemy	 interactions	
through	modulation	of	the	immune	response.	Diets	containing	high	
concentrations	of	secondary	metabolites	can	suppress	lepidopteran	
immune	responses	(Lampert	&	Bowers,	2015;	Richards	et	al.,	2012;	
Smilanich,	Dyer,	Chambers,	et	al.,	2009),	putatively	rendering	cater-
pillars	more	vulnerable	to	pathogens	and	parasitoids	(but	see	Barthel	
et	al.,	2016;	Garvey	et	al.,	2021;	Laurentz	et	al.,	2012	for	examples	
of	 positive	 immunological	 effects	 of	 secondary	metabolites).	 This	
“vulnerable	 host”	 hypothesis	 (Smilanich,	 Dyer,	 Chambers,	 et	 al.,	
2009)	has	rarely	been	investigated,	and	typically	only	in	laboratory	
settings,	but	offers	potential	for	insight	into	the	role	of	host	plants	in	
mediating	physiological	defenses	against	different	types	of	natural	
enemies.	 In	particular,	 characterizing	 the	 impacts	of	 sequestration	
on	herbivore	immunity	may	reveal	tradeoffs	between	investment	in	
chemical	and	immunological	forms	of	defense.

In	 this	 study,	 we	 examined	 the	 consequences	 of	 host	 range	
expansion	 by	 a	 native	 insect	 herbivore	 onto	 an	 exotic	 plant	 by	
measuring	 a	 suite	 of	 defenses	 employed	 by	 herbivores	 against	
natural	enemies.	We	asked:	can	host	plant	mediated	effects	on	in-
sect	defense	help	explain	the	paradox	of	herbivore	persistence	on	
exotic	 plants	 that	 confer	 relatively	 poor	 bitrophic	 performance?	
To	address	this	question,	we	focused	on	a	specialist	lepidopteran	
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herbivore,	the	Baltimore	checkerspot	(Euphydryas phaeton	Drury,	
Nymphalidae),	 and	 an	 entomopathogen	 that	 occurs	 naturally	 in	
E. phaeton	 populations,	 Junonia	coenia	densovirus	 (Parvoviridae).	
Euphydryas phaeton	recently	incorporated	the	non-	native	Plantago 
lanceolata	L.	into	its	host	range	(Stamp,	1979)	and	exhibits	reduced	
performance	on	this	exotic	plant,	compared	to	its	primary	native	
host	 plant,	 Chelone glabra	 L.	 (Bowers	 et	 al.,	 1992).	 Importantly,	
these	two	plant	species	differ	in	their	composition	of	iridoid	gly-
cosides	(Bowers	et	al.,	1992;	Duff	et	al.,	1965),	which	are	second-
ary	 metabolites	 that	 are	 sequestered	 by	 E. phaeton	 caterpillars	
(Bowers	&	Puttick,	1986)	and	have	been	shown	to	negatively	im-
pact	 the	 immune	 response	 of	 another	 specialist	 nymphalid	 but-
terfly	 species	 (Richards	 et	 al.,	 2012;	 Smilanich,	Dyer,	Chambers,	
et	 al.,	 2009).	We	 combined	 approaches	 from	 the	 fields	 of	 eco-	
immunology	 and	 chemical	 ecology	 to	 characterize	 the	multifac-
eted	effects	of	host	plant	use	on	herbivore	defenses,	focusing	on	
the	 interacting	 roles	 of	 the	 immune	 response	 and	 phytochemi-
cal	 sequestration.	We	specifically	addressed	 three	questions:	 (1)	
Does	use	of	an	exotic	host	plant	impact	herbivore	immunocompe-
tence	and/or	sequestration?	(2)	Are	higher	levels	of	sequestration	
associated	with	 reduced	 immunocompetence?	 (3)	 Do	 host	 plant	
mediated	 effects	 on	 immunocompetence	 and/or	 sequestration	
affect	 interactions	with	a	natural	pathogen?	By	evaluating	varia-
tion	in	physiological	defenses	and	viral	 infection	across	naturally	
occurring,	wild	herbivore	populations,	we	provide	insight	into	the	
tritrophic	outcomes	of	host	range	expansion.

2  |  METHODS

2.1  |  Caterpillars, host plants, and virus

Euphydryas phaeton	 (Nymphalidae),	 the	 Baltimore	 checkerspot	
butterfly,	 is	 a	 univoltine	North	American	herbivore	 that	 special-
izes	on	host	plants	 containing	 iridoid	glycosides	 (Bowers,	1980).	
Iridoid	 glycosides	 (hereafter,	 IGs)	 are	 monoterpenoid	 plant	 sec-
ondary	metabolites	that	can	be	toxic	and/or	deterrent	to	general-
ist	or	non-	adapted	specialist	herbivores	(Bowers	&	Puttick,	1988).	
Euphydryas phaeton	 caterpillars	 sequester	 IGs	 from	 host	 plants	
and	retain	them	through	the	adult	stage	(Bowers	&	Puttick,	1986),	
rendering	 both	 larvae	 and	 butterflies	 unpalatable	 to	 predators	
(Bowers,	1980).	Sequestration	of	IGs	has	been	found	to	suppress	
larval	 immune	 responses	 in	 two	 specialist	 lepidopteran	 species	
(Lampert	&	Bowers,	2015;	Richards	et	al.,	2012;	Smilanich,	Dyer,	
Chambers,	 et	 al.,	 2009;	but	 see	Laurentz	 et	 al.,	 2012);	 however,	
the	effects	of	IG	sequestration	on	herbivore	interactions	with	en-
tomopathogens	remain	unknown.

The	 primary	 host	 plant	 for	 E. phaeton	 in	 the	 northeastern	 US	
is Chelone glabra	 (Plantaginaceae),	white	turtlehead,	a	native,	 long-	
lived,	perennial	herb	 (Pennell,	1935).	Chelone glabra	 primarily	 con-
tains	 the	 IG	 catalpol,	 and	 may	 also	 contain	 smaller	 amounts	 of	
aucubin	 (Bowers	 et	 al.,	 1992),	 which	 is	 the	 chemical	 precursor	 of	
catalpol	(Damtoft	et	al.,	1983).	Over	the	past	40	years,	researchers	

have	documented	an	expansion	of	E. phaeton's	host	range	to	include	
a	non-	native	plant,	Plantago lanceolata	(Plantaginaceae),	narrowleaf	
plantain	(Bowers	et	al.,	1992;	Stamp,	1979).	This	short-	lived,	peren-
nial	herb	was	introduced	to	North	America	during	the	19th	century	
(Cavers	et	al.,	1980).	Plantago lanceolata	also	contains	 IGs	 (Bowers	
&	Stamp,	1992),	consisting	of	mainly	aucubin	with	smaller	amounts	
of	 catalpol	 (Duff	 et	 al.,	 1965;	 Fajer,	 1989).	Where	 these	 two	host	
plant	 species	co-	occur,	E. phaeton	may	utilize	both	plants	 (Bowers	
&	Richardson,	2013),	while	some	populations	use	P. lanceolata or C. 
glabra	 exclusively	 (Bowers	 et	 al.,	 1992;	 Stamp,	1979).	Despite	 this	
host	 range	expansion,	E. phaeton	 prefers	 the	native	C. glabra over 
P. lanceolata	 for	both	 larval	 feeding	and	oviposition	 (Bowers	et	al.,	
1992).	This	is	likely	driven	in	part	by	costs	associated	with	the	exotic	
host	plant,	including	reduced	performance	(Bowers	et	al.,	1992)	and	
increased	palatability	to	predators	(Bowers,	1980).	However,	E. pha-
eton	population	growth	rates	can	be	higher	on	P. lanceolata	(Brown	
et	al.,	2017),	suggesting	that	use	of	this	exotic	plant	may	entail	both	
costs	and	benefits.

Junonia	 coenia	 densovirus	 (hereafter,	 JcDV)	 is	 a	 non-	
enveloped,	 single-	stranded	DNA	 virus	 in	 the	 family	Parvoviridae 
(Densovirinae: Lepidopteran protoambidensovirus 1).	 Though	 first	
identified	in	Junonia coenia	 (Nymphalidae),	JcDV	is	capable	of	in-
fecting	Lepidoptera	in	the	Bombycidae,	Erebidae,	Noctuidae,	and	
Nymphalidae	 in	a	 laboratory	setting	 (Mutuel	et	al.,	2010;	Resnik	
&	 Smilanich,	 2020;	 Rivers	 &	 Longworth,	 1968).	 Larvae	 become	
infected	by	 JcDV	 through	 ingestion	of	 contaminated	 food,	 after	
which	 viral	 particles	 cross	 the	midgut	 and	 replicate	 in	 tracheae,	
hemocytes,	 visceral	muscle,	 and	 epidermis	 (Mutuel	 et	 al.,	 2010;	
Wang	et	 al.,	 2013).	 Infection	may	 result	 in	 hypoxia,	molting	 and	
metamorphosis	failure,	and	death;	however,	pathogenesis	is	dose-	
dependent	and	does	not	always	result	in	mortality	(Mutuel	et	al.,	
2010;	 Smilanich	 et	 al.,	 2018).	 Despite	 its	 potentially	 broad	 host	
range,	 little	 is	 known	of	 JcDV	 in	 the	wild;	 this	 study	 represents	
the	first	record	of	JcDV	infection	in	the	focal	herbivore	species,	E. 
phaeton,	and	the	first	investigation	of	its	occurrence	in	wild	popu-
lations	of	any	host	species.

2.2  |  Experiment overview

To	 compare	 caterpillar	 immune	 responses,	 IG	 sequestration,	 and	
JcDV	prevalence	and	infection	loads	across	populations	using	the	na-
tive	and	exotic	host	plant,	we	sampled	caterpillars	from	wild	E. phae-
ton	populations	in	May	2016	and	2017.	Caterpillars	were	brought	to	
the	University	of	Nevada,	Reno,	where	they	underwent	a	series	of	
immune	assays.	In	2016,	larvae	were	freeze-	killed	following	immune	
assessment	to	evaluate	in	situ	relationships	between	host	plant	use,	
immune	performance,	IG	sequestration,	and	viral	infection.	In	2017,	
caterpillars	were	not	freeze-	killed	following	immune	assessment,	but	
reared	out	to	ascertain	the	effects	of	host	plant	use,	larval	immune	
responses,	and	viral	infection	on	survival.	In	both	years,	postmortem	
insects	were	screened	for	JcDV,	and	viral	loads	of	infected	individu-
als	were	quantified.
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2.3  |  Population sampling

Euphydryas phaeton	caterpillars	were	collected	from	populations	lo-
cated	throughout	the	northeastern	US	(Figure	1a).	In	2016,	we	sam-
pled	caterpillars	 from	eight	 sites:	 three	 sites	using	C. glabra,	 three	
sites	 using	P. lanceolata,	 and	 two	 sites	 using	 both	 plants.	 In	 2017,	
caterpillars	 were	 again	 collected	 from	 eight	 sites:	 two	 sites	 using	
C. glabra,	three	sites	using	P. lanceolata,	and	three	sites	using	both.	
We	did	not	collect	caterpillars	at	three	previously	sampled	sites	 in	
2017	due	 to	 relatively	small	population	sizes,	and	 three	additional	
sites	were	visited	and	sampled	in	2017	only	(Figure	1a).	At	each	site,	
post-	diapause	(fifth	or	sixth	instar)	larvae	were	collected	and	placed	
alive	into	individual,	sterile	culture	tubes	(USA	Scientific)	with	foliage	
from	nearby	host	plants	 (2016:	n = 390; 2017: n =	229;	see	Table	
S1	for	n	at	each	site).	At	sites	where	both	host	plants	were	utilized,	
plant	 species	occurred	 in	discrete	 spatial	patches	and	 larvae	were	
collected	based	on	observed	host	plant	use	at	the	time	of	collection.

2.4  |  Caterpillar rearing

Field-	collected	 caterpillars	 were	 reared	 in	 an	 incubator	 at	 the	
University	of	Nevada,	Reno	using	a	16-	hour	photoperiod	(day	tem-
perature:	 25°C,	 night	 temperature:	 20°C)	 and	 fed	 daily	 with	 foli-
age	corresponding	to	their	host	plant	use	at	the	time	of	collection.	
Plantago lanceolata	 leaves	 were	 collected	 from	 the	 wild	 in	 Reno,	
NV,	 while	 C. glabra	 leaves	 were	 collected	 from	 sampling	 sites	 in	
Montpelier,	VT	and	stored	in	a	refrigerator.	Leaf	surfaces	were	steri-
lized	prior	to	feeding	by	soaking	in	5%	bleach	solution	for	10	minutes	
and	rinsing	 thoroughly.	Caterpillars	were	reared	 in	 individual	2	oz.	
plastic	cups	and	checked	daily	to	monitor	development	and	mortal-
ity.	Sterile	technique	was	used	between	handling	of	each	individual,	
which	entailed	soaking	instruments	in	a	30%	solution	of	bleach,	fol-
lowed	by	a	70%	solution	of	ethanol.

Upon	reaching	the	sixth	 instar	and	a	threshold	mass	of	0.18	g,	
caterpillars	underwent	immune	assays	(below).	Individuals	that	died	

F I G U R E  1 (a)	Locations	of	sites	in	Connecticut	(CT1),	Massachusetts	(MA1–	4),	Rhode	Island	(RI1),	and	Vermont	(VT1–	5)	from	which	
Euphydryas phaeton	caterpillars	were	sampled.	At	each	site,	either	the	native	host	plant	(Chelone glabra),	exotic	host	plant	(Plantago 
lanceolata),	or	both	host	plants	were	utilized.	Caterpillars	were	collected	in	2016	and	2017	unless	otherwise	indicated.	(b,	c)	Junonia	coenia	
densovirus	loads	of	freeze-	killed	larvae	in	2016	(b)	and	lab-	deceased	larvae,	pupae,	and	adults	in	2017	(c)	across	sites.	Points	represent	
mean	viral	load	±	SE,	with	site-	level	JcDV	frequency	(%	infected	individuals)	above	each	point.	Based	on	linear	mixed-	effects	models	with	
an	alpha	level	of	0.05,	in	situ	JcDV	loads	were	significantly	higher	in	larvae	using	P. lanceolata	(b),	but	postmortem	JcDV	loads	did	not	differ	
significantly	based	on	host	plant	(c)
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prior	 to	 reaching	 this	 stage	 (n =	 148	 across	 both	 years)	were	 not	
included	 in	 immunological	 assessments.	Following	 immune	assays,	
caterpillars	were	either	 frozen	 (2016)	or	 returned	to	the	 incubator	
to	complete	development	(2017).	Pupated	individuals	were	weighed	
and	transferred	to	32	oz.	plastic	containers	with	mesh	lids	for	eclo-
sion,	and	butterflies	were	maintained	on	a	diet	of	10%	honey	water	
and	monitored	daily	for	mortality.

