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Abstract

Taxa	harboring	high	ѴeveѴs	of	standing	variation	may	be	more	ѴikeѴy	to	adapt	to	rapid	
environmentaѴ	 shifts	 and	 experience	 ecoѴogicaѴ	 speciationĺ	 Hereķ	 we	 characterize	
geographic	 and	 hostŊreѴated	 differentiation	 for	 ƐƏķƑƓƐ	 singѴe	 nucѴeotide	 poѴymorŊ
phisms	in	Rhagoletis pomonella fruit	fѴies	to	infer	whether	standing	genetic	variation	
in	aduѴt	ecѴosion	time	in	the	ancestraѴ	hawthorn	ŐCrataegus	sppĺőŊinfesting	host	raceķ	
as	opposed	to	new	mutationsķ	contributed	substantiaѴѴy	to	its	recent	shift	to	earѴier	
fruiting	appѴe	 ŐMalus domesticaőĺ	AѴѴeѴe	frequency	differences	associated	with	earѴy	
vsĺ	Ѵate	ecѴosion	time	within	each	host	race	were	significantѴy	reѴated	to	geographic	
genetic	variation	and	host	race	differentiation	across	four	sitesķ	arrayed	from	north	
to	south	aѴong	a	ƓƒƏŊkm	transectķ	where	the	host	races	coŊoccur	in	sympatry	in	the	
Midwest	United	Statesĺ	Host	fruiting	phenoѴogy	is	cѴinaѴķ	with	both	appѴe	and	hawŊ
thorn	trees	fruiting	earѴier	 in	the	North	and	 Ѵater	 in	the	Southĺ	Thusķ	we	expected	
aѴѴeѴes	associated	with	earѴier	ecѴosion	to	be	at	higher	frequencies	in	northern	popuŊ
Ѵationsĺ	This	pattern	was	observed	in	the	hawthorn	race	across	aѴѴ	four	popuѴationsĸ	
howeverķ	aѴѴeѴe	frequency	patterns	in	the	appѴe	race	were	more	compѴexĺ	Despite	the	
generaѴѴy	 earѴier	 ecѴosion	 timing	 of	 appѴe	 fѴies	 and	 corresponding	 appѴe	 fruiting	
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ƐՊ |ՊINTRODUC TION

The	 raw	materiaѴ	 for	 noveѴ	 adaptation	 can	 come	 from	new	mutaŊ
tions	 or	 standing	 variation	 ŐBarrett	 ş	 SchѴuterķ	 ƑƏƏѶőĺ	 Adaptation	
is	 expected	 to	 occur	more	 rapidѴy	when	 based	 on	 standing	 variaŊ
tionķ	because	the	process	 is	not	 Ѵimited	by	wait	time	for	new	benŊ
eficiaѴ	 mutations	 to	 arise	 and	 standing	 variants	 are	 ѴikeѴy	 to	 have	
been	fiѴtered	for	negative	pѴeiotropic	fitness	effects	or	detrimentaѴ	
epistatic	 interactions	 ŐBarrett	 ş	 SchѴuterķ	 ƑƏƏѶĸ	 Yeamanķ	 ƑƏƐƔőĺ	
Thereforeķ	 taxa	harboring	high	 ѴeveѴs	of	standing	genetic	variation	
may	be	more	 ѴikeѴy	 to	adapt	 to	 rapid	environmentaѴ	 shifts	and	exŊ
perience	ecoѴogicaѴ	 speciation	 than	 those	 requiring	new	 favorabѴe	
mutations	to	respondĺ	Indeedķ	myriad	exampѴes	are	accumuѴating	of	
rapid	adaptive	evoѴution	fueѴed	by	standing	variationķ	incѴuding	coat	
coѴor	in	the	oѴd	fieѴd	mouseķ	Peromyscus polionotus	ŐSteinerķ	Weberķ	
ş	Hoekstraķ	ƑƏƏƕőķ	reduced	defensive	armor	in	the	threespine	stickŊ
Ѵeback	fishķ	Gasterosteus aculeatus	ŐCoѴosimo	et	aѴĺķ	ƑƏƏƔőķ	mimicry	in	
Heliconius	 butterfѴies	 ŐThe	HeѴiconius	Genome	Consortiumķ	ƑƏƐƑőķ	
and	 beak	 morphoѴogy	 in	 DarwinĽs	 Finches	 ŐLamichhaney	 et	 aѴĺķ	
ƑƏƐƔőĺ	Standing	variation	may	be	especiaѴѴy	reѴevant	in	cases	where	
adaptation	 invoѴves	poѴygenic	 traitsķ	 and	 the	majority	of	 favorabѴe	
aѴѴeѴes	have	onѴy	minor	effects	on	fitness	and	genomic	incompatibiѴŊ
ity	ŐBarrett	ş	SchѴuterķ	ƑƏƏѶĸ	Hermisson	ş	Penningsķ	ƑƏƏƔĸ	SchѴuter	
ş	Conteķ	ƑƏƏƖőĺ	Large	stores	of	standing	genetic	variation	observed	
in	some	popuѴations	may	be	a	product	of	compѴex	evoѴutionary	hisŊ
toriesķ	incѴuding	past	gene	fѴow	coupѴed	with	ecoѴogicaѴ	seѴection	to	
maintain	high	ѴeveѴs	of	genetic	variation	resuѴting	from	tracking	ѴocaѴķ	
regionaѴķ	or	 temporaѴ	differences	 in	environmentaѴ	or	biotic	condiŊ
tions	ŐBergѴandķ	TobѴerķ	Gonz࢙Ѵezķ	Schmidtķ	ş	Petrovķ	ƑƏƐѵĸ	Berner	
ş	SaѴzburgerķ	 ƑƏƐƔĸ	Brawand	et	 aѴĺķ	 ƑƏƐƓĸ	 Federķ	BerѴocherķ	 et	 aѴĺķ	
ƑƏƏƒĸ	Gompertķ	Fordyceķ	Foristerķ	Shapiroķ	ş	Niceķ	ƑƏƏѵĸ	Jeffery	et	
aѴĺķ	 ƑƏƐƕĸ	 Jones	 et	 aѴĺķ	 ƑƏƐƑĸ	 Lamichhaney	 et	 aѴĺķ	 ƑƏƐƔĸ	 Loh	 et	 aѴĺķ	
ƑƏƐƒĸ	Peaseķ	Haakķ	Hahnķ	ş	MoyѴeķ	ƑƏƐѵĸ	Roestiķ	GavriѴetsķ	Hendryķ	
SaѴzburgerķ	 ş	 Bernerķ	 ƑƏƐƓĸ	 The	 HeѴiconius	 Genome	 Consortiumķ	
ƑƏƐƑőĺ

Reservoirs	 of	 standing	 genetic	 variation	 are	 often	 maintained	
across	geographic	cѴinesķ	gradients	of	phenotypic	or	genetic	change	

in	popuѴations	across	 space	 that	 can	provide	windows	 into	underŊ
standing	 adaptive	 evoѴution	 and	 speciation	 ŐEndѴerķ	 ƐƖƕƕĸ	 HuxѴeyķ	
ƐƖƒѶőĺ	 Geographic	 cѴines	 can	 be	 either	 primaryķ	 due	 to	 seѴection	
across	 a	 Ѵandscapeķ	 or	 secondaryķ	 as	 a	 resuѴt	 of	 popuѴation	 subdiŊ
vision	foѴѴowed	by	hybridization	and	introgression	of	 Ѵociĺ	 In	either	
caseķ	anaѴysis	of	 the	differentiaѴ	 spatiaѴ	distribution	of	phenotypes	
and	 Ѵoci	 can	 heѴp	 identify	 traits	 and	 genes	 invoѴved	 in	 adaptation	
that	may	contribute	to	reproductive	isoѴation	ŐBarton	ş	GaѴeķ	ƐƖƖƒĸ	
Barton	 ş	 Hewittķ	 ƐƖѶƐķ	 ƐƖѶƔĸ	 Gompertķ	 MandeviѴѴeķ	 ş	 BuerkѴeķ	
ƑƏƐƕĸ	Harrison	ş	Larsonķ	ƑƏƐѵĸ	Jiggins	ş	MaѴѴetķ	ƑƏƏƏĸ	Kruukķ	Bairdķ	
GaѴeķ	 ş	 Bartonķ	 ƐƖƖƖĸ	MaѴѴet	 et	 aѴĺķ	 ƐƖƖƏĸ	 Payseurķ	 ƑƏƐƏĸ	 SѴatkinķ	
ƐƖƕƒĸ	 Szymura	ş	Bartonķ	ƐƖѶѵķ	ƐƖƖƐőĺ	Howeverķ	 cѴines	 can	be	 inŊ
dicative	of	more	than	just	past	progress	toward	speciation	but	aѴso	
be	 naturaѴ	 experiments	 in	 the	 speciation	 process	 itseѴfķ	with	 gene	
fѴow	 providing	 an	 input	 of	 new	 materiaѴ	 faciѴitating	 divergence	
ŐAbbott	 et	 aѴĺķ	 ƑƏƐƒĸ	 ArnoѴdķ	 ƐƖƖƕĸ	 EndѴerķ	 ƐƖƕƕĸ	 Gompert	 et	 aѴĺķ	
ƑƏƐƓĸ	Harrison	ş	Larsonķ	ƑƏƐѵĸ	Hewittķ	ƐƖѶѶĸ	MaѴѴetķ	ƑƏƏƕőĺ	In	this	
regardķ	 hybridization	 can	 create	noveѴ	 genotypes	 that	may	 rapidѴy	
Ѵead	to	differentiation	from	nearby	parentaѴ	taxa	when	hybrids	ocŊ
cupy	underused	niches	or	environmentsķ	via	poѴypѴoid	or	homopѴoid	
mechanisms	ŐGompert	et	aѴĺķ	ƑƏƏѵĸ	Kangķ	SchartѴķ	WaѴterķ	ş	Meyerķ	
ƑƏƐƒĸ	Lamichhaney	et	aѴĺķ	ƑƏƐѶĸ	Mav࢙rez	et	aѴĺķ	ƑƏƏѵĸ	Rieseberg	ş	
WiѴѴisķ	ƑƏƏƕĸ	SaѴzburgerķ	Baricķ	ş	Sturmbauerķ	ƑƏƏƑĸ	Schwarzķ	Mattaķ	
ShakirŊBotteriķ	ş	McPheronķ	ƑƏƏƔĸ	Yakimowski	ş	Riesebergķ	ƑƏƐƓőĺ	
In	additionķ	hybridization	need	not	have	an	immediate	effect	on	genŊ
erating	new	taxa	ŐAbbottķ	Bartonķ	ş	Goodķ	ƑƏƐѵő	but	can	aѴso	create	
and	maintain	extensive	standing	variationķ	enabѴing	divergence	at	a	
Ѵater	time	when	popuѴations	experience	new	ecoѴogicaѴ	opportuniŊ
ties	ŐBerner	ş	SaѴzburgerķ	ƑƏƐƔőĺ

Rhagoletis pomonella	 ŐDipteraĹ	Tephritidaeőķ	a	modeѴ	for	popuѴaŊ
tion	 divergence	 in	 sympatryķ	 provides	 an	 avenue	 for	 investigating	
the	roѴe	of	standing	cѴinaѴ	variation	in	rapid	adaptation	and	speciaŊ
tion	in	response	to	noveѴ	ecoѴogicaѴ	opportunity	ŐBerѴocher	ş	Federķ	
ƑƏƏƑőĺ	 AncestraѴ	 R. pomonella	 infested	 the	 fruits	 of	 native	 North	
American	hawthorns	ŐCrataegus	sppĺő	and	shifted	ŐƺƐƕƏ	years	agoő	to	
domesticated	appѴe	ŐMalus domesticaő	after	the	pѴant	was	introduced	
by	 European	 settѴers	 ŜƓƏƏ	years	 ago	 ŐBushķ	 ƐƖѵѵĸ	 WaѴshķ	 ƐѶѵƕőĺ	

phenoѴogyķ	aѴѴeѴes	on	chromosomes	Ƒ	and	ƒ	associated	with	earѴier	emergence	were	
paradoxicaѴѴy	at	Ѵower	frequency	in	the	appѴe	than	hawthorn	host	race	across	aѴѴ	four	
sympatric	sitesĺ	Howeverķ	Ѵoci	on	chromosome	Ɛ	did	show	higher	frequencies	of	earѴy	
ecѴosionŊassociated	aѴѴeѴes	in	the	appѴe	than	hawthorn	host	race	at	the	two	southern	
sitesķ	potentiaѴѴy	accounting	for	their	earѴier	ecѴosion	phenotypeĺ	Thusķ	aѴthough	exŊ
tensive	cѴinaѴ	genetic	variation	in	the	ancestraѴ	hawthorn	race	exists	and	contributed	
to	the	host	shift	to	appѴeķ	further	study	is	needed	to	resoѴve	detaiѴs	of	how	this	standŊ
ing	variation	was	seѴected	 to	generate	earѴier	ecѴosing	appѴe	 fѴy	popuѴations	 in	 the	
Northĺ

K E Y W O R D S

cѴinaѴ	variationķ	ecѴosion	timeķ	ecoѴogicaѴ	speciationķ	host	racesķ	standing	variation
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Previous	studies	have	 impѴied	that	hawthornŊinfesting	popuѴations	
of	R. pomonella	possess	Ѵarge	stores	of	phenotypic	and	genetic	variŊ
ationķ	notabѴy	for	Ѵife	history	timingķ	which	may	have	faciѴitated	the	
host	shift	to	appѴe	ŐFeder	et	aѴĺķ	ƑƏƏƔĸ	Federķ	BerѴocherķ	et	aѴĺķ	ƑƏƏƒőĺ	
In	particuѴarķ	differences	 in	 the	timing	of	aduѴt	ecѴosion	have	been	
shown	 to	be	 an	 important	hostŊreѴated	ecoѴogicaѴ	 adaptation	 conŊ
tributing	 to	 partiaѴ	 aѴѴochronic	 premating	 isoѴation	 between	 appѴe	
and	hawthorn	fѴies	ŐFeder	et	aѴĺķ	ƐƖƖƓĸ	Federķ	Huntķ	ş	Bushķ	ƐƖƖƒőĺ	
Fruit	on	appѴe	varieties	favorabѴe	for	ѴarvaѴ	survivorship	ripens	about	
ƒŋƓ	weeks	 earѴier	 than	 those	 of	 downy	 hawthorn	 ŐC. mollisőķ	 the	
primary	host	of	R. pomonella	 in	 the	Midwestern	and	Northeastern	
United	States	ŐFeder	et	aѴĺķ	ƐƖƖƓőĺ	FѴies	must	synchronize	breakage	
of	pupaѴ	diapause	and	aduѴt	ecѴosion	with	the	avaiѴabiѴity	of	ripe	host	
fruit	 for	mating	 and	ovipositionĺ	 This	 is	 criticaѴ	 because	Rhagoletis 

is	univoѴtineķ	aduѴts	take	a	week	to	reach	sexuaѴ	maturityķ	and	fѴies	
Ѵive	for	a	maximum	of	Ɛ	month	in	nature	ŐDean	ş	Chapmanķ	ƐƖƕƒőĺ	

As	a	resuѴtķ	appѴe	fѴies	have	evoѴved	to	ecѴose	an	average	of	ƐƏ	days	
earѴier	than	hawthorn	fѴiesķ	as	measured	in	fieѴd	capture	studiesķ	reŊ
ducing	host	race	overѴap	to	ŜѶƏѷ	ŐFeder	et	aѴĺķ	ƐƖƖƒķ	ƐƖƖƓőĺ	This	parŊ
tiaѴ	aѴѴochronic	isoѴationķ	in	combination	with	host	fideѴity	Őeĺgĺķ	host	
fruit	odor	preferenceőķ	reduces	gene	fѴow	between	the	host	races	to	
ŜƓѷŋѵѷ	per	generation	ŐFeder	et	aѴĺķ	ƐƖƖƒķ	ƐƖƖƓőĺ

EcѴosion	 time	 appears	 to	 have	 a	 compѴex	 evoѴutionary	 history	
associated	with	standing	cѴinaѴ	variation	 in	the	ancestraѴ	hawthorn	
race	 ŐFeder	 ş	 Bushķ	 ƐƖѶƖĸ	 Federķ	 BerѴocherķ	 et	 aѴĺķ	 ƑƏƏƒĸ	 Federķ	
ChiѴcoteķ	ş	Bushķ	 ƐƖƖƏĸ	MicheѴ	 et	 aѴĺķ	 ƑƏƐƏĸ	MicheѴķ	 RuѴѴķ	 AѴujaķ	ş	
Federķ	 ƑƏƏƕőĺ	 It	 has	 been	 hypothesized	 that	 part	 of	 the	 variation	
originated	in	the	Eje	VoѴc࢙nico	Trans	Mexicano	ŐEVTMő	ŜƐĺƔ	miѴѴion	
years	agoķ	during	a	period	of	isoѴation	from	other	Mexican	and	North	
American	popuѴations	 Ősee	Figure	Ɛĸ	MicheѴ	et	aѴĺķ	ƑƏƏƕĸ	Xie	et	aѴĺķ	
ƑƏƏƕőĺ	It	then	spread	through	the	Sierra	Madre	OrientaѴ	Mountains	
ŐSMOő	of	Mexico	and	 into	North	America	over	 the	past	ŜƐ	miѴѴion	

F I G U R E  Ɛ ՊMap	of	the	four	paired	sympatric	coѴѴection	sites	for	appѴe	and	hawthorn	fѴies	in	the	Midwestern	United	Statesĺ	AѴso	given	
are	the	ranges	of	the	appѴe	race	and	native	hawthornŊinfesting	popuѴations	of	Rhagoletis pomonella	in	the	United	States	and	Mexico	Ősee	
Supporting	Information	TabѴe	SƑ	for	numericaѴ	designations	of	popuѴations	and	site	informationőĺ	Note	that	the	ƓƒƏŊkm	transect	through	
the	Midwestern	United	States	encompasses	much	of	the	ѴatitudinaѴ	range	of	overѴap	of	the	appѴe	and	hawthorn	host	races	in	the	regionĺ	
The	primary	hawthorn	host	of	R. pomonella	in	the	Northeastern	and	Midwestern	United	States	is	Crataegus mollisĺ	Howeverķ	moving	south	
from	Urbanaķ	appѴe	is	not	infested	and	C. mollis	becomes	rareķ	aѴthough	a	variety	of	the	speciesķ	C. mollis texanaķ	exists	in	the	state	of	Texasķ	
United	States	Ősite	Ɣőĺ	Other	hawthorn	speciesķ	with	varying	fruiting	timesķ	are	the	primary	hosts	of	the	fѴy	in	the	southern	United	States	
and	Mexico	Ősee	Figure	Ƒa	and	Supporting	Information	TabѴe	SƑĸ	LyonsŊSobaski	ş	BerѴocherķ	ƑƏƏƖĸ	RuѴѴ	et	aѴĺķ	ƑƏƏѵőĺ	DNA	sequencing	data	
impѴy	that	hawthornŊinfesting	R. pomonella	popuѴations	from	the	Eje	VoѴc࢙nico	Trans	Mexicano	ŐEVTMő	and	those	in	the	Sierra	Madre	
OrientaѴ	Mountains	of	Mexico	ŐSMOő	and	United	States	have	undergone	cycѴes	of	aѴѴopatry	foѴѴowed	by	secondary	contact	and	gene	fѴow	
over	the	past	ŜƐĺƔ	My	ŐFeder	et	aѴĺķ	ƑƏƏƔĸ	Federķ	BerѴocherķ	et	aѴĺķ	ƑƏƏƒĸ	MicheѴ	et	aѴĺķ	ƑƏƏƕĸ	Xie	et	aѴĺķ	ƑƏƏƕőķ	contributing	to	the	creation	and	
maintenance	of	geographic	genetic	variation	in	ecѴosion	time	in	the	fѴy
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years	via	episodes	of	secondary	contact	and	introgression	between	
hawthorn	fѴy	popuѴations	in	Mexico	and	the	United	States	ŐFeder	et	
aѴĺķ	ƑƏƏƔĸ	Federķ	BerѴocherķ	et	aѴĺķ	ƑƏƏƒĸ	MicheѴ	et	aѴĺķ	ƑƏƏƕĸ	Xie	et	aѴĺķ	
ƑƏƏƕőĺ	SubsequentѴyķ	seѴection	reѴated	to	ѴatitudinaѴķ	aѴtitudinaѴķ	and	
species	differences	in	hawthorn	fruiting	time	in	the	SMO	and	United	
States	 ѴikeѴy	maintained	 this	 adaptive	 variation	 in	 ecѴosion	 timing. 

Consistent	with	this	scenarioķ	many	species	of	hawthorns	ripen	Ѵater	
in	 the	 year	with	decreasing	 Ѵatitudeķ	 refѴected	 in	 Ѵater	dates	of	 fѴy	
coѴѴection	ŐFigure	Ƒaĸ	LyonsŊSobaski	ş	BerѴocherķ	ƑƏƏƖĸ	RuѴѴķ	AѴujaķ	
Federķ	ş	BerѴocherķ	ƑƏƏѵĸ	Xie	et	aѴĺķ	ƑƏƏƕőĺ	As	a	resuѴtķ	ecѴosion	time	
varies	geographicaѴѴyķ	with	hawthorn	fѴies	from	further	south	requirŊ
ing	more	time	to	ecѴose	than	those	from	further	northķ	both	in	nature	
and	in	controѴѴed	rearing	experiments	ŐFigures	Ƒb	and	ƒaĸ	Dambroski	
ş	Federķ	ƑƏƏƕĸ	Hood	et	aѴĺķ	ƑƏƐƔĸ	LyonsŊSobaski	ş	BerѴocherķ	ƑƏƏƖĸ	
Xie	et	aѴĺķ	ƑƏƏƕőĺ	This	standing	geographic	variation	in	ecѴosion	timŊ
ing	 of	 hawthorn	 fѴies	 is	 thought	 to	 have	 contributed	 to	 the	 adapŊ
tive	radiation	of	the	R. pomonella	sibѴing	species	group	by	aѴѴowing	
these	 shortŊѴivedķ	 univoѴtine	 fѴies	 to	 attack	 noveѴ	 host	 pѴants	with	
differing	fruiting	timesķ	incѴuding	the	formation	of	a	number	of	races	
and	potentiaѴѴy	species	on	different	hawthorns	in	southern	Ѵatitudes	
ŐPoweѴѴķ	Chaķ	Linnķ	ş	Federķ	ƑƏƐƑĸ	PoweѴѴķ	Forbesķ	Hoodķ	ş	Federķ	
ƑƏƐƓő	and	most	recentѴy	the	appѴe	race	in	the	Eastern	United	States	
ŐFederķ	ChiѴcoteķ	ş	Bushķ	ƐƖѶѶőĺ

Previous	 studies	 from	 our	 group	 provided	 evidence	 for	 a	 Ѵink	
between	standing	cѴinaѴ	variation	and	host	race	formation	but	had	
insufficient	genomic	resoѴution	to	 infer	the	genetic	architecture	of	
either	 the	 underѴying	 ecѴosion	 time	 phenotypes	 or	 host	 race	 difŊ
ferentiation	 ŐFeder	ş	Bushķ	ƐƖѶƖĸ	Feder	et	aѴĺķ	ƐƖƖƏķ	ƑƏƏƔĸ	Federķ	
BerѴocherķ	et	aѴĺķ	ƑƏƏƒĸ	MicheѴ	et	aѴĺķ	ƑƏƏƕķ	ƑƏƐƏĸ	Xie	et	aѴĺķ	ƑƏƏѶķ	
ƑƏƏƕőĺ	RagѴand	et	aѴĺ	 ŐƑƏƐƕő	recentѴy	Ѵaid	a	genomic	foundation	for	
understanding	 the	 architecture	 of	 ecѴosion	 timing	 and	 its	 associaŊ
tion	with	host	 race	differentiation	 in	R. pomonella	 Ősee	Supporting	
Information	Appendix	SƐ	 for	additionaѴ	detaiѴsőĺ	 In	a	genomeŊwide	
association	 study	 ŐGWASő	 of	 aduѴt	 ecѴosion	 time	 in	 hawthorn	 and	
appѴe	 fѴies	 coѴѴected	 from	 a	 fieѴd	 site	 in	 FennviѴѴeķ	 Michigan	 ŐMIőķ	
United	Statesķ	RagѴand	et	aѴĺ	ŐƑƏƐƕő	compared	singѴe	nucѴeotide	poѴyŊ
morphism	 ŐSNPő	 aѴѴeѴe	 frequency	differences	between	 the	earѴiest	
Őƽƒѷő	and	Ѵatest	ŐƾƖƕѷő	ecѴosing	quantiѴes	of	fѴiesĺ	They	found	that	
SNPs	 dispѴaying	 significant	 aѴѴeѴe	 frequency	 differences	 between	
earѴyŊ	and	 ѴateŊecѴosing	fѴies	 in	both	host	races	were	concentrated	
on	three	of	the	five	major	chromosomes	Őnumbers	Ɛŋƒő	constituting	
the	R. pomonella	genome	ŐSupporting	Information	TabѴe	SƐőĺ	Within	
chromosomes	 Ɛŋƒķ	 SNPs	 dispѴaying	 high	 ѴeveѴs	 of	 Ѵinkage	 disequiŊ
Ѵibrium	ŐLDő	with	one	anotherķ	presumabѴy	due	to	chromosomaѴ	inŊ
versions	ŐFederķ	RoetheѴeķ	FiѴchakķ	NiedbaѴskiķ	ş	RomeroŊSeversonķ	
ƑƏƏƒbőķ	 showed	 the	 greatest	 frequency	 responses	 ŐTabѴe	 SƐĸ	 see	
Supporting	 Information	 Appendix	 SƐ	 for	 further	 discussion	 of	 inŊ
versions	and	their	originsőĺ	Howeverķ	a	proportion	of	 Ѵow	LD	SNPs	
on	 chromosomes	 Ɛŋƒ	 aѴso	 dispѴayed	 significant	 responses	 above	
random	 expectation	 in	 the	 GWAS	 ŐSupporting	 Information	 TabѴe	
SƐőĺ	 These	 Ѵow	LD	SNPs	presumabѴy	 represent	 Ѵoci	 in	more	 freeѴy	
recombiningķ	coѴinear	regions	of	chromosomes	aѴso	contributing	to	
ecѴosion	timingĺ