2.5  |  Caterpillar immune assays

To	evaluate	 the	 immunocompetence	of	 caterpillars	utilizing	differ-
ent	 host	 plants,	 we	measured	 a	 combination	 of	 humoral	 and	 cel-
lular	 immune	 parameters,	 including	 phenoloxidase	 (hereafter,	 PO)	
enzymatic	 activity,	 hemocyte	 concentrations,	 and	melanization.	 In	
insects,	PO	initiates	the	melanization	response,	which	involves	dep-
osition	of	melanin	on	the	surface	of	foreign	invaders	and	generation	
of	cytotoxic	compounds	that	contribute	to	parasite	killing	(González-	
Santoyo	&	Córdoba-	Aguilar,	2012).	The	PO	cascade	and	its	reactive	
products	have	been	shown	to	contribute	to	antiviral	defense	in	cer-
tain	insect	systems	(Shelby	&	Popham,	2006;	Zhao	et	al.,	2011;	but	
see	Saejeng	et	al.,	2010;	Shikano	et	al.,	2010).	Differentiated	hemo-
cytes	(including	granulocytes,	oenocytoids,	and	plasmatocytes)	are	
important	 mediators	 of	 phagocytosis,	 melanization,	 and	 encap-
sulation	 (Lavine	 &	 Strand,	 2002)	 and	 can	 suppress	 viral	 infection	
in	 Lepidoptera	 through	 encapsulation	 of	 infected	 tissues	 (McNeil	
et	al.,	2010;	Washburn	et	al.,	1996)	and	elimination	of	virus	from	the	
hemolymph	(Trudeau	et	al.,	2001).

To	 measure	 standing	 PO	 activity,	 hemolymph	 was	 extracted	
from	caterpillars	 (n =	 454)	 and	a	 spectrophotometric	 assay	of	en-
zymatic	activity	was	immediately	performed	following	the	protocol	
of	Smilanich	et	al.	(2018).	Hemolymph	was	extracted	by	piercing	the	
cuticle	of	 the	A6	 segment	using	 a	 fine	needle	 sterilized	with	70%	
ethanol.	Using	a	pipette,	10	µl	of	hemolymph	was	added	to	500	µl	of	
cold	phosphate-	buffered	saline	 (PBS;	Sigma-	Aldrich)	and	vortexed.	
To	provide	a	 substrate	 for	 the	 reaction,	200	µl	 of	 l-	Dopa	 solution	
(4.0	mM;	 Sigma-	Aldrich)	was	 added	 to	 100	µl	 of	 each	 PBS-	bound	
hemolymph	sample	 in	a	96-	well	microplate	 (Bio-	Rad).	Colorimetric	
measurements	were	recorded	using	an	iMark	Microplate	Absorbance	
Reader	(Bio-	Rad),	which	measured	absorbance	at	490	nm	every	30	s	
for	45	min.	PO	activity	was	calculated	as	the	slope	(OD490/min)	over	
the	entire	45-	min	period,	during	which	time	the	enzymatic	reaction	
remained	in	the	linear	phase.	PO	activity	measurements	with	values	
less	than	zero	(n =	2)	were	excluded	from	analyses.

To	estimate	hemocyte	 concentrations,	 an	 additional	 sample	of	
hemolymph	(4–	10	µl)	was	extracted	from	each	caterpillar	(n =	446)	
and	mixed	with	twice	the	volume	of	cold	anticoagulant,	which	was	
prepared	 by	 mixing	 0.684	 g	 of	 EDTA,	 0.346	 g	 of	 citric	 acid,	 and	
180	ml	of	PBS	and	adjusting	the	pH	to	7.4	before	each	use	(Triggs	
&	Knell,	2012).	Hemolymph	mixtures	were	refrigerated	and	exam-
ined	within	24	h	of	extraction	by	pipetting	a	10	µl	aliquot	of	each	
sample	into	a	Neubauer	Bright-	Line	hemocytometer	(Sigma-	Aldrich).	
Cells	falling	within	the	central	grid	were	counted	using	a	compound	

microscope	 at	 400×	 magnification,	 and	 hemocytes	 were	 distin-
guished	 as	 granulocytes,	 oenocytoids,	 or	 plasmatocytes	 based	 on	
morphology	 when	 possible	 (Ribeiro	 &	 Brehélin,	 2006).	 Cells	 that	
were	not	differentiable	as	these	hemocyte	types	were	 included	 in	
total	hemocyte	counts.	Hemolymph	samples	with	 fewer	 than	 two	
cells	visible	on	the	entire	grid	(n =	9)	were	excluded	from	analyses	
due	to	potential	sampling	error.	Total	and	differential	hemocyte	con-
centrations	(cells/ml)	were	calculated	by	multiplying	each	hemocyte	
count	(cells/100	nl)	by	a	factor	of	30,000	to	account	for	sample	dilu-
tion	(2:1)	and	convert	units.

To	assess	the	melanization	response,	we	simulated	immune	chal-
lenge	using	abiotic	implants,	which	can	provide	effective	estimates	
of	insect	resistance	to	pathogens	(Rantala	&	Roff,	2007)	and	parasit-
oids	(Smilanich,	Dyer,	&	Gentry,	2009).	Monofilament	implants	were	
made	 from	 abraded	 nylon	 fishing	 line	 (0.2	mm	 diameter)	 cut	 into	
2	mm	lengths	and	knotted	at	one	end	to	facilitate	removal	(Rantala	&	
Roff,	2007).	Implants	were	sterilized	with	70%	ethanol	and	inserted	
into	the	larval	hemocoel	via	the	abdominal	wound	created	during	he-
molymph	extraction.	Caterpillars	(n =	391)	were	allowed	to	react	to	
implants	for	24	h,	during	which	time	they	were	maintained	without	
food	in	order	to	clear	the	gut	prior	to	IG	quantification	(see	below).	
In	 2016,	 implants	were	 stored	 in	 70%	 ethanol	 following	 removal;	
due	to	degradation	of	encapsulating	material,	measurements	from	a	
subset	of	individuals	(n =	30)	were	excluded	from	analyses.	In	2017,	
implants	were	 stored	dry	 and	 frozen,	which	effectively	prevented	
sample	degradation.	 Implants	were	photographed	at	3.2×	magnifi-
cation	 using	 a	 dissecting	microscope	mounted	with	 a	 digital	 cam-
era	(Carl	Zeiss	Discovery	V.8,	AxioCam	Software).	Using	the	“quick	
selection”	tool	in	Adobe	Photoshop	CC	2018	(Adobe	Systems	Inc.),	
a	mean	grey	value	(MGV)	was	generated	for	each	photographed	im-
plant.	MGV	 is	a	numerical	measure	of	greyness	 ranging	 from	0	 to	
255,	where	0	=	pure	grey	and	255	=	pure	white.	For	ease	of	interpre-
tation,	MGVs	were	 transformed	 into	a	percentage	of	melanization	
[1	–		(MGV/maximum	MGV)]*100	prior	to	analysis	(Smilanich,	Dyer,	
Chambers,	et	al.,	2009).

2.6  |  Iridoid glycoside quantification in caterpillars

To	evaluate	the	effects	of	host	plant	use	on	chemical	defense,	cat-
erpillars	were	freeze-	killed	and	homogenized	following	 implant	re-
moval	in	2016.	Tissues	remaining	following	removal	of	a	small	sample	
for	viral	screening	(see	below)	were	used	to	quantify	IG	sequestra-
tion	(n =	276).	Larvae	that	died	prior	to	immune	assessment	(n =	85)	
were	excluded	from	the	analysis,	as	they	were	not	starved	prior	to	
freezing.	Aucubin	and	catalpol	concentrations	of	caterpillar	tissues	
were	quantified	using	 gas	 chromatography	 following	 the	methods	
of	Bowers	and	Stamp	(1992).	Samples	were	weighed	and	extracted	
overnight	 in	 5	ml	methanol,	 then	 filtered,	 and	 the	 extract	 evapo-
rated.	An	internal	standard,	phenyl	β-	D-	glucopyranoside	(0.500	mg),	
was	 added	 to	 each	 sample,	 which	 was	 then	 partitioned	 between	
water	and	ether	to	remove	lipids.	The	ether	fraction	was	discarded	
and	the	water	fraction,	containing	IGs	and	sugars,	was	evaporated	
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and	 extracted	 in	 1	 ml	 methanol	 overnight.	 A	 100	 µl	 aliquot	 was	
removed,	evaporated,	and	then	derivatized	with	100	µl	of	Tri-	Sil	Z	
(Sigma-	Aldrich).	 Aliquots	were	 injected	 into	 an	Agilent	 7890A	 gas	
chromatograph	 (Agilent	Technologies)	equipped	with	a	 flame	 ioni-
zation	detector	(FID)	and	Agilent	DB-	1	column	(Bowers	&	Collinge,	
1992;	Fajer	et	al.,	1992;	Gardner	&	Stermitz,	1988)	calibrated	with	
aucubin	 and	 catalpol	 standards	 (HP	 ChemStation	 software,	 v.	
A.03.34).	All	IG	concentrations	were	corrected	for	sample	mass	and	
are	presented	as	percent	dry	weight	 (mg	 IGs/mg	dry	weight),	with	
total	IG	concentrations	representing	the	sum	of	aucubin	and	catal-
pol	concentrations	in	each	sample.	A	subset	of	caterpillars	with	zero	
values	for	total	IG	sequestration	(n =	17)	were	excluded	from	analy-
ses	as	potential	sample	degradation	from	over-	homogenization	may	
have	led	to	undetectable	amounts	of	IGs.

2.7  |  Viral screening of caterpillars

To	detect	and	quantify	JcDV	infection	 in	E. phaeton,	DNA	was	ex-
tracted	 from	 an	 aliquot	 of	 homogenized	 tissue	 from	 each	 freeze-	
killed	 caterpillar	 in	 2016	 (n =	 389)	 and	 each	 caterpillar,	 pupa,	 or	
butterfly	that	died	in	the	laboratory	in	2017	(n =	198).	For	the	subset	
of	 individuals	 that	were	 reared	 to	 the	adult	 stage,	wings	were	 re-
moved	prior	 to	homogenization,	whereas	whole	 larvae	 and	pupae	
were	 used.	 Total	 DNA	 was	 extracted	 from	 each	 tissue	 sample	
(x =	16.06	±	0.25	mg)	using	Qiagen	DNeasy	96	Blood	and	Tissue	
Kits,	 following	 the	 Protocol	 for	 Purification	 of	 Total	 DNA	 from	
Animal	Tissues.

Extracted	DNA	was	screened	for	JcDV	using	quantitative	PCR,	
with	primers	specific	to	the	VP4	capsid	protein	gene	of	JcDV	(Wang	
et	al.,	2013)	and	arthropod	28S	rDNA	primers	as	an	internal	control	
(Nice	et	al.,	2009).	DNA	samples	were	screened	in	duplicate	for	both	
VP4	and	28S	using	iTaq	Universal	SYBR	Green	Supermix	(Bio-	Rad)	
at	 a	 total	 reaction	 volume	of	 10	µl.	 Reactions	were	 run	 on	 a	Bio-	
Rad	CFX96	Optics	Module	with	C1000	Thermal	Cycler	following	the	
protocol	of	Smilanich	et	al.	 (2018)	for	VP4,	with	an	 initial	denatur-
ing	step	at	95°C	for	5	min,	followed	by	45	cycles	of:	95°C	for	10	s,	
60°C	for	15	s,	and	72°C	for	15	s.	A	modified	protocol	was	used	for	
28S,	with	an	initial	step	at	95°C	for	5	min,	followed	by	45	cycles	of:	
95°C	for	10	s,	57°C	for	15	s,	and	72°C	for	15	s.	A	melt	curve	from	
65°C	to	95°C	was	performed	following	each	reaction	to	verify	am-
plification	of	a	 single	product.	Relative	viral	 loads	were	calculated	
as	2−ΔCt	(Schmittgen	&	Livak,	2008),	representing	the	abundance	of	
the	JcDV	VP4	gene	relative	to	the	abundance	of	 the	 internal	con-
trol [ΔCt =	mean	Ct	(threshold	cycle)	for	VP4	–		mean	Ct	for	28S]	and	
log-	transformed.

2.8  |  Statistical analyses

All	statistical	analyses	were	performed	 in	R	version	4.0.4	 (R	Core	
Team,	 2021).	 Linear	 mixed-	effects	 models	 (LMMs)	 were	 fitted	
with	 the	 “nlme”	 package	 (Pinheiro	 et	 al.,	 2020)	 using	 REML,	 and	

generalized	linear	mixed-	effects	models	(GLMMs)	were	fitted	with	
“lme4”	 (Bates	et	al.,	2015).	Fixed	effects	structures	of	LMMs	and	
GLMMs	were	selected	using	an	information	theoretic	(IT)	approach	
(Burnham	&	Anderson,	2002):	for	each	analysis,	a	set	of	candidate	
models	that	included	focal	predictor	variables,	along	with	combina-
tions	of	potentially	influential	covariates	and	two-	way	interactions,	
was	specified.	Akaike	information	criteria	corrected	for	small	sam-
ple	sizes	(AICc)	were	compared	among	candidate	model	sets	using	
the	“MuMIn”	package	(Bartoń,	2020),	and	the	model	with	the	best	
fit	 (i.e.,	 lowest	AICc	value)	was	selected.	 In	cases	where	a	simpler	
or	equally	simple	candidate	model	received	a	similarly	high	level	of	
AICc	 support	 to	 the	best-	fit	model	 (ΔAICc	<	 2),	 the	 results	of	 all	
suitable	models	 are	 presented,	 and	 the	models	with	 higher	 AICc	
values	 are	 referred	 to	 as	 “alternative	 model	 structures.”	 Results	
of	the	best-	fit	model(s)	for	each	analysis	are	presented	below;	for	
details	on	candidate	models	and	parameters	relevant	to	model	se-
lection,	see	Tables	S2–	S6.	In	addition	to	IT-	specified	fixed	effects,	
random	intercepts	for	sampling	sites	were	included	in	all	models.	All	
LMM	residuals	were	inspected	for	normality	and	homoscedasticity;	
if	 heteroscedasticity	was	 detected,	 the	 varIdent	 or	 varExp	 struc-
tures	 were	 applied	 to	 accommodate	 variable	 spread	 of	 residuals	
(Zuur	et	al.,	2009;	see	Tables	S2–	S6).	Marginal	R2	values	were	cal-
culated	using	Nakagawa's	method	with	the	“performance”	package	
(Lüdecke	et	al.,	2020)	and	post-	hoc	examinations	of	estimated	mar-
ginal	means	were	performed	using	the	“emmeans”	package	(Lenth,	
2021).	For	all	 analyses,	 statistical	 significance	was	assessed	using	
an	alpha	level	of	0.05.

2.8.1  |  JcDV	occurrence	in	E. phaeton	populations

The	probabilities	of	detecting	JcDV	 in	E. phaeton	 individuals	using	
the	native	or	exotic	host	plant	species	were	examined	using	GLMMs	
with	a	binomial	distribution	and	logit	link-	function.	Host	plant	spe-
cies	 was	 included	 as	 a	 fixed	 effect,	 with	 JcDV	 presence	 (Y/N)	 in	
freeze-	killed	caterpillars	(2016),	or	lab-	deceased	caterpillars,	pupae,	
and	adults	(2017),	as	response	variables.	For	JcDV-	positive	individu-
als,	 log-	transformed	 viral	 loads	were	 then	 compared	 using	 LMMs	
with	host	plant	species	and	life	stage	at	the	time	of	death	(for	2017	
only)	as	fixed	effects.

2.8.2  |  Host	plant	effects	on	
immunocompetence	and	sequestration

Host	 plant	 effects	 on	 caterpillar	 immune	 responses	 were	 evalu-
ated	separately	for	each	immune	parameter	using	LMMs	with	host	
plant,	year,	and	larval	weight	as	fixed	effects	and	PO	activity,	mel-
anization,	 and	 granulocyte,	 oenocytoid,	 plasmatocyte,	 and	 total	
hemocyte	concentrations	as	responses.	In	addition,	the	interaction	
between	host	plant	 species	and	year	was	 included	 in	 the	best-	fit	
models	for	PO	activity	and	oenocytoids,	and	the	effects	of	JcDV	
infection	(Y/N)	and	its	interaction	with	host	plant	were	included	in	
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the	best-	fit	model	for	plasmatocytes.	These	predictors	were	not	re-
tained	in	the	other	models,	as	their	inclusion	did	not	improve	model	
fit	 (Table	S3).	All	hemocyte	concentrations	were	cube-	root	trans-
formed,	and	melanization	scores	were	squared,	to	improve	normal-
ity	 of	 residuals.	 The	 effects	 of	 host	 plant	 species	 and	 significant	
two-	way	interactions	are	summarized	in	Figure	2;	see	Table	S7	for	
full	models.

Caterpillar	sequestration	of	aucubin,	catalpol,	and	total	IGs	was	
compared	across	host	plant	species	using	separate	LMMs	including	
the	covariate	of	larval	weight.	All	IG	concentrations	were	cube-	root	
transformed	 to	 improve	 normality	 of	 residuals.	 Relationships	 be-
tween	 IG	 sequestration	 and	 larval	 immunity	 were	 assessed	 using	
separate	 LMMs	 including	 the	 total	 concentration	 of	 sequestered	
IGs,	the	composition	of	sequestered	IGs	(quantified	as	the	propor-
tion	of	aucubin	out	of	total	IGs),	host	plant,	and	influential	two-	way	
interactions	(see	Table	S5)	as	fixed	effects	and	PO,	melanization,	and	
total	 hemocytes	 as	 responses.	 Follow-	up	 LMMs	evaluated	 the	 ef-
fects	of	total	IG	concentration	on	each	type	of	hemocytes	(granulo-
cytes,	oenocytoids,	and	plasmatocytes).

2.8.3  |  Effects	of	immunity	and	sequestration	on	
viral	infection

The	effect	of	sequestration	on	viral	burden	was	investigated	using	
an	LMM	with	total	IG	sequestration	and	host	plant	species	as	fixed	
effects	and	larval	JcDV	load	as	the	response.	As	granulocytes	were	
the	primary	hemocyte	type	impacted	by	sequestration	(see	Section	
3),	we	then	performed	an	LMM	with	total	IG	sequestration,	granu-
locyte	concentration,	and	the	interaction	between	IG	sequestration	
and	granulocytes	as	fixed	effects,	and	JcDV	load	as	the	response.	To	
probe	this	interaction,	Johnson–	Neyman	intervals	for	significance	of	
the	conditional	effect	of	granulocytes	on	JcDV	load	were	calculated	
using	the	“interactions”	package	(Long,	2019).

Survivorship	of	JcDV-	infected	individuals	in	2017	was	assessed	
using	two	GLMMs	with	survival	to	the	adult	stage	(Y/N)	as	the	bino-
mial	 response	 variable.	 The	 first	model	 evaluated	 load-	dependent	
effects	on	survival,	with	JcDV	load	and	host	plant	as	fixed	effects,	
while	the	second	examined	the	effects	of	larval	immune	responses	
(along	with	larval	weight)	on	survival.

F I G U R E  2 Effects	of	host	plant	species	on	immune	responses	of	Euphydryas phaeton	caterpillars,	including	implant	melanization	score	
(a),	phenoloxidase	activity	(b),	and	concentrations	of	total	hemocytes	(c),	granulocytes	(d),	oenocytoids	(e),	and	plasmatocytes	(f)	in	the	
hemolymph.	Points	represent	estimated	marginal	means	(EMMs)	±	SE	based	on	linear	mixed-	effects	models,	which	included	host	plant	
(Chelone glabra or Plantago lanceolata)	and	year	(2016	or	2017)	as	fixed	effects,	larval	weight	as	a	covariate,	and	random	intercepts	for	
sites	(see	Table	S7	for	full	models).	EMMs	were	averaged	across	larval	weights	(all	models)	and	years	(with	the	exceptions	of	b	and	e,	which	
included	significant	interactions	between	host	plant	and	year).	The	effects	of	JcDV	and	its	interaction	with	host	plant	species	were	included	
in	only	the	plasmatocyte	model	(f).	Lettering	sets	(a–	b	and	a1–	b1)	indicate	significant	differences	between	estimated	marginal	means	based	
on	pairwise	contrasts,	evaluated	using	an	alpha	level	of	0.05.	Use	of	the	exotic	P. lanceolata	was	associated	with	significant	reductions	in	
melanization	(a),	PO	activity	(in	2016	only;	b),	and	plasmatocyte	concentrations	(in	uninfected	individuals	only;	f)
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3  |  RESULTS

3.1  |  Occurrence of JcDV in E. phaeton populations

JcDV	 was	 detected	 in	 E. phaeton	 individuals	 originating	 from	 all	
sites,	at	overall	 frequencies	of	12%	 in	2016	and	25%	 in	2017	 (see	
Figure	1b,c	for	site-	level	 frequencies).	 In	2016,	viral	 frequency	did	
not	 differ	 significantly	 between	 caterpillars	 utilizing	 the	 two	 host	
plant	species,	though	the	odds	of	viral	detection	were	slightly	higher	
in	individuals	using	the	exotic	P. lanceolata	than	those	using	the	na-
tive C. glabra	 [odds	ratio	(OR)	=	1.50,	95%	confidence	interval	 (CI)	
=	(0.79–	2.85),	p =	 .2].	However,	caterpillars	using	P. lanceolata	har-
bored	 significantly	 higher	 JcDV	 loads	 than	 those	 using	 C. glabra 
(Figure	1b;	β = 0.81 ±	0.31,	t =	2.6,	df =	34,	p =	.01;	marginal	R2 =	.14,	
n =	43),	with	138-	fold	greater	untransformed	loads.

In	2017,	when	individuals	were	reared	out	to	adulthood	or	death	
before	viral	screening,	neither	JcDV	frequency	[OR	=	0.64,	95%	CI	= 
(0.32–	1.38),	p =	.2]	nor	postmortem	loads	(β =	−0.61	±	0.38,	t =	−1.6,	
df =	36,	p =	 .1)	differed	based	on	host	plant	 (Figure	1c).	However,	
viral	 loads	 were	 higher	 in	 deceased	 pupae	 (β = 1.57 ±	 0.42,	 t = 
3.8,	df =	36,	p <	.001)	and	larvae	(β = 2.19 ±	0.63,	t =	3.5,	df =	36,	
p =	.001)	than	in	butterflies	(marginal	R2 =	.35,	n =	47).

3.2  |  Does use of an exotic host plant impact 
immunocompetence?

Use	of	the	exotic	plant,	P. lanceolata,	was	associated	with	a	signifi-
cant	reduction	in	the	melanization	response	of	E. phaeton	caterpil-
lars,	compared	to	C. glabra	(Figure	2a;	β =	−190	±	86,	t =	−2.3,	df = 
377,	p =	.03).	PO	activity	was	also	reduced	in	larvae	using	P. lanceo-
lata	 in	2016	but	did	not	differ	 significantly	based	on	host	plant	 in	
2017	(Figure	2b;	host	plant	×	year	interaction:	β = 13.2 ±	5.7,	t =	2.3,	
df =	439,	p =	.02).	An	alternative	model	structure	that	excluded	the	
interaction	between	host	plant	and	year	showed	no	significant	ef-
fect	of	host	plant	species	on	PO	activity	(β =	−4.0	±	3.3,	t =	−1.2,	df 
=	440,	p =	.2)	but	had	lower	support	(Table	S7).

Total	hemocyte	concentrations	did	not	vary	based	on	host	plant	
(Figure	2c;	β =	−3.3	±	5.5,	t =	−0.6,	df =	432,	p =	 .6);	however,	in-
teresting	 patterns	 emerged	 when	 investigating	 different	 types	 of	
hemocytes.	Specifically,	using	P. lanceolata	had	a	negative	impact	on	
plasmatocytes	 in	 uninfected	 caterpillars,	 but	 the	 opposite	 pattern	
was	observed	when	caterpillars	were	infected	with	JcDV	(Figure	2f;	
host	plant	×	JcDV	interaction:	β = 32 ±	14,	t =	2.3,	df =	277,	p =	.03),	
suggesting	that	JcDV	infection	mediated	host	plant	effects	on	plas-
matocyte	 concentrations.	 An	 alternative	model	 structure	 that	 ex-
cluded	the	effect	of	JcDV	infection	showed	no	significant	effect	of	
host	plant	species	on	plasmatocytes	(β =	−10.0	±	6.8,	t =	−1.5,	df = 
279,	p =	.1)	but	had	lower	support	(Table	S7).	Granulocyte	concen-
trations	did	not	differ	based	on	host	plant	(Figure	2d;	β =	−3.0	±	5.6,	
t =	−0.53,	df =	292,	p =	.6),	while	oenocytoid	concentrations	were	
marginally	 lower	on	P. lanceolata	 than	C. glabra	 in	2017	but	not	 in	
2016	(Figure	2e;	host	plant	×	year	interaction:	β =	−14.1	±	6.0,	t = 

−2.4,	df =307,	p =	.02).	The	effect	of	JcDV	infection	was	not	retained	
in	the	models	for	melanization,	PO	activity,	total	hemocytes,	gran-
ulocytes,	or	oenocytoids,	as	its	inclusion	did	not	improve	model	fit	
(Table	S3).

3.3  |  Does use of an exotic host plant impact 
sequestration?

Euphydryas phaeton	caterpillars	exhibited	distinct	patterns	of	IG	se-
questration	when	 feeding	on	C. glabra	 and	P. lanceolata,	mirroring	
the	typical	IG	profiles	of	their	respective	host	plant	species	(Bowers	
&	Stamp,	1992;	Bowers	et	al.,	1992;	Duff	et	al.,	1965;	Fajer,	1989).	
While	 larvae	 consuming	 C. glabra	 primarily	 sequestered	 catalpol,	
with	little	to	no	aucubin,	larvae	consuming	P. lanceolata	sequestered	
a	more	 even	mixture	 of	 catalpol	 and	 aucubin	 (Figure	 3a).	Overall,	
the	total	concentration	of	IGs	sequestered	by	larvae	did	not	differ	
between	the	two	host	plants	(β = 0.039 ±	0.076,	t =	0.51,	df =	266,	
p =	 .6;	marginal	R2 = .09; n =	 276).	However,	 caterpillars	 using	P. 
lanceolata	 sequestered	over	seven	 times	more	aucubin	 than	 those	
using	C. glabra (β =	0.469	±	0.044,	t =	11,	df =	249,	p <	.001;	marginal	
R2 =	.73,	n =	260),	while	caterpillars	using	C. glabra	sequestered	42%	
more	 catalpol	 than	 those	using	P. lanceolata (β =	 −0.152	±	 0.074,	
t =	−2.1,	df =	258,	p =	.04;	marginal	R2 =	.09,	n =	268).

3.4  |  Is higher sequestration associated with 
reduced immunocompetence?