The	highѴy	poѴygenic	nature	of	 ecѴosion	 time	demonstrated	by	
RagѴand	 et	 aѴĺ	 ŐƑƏƐƕő	 provides	 additionaѴ	 evidence	 supporting	 the	
hypothesis	 that	 standing	genetic	variationķ	 rather	 than	new	mutaŊ
tionsķ	 ѴikeѴy	 fueѴed	R. pomonella�s	 shift	 to	 the	 earѴier	 fruiting	 appѴe	
hostĺ	Howeverķ	a	stronger	case	wouѴd	be	made	if	aѴѴeѴe	frequencies	
for	SNPs	 responding	 in	 the	ecѴosion	 time	GWAS	aѴso	 showed	 sigŊ
nificant	 and	 predictabѴe	 geographic	 and	 hostŊreѴated	 variation	 in	
natureĺ	Hereķ	we	 investigate	genomeŊwide	patterns	of	differentiaŊ
tion	 in	Rhagoletis pomonella ŐDipteraĹ	Tephritidaeő	 for	ƐƏķƑƓƐ	SNPs	
by	comparing	resuѴts	from	the	aduѴt	ecѴosion	GWAS	ŐRagѴand	et	aѴĺķ	
ƑƏƐƕő	with	a	popuѴation	survey	of	four	sites	distributed	from	north	
to	 south	 aѴong	 a	 ƓƒƏŊkm	 transect	 across	 the	Midwestern	 United	
Statesķ	 where	 popuѴations	 of	 hawthorn	 and	 appѴe	 fѴies	 coŊoccur	
in	sympatry	 ŐFigure	Ɛőĺ	We	determine	 the	degree	 to	which	 the	reŊ
sponses	of	ecѴosionŊassociated	SNPs	from	the	GWAS	predict	geoŊ
graphic	aѴѴeѴe	frequency	differences	within	the	host	races	across	the	
Midwest	and	ѴocaѴķ	hostŊreѴated	differences	between	appѴe	and	hawŊ
thorn	fѴy	popuѴations	at	the	four	sympatric	sitesĺ

In	 this	 studyķ	we	 test	 four	 specific	 predictions	 of	 the	 standing	
variation	 hypothesisķ	 regarding	 how	 genetic	 variation	 for	 ecѴosion	
time	shouѴd	be	associated	with	geographic	and	hostŊreѴated	genetic	
and	phenotypic	differentiationĺ	Firstķ	 Ѵoci	 associated	with	ecѴosion	
time	 in	RagѴand	et	 aѴĺ	 ŐƑƏƐƕő	 shouѴd	 show	 significant	 reѴationships	
with	 geographic	 variation	 in	 the	 popuѴation	 surveyĺ	 Secondķ	 hawŊ
thorn	 fѴy	 popuѴations	 at	 the	 more	 northern	 sites	 ŐGrantķ	 MIķ	 and	
FennviѴѴeķ	MIő	shouѴd	possess	higher	frequencies	of	aѴѴeѴes	associated	
with	earѴier	aduѴt	ecѴosion	time	in	the	GWAS	than	the	more	southern	
sites	ŐDowagiacķ	MIķ	and	Urbanaķ	IѴѴinois	ŒILœő	to	track	the	generaѴѴy	
earѴier	 fruiting	time	of	hawthorns	 further	North	 ŐFigure	Ƒaőĺ	Thirdķ	
the	 appѴe	 race	 shouѴd	mirror	 the	 geographic	 pattern	 exhibited	 by	
the	hawthorn	race	Őiĺeĺķ	higher	frequencies	of	aѴѴeѴes	associated	with	
earѴier	ecѴosion	in	northern	than	southern	popuѴationsőĺ	Fourthķ	popŊ
uѴations	of	appѴe	fѴiesķ	at	both	northern	and	southern	sitesķ	shouѴd	
possess	higher	frequencies	of	aѴѴeѴes	reѴated	to	earѴier	ecѴosion	than	
their	 paired	 sympatric	 hawthorn	popuѴationĺ	Togetherķ	 predictions	
three	and	four	refѴect	that	appѴe	fѴies	phenotypicaѴѴy	ecѴose	earѴier	
than	 hawthorn	 fѴies	 at	 sympatric	 sitesķ	 but	 that	 both	 races	 ecѴose	
earѴier	at	higher	Ѵatitudes	ŐFigure	ƒaőĺ

ƑՊ |ՊMATERIAL S AND METHODS

ƑĺƐՊ|ՊGeographic survey

FѴies	genotyped	 in	 the	geographic	survey	were	coѴѴected	 from	naŊ
ture	as	eggs	or	earѴy	instar	Ѵarvae	infesting	appѴe	or	downy	hawthorn	
fruit	 at	 four	 sympatric	 fieѴd	 sites	 across	 the	 Midwestern	 United	
Statesķ	where	host	trees	and	the	fѴy	races	coŊoccur	within	Ɛ	km	of	
each	other	 ŐFigure	Ɛőĺ	CoѴѴections	were	made	 from	Grantķ	MI	 ŐѴatĺķ	
Ѵongĺ	Ʒ	ƓƒĺƒƔ	Nķ	ƴѶƔĺƖ	Wķ	year	 coѴѴected	Ʒ	ƐƖѶƖķ	n	Ʒ	ƔƓ	aduѴt	hawŊ
thorn	 and	 n	Ʒ	ƓѶ	 aduѴt	 appѴe	 fѴies	 genotypedķ	 equaѴѴy	 divided	 by	
sexőķ	 FennviѴѴeķ	MI	 ŐƓƑĺѵ	Nķ	 ƴѶѵĺƐƔ	Wķ	 ƑƏƏѶķ	n	Ʒ	Ɩѵ	 hawthorn	 and	
n	Ʒ	Ɩƒ	appѴe	fѴiesőķ	Dowagiacķ	MI	ŐƓƐĺѶѶ	Wķ	ƴѶѵĺƑƒ	Nķ	ƑƏƏѵķ	n	Ʒ	ƒƑ	
fѴies	of	each	raceőķ	and	Urbanaķ	IL	ŐƓƏĺƏѶ	Wķ	ƴѶѶĺƐƖ	Nķ	ƑƏƏƏķ	n	Ʒ	ƓѶ	
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hawthorn	 and	n	Ʒ	ƒѶ	 appѴe	 fѴiesőĺ	 FieѴdŊcoѴѴected	 fѴies	were	 reared	
to	 aduѴthood	 for	 genotyping	 using	 standard	Rhagoletis	 husbandry	
methods	Ősee	Federķ	ChiѴcoteķ	ş	Bushķ	ƐƖѶƖőĺ

ƑĺƑՊ|ՊGenotyping by sequencing

Methods	 for	 genotyping	 by	 sequencing	 ŐGBSő	 of	 individuaѴѴy	 barŊ
coded	doubѴeŊdigest	restriction	siteŊassociated	DNA	Ѵibraries	of	fѴies	
ŐddRADŊseqőķ	 de	novo	assembѴy	of	 contigsķ	 SNP	caѴѴingķ	 and	aѴѴeѴe	
frequency	 estimation	 for	 fieѴdŊcoѴѴected	 sampѴes	 at	 the	 four	 sites	
surveyed	 in	the	current	study	were	performed	as	 in	RagѴand	et	aѴĺ	
ŐƑƏƐƕőĺ	We	used	 custom	 scripts	 and	 the	Genome	AnaѴysis	 TooѴkit	
ŐGATK	 version	 ƑĺƔŋƑĸ	 DePristo	 et	 aѴĺķ	 ƑƏƐƐő	 to	 identify	 ƐƏķƑƓƐ	

variabѴe	sites	passing	quaѴity	fiѴters	that	were	genotyped	in	the	ecѴoŊ
sion	study	and	at	aѴѴ	 four	paired	fieѴd	sitesĺ	Average	SNP	coverage	
per	individuaѴ	was	ѵĺƑX	in	the	ecѴosion	time	GWAS	and	ƒĺƒX	in	the	
geographic	survey	of	sympatric	sitesĺ

ƑĺƒՊ|ՊMeasuring Ѵinkage disequiѴibrium

To	assess	genome	structureķ	BurrowĽs	composite	measures	of	 ѴinkŊ
age	 disequiѴibrium	 Ő∆ő	 standardized	 to	 r	 vaѴues	 between	 ƴƐ	 and	 Ɛ	
were	estimated	foѴѴowing	Weir	ŐƐƖƕƖő	between	pairs	of	SNPs	within	
hawthorn	and	appѴe	fѴy	sampѴes	at	the	four	coѴѴecting	sitesĺ	AnaѴysis	
of	LD	was	restricted	to	a	subset	of	ƓķƑƓƓ	of	the	ƐƏķƑƓƐ	totaѴ	SNPs	
genotyped	 that	were	previousѴy	 assigned	 to	one	of	 the	 five	major	
chromosomes	in	the	genome	ŐEgan	et	aѴĺķ	ƑƏƐƔĸ	RagѴand	et	aѴĺķ	ƑƏƐƕőĺ	
To	further	take	LD	and	genome	structure	into	accountķ	we	aѴso	sepaŊ
rateѴy	 anaѴyzed	 three	 different	 cѴasses	 of	 Ѵinked	 SNPs	 categorized	
as	dispѴaying	highķ	intermediateķ	or	Ѵow	ѴeveѴs	of	LD	within	chromoŊ
somesķ	as	defined	in	RagѴand	et	aѴĺ	ŐƑƏƐƕĸ	see	Supporting	Information	
Appendix	SƐ	for	detaiѴsőĺ	These	high	LD	cѴusters	of	Ѵinked	SNPs	preŊ
sumabѴy	represent	inversionsķ	with	eight	different	groups	identified	
on	chromosome	Ƒ	and	one	each	on	the	remaining	four	chromosomesĺ