There	 was	 a	 significant	 negative	 relationship	 between	 the	 total	
concentration	 of	 IGs	 sequestered	 by	 E. phaeton	 larvae	 and	 total	
hemocyte	 concentration	 in	 the	 hemolymph	 (Figure	 3B;	 β =	 −13.0	
±	5.4,	t =	−2.4,	df =	238,	p =	.02).	This	pattern	was	evident	in	indi-
viduals	utilizing	both	C. glabra	and	P. lanceolata	and	was	consistent	
across	alternative	model	structures	that	varied	in	their	inclusion	of	
two-	way	interaction	terms	(Table	S8).	In	addition,	there	was	no	sig-
nificant	 relationship	 between	 the	 composition	 of	 sequestered	 IGs	
(proportion	of	aucubin)	and	total	hemocytes	(β = 47 ±	25,	t =	1.9,	
df =	238,	p =	  .06).	Follow-	up	analysis	of	the	relationships	between	
sequestration	and	different	 types	of	hemocytes	 revealed	that	 this	
pattern	was	mediated	by	significant	negative	associations	between	
IG	concentration	and	granulocytes	(β =	−18.4	±	6.2,	t =	−3.0,	df = 
138,	p =	.004)	and	IG	concentration	and	plasmatocytes	(β =	−14.6	± 
5.8,	t =	−2.5,	df =	146,	p =	.01;	Table	S9).

The	concentration	of	IGs	sequestered	by	caterpillars	was	not	sig-
nificantly	associated	with	PO	activity	(β =	−3.4	±	2.5,	t =	−1.4,	df = 
241,	p =	.2)	or	melanization	(β =	67	±	99,	t =	0.68,	df =	206,	p =	 .5);	
however,	 compositional	 variation	 in	 IG	 sequestration	 did	 exhibit	
correlations	with	 these	 parameters.	 There	was	 a	 significant	 nega-
tive	 relationship	 between	 the	 proportion	 of	 aucubin	 sequestered	
by	 caterpillars	 (aucubin/total	 IGs)	 and	 PO	 activity	 on	 both	 plants	
(Figure	3c;	β =	−26.3	±	9.4,	t =	−2.8,	df =	241,	p =	.006).	A	similar	pat-
tern	was	documented	 for	melanization:	 sequestration	of	a	greater	
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proportion	of	aucubin	was	associated	with	a	significant	reduction	in	
the	melanization	response	of	caterpillars	utilizing	P. lanceolata,	but	
not	C. glabra	(Figure	3d;	IG	composition	×	host	plant	interaction:	β = 
−1203	±	460,	t =	−2.6,	df =	206,	p =	.009).	This	pattern	was	consis-
tent	in	an	alternative	model	structure	(see	Table	S8	for	full	models).

3.5  |  Do host plant effects on sequestration and/
or immunocompetence affect interactions with a 
pathogen?

Increased	IG	sequestration	was	associated	with	reduced	JcDV	load	
in	E. phaeton	larvae	using	both	P. lanceolata	and	C. glabra	(Figure	4;	
β =	−0.46	±	0.22,	t =	−2.1,	df =	24,	p =	.04).	Though	the	interaction	

between	host	 plant	 and	 IG	 sequestration	was	not	 significant	 (β = 
−0.41	±	0.47,	t =	−0.89,	df =	23,	p =	.4),	the	magnitude	of	this	rela-
tionship	was	greater	for	caterpillars	using	P. lanceolata	(slope:	−0.59	
±	 0.26	 for	 P. lanceolata;	 slope:	 −0.18	±	 0.38	 for	C. glabra).	 Since	
granulocyte	 concentrations	 were	 negatively	 associated	 with	 se-
questration	(see	above),	we	examined	the	interacting	influences	of	
sequestration	and	granulocytes	on	viral	load	in	the	subset	of	larvae	
for	which	all	three	parameters	were	quantified.	Interestingly,	JcDV	
load	was	negatively	associated	with	both	total	IG	sequestration	(β = 
−4.7	±	1.1,	t =	−4.4,	df =	6,	p =	.005)	and	granulocyte	concentration	
(β =	−0.0411	±	0.0090,	t =	−4.6,	df =	6,	p =	.004).	Moreover,	there	
was	 a	 significant	 interaction	 between	 sequestration	 and	 granulo-
cyte	concentration	(β = 0.0214 ±	0.0064,	t =	3.3,	df =	6,	p = .02; 
marginal	 R2 =	 .67,	 n =	 16).	 This	 interaction	 indicates	 that	 when	

F I G U R E  3 (a)	Iridoid	glycoside	sequestration	of	Euphydryas phaeton	caterpillars	utilizing	either	Chelone glabra or Plantago lanceolata	across	
sites.	Bars	represent	mean	total	IG	concentrations	(%	dry	weight)	±	SE,	delineated	by	proportions	of	aucubin	and	catalpol	(n =	7–	36	per	bar).	
(b)	Relationship	between	IG	sequestration	and	total	hemocyte	concentration	in	E. phaeton	larvae	(untransformed	values).	Caterpillars	that	
sequestered	higher	concentrations	of	IGs	exhibited	significantly	lower	hemocyte	densities,	regardless	of	host	plant	species	(LMM:	marginal	
R2 =	.04,	n =	250).	(c)	Relationship	between	the	proportion	of	aucubin	sequestered	by	larvae	(aucubin/total	IGs)	and	phenoloxidase	activity.	
Caterpillars	that	sequestered	a	higher	proportion	of	aucubin	exhibited	significantly	lower	PO	activity	on	both	host	plants	(LMM:	marginal	
R2 =	0.06,	n =	252).	(d)	Relationship	between	the	proportion	of	aucubin	sequestered	by	larvae	and	implant	melanization.	Larvae	that	
sequestered	higher	proportions	of	aucubin	exhibited	significantly	lower	melanization	on	the	exotic	plant,	P. lanceolata,	but	not	the	native	C. 
glabra	(LMM:	marginal	R2 =	.06,	n =	219).	Significance	was	assessed	using	an	alpha	level	of	0.05
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larvae	sequestered	IGs	at	low	levels,	granulocytes	had	a	significant	
negative	effect	on	viral	load;	however,	this	effect	attenuated	as	cat-
erpillars	sequestered	higher	IG	concentrations.	The	threshold	or	tip-
ping	point	 at	which	 IG	 sequestration	began	 to	erode	 the	putative	

immunological	 effect	 of	 granulocytes	 on	 JcDV	 (Johnson–	Neyman	
interval:	 transformed	 IG	 sequestration	 value	 <1.5)	 corresponded	
to	an	untransformed	value	of	3.1%	sequestered	IGs	by	dry	weight.	
Above	this	value,	granulocyte	concentrations	no	longer	exhibited	a	
significant	negative	relationship	with	JcDV	burden.

Survival	of	JcDV-	infected	individuals	was	not	host	plant	specific:	
46%	of	infected	individuals	reared	on	C. glabra (n =	43)	versus	45%	of	
those	reared	on	P. lanceolata (n =	47)	died	before	reaching	the	adult	
stage.	However,	JcDV	exhibited	a	load-	dependent	effect	on	survival:	
insects	with	higher	viral	loads	had	a	lower	probability	of	surviving	to	
the	adult	stage	[Figure	5;	OR	=	0.32,	95%	CI	=	(0.14–	0.50),	p =	.002].	
Notably,	 the	 strength	 of	 larval	 immune	 responses	 did	 not	 signifi-
cantly	impact	the	survival	of	infected	individuals	(Table	S10).

4  |  DISCUSSION

This	study	provides	evidence	that	host	range	expansion	mediates	a	
multifaceted	shift	in	herbivore	physiological	defenses	against	natu-
ral	enemies.	Use	of	the	exotic	host	plant,	P. lanceolata,	was	associ-
ated	with:	(1)	suppression	of	multiple	immune	parameters	(Figure	2),	
which	 may	 influence	 vulnerability	 to	 a	 broad	 range	 of	 pathogens	
and	 parasites	 and	 (2)	 differential	 composition	 of	 sequestered	 IGs	
(Figure	3a),	which	may	compromise	the	efficacy	of	chemical	defense	
against	predators	(Bowers,	1980)	and	impact	the	strength	of	immu-
nological	 defenses	 against	 pathogens	 and	 parasites	 (Figure	 3c,d).	
Additionally,	 in	situ	JcDV	infection	 loads	were	higher	on	P. lanceo-
lata	 (Figure	1b),	 suggesting	 that	use	of	 the	exotic	plant	may	entail	
greater	exposure	or	vulnerability	to	this	pathogen	during	larval	de-
velopment.	Despite	these	defensive	differences,	 larvae	using	both	
P. lanceolata	 and	C. glabra	 exhibited	 reduced	 JcDV	 burdens	when	
sequestering	high	concentrations	of	 IGs	 (Figure	4),	and	survival	of	
JcDV-	infected	 individuals	was	ultimately	 similar	on	 the	 two	plants	
(Figure	5).	These	results	indicate	that	use	of	an	exotic	plant	is	char-
acterized	by	reduced	immunocompetence	but	comparable	levels	of	
chemical	protection	against	a	virus,	potentially	supporting	sustain-
able	populations	of	E. phaeton	on	this	exotic	plant.

Enhancement	of	 immunity	does	not	appear	to	be	promoting	E. 
phaeton	persistence	on	the	exotic	plant,	as	field-	collected	caterpil-
lars	exhibited	reductions	in	multiple	 immune	responses	when	con-
suming	P. lanceolata.	The	suite	of	immune	parameters	suppressed	in	
caterpillars	using	the	exotic	plant,	including	melanization	(Figure	2a),	
plasmatocyte	 concentration	 (Figure	 2f),	 and	 PO	 activity	 (in	 2016;	
Figure	 2b),	 provides	 defense	 against	 eukaryotic	 parasites	 (Carton	
et	al.,	2008;	Richman	&	Kafatos,	1996)	and	can	also	contribute	 to	
antiviral	(McNeil	et	al.,	2010;	Trudeau	et	al.,	2001;	Washburn	et	al.,	
1996)	 and	 antimicrobial	 (Lavine	 &	 Strand,	 2002;	 Rantala	 &	 Roff,	
2007)	 immunity.	 In	 particular,	 decreased	 melanization	 can	 be	 an	
effective	 predictor	 of	 successful	 parasitism	 by	 dipteran	 and	 hy-
menopteran	parasitoids	 in	Lepidoptera	 (Smilanich,	Dyer,	&	Gentry,	
2009;	but	see	Klemola	et	al.,	2008),	indicating	that	caterpillars	with	
weaker	melanization	responses	may	be	more	vulnerable	to	parasit-
ism	 in	 the	wild.	 Reduced	 plasmatocyte	 densities	may	 additionally	

F I G U R E  4 Relationship	between	iridoid	glycoside	sequestration	
and	Junonia	coenia	densovirus	load	of	Euphydryas phaeton 
caterpillars.	Based	on	a	linear	mixed-	effects	model	with	an	alpha	
level	of	0.05,	JcDV-	infected	caterpillars	that	sequestered	higher	
total	concentrations	of	IGs	exhibited	significantly	lower	viral	
infection	loads	when	utilizing	both	the	native	plant,	Chelone glabra,	
and	the	exotic	plant,	Plantago lanceolata	(marginal	R2 =	.26,	n =	34).	
Though	the	negative	effect	of	IG	sequestration	on	viral	burden	did	
not	differ	significantly	based	on	host	plant	species,	separate	slopes	
are	provided	for	individuals	using	C. glabra	and	P. lanceolata	for	
illustrative	purposes

F I G U R E  5 Estimated	survival	probabilities	of	Euphydryas 
phaeton	based	on	Junonia	coenia	densovirus	load.	Based	on	a	
generalized	linear	mixed-	effects	models	with	an	alpha	level	of	0.05,	
higher	JcDV	infection	loads	corresponded	to	a	lower	probability	
of	surviving	to	the	adult	stage,	regardless	of	larval	host	plant	
species	(GLMM:	marginal	R2 =	.47,	n =	47).	Arrows	indicate	mean	
postmortem	viral	loads	of	field-	collected	insects	in	2017	(reared	
out	and	deceased	in	the	laboratory	as	larvae,	pupae,	or	adults),	
which	did	not	differ	significantly	between	individuals	reared	on	the	
native	host	plant,	Chelone glabra,	and	the	exotic	host	plant,	Plantago 
lanceolata
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impair	 critical	 cell-	mediated	defenses	against	microbial	pathogens,	
including	 phagocytosis	 and	 expression	 of	 antimicrobial	 peptides	
(Strand,	2008).	Overall,	suppression	of	humoral	and	cellular	compo-
nents	of	the	immune	response	represents	a	substantial	putative	cost	
of	exotic	host	plant	use	for	E. phaeton	larvae;	however,	the	extent	to	
which	these	patterns	are	consistent	across	time	warrants	consider-
ation.	Variation	in	host	plant	effects	across	the	two	sampling	years	
was	evident	 for	 two	out	of	 six	measured	 immune	parameters	 (PO	
activity,	Figure	2b;	and	oenocytoid	densities,	Figure	2e),	underscor-
ing	 the	 likelihood	 that	 aspects	of	 larval	 history	beyond	host	plant	
identity,	including	both	abiotic	and	biotic	factors,	impact	patterns	of	
immunocompetence	in	wild	settings.

Host	plant	use	may	additionally	impact	herbivore	defense	against	
natural	 enemies	 through	 effects	 of	 phytochemical	 sequestration	
on	 the	 immune	 response.	We	documented	a	negative	 relationship	
between	IG	sequestration	and	hemocyte	concentrations	 in	E. pha-
eton	 caterpillars	 (Figure	 3b),	 indicating	 that	 sequestration	 of	 plant	
secondary	 metabolites	 may	 suppress	 components	 of	 the	 cellular	
immune	response	(specifically,	granulocytes	and	plasmatocytes;	see	
Table	S8).	This	pattern	could	be	a	product	of	direct	cytotoxicity	of	
sequestered	IGs	(Smilanich,	Dyer,	Chambers,	et	al.,	2009)	or	indirect	
effects	arising	from	the	competing	energetic	demands	of	sequestra-
tion	and	immunity.	These	findings	provide	the	first	support	for	the	
“vulnerable	host”	hypothesis	from	a	field-	based	study,	as	our	results	
indicate	that	E. phaeton	larvae	that	sequester	high	concentrations	of	
IGs	may	be	more	 immunologically	 vulnerable	 to	parasitism	and/or	
infectious	disease	in	the	wild	(Lampert	&	Bowers,	2015;	Smilanich,	
Dyer,	Chambers,	et	al.,	2009).