F I G U R E  Ƒ ՊGeographic	variation	in	host	fruiting	phenoѴogy	
and	fѴy	ecѴosion	time	aѴong	a	ѴatitudinaѴ	transect	of	ƐѶ	different	
Rhagoletis pomonella	popuѴations	anaѴyzed	at	Ɛƒ	sites	from	Grantķ	
MIķ	United	Statesķ	to	the	highѴands	of	Chiapasķ	Mexico	ŐMXő	ŐData	
are	from	Dambroski	ş	Federķ	ƑƏƏƕĸ	Hood	et	aѴĺķ	ƑƏƐƔĸ	LyonsŊ
Sobaski	ş	BerѴocherķ	ƑƏƏƖĸ	Xie	et	aѴĺķ	ƑƏƏƕĸ	see	Figure	Ɛ	for	a	map	
of	the	Ɛƒ	sampѴed	sites	and	Supporting	Information	TabѴe	SƑ	for	
popuѴation	designations	and	additionaѴ	informationĺ	Sites	with	the	
same	number	but	different	Ѵetters	represent	fѴies	sampѴed	from	
different	hosts	at	the	siteőĺ	Őaő	Host	fruiting	timeķ	as	indicated	by	the	
coѴѴecting	date	of	fѴy	popuѴations	at	sitesķ	pѴotted	against	Ѵatitudeĸ	
Őbő	mean	time	to	ecѴosion	measured	as	the	average	number	of	
days	foѴѴowing	postwinter	warming	of	fѴy	popuѴations	determined	
from	controѴѴed	Ѵaboratory	rearing	studies	pѴotted	against	Ѵatitudeĸ	
and	Őcő	mean	ecѴosion	time	of	fѴy	popuѴations	pѴotted	against	host	
fruiting	time	at	sitesĺ	Grantķ	MI	Ősite	Ɛőķ	and	Urbanaķ	IL	Ősite	Ɠőķ	
represent	the	approximate	northernmost	and	southernmost	endsķ	
respectiveѴyķ	where	appѴe	Őgreen	circѴeső	and	Crataegus mollis	Őred	
triangѴeső	host	races	geographicaѴѴy	overѴap	in	the	Midwestern	
United	Statesĺ	Note	that	fѴies	from	site	Ɣ	infest	C. mollis v. texana 

in	Texas	which	is	aѴso	depicted	with	a	red	triangѴeķ	whiѴe	other	
hawthornŊinfesting	fѴy	popuѴations	are	shown	in	bѴack	triangѴesĺ	
Geographic	and	hostŊreѴated	differentiation	in	host	fruiting	time	
and	fѴy	ecѴosion	in	the	Midwestern	United	States	is	subsumed	
within	a	Ѵarger	pattern	of	variation	across	North	Americaĺ	There	is	
a	generaѴ	trend	for	both	host	fruit	to	ripen	and	fѴies	to	ecѴose	Ѵater	
in	the	year	with	decreasing	Ѵatitudeķ	as	evidenced	by	significant	
negative	correѴations	Őr	vaѴues	are	given	considering	the	hawthorn	
data	aѴone	Ʒ	rķ	and	for	aѴѴ	hosts	incѴuding	appѴes	Ʒ	r	aѴѴőĺ	The	
reѴationship	is	compѴicatedķ	howeverķ	by	R. pomonella	attacking	
different	hawthorn	species	moving	southward	from	the	Midwest	
Ősee	Supporting	Information	TabѴe	SƑő	that	fruit	at	varying	times	
during	the	season	ŐLyonsŊSobaski	ş	BerѴocherķ	ƑƏƏƖĸ	RuѴѴ	et	aѴĺķ	
ƑƏƏѵĸ	Xie	et	aѴĺķ	ƑƏƏƕőķ	as	weѴѴ	as	aѴtitudinaѴ	effects	in	Mexico
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ƑĺƓՊ|ՊTests for aѴѴeѴe frequency differences

ProbabiѴities	 of	 singѴe	 Ѵocus	 genotypes	 and	 aѴѴeѴe	 frequencies	 for	
SNPs	were	caѴcuѴated	foѴѴowing	McKenna	et	aѴĺ	ŐƑƏƐƏőĺ	Tests	for	sigŊ
nificant	aѴѴeѴe	frequency	differences	for	SNPs	were	performed	using	a	 
nonparametric	Monte	CarѴo	approach	between	sampѴe	popuѴationsĺ	
We	estabѴished	a	nuѴѴ	distribution	of	aѴѴeѴe	frequency	differences	at	
each	SNP	for	a	given	pair	of	sampѴes	ŐearѴyŊ	vsĺ	ѴateŊecѴosing	fѴies	or	

fѴies	from	Grant	vsĺ	Urbanaķ	constituting	the	 ѴatitudinaѴ	extremes	of	
the	sampѴeő	by	generating	ƐƏķƏƏƏ	pairs	of	randomized	sampѴesĺ	A	pair	
of	randomized	sampѴes	consisted	of	N	and	M	individuaѴs	Őrepresented	
by	their	genotype	probabiѴitieső	drawn	with	repѴacement	from	the	pooѴ	
of	the	two	sampѴes	of	respective	sizes	N	and	Mĺ	An	observed	absoѴute	
difference	that	exceeded	the	upper	ƖƔth	quantiѴe	of	the	nuѴѴ	Monte	
CarѴo	distribution	of	absoѴute	differences	was	taken	as	significantѴy	
different	than	expectedĺ	To	determine	whether	overaѴѴ	percentages	
of	 SNPs	 associated	 with	 ecѴosion	 time	 and	 geographic	 divergence	
were	significantѴy	greater	than	expected	by	chanceķ	the	totaѴ	percentŊ
age	of	SNPs	showing	significant	differences	 in	each	simuѴation	was	
caѴcuѴated	and	the	distribution	for	aѴѴ	ƐƏķƏƏƏ	runs	compared	to	the	
observed	percentages	to	assess	whether	these	were	in	the	upper	Ɣѷ	
of	simuѴated	percentagesĺ	By	using	whoѴe	fѴy	genotype	probabiѴities	to	
generate	the	nuѴѴ	distributionķ	LD	reѴationships	among	Ѵoci	andķ	thusķ	
the	effects	of	inversions	and	genetic	correѴations	between	SNPs	were	
accounted	for	by	mirroring	their	associations	in	the	randomized	samŊ
pѴesĺ	RagѴand	et	aѴĺ	ŐƑƏƐƕő	found	that	aѴѴeѴe	frequency	differences	beŊ
tween	earѴyŊ	and	ѴateŊecѴosing	appѴe	vsĺ	hawthorn	fѴies	from	FennviѴѴe	
were	 significantѴy	 correѴated	 genome	 wide	 in	 the	 GWAS	 Őr	Ʒ	ƏĺƔƓķ	
p	ƺ	ƏĺƏƏƏƐ	 for	 aѴѴ	ƐƏķƑƓƐ	SNPs	genotypedőĺ	We	 therefore	used	 the	
mean	of	the	frequency	difference	averaged	between	the	appѴe	and	
hawthorn	races	for	the	aѴѴeѴe	associated	with	Ѵater	ecѴosion	time	for	aѴѴ	
anaѴyses	invoѴving	ecѴosion	timeķ	except	where	notedĺ

ƑĺƔՊ|ՊTests for genetic associations of ecѴosion time 
with geographic and hostŊreѴated differentiation

We	performed	Ѵinear	regression	anaѴyses	ŐR	Core	ş	Teamķ	ƑƏƐƕő	to	
assess	the	degree	to	which	aѴѴeѴe	frequency	differences	for	SNPs	beŊ
tween	 the	earѴiest	and	 Ѵatest	quantiѴes	of	 fѴies	 in	 the	ecѴosion	 time	
GWAS	 were	 reѴated	 to	 Őaő	 aѴѴeѴe	 frequency	 differences	 within	 the	
appѴe	and	the	hawthorn	host	races	between	the	Grant	and	Urbana	
sites	Őiĺeĺķ	a	measure	of	the	extent	of	geographic	variation	for	fѴies	beŊ
tween	the	two	most	distant	sites	we	sampѴedķ	essentiaѴѴy	encompassŊ
ing	the	ѴatitudinaѴ	range	of	overѴap	of	the	host	races	in	the	Midwestĸ	
see	Figure	Ɛő	and	Őbő	aѴѴeѴe	frequency	differences	between	the	appѴe	
and	hawthorn	races	at	the	four	sympatric	sites	Őiĺeĺķ	ѴocaѴ	hostŊreѴated	

F I G U R E  ƒ Պ Őaő	Mean	time	to	ecѴosion	measured	as	the	average	
number	of	days	foѴѴowing	postwinter	warming	for	appѴe	and	
hawthorn	fѴies	in	controѴѴed	rearing	experiments	Ődata	from	Hood	
et	aѴĺķ	ƑƏƐƔĸ	see	aѴso	Supporting	Information	TabѴe	SƑ	for	additionaѴ	
site	informationő	and	bŋdő	mean	standardized	aѴѴeѴe	frequencies	for	
SNP	variants	significantѴy	associated	with	Ѵater	ecѴosion	time	in	the	
GWAS	of	RagѴand	et	aѴĺ	ŐƑƏƐƕő	at	the	four	ѴatitudinaѴѴy	arrayed	study	
sites	surveyed	across	the	Midwestern	United	Statesĺ	PopuѴations	
having	higher	mean	standardized	aѴѴeѴe	frequencies	are	therefore	
predicted	to	be	geneticaѴѴy	incѴined	to	ecѴose	Ѵater	than	popuѴations	
having	Ѵower	mean	standardized	aѴѴeѴe	frequenciesĺ	PaneѴ	Őbő	
chromosome	Ƒ	and	ƒ	SNPs	togetherĸ	Őcő	chromosome	Ɛ	SNPsĸ	
Ődő	chromosome	Ɛŋƒ	SNPs	togetherĸ	see	MateriaѴs	and	Methods	
for	detaiѴs	concerning	the	caѴcuѴation	of	mean	standardized	
aѴѴeѴe	frequencies	for	SNPsĺ	n	Ʒ	number	of	significant	SNPs	on	
chromosomeŐső	contributing	to	mean	standardized	aѴѴeѴe	frequencies
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divergenceőĺ	Significance	ѴeveѴs	were	determined	by	Monte	CarѴo	simŊ
uѴations	 in	which	 correѴation	 coefficients	were	 caѴcuѴated	 between	
two	random	sampѴes	of	whoѴe	fѴy	genotype	probabiѴities	taken	with	
repѴacement	from	the	appropriate	pooѴed	data	sets	of	fѴiesķ	as	aboveĺ	
AbsoѴute	vaѴues	of	observed	correѴation	coefficients	that	exceeded	
the	upper	Ɣѷ	of	absoѴute	 r	vaѴues	 in	 the	simuѴated	distributions	of	
ƐƏķƏƏƏ	repѴicates	were	taken	as	significantѴy	different	than	expectedĺ	
Againķ	by	using	whoѴe	fѴy	genotype	probabiѴities	to	generate	nuѴѴ	disŊ
tributionsķ	the	nonindependence	of	SNPs	dispѴaying	high	LD	with	one	
another	was	factored	into	the	anaѴyses	testing	for	significanceĺ	To	visŊ
uaѴize	how	overaѴѴ	patterns	of	SNP	aѴѴeѴe	frequencies	significantѴy	asŊ
sociated	with	ecѴosion	time	changed	geographicaѴѴy	and	between	the	
racesķ	we	caѴcuѴated	mean	standardized	aѴѴeѴe	frequencies	for	appѴe	
and	hawthorn	 fѴy	popuѴations	at	 aѴѴ	 sitesĺ	For	ecѴosion	 timeŊreѴated	
SNPs	ŐRagѴand	et	aѴĺķ	ƑƏƐƕőķ	we	used	the	aѴѴeѴe	at	a	higher	frequency	
in	ѴateŊecѴosing	fѴies	as	the	referenceķ	set	the	average	aѴѴeѴe	frequency	
for	each	race	across	aѴѴ	sites	to	zeroķ	and	caѴcuѴated	the	mean	deviaŊ
tion	in	aѴѴeѴe	frequency	for	each	popuѴationĺ

ƒՊ |ՊRESULTS

ƒĺƐՊ|ՊLinkage disequiѴibrium

Patterns	 of	 composite	 LD	 between	 SNPs	 were	 simiѴar	 within	
and	 across	 sites	 and	 between	 the	 host	 racesĺ	 Mean	 pairwise	 LD	

vaѴues	 for	 SNPs	 to	 aѴѴ	 Ѵoci	 mapping	 to	 the	 same	 chromosome	
were	 strongѴy	 correѴated	 between	 popuѴations	 from	 the	 ends	 of	
the	 transect	 at	 Grant	 and	 Urbana	 Őr	Ʒ	ƏĺѶƒķ	 p	ƺ	ƏĺƏƏƏƐķ	 ƓķƑƓƒ	
dfĸ	 Figure	 Ɠőĺ	 IntrachromosomaѴ	 mean	 pairwise	 LD	 vaѴues	 were	