Although	the	total	concentration	of	IGs	sequestered	by	E. pha-
eton	did	not	differ	based	on	host	plant	species,	caterpillars	consum-
ing	 the	 exotic	 P. lanceolata	 sequestered	 a	 relatively	 even	mixture	
of	 aucubin	 and	 catalpol,	while	 those	 consuming	C. glabra	 seques-
tered	 primarily	 catalpol	 (Figure	 3a).	 This	 compositional	 difference	
in	 IG	 sequestration	 may	 have	 repercussions	 for	 the	 strength	 of	
immune	 responses:	 both	 PO	 activity	 (Figure	 3c)	 and	melanization	
(Figure	3d)	decreased	as	caterpillars	sequestered	a	greater	propor-
tion	of	 aucubin,	 relative	 to	 catalpol.	 These	 findings	 are	 consistent	
with	previous	research	documenting	negative	synergistic	effects	of	
aucubin	and	catalpol	sequestration	on	melanization	in	another	spe-
cialist	caterpillar	(Richards	et	al.,	2012).	Though	additional	research	
will	be	necessary	to	determine	the	role	of	synergy	in	mediating	these	
patterns	in	E. phaeton,	these	results	indicate	that	the	distinct	IG	mix-
ture	 sequestered	 by	 larvae	 using	 P. lanceolata	 may	 contribute	 to	
immunosuppression	on	this	plant	(Figure	2),	highlighting	a	potential	
tritrophic	outcome	of	compositional	phytochemical	variation	in	this	
system.

Although	 individuals	 that	 sequestered	 high	 levels	 of	 IGs	were	
more	immunologically	vulnerable,	our	results	indicate	that	seques-
tered	 phytochemicals	 may	 provide	 herbivores	 with	 an	 additional	
form	 of	 defense	 against	 viral	 infection	 (Figure	 4).	We	 observed	 a	
negative	 relationship	 between	 IG	 sequestration	 and	 JcDV	 load	 in	
E. phaeton	caterpillars	using	both	the	exotic	and	native	host	plants	
(Figure	4).	This	apparently	protective	effect	of	IG	sequestration	was	

surprising,	 given	 the	 negative	 relationship	 between	 IG	 sequestra-
tion	 and	 hemocyte	 concentrations	 also	 documented	 in	 this	 study	
(Figure	 3b),	 and	 suggests	 that	 these	 compounds	 may	 attenuate	
viral	 infection	 through	 mechanisms	 external	 to	 the	 immune	 re-
sponses	measured	in	this	study.	Antiviral	properties	of	IGs	are	well-	
documented	in	mammalian	systems	(e.g.,	Tundis	et	al.,	2008);	thus,	
sequestration	of	high	concentrations	of	these	compounds	could	di-
rectly	interfere	with	JcDV	infectivity	or	replication	within	the	host.	
Similar	protective	effects	of	toxic	phytochemicals	against	pathogens	
have	been	reported	in	several	insect	systems	(Cory	&	Hoover,	2006;	
De	Roode	et	al.,	2008;	Smilanich	et	al.,	2018).	Our	data	expand	upon	
this	 research	 by	 directly	 associating	 variation	 in	 sequestration	 of	
plant	secondary	metabolites	with	defense	against	an	entomopatho-
gen,	a	relationship	which	has	rarely	been	explicitly	assessed.

Together,	these	results	highlight	an	important	caveat	to	the	“vul-
nerable	host”	hypothesis:	the	immune	response	is	not	the	only	form	
of	 defense	 against	 enemies,	 and	 host	 vulnerability	 may	 be	 influ-
enced	by	both	direct	and	indirect	effects	(mediated	by	the	immune	
response)	of	 sequestered	compounds	on	parasites	and	pathogens.	
Although	not	tested	here,	the	potential	effects	of	IG	sequestration	
may	 give	 rise	 to	 a	 tradeoff	 between	 chemical	 and	 immunological	
forms	of	defense	against	 the	virus,	as	high	 levels	of	 sequestration	
were	 associated	with	 both	 attenuation	 of	 infection	 (Figure	 4)	 and	
suppression	of	 cellular	 immune	 components	 (Figure	3b).	 In	partic-
ular,	JcDV	 loads	were	negatively	associated	with	granulocyte	con-
centrations,	indicating	that	these	cells	may	play	a	role	in	suppressing	
infection.	However,	the	negative	relationship	between	granulocytes	
and	viral	load	was	only	evident	in	larvae	sequestering	low	concen-
trations	 of	 IGs,	 further	 suggesting	 an	 incompatibility	 between	 se-
questration	and	hemocytic	immunity.

This	 immunological	 cost	 of	 sequestration	may	 be	 expected	 to	
give	 rise	 to	 distinct	 defensive	 syndromes	 across	 herbivore	 popu-
lations	 experiencing	 differential	 pressure	 from	 natural	 enemies.	
Intermediate	sequestration	phenotypes	may	be	favored	when	chem-
ical	and	hemocytic	defenses	are	both	critical	for	survival;	this	may	
be	expected	 in	E. phaeton	 populations	where	both	 JcDV	 infection	
(Figure	1)	and	attack	by	other	natural	enemies,	including	parasitoids	
and	microbial	 pathogens,	 are	 common.	Alternatively,	 chemical	 de-
fense	may	be	favored	over	hemocytic	immunity	in	cases	where:	(1)	
sequestration	provides	comparable	protection	against	enemies,	but	
incurs	a	lesser	energetic	cost,	or	(2)	sequestration	provides	defense	
against	a	broader	suite	of	enemies,	including	predators,	parasitoids,	
and	pathogens.	In	such	cases,	we	may	predict	a	disinvestment	in	im-
munity	 (see	Tan	et	al.,	2019).	Variation	 in	selective	pressures	from	
multiple	 types	 of	 natural	 enemies	 across	 E. phaeton	 populations	
using	either	C. glabra or P. lanceolata,	and	its	role	in	driving	tradeoffs	
in	defensive	strategies,	warrants	further	study.

Our	 understanding	 of	 the	 ecological	 factors	 facilitating	 herbi-
vore	 persistence	 on	 exotic	 host	 plants	 may	 be	 improved	 through	
field-	based	 investigations	 within	 a	 tritrophic	 framework.	 Though	
the	immunological	disadvantages	of	using	P. lanceolata	may	limit	E. 
phaeton's	ability	to	persist	on	this	exotic	plant,	the	putatively	protec-
tive	role	of	IG	sequestration	against	JcDV	infection	was	consistent	
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between	 host	 plants.	 This	 comparable	 level	 of	 chemical	 defense	
may	facilitate	continued	use	of	the	exotic	plant,	particularly	in	pop-
ulations	 where	 JcDV	 pressure	 is	 high	 and	 mounting	 an	 immune	
response	is	costly.	Importantly,	the	likelihood	of	surviving	JcDV	in-
fection	did	not	differ	between	individuals	reared	on	the	native	and	
exotic	host	plants	 (Figure	5),	 suggesting	 that	 chemical	defense	ef-
fectively	compensated	for	 immunosuppression	on	the	exotic	plant	
where	this	pathogen	was	concerned.	These	findings	provide	insight	
into	 the	 paradox	 of	 exotic	 host	 plant	 use	 (Yoon	&	Read,	 2016)	 in	
E. phaeton,	 indicating	 that	 P. lanceolata	 may	 represent	 an	 equally	
suitable	host	plant,	relative	to	the	native	C. glabra,	within	certain	tr-
itrophic	contexts.	While	these	defensive	traits	represent	a	subset	of	
many	dimensions	of	herbivore	fitness	that	can	differ	on	native	and	
exotic	host	plants	(Forister	et	al.,	2020;	Nylin	et	al.,	2018),	they	pro-
vide	novel	insight	into	the	interacting	roles	of	immune	defense	and	
phytochemical	sequestration	in	mediating	tritrophic	interactions	in	
the	wild.	Moving	forward,	consideration	of	herbivore	physiological	
defenses	against	higher	trophic	levels	may	provide	opportunities	for	
more	comprehensive	evaluation	of	the	ecological	costs	and	benefits	
of	host	range	expansion,	with	applications	to	understanding	the	evo-
lution	of	herbivore	diet	breadth.

ACKNOWLEDG MENTS
This	 research	 was	 supported	 by	 National	 Science	 Foundation	
grants	 (IOS-	1456354	 to	 AMS	 and	 MDB;	 DEB-	1929522	 to	 AMS,	
MDB,	 and	 MBT)	 and	 a	 National	 Science	 Foundation	 Graduate	
Research	Fellowship	 (DGE-	1447692)	 to	NDM.	Any	opinions,	 find-
ings,	 and	 conclusions	 or	 recommendations	 expressed	 in	 this	ma-
terial	 are	 those	of	 the	 authors	 and	do	not	necessarily	 reflect	 the	
views	of	the	National	Science	Foundation.	We	would	like	to	thank:	
Camille	 Adajar,	 Kristal	 Aguilar,	 Sylvia	 Asare,	 Ameen	 Homayoon,	
Jennifer	Hsueh,	Josette	Medicielo,	and	Daniel	Moore	for	laboratory	
assistance	at	UNR,	Grace	Bowland,	Connor	Martin,	Isaiah	Shriner,	
and	Megan	Zabinski	 for	 laboratory	assistance	at	CU,	and	Thomas	
Parchman	 and	Mary	 Peacock	 for	 the	 use	 of	 equipment.	We	 also	
thank	Emilie	Champagne,	 two	anonymous	 referees,	 and	 the	UNR	
Plant-	Insect	Group	 for	providing	 comments	 that	 substantially	 im-
proved	the	manuscript.

CONFLIC T OF INTERE S T
The	authors	declare	no	competing	interests.

AUTHOR CONTRIBUTIONS
Nadya D. Muchoney:	 Conceptualization	 (equal);	 Data	 curation	
(lead);	 Formal	 analysis	 (lead);	 Funding	 acquisition	 (supporting);	
Investigation	 (lead);	 Methodology	 (equal);	 Project	 administration	
(supporting);	 Software	 (lead);	 Supervision	 (equal);	 Visualization	
(equal);	Writing	 –		 original	 draft	 (lead);	Writing	 –		 review	&	 editing	
(equal).	M. Deane Bowers:	 Conceptualization	 (equal);	 Funding	 ac-
quisition	(lead);	Methodology	(equal);	Project	administration	(lead);	
Resources	 (equal);	 Supervision	 (equal);	Writing	 –		 review	&	 editing	
(equal).	Adrian L. Carper:	Data	curation	 (supporting);	 Investigation	
(supporting);	 Methodology	 (equal);	 Project	 administration	

(supporting);	Supervision	(equal);	Writing	–		review	&	editing	(equal).	
Peri A. Mason:	 Conceptualization	 (equal);	 Investigation	 (support-
ing);	 Methodology	 (equal);	 Project	 administration	 (supporting);	
Supervision	 (equal);	 Writing	 –		 review	 &	 editing	 (equal).	 Mike B. 
Teglas:	Funding	acquisition	 (lead);	Methodology	 (equal);	Resources	
(equal);	 Supervision	 (equal);	 Writing	 –		 review	 &	 editing	 (equal).	
Angela M. Smilanich:	Conceptualization	(equal);	Funding	acquisition	
(lead);	Methodology	(equal);	Project	administration	(lead);	Resources	
(equal);	Supervision	(equal);	Visualization	(equal);	Writing	–		review	&	
editing	(equal).

DATA AVAIL ABILIT Y S TATEMENT
Data	 supporting	 the	 results	 presented	 in	 this	 study	 are	 available	
in	 the	 Dryad	 Digital	 Repository	 (https://doi.org/10.5061/dryad.
mkkwh	712c).

ORCID
Nadya D. Muchoney  https://orcid.org/0000-0001-6780-5848 

R E FE R E N C E S
Barbosa,	P.,	Gross,	P.,	&	Kemper,	J.	(1991).	Influence	of	plant	allelochem-

icals	on	 the	 tobacco	hornworm	and	 its	parasitoid,	Cotesia congre-
gata. Ecology,	72,	1567–	1575.	https://doi.org/10.2307/1940956

Barthel,	 A.,	 Vogel,	 H.,	 Pauchet,	 Y.,	 Pauls,	 G.,	 Kunert,	 G.,	 Groot,	 A.	 T.,	
Boland,	W.,	Heckel,	D.	G.,	&	Heidel-	Fischer,	H.	M.	(2016).	Immune	
modulation	 enables	 a	 specialist	 insect	 to	benefit	 from	antibacte-
rial	withanolides	in	its	host	plant.	Nature Communications,	7,	1–	11.	
https://doi.org/10.1038/ncomm	s12530

Bartoń,	 K.	 (2020).	 MuMIn: Multi- model inference. R package version 
1.43.17.	https://CRAN.R-	proje	ct.org/packa	ge=MuMIn

Bates,	 D.,	 Mächler,	 M.,	 Bolker,	 B.,	 &	 Walker,	 S.	 (2015).	 Fitting	 linear	
mixed-	effects	models	using	lme4.	Journal of Statistical Software,	67,	
1–	48.	https://doi.org/10.18637/	jss.v067.i01

Bernays,	E.,	&	Graham,	M.	 (1988).	On	the	evolution	of	host	specificity	
in	 phytophagous	 arthropods.	 Ecology,	 69,	 886–	892.	 https://doi.
org/10.2307/1941237

Bezemer,	T.	M.,	Harvey,	J.	A.,	&	Cronin,	J.	T.	(2014).	Response	of	native	
insect	communities	to	invasive	plants.	Annual Review of Entomology,	
59,	 119–	141.	 https://doi.org/10.1146/annur	ev-	ento-	01161	
3-	162104

Bowers,	M.	D.	(1980).	Unpalatability	as	a	defense	strategy	of	Euphydryas 
phaeton	 (Lepidoptera:	 Nymphalidae).	 Evolution,	 34,	 586–	600.	
https://doi.org/10.2307/2408226

Bowers,	M.	D.	 (1993).	Aposematic	caterpillars:	Life-	styles	of	the	warn-
ingly	colored	and	unpalatable.	In	N.	E.	Stamp,	&	T.	N.	Casey	(Eds.),	
Caterpillars: Ecological and evolutionary constraints on foraging (pp. 
331–	371).	Chapman	&	Hall.

Bowers,	 M.	 D.,	 &	 Collinge,	 S.	 K.	 (1992).	 Fate	 of	 iridoid	 glycosides	 in	
different	 life	 stages	 of	 the	 buckeye,	 Junonia coenia	 (Lepidoptera:	
Nymphalidae).	Journal of Chemical Ecology,	18,	817–	831.	https://doi.
org/10.1007/BF009	88322

Bowers,	M.	D.,	&	Puttick,	G.	M.	(1986).	Fate	of	ingested	iridoid	glycosides	
in	 lepidopteran	 herbivores.	 Journal of Chemical Ecology,	12,	 169–	
178.	https://doi.org/10.1007/BF010	45600

Bowers,	M.	D.,	&	Puttick,	G.	M.	(1988).	Response	of	generalist	and	spe-
cialist	 insects	 to	 qualitative	 allelochemical	 variation.	 Journal of 
Chemical Ecology,	 14,	 319–	334.	 https://doi.org/10.1007/BF010	
22549

Bowers,	M.	D.,	&	Richardson,	L.	L.	(2013).	Use	of	two	oviposition	plants	in	
populations	of	Euphydryas phaeton	Drury	(Nymphalidae).	Journal of 

https://doi.org/10.5061/dryad.mkkwh712c
https://doi.org/10.5061/dryad.mkkwh712c
https://orcid.org/0000-0001-6780-5848
https://orcid.org/0000-0001-6780-5848
https://doi.org/10.2307/1940956
https://doi.org/10.1038/ncomms12530
https://CRAN.R-project.org/package=MuMIn
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.2307/1941237
https://doi.org/10.2307/1941237
https://doi.org/10.1146/annurev-ento-011613-162104
https://doi.org/10.1146/annurev-ento-011613-162104
https://doi.org/10.2307/2408226
https://doi.org/10.1007/BF00988322
https://doi.org/10.1007/BF00988322
https://doi.org/10.1007/BF01045600
https://doi.org/10.1007/BF01022549
https://doi.org/10.1007/BF01022549


    |  13 of 15MUCHONEY Et al.

the Lepidopterists' Society,	67,	299–	300.	https://doi.org/10.18473/	
lepi.v67i4.a7

Bowers,	M.	D.,	&	Stamp,	N.	E.	(1992).	Chemical	variation	within	and	be-
tween	 individuals	 of	Plantago lanceolata	 (Plantaginaceae).	 Journal 
of Chemical Ecology,	18,	 985–	995.	 https://doi.org/10.1007/BF009	
80057

Bowers,	 M.	 D.,	 Stamp,	 N.	 E.,	 &	 Collinge,	 S.	 K.	 (1992).	 Early	 stage	 of	
host	 range	 expansion	 by	 a	 specialist	 herbivore,	 Euphydryas 
phaeton	 (Nymphalidae).	 Ecology,	 73,	 526–	536.	 https://doi.
org/10.2307/1940758

Brown,	L.	M.,	Breed,	G.	A.,	Severns,	P.	M.,	&	Crone,	E.	E.	(2017).	Losing	a	
battle	but	winning	the	war:	Moving	past	preference–	performance	
to	 understand	 native	 herbivore–	novel	 host	 plant	 interac-
tions.	 Oecologia,	 183,	 441–	453.	 https://doi.org/10.1007/s0044	
2-	016-	3787-	y

Bukovinszky,	T.,	Poelman,	E.	H.,	Gols,	R.,	Prekatsakis,	G.,	Vet,	L.	E.	M.,	
Harvey,	J.	A.,	&	Dicke,	M.	(2009).	Consequences	of	constitutive	and	
induced	variation	 in	plant	nutritional	quality	 for	 immune	defence	
of	a	herbivore	against	parasitism.	Oecologia,	160,	299–	308.	https://
doi.org/10.1007/s0044	2-	009-	1308-	y

Burnham,	K.	P.,	&	Anderson,	D.	R.	(2002).	Model selection and multimodel 
inference: A practical information- theoretic approach.	Springer.

Carroll,	S.	P.,	&	Fox,	C.	W.	(2007).	Dissecting	the	evolutionary	impacts	of	plant	
invasions:	Bugs	and	beetles	as	native	guides.	Global Change Biology,	
13,	1644–	1657.	https://doi.org/10.1111/j.1365-	2486.2007.01403.x

Carton,	 Y.,	 Poirié,	 M.,	 &	 Nappi,	 A.	 J.	 (2008).	 Insect	 immune	 resis-
tance	 to	 parasitoids.	 Insect Science,	 15,	 67–	87.	 https://doi.
org/10.1111/j.1744-	7917.2008.00188.x

Cavers,	 P.	 B.,	 Bassett,	 I.	 J.,	 &	Crompton,	C.	W.	 (1980).	 The	 biology	 of	
Canadian	weeds:	47.	Plantago lanceolata	L.	Canadian Journal of Plant 
Science,	60,	1269–	1282.	https://doi.org/10.4141/cjps8	0-	180

Cory,	 J.	 S.,	 &	 Hoover,	 K.	 (2006).	 Plant-	mediated	 effects	 in	 insect-	
pathogen	interactions.	Trends in Ecology & Evolution,	21,	278–	286.	
https://doi.org/10.1016/j.tree.2006.02.005

Cotter,	 S.	 C.,	 Reavey,	 C.	 E.,	 Tummala,	 Y.,	 Randall,	 J.	 L.,	 Holdbrook,	 R.,	
Ponton,	 F.,	 Simpson,	 S.	 J.,	 Smith,	 J.	 A.,	 &	Wilson,	 K.	 (2019).	Diet	
modulates	the	relationship	between	immune	gene	expression	and	
functional	 immune	 responses.	 Insect Biochemistry and Molecular 
Biology,	109,	128–	141.	https://doi.org/10.1016/j.ibmb.2019.04.009

Damtoft,	S.,	Jensen,	S.	R.,	&	Nielsen,	B.	J.	(1983).	The	biosynthesis	of	iri-
doid	glucosides	from	8-	epi-	deoxyloganic	acid.	Biochemical Society 
Transactions,	11,	593–	594.	https://doi.org/10.1042/bst01	10593

De	 Roode,	 J.	 C.,	 Pedersen,	 A.	 B.,	 Hunter,	 M.	 D.,	 &	 Altizer,	 S.	 (2008).	
Host	 plant	 species	 affects	 virulence	 in	 monarch	 butterfly	 par-
asites.	 Journal of Animal Ecology,	 77,	 120–	126.	 https://doi.
org/10.1111/j.1365-	2656.2007.01305.x

Diamond,	S.	E.,	&	Kingsolver,	J.	G.	 (2011).	Host	plant	quality,	selection	
history	 and	 trade-	offs	 shape	 the	 immune	 responses	 of	Manduca 
sexta. Proceedings of the Royal Society. Series B. Biological Sciences,	
278,	289–	297.	https://doi.org/10.1098/rspb.2010.1137

Duff,	R.	B.,	Bacon,	 J.	 S.,	Mundie,	C.	M.,	Farmer,	V.	C.,	Russell,	 J.	D.,	&	
Forrester,	A.	R.	 (1965).	Catalpol	and	methylcatalpol:	Naturally	oc-
curring	glycosides	in	Plantago	and	Buddleia species. The Biochemical 
Journal,	96,	1–	5.	https://doi.org/10.1042/bj096	0001

Fajer,	E.	D.	 (1989).	The	effects	of	enriched	CO₂	atmospheres	on	plant-	
insect	 herbivore	 interactions:	Growth	 responses	 of	 larvae	 of	 the	
specialist	 butterfly,	 Junonia coenia	 (Lepidoptera:	 Nymphalidae).	
Oecologia,	81,	514–	520.	https://doi.org/10.1007/BF003	78962

Fajer,	E.	D.,	Bowers,	M.	D.,	&	Bazzaz,	F.	A.	 (1992).	The	effect	of	nutri-
ents	 and	 enriched	 CO2	 environments	 on	 production	 of	 carbon-	
based	 allelochemicals	 in	 Plantago:	 A	 test	 of	 the	 carbon/nutrient	
balance	hypothesis.	American Naturalist,	140,	707–	723.	https://doi.
org/10.1086/285436

Forister,	M.	L.,	Nice,	C.	C.,	Fordyce,	J.	A.,	&	Gompert,	Z.	(2009).	Host	range	
evolution	is	not	driven	by	the	optimization	of	larval	performance:	

The	 case	 of	 Lycaeides melissa	 (Lepidoptera:	 Lycaenidae)	 and	 the	
colonization	 of	 alfalfa.	 Oecologia,	 160,	 551–	561.	 https://doi.
org/10.1007/s0044	2-	009-	1310-	4

Forister,	M.	L.,	Philbin,	C.	S.,	Marion,	Z.	H.,	Buerkle,	C.	A.,	Dodson,	C.	
D.,	Fordyce,	J.	A.,	Forister,	G.	W.,	Lebeis,	S.	L.,	Lucas,	L.	K.,	Nice,	C.	
C.,	&	Gompert,	Z.	 (2020).	Predicting	patch	occupancy	reveals	the	
complexity	of	host	range	expansion.	Science Advances,	6,	eabc6852.	
https://doi.org/10.1126/sciadv.abc6852

Forister,	M.	L.,	&	Wilson,	J.	S.	 (2013).	The	population	ecology	of	novel	
plant-	herbivore	 interactions.	 Oikos,	 122,	 657–	666.	 https://doi.
org/10.1111/j.1600-	0706.2013.00251.x

Fortuna,	T.	M.,	Woelke,	 J.	B.,	Hordijk,	C.	A.,	 Jansen,	 J.	 J.,	van	Dam,	N.	
M.,	Vet,	L.	E.	M.,	&	Harvey,	J.	A.	 (2013).	A	tritrophic	approach	to	
the	 preference-	performance	 hypothesis	 involving	 an	 exotic	 and	
a	 native	 plant.	 Biological Invasions,	 15,	 2387–	2401.	 https://doi.
org/10.1007/s1053	0-	013-	0459-	2

Gardner,	 D.	 R.,	 &	 Stermitz,	 F.	 R.	 (1988).	 Host	 plant	 utilization	 and	 iri-
doid	 glycoside	 sequestration	 by	 Euphydryas anicia	 (Lepidoptera:	
Nymphalidae).	Journal of Chemical Ecology,	14,	2147–	2168.	https://
doi.org/10.1007/BF010	14022

Garvey,	 M.,	 Bredlau,	 J.,	 Kester,	 K.,	 Creighton,	 C.,	 &	 Kaplan,	 I.	 (2021).	
Toxin	or	medication?	 Immunotherapeutic	effects	of	nicotine	on	a	
specialist	 caterpillar.	Functional Ecology,	35,	 614–	626.	 https://doi.
org/10.1111/1365-	2435.13743

González-	Santoyo,	 I.,	 &	 Córdoba-	Aguilar,	 A.	 (2012).	 Phenoloxidase:	
A	 key	 component	 of	 the	 insect	 immune	 system.	 Entomologia 
Experimentalis et Applicata,	 142,	 1–	16.	 https://doi.
org/10.1111/j.1570-	7458.2011.01187.x

Graves,	 S.	 D.,	 &	 Shapiro,	 A.	 M.	 (2003).	 Exotics	 as	 host	 plants	 of	 the	
California	 butterfly	 fauna.	Biological Conservation,	110,	 413–	433.	
https://doi.org/10.1016/S0006	-	3207(02)00233	-	1

Grosman,	A.	H.,	Holtz,	A.	M.,	Pallini,	A.,	 Sabelis,	M.	W.,	&	 Janssen,	A.	
(2017).	Parasitoids	follow	herbivorous	insects	to	a	novel	host	plant,	
generalist	predators	less	so.	Entomologia Experimentalis et Applicata,	
162,	261–	271.	https://doi.org/10.1111/eea.12545

Harvey,	J.	A.,	Bukovinszky,	T.,	&	van	der	Putten,	W.	H.	(2010).	Interactions	
between	 invasive	plants	 and	 insect	herbivores:	A	plea	 for	 a	mul-
titrophic perspective. Biological Conservation,	 143,	 2251–	2259.	
https://doi.org/10.1016/j.biocon.2010.03.004

Harvey,	J.	A.,	&	Fortuna,	T.	M.	 (2012).	Chemical	and	structural	effects	
of	invasive	plants	on	herbivore-	parasitoid/predator	interactions	in	
native	 communities.	 Entomologia Experimentalis et Applicata,	144,	
14–	26.	https://doi.org/10.1111/j.1570-	7458.2012.01252.x

Haviola,	 S.,	 Kapari,	 L.,	 Ossipov,	 V.,	 Rantala,	 M.	 J.,	 Ruuhola,	 T.,	 &	
Haukioja,	 E.	 (2007).	 Foliar	 phenolics	 are	 differently	 associated	
with Epirrita autumnata	 growth	 and	 immunocompetence.	 Journal 
of Chemical Ecology,	33,	1013–	1023.	https://doi.org/10.1007/s1088	
6-	007-	9271-	8