F I G U R E  Ɠ ՊReѴationship	between	Ѵinkage	disequiѴibrium	ŐLDő	
estimates	made	at	Grantķ	MIķ	vsĺ	Urbanaķ	ILĺ	VaѴues	are	mean	LD	for	
a	given	SNP	to	aѴѴ	other	SNPs	mapping	to	the	same	chromosome	
in	the	appѴe	and	hawthorn	racesĺ	SNPs	beѴonging	to	different	LD	
cѴasses	at	the	Grant	siteķ	as	designated	in	RagѴand	et	aѴĺ	ŐƑƏƐƕőķ	
are	depicted	in	different	coѴors	Őred	Ʒ	high	LD	cѴass	of	SNPsķ	
bѴue	Ʒ	intermediate	LDķ	bѴack	Ʒ	Ѵow	LDő

r p df

TA B L E  Ɛ ՊPercentages	of	SNPs	dispѴaying	significant	geographic	aѴѴeѴe	frequency	differences	between	Grantķ	MIķ	and	Urbanaķ	ILķ	for	the	
appѴe	race	Őupper	tabѴeő	and	hawthorn	race	ŐѴower	tabѴeő

chr 1 chr 2 chr 3 chr 4 chr 5 chr 1�5

AppѴe

Map	SNPs n	Ʒ	ƖƓƖ n	Ʒ	ѵƕƔ n	Ʒ	ƖƖѵ n	Ʒ	Ɠƒѵ n	Ʒ	ƐķƐѶѶ n	Ʒ	ƓķƑƓƓ

ƐƏĺƑ	ŐƏĺƏѵő 38.9	ŐƏĺƐƐő*** 43.1	ŐƏĺƐƒő**** 29.1	ŐƏĺƏƖő*** Ɩĺƒ	ŐƏĺƏѵő 24.2	ŐƏĺƏƖő**

High	LD n	Ʒ	Ƒѵƒ n	Ʒ	ƐƑƖ n	Ʒ	ƑƑƒ n	Ʒ	ƓƑ n	Ʒ	ƒƕƓ n	Ʒ	ƐķƏƒƐ

ƕĺƑ	ŐƏĺƏѵő 56.6	ŐƏĺƐƓő** 86.1	ŐƏĺƑƓő**** 78.6	ŐƏĺƐƕő** ѵĺƕ	ŐƏĺƏƔő 33.2	ŐƏĺƐƐő**

Intĺ	LD n	Ʒ	ƔƔѶ n	Ʒ	ƓƔƖ n	Ʒ	ƔƖƖ n	Ʒ	ƐƔƖ n	Ʒ	ƔƖƒ n	Ʒ	ƑķƒѵѶ

ƐƐĺѵ	ŐƏĺƏѵő 38.6	ŐƏĺƐƏő*** 35.2	ŐƏĺƐƏő**** 40.3	ŐƏĺƐƏő*** ƐƐĺƔ	ŐƏĺƏѵő 24.7	ŐƏĺƏѶő****

Low	LD n	Ʒ	ƐƑѶ n	Ʒ	Ѷƕ n	Ʒ	ƐƕƓ n	Ʒ	ƑƒƔ n	Ʒ	ƑƑƐ n	Ʒ	ѶƓƔ

ƐƏĺƑ	ŐƏĺƏѵő ƐƓĺƖ	ŐƏĺƏƕő ƐƓĺƖ	ŐƏĺƏƕő ƐƑĺѶ	ŐƏĺƏѵő ѶĺƐ	ŐƏĺƏѵő ƐƐĺѶ	ŐƏĺƏѵő

Hawthorn

Map	SNPs n	Ʒ	ƖƓƖ n	Ʒ	ѵƕƔ n	Ʒ	ƖƖѵ n	Ʒ	Ɠƒѵ n	Ʒ	ƐķƐѶѶ n	Ʒ	ƓķƑƓƓ

54.4	ŐƏĺƐƓő**** 50.4	ŐƏĺƐƐő**** 47.7	ŐƏĺƐƐő**** ƐƑĺƏ	ŐƏĺƏѵő ƐƔĺƓ	ŐƏĺƏѵő 37.0	ŐƏĺƐƏő****

High	LD n	Ʒ	Ƒѵƒ n	Ʒ	ƐƑƖ n	Ʒ	ƑƑƒ n	Ʒ	ƓƑ n	Ʒ	ƒƕƓ n	Ʒ	ƐķƏƒƐ

92.0	ŐƏĺƑƔő**** 82.2	ŐƏĺƐѵő**** 83.9	ŐƏĺƑƏő*** ƓĺѶ	ŐƏĺƏƔő ƐƕĺƐ	ŐƏĺƏƕő 58.3	ŐƏĺƐƔő****

Intĺ	LD n	Ʒ	ƔƔѶ n	Ʒ	ƓƔƖ n	Ʒ	ƔƖƖ n	Ʒ	ƐƔƖ n	Ʒ	ƔƖƒ n	Ʒ	ƑķƒѵѶ

45.5	ŐƏĺƐƐő**** 47.1	ŐƏĺƐƐő**** 42.1	ŐƏĺƏƖő**** ƐƑĺƏ	ŐƏĺƏѵő ƐƓĺƑ	ŐƏĺƏѵő 34.8	ŐƏĺƏƖő****

Low	LD n	Ʒ	ƐƑѶ n	Ʒ	Ѷƕ n	Ʒ	ƐƕƓ n	Ʒ	ƑƒƔ n	Ʒ	ƑƑƐ n	Ʒ	ѶƓƔ

15.6	ŐƏĺƏƔő** 20.7	ŐƏĺƏѵő** 20.7	ŐƏĺƏƕő*** 14.9	ŐƏĺƏѵő* 15.8	ŐƏĺƏѵő* 17.0	ŐƏĺƏѵő**

Notesĺ	ResuѴts	are	given	for	aѴѴ	mapped	SNPs	ŐMap	SNPsőķ	and	for	highķ	intermediate	ŐIntĺőķ	and	Ѵow	LD	cѴasses	of	SNPs	for	each	chromosome	considered	
separateѴyķ	as	weѴѴ	as	for	aѴѴ	chromosomes	together	Őchr	ƐŋƔőĺ	AѴso	given	in	parentheses	are	the	mean	SNP	aѴѴeѴe	frequency	differences	between	Grantķ	
MIķ	and	Urbanaķ	ILķ	for	appѴe	and	hawthorn	fѴy	popuѴations	for	each	cѴass	of	SNP	consideredĺ
*p	ƽ	ƏĺƏƔĸ	 **p	ƽ	ƏĺƏƐĸ	 ***p	ƽ	ƏĺƏƏƐĸ	 ****p	ƽ	ƏĺƏƏƏƐĸ	Significant	percentages	above	nuѴѴ	expectation	for	a	cѴass	of	SNPsķ	as	determined	by	Monte	CarѴo	
simuѴationsķ	are	in	boѴdĺ	n	Ʒ	Ų	SNPs	genotyped	in	the	cѴassĺ	
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aѴso	 highѴy	 correѴated	 between	 the	 host	 races	 at	 Grant	 Őr	Ʒ	ƏĺƖƏķ	
p	ƺ	ƏĺƏƏƏƐķ	 ƓķƑƓƒ	 dfő	 and	 Urbana	 Őr	Ʒ	ƏĺƕƖķ	 p	ƺ	ƏĺƏƏƏƐķ	 ƓķƑƓƒ	 dfőĺ	
LikeѴy	due	in	Ѵarge	part	to	shared	inversions	and	ongoing	gene	fѴow	
ŐFeder	 et	 aѴĺķ	 ƐƖƖƓĸ	 Federķ	 RoetheѴeķ	 et	 aѴĺķ	 ƑƏƏƒbőķ	 these	 simiѴar	
patterns	 of	 LD	 impѴy	 that	 genome	 structure	 is	 concordant	 within	
and	between	the	host	races	across	the	Midwest	and	aѴѴow	for	our	
broader	 appѴication	 of	 the	 highķ	 intermediateķ	 and	 Ѵow	 LD	 SNPs	
cѴasses	categorized	at	Grantĺ

ƒĺƑՊ|ՊPatterns of geographic variation within and 
between the host races

Both	 hawthorn	 and	 appѴe	 host	 races	 dispѴayed	 substantiaѴ	 geoŊ
graphic	 variation	 in	 SNP	 aѴѴeѴe	 frequencies	 across	 sitesĺ	 Of	 the	
ƐƏķƑƓƐ	SNPs	genotyped	in	the	studyķ	ƑķѶƕƐ	ŐƑѶѷő	showed	signifiŊ
cant	 aѴѴeѴe	 frequency	differences	between	hawthorn	 fѴy	 popuѴaŊ
tions	 from	Urbana	 Ősouthő	 vsĺ	Grant	 Őnorthőķ	whiѴe	ƑķƐƏƑ	 ŐƑƏĺƔѷő	
differed	 for	 appѴe	 fѴies	 Őp	ƺ	ƏĺƏƏƏƐ	 and	 ƏĺƏƏƐķ	 respectiveѴyőĺ	 Of	
these	 SNPsķ	 ƖƔƑ	 dispѴayed	 significant	 geographic	 variation	 in	
both	 racesĺ	 Thusķ	 aѴѴeѴe	 frequency	 differences	 between	 Grant	
and	Urbana	were	significantѴy	correѴated	between	the	host	races	
Őr	Ʒ	ƏĺƓƖķ	p	ƺ	ƏĺƏƏƐķ	ƐƏķƑƓƏ	df őĺ

Two	major	 trends	 in	geographic	variation	were	apparentĺ	Firstķ	
geographic	 divergence	 varied	 among	 chromosomesķ	 being	 greater	

for	 SNPs	 on	 chromosomes	 Ɛŋƒ	 than	 on	 chromosomes	 Ɠ	 and	 Ɣ	
ŐTabѴe	 Ɛőĺ	 In	 an	 exception	 to	 this	 patternķ	 chromosome	 Ɛ	 showed	
Ѵess	 geographic	 variation	 in	 the	 appѴe	 vsĺ	 hawthorn	 race	 ŐTabѴe	Ɛőĺ	
ConverseѴyķ	chromosome	Ɠ	dispѴayed	increased	differentiation	in	the	
appѴe	vsĺ	hawthorn	race	for	high	and	intermediate	LD	Ѵociĺ	Secondķ	
geographic	variation	was	higher	for	SNPs	showing	eѴevated	ѴeveѴs	of	
LD	 ŐTabѴe	 Ɛőĺ	 The	percentages	of	 SNPs	dispѴaying	 significant	 aѴѴeѴe	
frequency	differences	between	hawthorn	fѴy	popuѴations	from	Grant	
and	Urbana	increased	from	the	Ѵow	ŐƐƕѷķ	n	Ʒ	ѶƓƔőķ	to	intermediate	
ŐƒƓĺѶѷķ	n	Ʒ	ƑķƒѵѶő	and	to	high	LD	ŐƔѶĺƒѷķ	n	Ʒ	ƐķƏƒƐő	cѴasses	of	 Ѵoci	
ŐGŊheterogeneity	 test	Ʒ	ƒƓƖĺƖķ	 p	ƺ	ƏĺƏƏƏƐķ	 Ƒ	 dfőķ	 aѴthough	 Ѵow	 LD	
SNPs	on	chromosomes	Ɛŋƒ	stiѴѴ	showed	significant	geographic	variaŊ
tion	ŐTabѴe	Ɛőĺ	Togetherķ	these	two	trends	support	the	first	prediction	
of	the	standing	variation	hypothesisĹ	High	LD	Ѵoci	on	chromosomes	
Ɛŋƒ	 dispѴayed	 both	 the	 strongest	 associations	 with	 ecѴosion	 time	
ŐRagѴand	et	aѴĺķ	ƑƏƐƕő	and	the	highest	ѴeveѴs	of	geographic	divergence	
ŐTabѴe	Ɛőĺ

ƒĺƒՊ|ՊEcѴosion time and geographic variation

AѴѴeѴe	 frequency	 differences	 between	 the	 earѴyŊ	 and	 ѴateŊecѴosing	
quantiѴes	of	fѴies	in	the	GWAS	of	RagѴand	et	aѴĺ	ŐƑƏƐƕő	were	highѴy	
positiveѴy	 reѴated	 to	 their	 ѴatitudinaѴ	 frequency	 differences	 from	
north	to	south	between	Grant	and	Urbana	ŐTabѴe	Ƒőĺ	For	aѴѴ	ƐƏķƑƓƐ	

TA B L E  Ƒ ՊCorreѴation	coefficients	Őrő	of	aѴѴeѴe	frequency	differences	for	SNPs	between	the	earѴyŊ	and	ѴateŊecѴosing	quantiѴes	of	fѴies	in	the	
ecѴosion	time	GWAS	ŐRagѴand	et	aѴĺķ	ƑƏƐƕő	vsĺ	geographic	aѴѴeѴe	frequency	differences	within	the	host	races	between	Grantķ	MIķ	and	Urbanaķ	
ILķ	for	appѴe	fѴy	Őupper	tabѴeő	and	hawthorn	fѴy	popuѴations	ŐѴower	tabѴeő

chr 1 chr 2 chr 3 chr 4 chr 5 chr 1�5

AppѴe

Map	SNPs n	Ʒ	ƖƓƖ n	Ʒ	ѵƕƔ n	Ʒ	ƖƖѵ n	Ʒ	Ɠƒѵ n	Ʒ	ƐķƐѶѶ n	Ʒ	ƓķƑƓƓ

ƏĺƏƕ 0.72**** 0.72**** 0.14 0.02 0.42***

High	LD n	Ʒ	Ƒѵƒ n	Ʒ	ƐƑƖ n	Ʒ	ƑƑƒ n	Ʒ	ƓƑ n	Ʒ	ƒƕƓ n	Ʒ	ƐķƏƒƐ

0.49**** 0.85**** 0.37*** 0.02 0.06 0.48***

Intĺ	LD n	Ʒ	ƔƔѶ n	Ʒ	ƓƔƖ n	Ʒ	ƔƖƖ n	Ʒ	ƐƔƖ n	Ʒ	ƔƖƒ n	Ʒ	ƑķƒѵѶ

ƏĺƏƔ 0.65**** 0.63**** 0.13 ƴƏĺƏƐ 0.39****

Low	LD n	Ʒ	ƐƑѶ n	Ʒ	Ѷƕ n	Ʒ	ƐƕƓ n	Ʒ	ƑƒƔ n	Ʒ	ƑƑƐ n	Ʒ	ѶƓƔ

ƴƏĺƏƔ 0.43** ƏĺƐƔ 0.03 ƴƏĺƏƒ 0.09

Hawthorn

Map	SNPs n	Ʒ	ƖƓƖ n	Ʒ	ѵƕƔ n	Ʒ	ƖƖѵ n	Ʒ	Ɠƒѵ n	Ʒ	ƐķƐѶѶ n	Ʒ	ƓķƑƓƓ

0.82**** 0.73**** 0.69**** 0.04 0.11 0.72****

High	LD n	Ʒ	Ƒѵƒ n	Ʒ	ƐƑƖ n	Ʒ	ƑƑƒ n	Ʒ	ƓƑ n	Ʒ	ƒƕƓ n	Ʒ	ƐķƏƒƐ

0.59**** 0.86**** 0.41**** ƏĺƐƕ ƴƏĺƏƒ 0.84****

Intĺ	LD n	Ʒ	ƔƔѶ n	Ʒ	ƓƔƖ n	Ʒ	ƔƖƖ n	Ʒ	ƐƔƖ n	Ʒ	ƔƖƒ n	Ʒ	ƑķƒѵѶ

0.75**** 0.67**** 0.61**** ƴƏĺƏƖ 0.10 0.63****

Low	LD n	Ʒ	ƐƑѶ n	Ʒ	Ѷƕ n	Ʒ	ƐƕƓ n	Ʒ	ƑƒƔ n	Ʒ	ƑƑƐ n	Ʒ	ѶƓƔ

0.37*** 0.44** 0.19 0.10 0.01 0.18***

Notesĺ	ResuѴts	are	given	for	aѴѴ	mapped	SNPs	ŐMap	SNPsőķ	and	for	highķ	intermediate	ŐIntĺőķ	and	Ѵow	LD	cѴasses	of	SNPs	considered	separateѴy	for	each	
chromosomeķ	as	weѴѴ	as	for	aѴѴ	chromosomes	together	Őchr	ƐŋƔőĺ	Significant	reѴationshipsķ	as	determined	by	Monte	CarѴo	simuѴationsķ	are	in	boѴdĺ	n	Ʒ	Ų	
of	SNPs	genotyped	in	the	cѴassĺ
*p	ƽ	ƏĺƏƔĸ	ŖŖp	ƽ	ƏĺƏƐĸ	ŖŖŖp	ƽ	ƏĺƏƏƐĸ	ŖŖŖŖp	ƽ	ƏĺƏƏƏƐĺ	
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SNPsķ	 the	 genomeŊwide	 correѴation	 between	 the	 ecѴosion	 time	
GWAS	 and	 geographic	 differentiation	 in	 the	 hawthorn	 race	 was	
r	Ʒ	ƏĺѵƏ	 Őp	ƺ	ƏĺƏƏƏƐĸ	 Figure	 Ɣaőĺ	 The	 reѴationship	 was	 not	 as	 proŊ
nouncedķ	but	stiѴѴ	significantķ	for	the	appѴe	race	Őr	Ʒ	ƏĺƒƔķ	p	ƺ	ƏĺƏƏƏƐĸ	
Figure	Ɣbőĺ

For	 the	hawthorn	 raceķ	 the	genetic	 reѴationship	between	ecѴoŊ
sion	 time	 and	 geographic	 SNP	 variation	 was	 significant	 for	 chroŊ
mosomes	Ɛŋƒ	Őr	Ʒ	ƏĺƕѶķ	p	ƺ	ƏĺƏƏƏƐķ	n	Ʒ	ƑķѵƑƏ	SNPső	but	not	for	the	
remainder	of	the	genome	Őchromosomes	Ɠ	and	Ɣķ	r	Ʒ	ƏĺƏƖķ	p	Ʒ	ƏĺƒƖѵķ	
n	Ʒ	ƐķѵƑƓ	SNPsĸ	TabѴe	Ƒőĺ	The	genetic	correѴation	between	ecѴosion	

time	 and	 geographic	 variation	was	 aѴso	 high	 among	 the	 eight	 difŊ
ferent	groups	of	high	LD	SNPs	on	chromosome	Ƒ	that	presumabѴy	
represent	 smaѴѴer	 inversions	 Őr	Ʒ	ƏĺѶѶķ	p	Ʒ	ƏĺƏƏƒƖķ	ƕ	dfĸ	 Figure	ѵaőĺ	
Consistent	with	the	second	prediction	of	the	standing	variation	hyŊ
pothesisķ	the	aѴѴeѴe	that	increased	in	frequency	in	the	hawthorn	race	
toward	the	northernmost	Grant	vsĺ	southernmost	Urbana	site	was	
generaѴѴy	the	aѴѴeѴe	found	in	higher	frequency	in	the	earѴyŊecѴosing	
quantiѴe	of	fѴies	in	the	GWASĺ	SpecificaѴѴyķ	this	reѴationship	was	obŊ
served	for	ƕѶĺƒѷ	of	the	ƑķƐƖѵ	SNPs	showing	a	significant	association	
with	ecѴosion	time	and	ƖƏĺƐѷ	for	the	subset	of	Ɛķƒƕѵ	of	these	SNPs	

F I G U R E  Ɣ ՊReѴationships	of	the	genetic	responses	of	SNPs	in	the	ecѴosion	time	GWAS	Ődifferences	in	aѴѴeѴe	frequencies	for	SNPs	
between	earѴyŊ	and	ѴateŊecѴosing	quantiѴes	of	fѴieső	vsĺ	geographic	divergence	Ődifferences	in	aѴѴeѴe	frequencies	for	SNPs	between	Grant	and	
Urbana	siteső	for	Őaő	aѴѴ	SNPs	in	the	hawthorn	raceĸ	Őbő	aѴѴ	SNPs	in	the	appѴe	raceĸ	Őcő	chromosome	Ɛ	SNPs	in	the	appѴe	raceĸ	Ődő	the	high	and	
intermediate	cѴasses	of	SNPs	on	chromosome	Ɠ	in	the	appѴe	raceĸ	Őeő	chromosome	Ɛ	SNPs	in	the	hawthorn	raceĸ	and	Őfő	chromosomes	Ƒķ	
ƒķ	and	Ɣķ	and	the	Ѵow	LD	cѴass	of	Ѵoci	on	chromosome	Ɠ	in	the	appѴe	raceĸ	n	Ʒ	number	of	SNPs	in	comparisonĺ	Arrows	in	paneѴ	b	designate	
the	dichotomous	patterns	of	geographic	variation	dispѴayed	by	the	appѴe	raceĺ	The	Ѵower	arrow	represents	SNPs	showing	Ѵimited	genetic	
association	between	ecѴosion	time	and	geographic	variationķ	whiѴe	the	upper	arrow	denotes	SNPs	dispѴaying	a	more	marked	reѴationship
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mapping	to	chromosomes	Ɛŋƒ	 Őp	ƺ	ƏĺƏƏƏƐ	 in	both	casesķ	as	deterŊ
mined	by	Monte	CarѴo	simuѴationsőĺ

The	weaker	 reѴationship	between	ecѴosion	 time	and	geographic	
SNP	 variation	 in	 the	 appѴe	 race	 refѴected	 differences	 among	 chroŊ
mosomes	and	LD	cѴassesĺ	For	the	appѴe	raceķ	Figure	Ɣb	suggests	that	
SNPs	can	be	divided	into	two	categoriesĹ	Őaő	Ѵoci	dispѴaying	the	same	
positive	reѴationship	between	ecѴosion	and	geographic	variation	seen	
in	the	hawthorn	race	Őupper	arrow	in	Figure	Ɣbő	and	Őbő	 Ѵoci	that	do	
not	 ŐѴower	 arrowőĺ	 This	 second	 category	 in	 appѴe	 fѴies	 was	 ѴargeѴy	
comprised	of	SNPs	mapping	 to	chromosome	Ɛ	and	to	 the	high	and	
intermediate	LD	cѴasses	on	 chromosome	Ɠ	 ŐTabѴe	Ɛőĺ	 There	was	no	
significant	 reѴationship	 between	 ecѴosion	 time	 and	 geographic	 SNP	
variation	for	appѴe	fѴies	for	chromosome	Ɛ	Őr	Ʒ	ƏĺƏƕķ	p	Ʒ	ƏĺѵƐƔķ	n	Ʒ	ƖƓƖ	
SNPsĸ	Figure	Ɣcő	or	for	the	high	and	intermediate	LD	cѴasses	of	SNPs	
on	chromosome	Ɠ	 Őr	Ʒ	ƏĺƐƑķ	p	Ʒ	ƏĺƓƕѶķ	n	Ʒ	ƑƏƐ	SNPsĸ	Figure	Ɣdőķ	aѴŊ
though	such	a	reѴationship	cѴearѴy	was	seenķ	at	Ѵeast	for	chromosome	
Ɛķ	in	the	hawthorn	race	Őr	Ʒ	ƏĺѶƑķ	p	Ʒ	ƺƏĺƏƏƐķ	n	Ʒ	ƖƓƖ	SNPsĸ	Figure	Ɣeőĺ	
Without	chromosome	Ɛ	and	the	high	and	intermediate	LD	SNPs	on	
chromosome	 Ɠķ	 the	 dichotomy	 seen	 for	 appѴe	 fѴies	 disappeared	
ŐFigure	Ɣfő	and	the	correѴation	coefficient	between	ecѴosion	time	and	
geographic	SNP	variation	increased	in	the	appѴe	race	from	r	Ʒ	ƏĺƒƔ	to	
ƏĺѵƔ	Őp	ƺ	ƏĺƏƏƏƐķ	n	Ʒ	ƒķƏƖƓ	SNPsőĺ	Moreoverķ	Ѵike	the	hawthorn	raceķ	
there	was	a	 strong	 reѴationship	 in	 the	appѴe	 race	between	ecѴosion	
time	and	geographic	variation	for	the	eight	groups	of	high	LD	SNPs	
on	chromosome	Ƒ	Őr	Ʒ	ƏĺƖѵķ	p	ƺ	ƏĺƏƏƏƐķ	ƕ	dfĸ	Figure	ѵbőĺ	AѴso	simiѴar	
to	hawthorn	fѴiesķ	the	aѴѴeѴe	in	higher	frequency	in	the	appѴe	race	at	
the	Grant	compared	to	the	Urbana	site	was	the	aѴѴeѴe	at	higher	freŊ
quency	in	the	earѴyŊecѴosing	quantiѴe	of	fѴies	in	the	GWASķ	consistent	
with	prediction	three	of	the	standing	variation	hypothesisĺ	Even	with	
chromosomes	Ɛ	and	Ɠ	incѴudedķ	ѵƖĺƕѷ	of	the	ƑķƐƖѵ	SNPs	showing	a	
significant	association	with	ecѴosion	 time	changed	 frequency	 in	 the	
expected	direction	in	the	appѴe	raceķ	toward	earѴy	ecѴosion	aѴѴeѴes	at	
Grantķ	whiѴe	this	reѴationship	was	observed	for	ѶѶĺƕѷ	of	these	SNPs	
Őn	Ʒ	ƐķѵƕƑő	mapping	to	chromosomes	Ƒŋƒ	Őp	ƺ	ƏĺƏƏƏƐ	in	both	casesőĺ