Hawkins,	 B.	 A.,	 Cornell,	 H.	 V.,	 &	 Hochberg,	 M.	 E.	 (1997).	 Predators,	
parasitoids,	 and	 pathogens	 as	 mortality	 agents	 in	 phytopha-
gous	 insect	 populations.	 Ecology,	 78,	 2145–	2152.	 https://doi.
org/10.1890/0012-	9658(1997)078[2145:PPAPA	M]2.0.CO;2

Jeffries,	M.	J.,	&	Lawton,	J.	H.	(1984).	Enemy	free	space	and	the	structure	
of	ecological	communities.	Biological Journal of the Linnean Society,	
23,	269–	286.	https://doi.org/10.1111/j.1095-	8312.1984.tb001	45.x

Keeler,	 M.	 S.,	 &	 Chew,	 F.	 S.	 (2008).	 Escaping	 an	 evolutionary	 trap:	
Preference	and	performance	of	a	native	 insect	on	an	exotic	 inva-
sive host. Oecologia,	156,	559–	568.	https://doi.org/10.1007/s0044	
2-	008-	1005-	2

Klemola,	N.,	Kapari,	L.,	&	Klemola,	T.	(2008).	Host	plant	quality	and	de-
fence	against	parasitoids:	No	relationship	between	levels	of	para-
sitism	 and	 a	 geometrid	 defoliator	 immunoassay.	Oikos,	117,	 926–	
934.	https://doi.org/10.1111/j.0030-	1299.2008.16611.x

Knerl,	A.,	&	Bowers,	M.	D.	(2013).	Incorporation	of	an	introduced	weed	
into	 the	diet	of	 a	native	butterfly:	Consequences	 for	preference,	

https://doi.org/10.18473/lepi.v67i4.a7
https://doi.org/10.18473/lepi.v67i4.a7
https://doi.org/10.1007/BF00980057
https://doi.org/10.1007/BF00980057
https://doi.org/10.2307/1940758
https://doi.org/10.2307/1940758
https://doi.org/10.1007/s00442-016-3787-y
https://doi.org/10.1007/s00442-016-3787-y
https://doi.org/10.1007/s00442-009-1308-y
https://doi.org/10.1007/s00442-009-1308-y
https://doi.org/10.1111/j.1365-2486.2007.01403.x
https://doi.org/10.1111/j.1744-7917.2008.00188.x
https://doi.org/10.1111/j.1744-7917.2008.00188.x
https://doi.org/10.4141/cjps80-180
https://doi.org/10.1016/j.tree.2006.02.005
https://doi.org/10.1016/j.ibmb.2019.04.009
https://doi.org/10.1042/bst0110593
https://doi.org/10.1111/j.1365-2656.2007.01305.x
https://doi.org/10.1111/j.1365-2656.2007.01305.x
https://doi.org/10.1098/rspb.2010.1137
https://doi.org/10.1042/bj0960001
https://doi.org/10.1007/BF00378962
https://doi.org/10.1086/285436
https://doi.org/10.1086/285436
https://doi.org/10.1007/s00442-009-1310-4
https://doi.org/10.1007/s00442-009-1310-4
https://doi.org/10.1126/sciadv.abc6852
https://doi.org/10.1111/j.1600-0706.2013.00251.x
https://doi.org/10.1111/j.1600-0706.2013.00251.x
https://doi.org/10.1007/s10530-013-0459-2
https://doi.org/10.1007/s10530-013-0459-2
https://doi.org/10.1007/BF01014022
https://doi.org/10.1007/BF01014022
https://doi.org/10.1111/1365-2435.13743
https://doi.org/10.1111/1365-2435.13743
https://doi.org/10.1111/j.1570-7458.2011.01187.x
https://doi.org/10.1111/j.1570-7458.2011.01187.x
https://doi.org/10.1016/S0006-3207(02)00233-1
https://doi.org/10.1111/eea.12545
https://doi.org/10.1016/j.biocon.2010.03.004
https://doi.org/10.1111/j.1570-7458.2012.01252.x
https://doi.org/10.1007/s10886-007-9271-8
https://doi.org/10.1007/s10886-007-9271-8
https://doi.org/10.1890/0012-9658(1997)078#;2145:PPAPAM#;2.0.CO;2
https://doi.org/10.1890/0012-9658(1997)078#;2145:PPAPAM#;2.0.CO;2
https://doi.org/10.1111/j.1095-8312.1984.tb00145.x
https://doi.org/10.1007/s00442-008-1005-2
https://doi.org/10.1007/s00442-008-1005-2
https://doi.org/10.1111/j.2008.0030-1299.16611.x


14 of 15  |     MUCHONEY Et al.

performance	and	chemical	defense.	Journal of Chemical Ecology,	39,	
1313–	1321.	https://doi.org/10.1007/s1088	6-	013-	0355-	3

Lampert,	E.	C.,	&	Bowers,	M.	D.	(2015).	Incompatibility	between	plant-	
derived	defensive	chemistry	and	 immune	response	of	 two	sphin-
gid herbivores. Journal of Chemical Ecology,	41,	85–	92.	https://doi.
org/10.1007/s1088	6-	014-	0532-	z

Laurentz,	 M.,	 Reudler,	 J.	 H.,	 Mappes,	 J.,	 Friman,	 V.,	 Ikonen,	 S.,	 &	
Lindstedt,	C.	(2012).	Diet	quality	can	play	a	critical	role	in	defense	
efficacy	against	parasitoids	and	pathogens	in	the	Glanville	fritillary	
(Melitaea cinxia).	Journal of Chemical Ecology,	38,	116–	125.	https://
doi.org/10.1007/s1088	6-	012-	0066-	1

Lavine,	M.	D.,	&	Strand,	M.	R.	(2002).	Insect	hemocytes	and	their	role	in	
immunity.	Insect Biochemistry and Molecular Biology,	32,	1295–	1309.	
https://doi.org/10.1016/S0965	-	1748(02)00092	-	9

Lee,	 K.	 P.,	 Cory,	 J.	 S.,	Wilson,	 K.,	 Raubenheimer,	 D.,	 &	 Simpson,	 S.	 J.	
(2006).	Flexible	diet	 choice	offsets	protein	costs	of	pathogen	 re-
sistance	in	a	caterpillar.	Proceedings of the Royal Society B: Biological 
Sciences,	273,	823–	829.	https://doi.org/10.1098/rspb.2005.3385

Lenth,	R.	V.	(2021).	emmeans: Estimated marginal means, aka least- squares 
means.	 R	 package	 version	 1.6.0.	 https://cran.r-	proje	ct.org/packa	
ge=emmeans

Long,	 J.	 A.	 (2019).	 interactions: Comprehensive, user- friendly toolkit for 
probing interactions.	 R	 package	 version	 1.1.0.	 https://cran.r-	proje	
ct.org/packa	ge=inter	actions

Lüdecke,	D.,	Makowski,	D.,	Waggoner,	P.,	&	Patil,	I.	(2020).	performance: 
Assessment of regression models performance.	 R	 package	 version	
0.7.0.	https://easys	tats.github.io/perfo	rmance

Mason,	 P.	A.	 (2016).	On	 the	 role	 of	 host	 phenotypic	 plasticity	 in	 host	
shifting	 by	 parasites.	 Ecology Letters,	 19,	 121–	132.	 https://doi.
org/10.1111/ele.12555

Mason,	P.	A.,	Wilkes,	S.	R.,	Lill,	J.	T.,	&	Singer,	M.	S.	(2011).	Abundance	
trumps	 quality:	 Bi-	trophic	 performance	 and	 parasitism	 risk	 fail	
to	 explain	host	 use	 in	 the	 fall	webworm.	Oikos,	120,	 1509–	1518.	
https://doi.org/10.1111/j.1600-	0706.2011.19053.x

McNeil,	J.,	Cox-	Foster,	D.,	Slavicek,	J.,	&	Hoover,	K.	(2010).	Contributions	
of	 immune	 responses	 to	 developmental	 resistance	 in	 Lymantria	
dispar	challenged	with	baculovirus.	Journal of Insect Physiology,	56,	
1167–	1177.	https://doi.org/10.1016/j.jinsp	hys.2010.03.020

Murphy,	 S.	 M.	 (2004).	 Enemy-	free	 space	 maintains	 swallowtail	 but-
terfly	 host	 shift.	 Proceedings of the National Academy of Sciences 
of the United States of America,	 101,	 18048–	18052.	 https://doi.
org/10.1073/pnas.04064	90102

Mutuel,	D.,	Ravallec,	M.,	Chabi,	B.,	Multeau,	C.,	Salmon,	J.	M.,	Fournier,	
P.,	&	Ogliastro,	M.	(2010).	Pathogenesis	of	Junonia	coenia	denso-
virus	 in	 Spodoptera frugiperda:	 A	 route	 of	 infection	 that	 leads	
to	 hypoxia.	 Virology,	 403,	 137–	144.	 https://doi.org/10.1016/j.
virol.2010.04.003

Nice,	C.	C.,	Gompert,	Z.,	Forister,	M.	L.,	&	Fordyce,	J.	A.	(2009).	An	un-
seen	foe	in	arthropod	conservation	efforts:	The	case	of	Wolbachia 
infections	in	the	Karner	blue	butterfly.	Biological Conservation,	142,	
3137–	3146.	https://doi.org/10.1016/j.biocon.2009.08.020

Nishida,	R.	(2002).	Sequestration	of	defensive	substances	from	plants	by	
Lepidoptera.	Annual Review of Entomology,	47,	 57–	92.	 https://doi.
org/10.1146/annur	ev.ento.47.091201.145121

Nylin,	S.,	Agosta,	S.,	Bensch,	S.,	Boeger,	W.	A.,	Braga,	M.	P.,	Brooks,	D.	R.,	
Forister,	M.	L.,	Hambäck,	P.	A.,	Hoberg,	E.	P.,	Nyman,	T.,	Schäpers,	
A.,	 Stigall,	 A.	 L.,	Wheat,	 C.	W.,	 Österling,	M.,	 &	 Janz,	 N.	 (2018).	
Embracing	 colonizations:	 A	 new	 paradigm	 for	 species	 associa-
tion	dynamics.	Trends in Ecology & Evolution,	33,	4–	14.	https://doi.
org/10.1016/j.tree.2017.10.005

Ode,	P.	J.	(2006).	Plant	chemistry	and	natural	enemy	fitness:	Effects	on	herbi-
vore	and	natural	enemy	interactions.	Annual Review of Entomology,	51,	
163–	185.	https://doi.org/10.1146/annur	ev.ento.51.110104.151110

Opitz,	S.	E.	W.,	&	Müller,	C.	(2009).	Plant	chemistry	and	insect	seques-
tration.	Chemoecology,	19,	117–	154.	https://doi.org/10.1007/s0004	
9-	009-	0018-	6

Pennell,	 F.	W.	 (1935).	 The Scrophulariaceae of eastern temperate North 
America.	Academy	of	Natural	Sciences	of	Philadelphia.	https://doi.
org/10.1007/s1125	8-	012-	0128-	z

Pinheiro,	 J.,	 Bates,	 D.,	 DebRoy,	 S.,	 Sarkar,	 D.,	 &	 R	 Core	 Team	 (2020).	
nlme: Linear and nonlinear mixed effects models.	R	package	version	
3.1.152.	https://cran.r-	proje	ct.org/packa	ge=nlme

R	Core	Team	(2021).	R: A language and environment for statistical comput-
ing.	R	Foundation	for	Statistical	Computing.

Rantala,	M.	J.,	&	Roff,	D.	A.	(2007).	Inbreeding	and	extreme	outbreeding	
cause	sex	differences	in	immune	defence	and	life	history	traits	in	
Epirrita autumnata. Heredity,	98,	329–	336.	https://doi.org/10.1038/
sj.hdy.6800945

Resnik,	J.	L.,	&	Smilanich,	A.	M.	(2020).	The	effect	of	phenoloxidase	ac-
tivity	on	 survival	 is	 host	plant	dependent	 in	 virus-	infected	 cater-
pillars.	 Journal of Insect Science,	20,	1–	4.	https://doi.org/10.1093/
jises	a/ieaa116

Ribeiro,	 C.,	 &	 Brehélin,	 M.	 (2006).	 Insect	 haemocytes:	 What	 type	 of	
cell	 is	 that?	 Journal of Insect Physiology,	52,	 417–	429.	 https://doi.
org/10.1016/j.jinsp	hys.2006.01.005

Richards,	L.	A.,	Lampert,	E.	C.,	Bowers,	M.	D.,	Dodson,	C.	D.,	Smilanich,	A.	
M.,	&	Dyer,	L.	A.	(2012).	Synergistic	effects	of	iridoid	glycosides	on	
the	survival,	development	and	immune	response	of	a	specialist	cat-
erpillar,	Junonia coenia	 (Nymphalidae).	Journal of Chemical Ecology,	
38,	1276–	1284.	https://doi.org/10.1007/s1088	6-	012-	0190-	y

Richman,	A.,	&	Kafatos,	F.	C.	(1996).	Immunity	to	eukaryotic	parasites	in	
vector	insects.	Current Opinion in Immunology,	8,	14–	19.	https://doi.
org/10.1016/S0952	-	7915(96)80099	-	9

Rivers,	C.	F.,	&	Longworth,	J.	F.	(1968).	A	nonoccluded	virus	of	Junonia co-
enia	 (Nymphalidae:	Lepidoptera).	Journal of Invertebrate Pathology,	
370,	369–	370.	https://doi.org/10.1016/0022-	2011(72)90173	-	5

Saejeng,	A.,	Tidbury,	H.,	Siva-	Jothy,	M.	T.,	&	Boots,	M.	(2010).	Examining	
the	relationship	between	hemolymph	phenoloxidase	and	resistance	
to	a	DNA	virus,	Plodia	interpunctella	granulosis	virus	(PiGV).	Journal 
of Insect Physiology,	56,	1232–	1236.	https://doi.org/10.1016/j.jinsp	
hys.2010.03.025

Schmittgen,	 T.	D.,	 &	 Livak,	 K.	 J.	 (2008).	 Analyzing	 real-	time	 PCR	 data	
by	 the	comparative	C(T)	method.	Nature Protocols,	3,	1101–	1108.	
https://doi.org/10.1038/nprot.2008.73