ƒĺƓՊ|ՊHost raceķ ecѴosionķ and geographic 
differentiation across the genome

Genomic	 variation	 associated	 with	 ecѴosion	 time	 was	 aѴso	 sigŊ
nificantѴy	 reѴated	 to	 host	 race	 divergence	 at	 the	 Grantķ	 FennviѴѴeķ	
Dowagiacķ	and	Urbana	sitesĺ	Howeverķ	this	reѴationship	varied	across	
chromosomes	and	was	dependent	upon	the	pattern	of	geographic	

F I G U R E  ѵ ՊReѴationships	of	the	mean	genetic	responses	of	SNPs	
beѴonging	to	the	eight	different	high	LD	groups	on	chromosome	
Ƒ	in	the	ecѴosion	time	GWAS	Őiĺeĺķ	their	average	aѴѴeѴe	frequency	
differences	between	earѴyŊ	and	ѴateŊecѴosing	quantiѴes	of	fѴieső	vsĺ	
Őaő	their	mean	frequency	differences	in	the	hawthorn	race	between	
Grant	and	Urbanaĸ	Őbő	their	mean	frequency	differences	in	the	appѴe	
race	between	Grant	and	Urbanaĸ	and	Őcő	their	mean	frequency	
differences	between	the	appѴe	and	hawthorn	races	at	FennviѴѴeķ	
MIĺ	Numbers	ŐƐŋѶő	in	figures	designate	the	eight	different	groups	
of	high	LD	Ѵociķ	presumabѴy	representing	eight	different	reѴativeѴy	
smaѴѴŊsized	inversions	residing	on	chromosome	Ƒ
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(b)

(c)
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variation	 dispѴayed	 by	 each	 LD	 cѴass	 ŐTabѴe	 ƒőĺ	 In	 particuѴarķ	 host	
race	divergence	at	sympatric	sites	was	significantѴy	associated	with	
ecѴosion	time	for	chromosomes	Ɛŋƒ	ŐTabѴe	ƒőĺ	In	contrastķ	no	signifiŊ
cant	reѴationship	was	detected	for	chromosomes	Ɠ	or	Ɣ	at	any	site	
ŐTabѴe	ƒőĺ	We	therefore	focus	on	chromosomes	Ɛŋƒ	beѴowĺ

Patterns	of	hostŊreѴated	aѴѴeѴe	 frequency	divergence	were	simiѴar	
between	chromosomes	Ƒ	and	ƒķ	but	differed	for	chromosome	Ɛĺ	When	
considered	 togetherķ	 chromosomes	 Ƒ	 and	 ƒ	 dispѴayed	 a	 consistent	
pattern	 of	 divergence	 in	mean	 ecѴosionŊstandardized	 aѴѴeѴe	 frequenŊ
cies	 between	 appѴe	 and	 hawthorn	 host	 races	 across	 sympatric	 sites	
ŐFigure	ƒbĸ	see	Section	Ƒ	for	detaiѴs	of	ecѴosion	standardization	caѴcuŊ
Ѵationsőĺ	Moreoverķ	in	accord	with	the	third	prediction	of	the	standing	
variation	hypothesisķ	mean	standardized	aѴѴeѴe	frequencies	for	chromoŊ
somes	Ƒ	and	ƒ	showed	a	paraѴѴeѴ	decrease	with	increasing	Ѵatitude	for	
both	host	racesķ	with	southern	popuѴations	of	both	appѴe	and	hawthorn	
fѴies	possessing	higher	frequencies	of	aѴѴeѴes	associated	with	Ѵater	ecѴoŊ
sion	in	the	GWAS	ŐFigure	ƒbőĺ	Howeverķ	whiѴe	ecѴosion	time	was	sigŊ
nificantѴy	reѴated	to	host	race	divergence	at	each	of	the	four	sympatric	
sites	for	chromosomes	Ƒ	and	ƒ	Őr	Ʒ	ƴƏĺƒѵķ	ƴƏĺƔƔķ	ƴƏĺƓƒķ	and	ƴƏĺƒѶķ	for	
Grantķ	FennviѴѴeķ	Dowagiacķ	and	Urbanaķ	respectiveѴyĸ	p	ƺ	ƏĺƏƏƏƐ	in	aѴѴ	
casesķ	n	Ʒ	ƐķѵƕƐ	SNPsőķ	the	signs	Ődirectionső	of	the	reѴationships	were	
aѴѴ	negativeĺ	This	pattern	extended	to	the	eight	high	LD	groups	of	SNPs	

on	chromosome	Ƒķ	as	weѴѴ	ŐFigure	ѵcőĺ	Thusķ	in	contrast	to	the	fourth	
prediction	of	the	standing	variation	hypothesisķ	appѴe	fѴy	popuѴations	
tended	 to	possess	higher	 frequencies	of	aѴѴeѴes	associated	with	 Ѵater	
aduѴt	ecѴosion	at	aѴѴ	four	sites	ŐFigure	ƒbőķ	even	though	appѴe	fѴies	ecѴoseķ	
on	averageķ	earѴier	than	sympatric	hawthorn	fѴies	ŐFigure	ƒaőĺ

The	different	pattern	dispѴayed	by	chromosome	Ɛ	may	partiaѴѴy	
counteract	this	deviation	from	prediction	four	ŐFigure	ƒcőĺ	For	SNPs	
on	chromosome	Ɛķ	geographic	variation	was	Ѵess	pronounced	in	the	
appѴe	 than	 hawthorn	 race	 ŐTabѴe	 Ɛő	 and	was	 not	 significantѴy	 corŊ
reѴated	with	 ecѴosion	 time	 for	 appѴe	 fѴies	 ŐFigure	Ɣcőķ	 as	 it	was	 for	
hawthorn	fѴies	 ŐFigure	Ɣeőĺ	This	was	true	even	though	a	significant	
percentage	of	SNPs	on	chromosome	Ɛ	were	associated	with	ecѴoŊ
sion	time	ŐƓƐĺƓѷ	Ʒ	ƒƖƒņƖƓƖ	SNPsĸ	p	ƺ	ƏĺƏƏƏƐő	and	the	associations	
ŐaѴѴeѴe	 frequency	difference	between	earѴyŊ	and	 ѴateŊecѴosing	 fѴieső	
were	significant	and	positiveѴy	correѴated	between	appѴe	and	hawŊ
thorn	 fѴies	 Őr	Ʒ	ƏĺѶѶķ	p	ƺ	ƏĺƏƏƏƐķ	n	Ʒ	ƖƓƖ	SNPsőĺ	As	 a	 consequence	
of	 the	 reduced	geographic	variation	 in	 the	appѴe	 raceķ	mean	stanŊ
dardized	aѴѴeѴe	frequency	cѴines	for	chromosome	Ɛ	crossed	between	
the	host	racesķ	with	appѴe	fѴy	popuѴations	at	Urbana	and	Dowagiac	
tending	to	have	the	expected	Ѵower	frequencies	of	aѴѴeѴes	associated	
with	 Ѵater	 aduѴt	 ecѴosionķ	whiѴe	 the	 reverse	was	 true	at	Grant	 and	
FennviѴѴe	ŐFigure	ƒcőĺ	As	a	resuѴtķ	correѴations	between	ecѴosion	time	

TA B L E  ƒ ՊCorreѴation	coefficients	Őrő	of	aѴѴeѴe	frequency	differences	for	SNPs	between	earѴyŊ	and	ѴateŊecѴosing	quantiѴes	of	fѴies	in	the	
ecѴosion	time	GWAS	ŐRagѴand	et	aѴĺķ	ƑƏƐƕő	vsĺ	host	race	aѴѴeѴe	frequency	differences	between	appѴe	and	hawthorn	fѴies	where	popuѴations	
coŊoccur	at	fieѴd	sites	in	Grantķ	MIķ	FennviѴѴeķ	MIķ	Dowagiacķ	MIķ	and	Urbanaķ	IL

chr 1 chr 2 chr 3 chr 4 chr 5 chr 1�5

Grantķ	MI

Map	SNPs ƲƍĸѳƑ** ƴƏĺƐѵ ƲƍĸƑѳ** 0.08 0.02 ƲƍĸƑƏ***

High	LD ƴƏĺƏѶ ƲƍĸƒƏ**** ƴƏĺƏƖ ƴƏĺƐƓ ƏĺƏƕ ƲƍĸѳƐ***

Intĺ	LD ƲƍĸƒƎ*** ƴƏĺƏѶ ƲƍĸƑƍ** 0.20 0.04 ƲƍĸƏƔ***

Low	LD ƲƍĸƏƒ* ƏĺƏƔ ƴƏĺƏƓ ƴƏĺƏƒ 0.03 ƴƏĺƏѵ

FennviѴѴeķ	MI

Map	SNPs ƲƍĸƓƒ**** ƲƍĸѴƍ**** ƴƏĺƐƓ 0.18 ƴƏĺƐѵ Ʋƍĸƒѳ****

High	LD ƲƍĸƑƐ**** ƲƍĸƔƏ**** ƴƏĺƐƖ ƴƏĺƑƏ 0.02 Ʋƍĸѳѳ****

Intĺ	LD Ʋƍĸѳѳ**** ƲƍĸƓƒ**** ƴƏĺƏƕ ƏĺƐƔ ƴƏĺƐƕ Ʋƍĸƒƍ****

Low	LD ƲƍĸƏѴ** ƲƍĸƑƓ*** ƴƏĺƐƓ 0.12 0.01 ƲƍĸƎƏ*

Dowagiacķ	MI

Map	SNPs 0.45* ƲƍĸƏƔ** ƲƍĸƑѴ** ƏĺƏƕ ƴƏĺƏƑ ƴƏĺƏƐ

High	LD 0.10 ƲƍĸƐƐ** ƴƏĺƐƔ 0.28 ƴƏĺƐƑ 0.01

Intĺ	LD 0.42** ƲƍĸƐƐ** ƲƍĸƐѳ** 0.09 ƴƏĺƏƐ ƴƏĺƏƓ

Low	LD 0.23* ƴƏĺƐѶ ƲƍĸƏƐ* 0.01 ƴƏĺƏƐ ƴƏĺƏƒ

Urbanaķ	IL

Map	SNPs 0.71**** ƴƏĺƏѵ ƲƍĸƒƏ** ƴƏĺƏƖ 0.11 0.18*

High	LD 0.30** ƴƏĺƐƐ ƴƏĺƏƑ 0.06 ƴƏĺƏƔ 0.20

Intĺ	LD 0.62**** 0.03 ƲƍĸƑƓ** ƴƏĺƐƐ 0.13 0.13*

Low	LD 0.25* 0.03 ƴƏĺƐƏ 0.04 ƏĺƏƕ 0.03

Notesĺ	ResuѴts	are	given	for	aѴѴ	mapped	SNPs	ŐMap	SNPsőķ	and	for	highķ	intermediate	ŐIntĺőķ	and	Ѵow	LD	cѴasses	of	SNPs	for	each	chromosome	considered	
separateѴyķ	as	weѴѴ	as	for	aѴѴ	chromosomes	together	Őchr	ƐŋƔőĺ	Significant	reѴationships	positive	in	sign	are	highѴighted	in	boѴdķ	and	negative	reѴationships	
are	in	itaѴicsĺ	See	TabѴes	Ɛ	and	Ƒ	for	Ų	of	SNPs	genotyped	in	each	cѴassĺ
*p	ƽ	ƏĺƏƐĸ	ŖŖp	ƽ	ƏĺƏƐĸ	ŖŖŖp	ƽ	ƏĺƏƏƐĸ	ŖŖŖŖp	ƽ	ƏĺƏƏƏƐĺ	
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and	hostŊreѴated	divergence	were	significant	and	positive	in	sign	at	
Urbana	and	Dowagiacķ	in	Ѵine	with	prediction	fourķ	whiѴe	they	were	
significant	and	negative	in	sign	at	Grant	and	FennviѴѴe	ŐTabѴe	ƒőĺ	When	
chromosomes	Ɛŋƒ	were	considered	coѴѴectiveѴyķ	the	effects	of	chroŊ
mosome	Ɛ	 outweighed	 those	 of	 chromosomes	Ƒ	 and	ƒķ	 such	 that	
standardized	aѴѴeѴe	 frequencies	correctѴy	predicted	that	appѴe	 fѴies	
shouѴd	ecѴose	earѴier	 than	hawthorn	fѴies	at	Urbana	and	Dowagiac	
ŐFigure	 ƒdőĺ	 Moreoverķ	 mean	 standardized	 aѴѴeѴe	 frequencies	 preŊ
dicted	that	the	appѴe	fѴy	popuѴation	at	Dowagiac	wouѴd	deviate	from	
the	other	sites	and	ecѴose	reѴativeѴy	Ѵate	ŐFigure	ƒdőķ	as	observed	in	
nature	ŐFigure	ƒaőĺ	NevertheѴessķ	mean	standardized	aѴѴeѴe	frequenŊ
cies	for	chromosomes	Ɛŋƒ	stiѴѴ	predicted	that	appѴe	fѴies	at	Grant	and	
FennviѴѴe	wouѴd	ecѴose	Ѵater	than	hawthorn	fѴies	ŐFigure	ƒdőķ	deviatŊ
ing	from	the	observed	phenotypic	pattern	 ŐFigure	ƒaő	and	running	
counter	to	prediction	four	of	the	standing	variation	hypothesisĺ