Shelby,	K.	 S.,	&	Popham,	H.	 J.	R.	 (2006).	Plasma	phenoloxidase	of	 the	
larval	tobacco	budworm,	Heliothis virescens,	 is	virucidal.	Journal of 
Insect Science,	6,	1–	12.	https://doi.org/10.1673/2006_06_13.1

Shikano,	 I.	 (2017).	 Evolutionary	 ecology	 of	 multitrophic	 interactions	
between	plants,	 insect	herbivores	and	entomopathogens.	Journal 
of Chemical Ecology,	 43,	 586–	598.	 https://doi.org/10.1007/s1088	
6-	017-	0850-	z

Shikano,	I.,	Ericsson,	J.	D.,	Cory,	J.	S.,	&	Myers,	J.	H.	(2010).	Indirect	plant-	
mediated	 effects	 on	 insect	 immunity	 and	 disease	 resistance	 in	 a	
tritrophic	system.	Basic and Applied Ecology,	11,	15–	22.	https://doi.
org/10.1016/j.baae.2009.06.008

Singer,	M.	 S.,	Mace,	K.	C.,	&	Bernays,	 E.	A.	 (2009).	 Self-	medication	 as	
adaptive	plasticity:	 Increased	 ingestion	of	plant	 toxins	by	parasit-
ized	caterpillars.	PLoS One,	4,	e4796.	https://doi.org/10.1371/journ	
al.pone.0004796

Singer,	M.	S.,	Mason,	P.	A.,	&	Smilanich,	A.	M.	(2014).	Ecological	immunology	
mediated	by	diet	in	herbivorous	insects.	Integrative and Comparative 
Biology,	54,	913–	921.	https://doi.org/10.1093/icb/icu089

Singer,	 M.	 S.,	 &	 Stireman,	 J.	 O.	 (2005).	 The	 tri-	trophic	 niche	 concept	
and	adaptive	radiation	of	phytophagous	insects.	Ecology Letters,	8,	
1247–	1255.	https://doi.org/10.1111/j.1461-	0248.2005.00835.x

Singer,	 M.	 C.,	 Thomas,	 C.	 D.,	 &	 Parmesan,	 C.	 (1993).	 Rapid	 human-	
induced	 evolution	 of	 insect–	host	 associations.	Nature,	366,	 681–	
683.	https://doi.org/10.1038/366681a0

Smilanich,	A.	M.,	Dyer,	L.	A.,	Chambers,	J.	Q.,	&	Bowers,	M.	D.	 (2009).	
Immunological	 cost	 of	 chemical	 defence	 and	 the	 evolution	 of	
herbivore	 diet	 breadth.	 Ecology Letters,	12,	 612–	621.	 https://doi.
org/10.1111/j.1461-	0248.2009.01309.x

https://doi.org/10.1007/s10886-013-0355-3
https://doi.org/10.1007/s10886-014-0532-z
https://doi.org/10.1007/s10886-014-0532-z
https://doi.org/10.1007/s10886-012-0066-1
https://doi.org/10.1007/s10886-012-0066-1
https://doi.org/10.1016/B978-012373976-6.50004-5
https://doi.org/10.1098/rspb.2005.3385
https://cran.r-project.org/package=emmeans
https://cran.r-project.org/package=emmeans
https://cran.r-project.org/package=interactions
https://cran.r-project.org/package=interactions
https://easystats.github.io/performance
https://doi.org/10.1111/ele.12555
https://doi.org/10.1111/ele.12555
https://doi.org/10.1111/j.1600-0706.2011.19053.x
https://doi.org/10.1016/j.jinsphys.2010.03.020
https://doi.org/10.1073/pnas.0406490102
https://doi.org/10.1073/pnas.0406490102
https://doi.org/10.1016/j.virol.2010.04.003
https://doi.org/10.1016/j.virol.2010.04.003
https://doi.org/10.1016/j.biocon.2009.08.020
https://doi.org/10.1146/annurev.ento.47.091201.145121
https://doi.org/10.1146/annurev.ento.47.091201.145121
https://doi.org/10.1016/j.tree.2017.10.005
https://doi.org/10.1016/j.tree.2017.10.005
https://doi.org/10.1146/annurev.ento.51.110104.151110
https://doi.org/10.1007/s00049-009-0018-6
https://doi.org/10.1007/s00049-009-0018-6
https://doi.org/10.1007/s11258-012-0128-z
https://doi.org/10.1007/s11258-012-0128-z
https://cran.r-project.org/package=nlme
https://doi.org/10.1038/sj.hdy.6800945
https://doi.org/10.1038/sj.hdy.6800945
https://doi.org/10.1093/jisesa/ieaa116
https://doi.org/10.1093/jisesa/ieaa116
https://doi.org/10.1016/j.jinsphys.2006.01.005
https://doi.org/10.1016/j.jinsphys.2006.01.005
https://doi.org/10.1007/s10886-012-0190-y
https://doi.org/10.1016/S0952-7915(96)80099-9
https://doi.org/10.1016/S0952-7915(96)80099-9
https://doi.org/10.1016/0022-2011(72)90173-5
https://doi.org/10.1016/j.jinsphys.2010.03.025
https://doi.org/10.1016/j.jinsphys.2010.03.025
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1673/2006_06_13.1
https://doi.org/10.1007/s10886-017-0850-z
https://doi.org/10.1007/s10886-017-0850-z
https://doi.org/10.1016/j.baae.2009.06.008
https://doi.org/10.1016/j.baae.2009.06.008
https://doi.org/10.1371/journal.pone.0004796
https://doi.org/10.1371/journal.pone.0004796
https://doi.org/10.1093/icb/icu089
https://doi.org/10.1111/j.1461-0248.2005.00835.x
https://doi.org/10.1038/366681a0
https://doi.org/10.1111/j.1461-0248.2009.01309.x
https://doi.org/10.1111/j.1461-0248.2009.01309.x


    |  15 of 15MUCHONEY Et al.

Smilanich,	A.	M.,	Dyer,	L.	A.,	&	Gentry,	G.	L.	(2009).	The	insect	immune	re-
sponse	and	other	putative	defenses	as	effective	predictors	of	para-
sitism. Ecology,	90,	1434–	1440.	https://doi.org/10.1890/08-	1906.1

Smilanich,	 A.	 M.,	 Langus,	 T.	 C.,	 Doan,	 L.,	 Dyer,	 L.	 A.,	 Harrison,	 J.	 G.,	
Hsueh,	J.,	&	Teglas,	M.	B.	 (2018).	Host	plant	associated	enhance-
ment	of	immunity	and	survival	in	virus	infected	caterpillars.	Journal 
of Invertebrate Pathology,	151,	102–	112.	https://doi.org/10.1016/j.
jip.2017.11.006

Smilanich,	A.	M.,	&	Muchoney,	N.	D.	 (2022).	Host	plant	effects	on	the	
caterpillar	 immune	 response.	 In	R.	 J.	Marquis,	&	S.	Koptur	 (Eds.),	
Caterpillars in the Middle: Tritrophic interactions in a changing world 
(pp.	449–	484).	Springer,	in	press.

Stamp,	 N.	 E.	 (1979).	 New	 oviposition	 plant	 for	 Euphydryas phaeton 
(Nymphalidae).	Journal of the Lepidopterists' Society,	33,	203–	204.

Strand,	M.	R.	(2008).	The	insect	cellular	immune	response.	Insect Sci.,	15,	
1–	14.	https://doi.org/10.1111/j.1744-	7917.2008.00183.x

Strauss,	S.	Y.,	Lau,	J.	A.,	&	Carroll,	S.	P.	 (2006).	Evolutionary	responses	
of	 natives	 to	 introduced	 species:	 What	 do	 introductions	 tell	 us	
about	natural	communities?	Ecology Letters,	9,	357–	374.	https://doi.
org/10.1111/j.1461-	0248.2005.00874.x

Sunny,	A.,	Diwakar,	S.,	&	Sharma,	G.	P.	(2015).	Native	insects	and	inva-
sive	 plants	 encounters.	 Arthropod- Plant Interactions,	 9,	 323–	331.	
https://doi.org/10.1007/s1182	9-	015-	9384-	x

Tan,	W.	H.,	Acevedo,	T.,	Harris,	E.	V.,	Alcaide,	T.	Y.,	Walters,	J.	R.,	Hunter,	
M.	D.,	Gerardo,	N.	M.,	&	de	Roode,	 J.	C.	 (2019).	 Transcriptomics	
of	monarch	 butterflies	 (Danaus plexippus)	 reveals	 that	 toxic	 host	
plants	alter	expression	of	detoxification	genes	and	down-	regulate	a	
small	number	of	immune	genes.	Molecular Ecology,	28,	4845–	4863.	
https://doi.org/10.1111/mec.15219

Triggs,	A.	M.,	&	Knell,	R.	J.	(2012).	Parental	diet	has	strong	transgenera-
tional	effects	on	offspring	immunity.	Functional Ecology,	26,	1409–	
1417.	https://doi.org/10.1111/j.1365-	2435.2012.02051.x

Trowbridge,	 A.	 M.,	 Bowers,	 M.	 D.,	 &	 Monson,	 R.	 K.	 (2016).	 Conifer	
monoterpene	 chemistry	 during	 an	 outbreak	 enhances	 consump-
tion	 and	 immune	 response	 of	 an	 eruptive	 folivore.	 Journal of 
Chemical Ecology,	 42,	 1281–	1292.	 https://doi.org/10.1007/s1088	
6-	016-	0797-	5

Trudeau,	D.,	Washburn,	 J.	O.,	&	Volkman,	 L.	 E.	 (2001).	Central	 role	of	
hemocytes	 in	 Autographa	 californica	 M	 nucleopolyhedrovirus	
pathogenesis	 in	Heliothis virescens	 and	Helicoverpa zea. Journal of 
Virology,	75,	996–	1003.	https://doi.org/10.1128/JVI.75.2.996

Tundis,	 R.,	 Loizzo,	M.,	Menichini,	 F.,	 Statti,	 G.,	 &	Menichini,	 F.	 (2008).	
Biological	and	pharmacological	activities	of	iridoids:	Recent	devel-
opments.	Mini- Reviews in Medicinal Chemistry,	8,	399–	420.	https://
doi.org/10.2174/13895	57087	83955926

Wang,	Y.,	Gosselin	Grenet,	A.	S.,	Castelli,	I.,	Cermenati,	G.,	Ravallec,	M.,	
Fiandra,	L.,	Debaisieux,	S.,	Multeau,	C.,	Lautredou,	N.,	Dupressoir,	
T.,	Li,	Y.,	Casartelli,	M.,	&	Ogliastro,	M.	(2013).	Densovirus	crosses	
the	 insect	midgut	by	 transcytosis	 and	disturbs	 the	epithelial	 bar-
rier	 function.	 Journal of Virology,	 87,	 12380–	12391.	 https://doi.
org/10.1128/jvi.01396	-	13

Washburn,	 J.	 O.,	 Kirkpatrick,	 B.	 A.,	 &	 Volkman,	 L.	 E.	 (1996).	 Insect	
protection	 against	 viruses.	 Nature,	 383,	 767.	 https://doi.
org/10.1038/383767a0

Yoon,	S.,	&	Read,	Q.	(2016).	Consequences	of	exotic	host	use:	Impacts	on	
Lepidoptera	and	a	test	of	the	ecological	trap	hypothesis.	Oecologia,	
181,	985–	996.	https://doi.org/10.1007/s0044	2-	016-	3560-	2

Zhao,	P.,	Lu,	Z.,	Strand,	M.	R.,	&	Jiang,	H.	(2011).	Antiviral,	anti-	parasitic,	
and	cytotoxic	effects	of	5,6-	dihydroxyindole	(DHI),	a	reactive	com-
pound	generated	by	phenoloxidase	during	insect	immune	response.	
Insect Biochemistry and Molecular Biology,	41,	645–	652.	https://doi.
org/10.1016/j.ibmb.2011.04.006

Zuur,	A.	F.,	Ieno,	E.	N.,	Walker,	N.	J.,	Saveliev,	A.	A.,	&	Smith,	G.	M.	(2009).	
Mixed effects models and extensions in ecology with R.	Springer.

SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 in	 the	 online	
version	of	the	article	at	the	publisher’s	website.

How to cite this article:	Muchoney,	N.	D.,	Bowers,	M.	D.,	
Carper,	A.	L.,	Mason,	P.	A.,	Teglas,	M.	B.,	&	Smilanich,	A.	M.	
(2022).	Use	of	an	exotic	host	plant	shifts	immunity,	chemical	
defense,	and	viral	burden	in	wild	populations	of	a	specialist	
insect	herbivore.	Ecology and Evolution,	12,	e8723.	
https://doi.org/10.1002/ece3.8723

https://doi.org/10.1890/08-1906.1
https://doi.org/10.1016/j.jip.2017.11.006
https://doi.org/10.1016/j.jip.2017.11.006
https://doi.org/10.1111/j.1744-7917.2008.00183.x
https://doi.org/10.1111/j.1461-0248.2005.00874.x
https://doi.org/10.1111/j.1461-0248.2005.00874.x
https://doi.org/10.1007/s11829-015-9384-x
https://doi.org/10.1111/mec.15219
https://doi.org/10.1111/j.1365-2435.2012.02051.x
https://doi.org/10.1007/s10886-016-0797-5
https://doi.org/10.1007/s10886-016-0797-5
https://doi.org/10.1128/JVI.75.2.996
https://doi.org/10.2174/138955708783955926
https://doi.org/10.2174/138955708783955926
https://doi.org/10.1128/jvi.01396-13
https://doi.org/10.1128/jvi.01396-13
https://doi.org/10.1038/383767a0
https://doi.org/10.1038/383767a0
https://doi.org/10.1007/s00442-016-3560-2
https://doi.org/10.1016/j.ibmb.2011.04.006
https://doi.org/10.1016/j.ibmb.2011.04.006
https://doi.org/10.1002/ece3.8723