ƓՊ |ՊDISCUSSION

ƓĺƐՊ|ՊStanding variation and rapid adaptive evoѴution

Our	resuѴts	support	the	importance	of	standing	variation	in	the	recent	
formation	of	 the	 appѴeŊinfesting	host	 race	of	R. pomonellaķ	 a	 prime	
exampѴe	of	ecoѴogicaѴ	divergence	with	gene	fѴow	ŐBerѴocher	ş	Federķ	
ƑƏƏƑőĺ	The	patterns	of	ecѴosionŊassociated	genomic	divergence	obŊ
served	 in	 the	 popuѴation	 survey	 of	 the	Midwest	 ѴargeѴy	 concurred	
with	the	predictions	of	 the	standing	variation	hypothesisķ	with	one	
major	exceptionĺ	Firstķ	geographic	and	hostŊreѴated	divergence	was	
most	pronounced	for	chromosomes	Ɛŋƒķ	particuѴarѴy	for	the	high	LD	
Ѵociķ	refѴecting	the	pattern	of	ecѴosionŊassociated	variation	reported	
by	RagѴand	et	aѴĺ	ŐƑƏƐƕőĺ	Secondķ	cѴinaѴ	variation	within	the	ancestraѴ	
hawthorn	host	race	tracked	geographic	variation	in	hawthorn	fruiting	
time	ŐFigure	ƒaőĺ	Hawthorn	fѴy	popuѴations	at	the	more	northern	Grant	
and	FennviѴѴe	sites	possessed	higher	frequencies	of	aѴѴeѴes	associated	
with	earѴy	aduѴt	ecѴosionķ	providing	a	potentiaѴ	seed	for	the	shift	to	
the	earѴier	fruiting	appѴeĺ	Thirdķ	the	appѴe	race	generaѴѴy	mirrored	the	
geographic	pattern	exhibited	by	the	hawthorn	raceķ	aѴthough	in	this	
regard	there	was	an	important	difference	we	discuss	further	beѴowĺ	
FinaѴѴyķ	chromosome	Ɛ	Ѵoci	associated	with	earѴy	ecѴosion	were	found	
at	higher	frequencies	in	appѴe	vsĺ	hawthorn	fѴies	at	the	two	southern	
sites	 ŐDowagiac	and	Urbanaőķ	 accounting	 for	 the	earѴier	ecѴosion	of	
appѴe	fѴiesĺ	Howeverķ	important	questions	regarding	the	earѴier	ecѴoŊ
sion	of	appѴe	fѴies	at	the	northern	Grant	and	FennviѴѴe	sites	remainķ	
as	appѴe	fѴies	at	these	sites	tended	to	have	higher	frequencies	of	Ѵate	
ecѴosion	aѴѴeѴesķ	compared	to	sympatric	hawthorn	fѴiesĺ

Previous	work	has	demonstrated	that	ecѴosion	time	is	associated	
with	many	SNPs	of	modest	effect	spread	throughout	chromosomes	
Ɛŋƒ	ŐRagѴand	et	aѴĺķ	ƑƏƐƕőķ	which	is	inconsistent	with	a	recent	mutaŊ
tionaѴ	origin	for	the	genetic	basis	of	the	shift	to	appѴesĺ	The	associaŊ
tions	of	SNP	aѴѴeѴes	with	ecѴosion	time	and	their	genetic	architectureķ	
as	impѴied	by	patterns	of	LDķ	are	simiѴar	between	the	racesĺ	In	parŊ
ticuѴarķ	the	same	sets	of	aѴѴeѴesķ	in	simiѴar	Ѵinkage	phase	on	chromoŊ
somes	Ɛŋƒķ	appear	to	affect	ecѴosion	time	in	a	concordant	manner	
both	 ѴocaѴѴy	and	gѴobaѴѴy	across	 the	Midwestķ	within	and	between	

the	host	racesĺ	These	observationsķ	combined	with	the	recent	time	
frame	of	divergence	ŐŜƓƏƏ	years	since	the	introduction	of	appѴes	to	
North	 Americaőķ	 argue	 strongѴy	 against	 muѴtipѴe	 independent	 oriŊ
gins	of	new	mutations	underѴying	 the	genetics	of	ecѴosion	 timeĺ	 It	
is	 highѴy	 unѴikeѴy	 that	 the	 same	 variants	 have	 arisen	 and	 diverged	
between	host	races	in	a	simiѴar	manner	repeatedѴy	across	sites	and	
on	such	a	rapid	timescaѴeĺ

Future	studies	are	needed	to	identify	the	specific	genes	affecting	
ecѴosion	 time	 in	R. pomonellaķ	 test	 for	 signatures	 of	 seѴectionķ	 and	
discern	 their	 demographic	 historiesĺ	 In	 this	 regardķ	 RagѴandķ	 Eganķ	
Federķ	BerѴocherķ	and	Hahn	ŐƑƏƐƐő	and	Meyers	et	aѴĺ	ŐƑƏƐѵő	showed	
marked	differences	between	host	races	in	gene	expression	patterns	
prior	to	diapause	termination	and	suggested	genes	in	the	Wnt	and	
TOR	signaѴing	pathways	as	candidate	Ѵociĺ	WhoѴeŊgenome	DNA	seŊ
quencing	is	aѴso	needed	examine	the	appѴe	race	for	soft	vsĺ	hard	seŊ
Ѵective	sweeps	around	candidate	Ѵoci	ŐHermisson	ş	Penningsķ	ƑƏƏƔőķ	
the	former	predicted	under	the	standing	variation	hypothesisķ	whiѴe	
the	 Ѵatter	 is	expected	 if	new	mutations	enabѴed	the	shift	 to	appѴeĺ	
In	 additionķ	 previous	 anaѴysis	 of	 cDNA	 Ѵoci	 impѴied	 that	 the	 putaŊ
tive	inversions	on	chromosomes	Ɛŋƒ	containing	ecѴosion	Ѵoci	are	oѴd	
ŐƻƐĺƔ	Myaĸ	Federķ	BerѴocherķ	et	aѴĺķ	ƑƏƏƒĸ	Feder	et	aѴĺķ	ƑƏƏƔőĺ	Thusķ	as	
discussed	earѴierķ	if	secondary	contact	and	gene	fѴow	with	Mexican	
fѴies	 from	the	EVTM	generated	 the	standing	variation	 in	 the	hawŊ
thorn	raceķ	then	we	predict	that	genome	sequencing	studies	wiѴѴ	reŊ
veaѴ	that	many	aѴѴeѴes	affecting	ecѴosion	wiѴѴ	date	to	ŜƐĺƔ	Myaĺ

Howeverķ	 this	 does	 not	 mean	 that	 variants	 of	 Ѵarge	 effect	
ŐCoѴosimo	et	aѴĺķ	ƑƏƏƔĸ	Hopkins	ş	Rausherķ	ƑƏƐƐķ	ƑƏƐƑĸ	Lamichhaney	
et	aѴĺķ	ƑƏƐƔĸ	Steiner	et	aѴĺķ	ƑƏƏƕĸ	Yuanķ	Sagawaķ	Youngķ	Christensenķ	
ş	Bradshawķ	ƑƏƐƒő	and	of	 recent	mutationaѴ	origin	 Őeĺgĺķ	 industriaѴ	
meѴanism	 in	 the	peppered	mothĸ	vanĽt	Hofķ	ƑƏƐѵő	do	not	aѴso	pѴay	
important	roѴes	 in	ecoѴogicaѴ	adaptation	and	speciationĺ	This	couѴd	
even	be	the	case	for	Rhagoletis	with	respect	to	Ѵoci	affecting	other	
seѴected	 traits	 such	 as	 host	 pѴant	 choice	 ŐDambroski	 et	 aѴĺķ	 ƑƏƏƔőĺ	
Future	work	is	needed	to	estabѴish	the	genomic	architecture	of	host	
odor	preference	in	R. pomonella	and	infer	the	roѴe	of	new	mutations	
vsĺ	standing	variation	in	its	contribution	to	host	race	divergenceĺ

ƓĺƑՊ|ՊEcѴosion time and genomic divergence 
between the host races

NotabѴyķ	 our	 resuѴts	 differed	 from	prediction	 four	 of	 the	 standing	
variation	hypothesisĹ	On	baѴanceķ	appѴe	fѴies	did	not	have	higher	freŊ
quencies	of	 aѴѴeѴes	associated	with	earѴier	ecѴosion	 than	 sympatric	
hawthorn	fѴiesĺ	AѴthough	we	found	substantiaѴ	standing	geographic	
genetic	variation	for	ecѴosion	time	on	chromosomes	Ɛŋƒ	in	the	hawŊ
thorn	raceķ	which	was	significantѴy	correѴated	with	hostŊreѴated	diŊ
vergence	at	aѴѴ	sympatric	sitesķ	the	direction	of	the	aѴѴeѴe	frequency	
differences	between	the	races	generaѴѴy	differed	from	expectationĺ	
Frequencies	of	chromosome	Ƒ	and	ƒ	SNPs	changed	in	paraѴѴeѴ	across	
aѴѴ	sites	in	both	appѴe	and	hawthorn	host	racesķ	but	showed	a	paraŊ
doxicaѴ	pattern	within	each	sympatric	siteķ	where	appѴe	fѴies	tended	
to	possess	higher	frequencies	of	aѴѴeѴes	associated	with	Ѵater	ecѴosion	
than	hawthorn	fѴies	ŐTabѴe	ƒ	and	Figure	ƒdőĺ	Howeverķ	cѴinaѴ	patterns	
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for	chromosome	Ɛ	SNPs	deviated	from	prediction	threeķ	showing	a	
steep	cѴine	among	hawthorn	fѴy	popuѴationsķ	but	remaining	reѴativeѴy	
fѴat	 among	 appѴe	 fѴy	 popuѴationsĺ	 Thereforeķ	 chromosome	Ɛ	 SNPs	
actuaѴѴy	fit	the	prediction	four	pattern	at	Dowagiac	and	Urbana	with	
appѴe	 fѴies	 harboring	 higher	 frequencies	 of	 aѴѴeѴes	 associated	with	
earѴier	ecѴosionķ	aѴthough	they	stiѴѴ	showed	the	reversed	pattern	at	
Grant	and	FennviѴѴeĺ

One	possibѴe	reason	for	this	discrepancy	may	be	that	aѴѴeѴes	afŊ
fecting	or	affected	by	ecѴosion	time	are	in	different	Ѵinkage	phases	
between	 the	 host	 races	 at	 Grant	 and	 FennviѴѴe	 vsĺ	 the	 two	more	
southern	sitesĺ	Howeverķ	patterns	of	LD	between	SNPs	were	simiŊ
Ѵar	across	geographic	sites	and	between	the	host	races	at	sympatric	
sites	 ŐFigure	 Ɠőĺ	 Moreoverķ	 SNPs	 on	 chromosomes	 Ɛŋƒ	 were	 sigŊ
nificantѴy	correѴated	 in	 their	effects	on	ecѴosion	time	between	the	
host	 races	 Őr	Ʒ	ƏĺƕƓķ	p	ƺ	ƏĺƏƏƏƐķ	n	Ʒ	ƑķѵƑƏ	SNPsőĺ	 Thusķ	 the	 earѴier	
ecѴosion	phenotype	of	appѴe	fѴies	cannot	be	easiѴy	accounted	for	by	
geographic	 or	 hostŊassociated	 variation	 in	 Ѵinkage	 phase	 between	
genes	affecting	ecѴosion	time	and	the	chromosome	Ɛŋƒ	aѴѴeѴes	genoŊ
typed	in	the	current	studyĺ	AdditionaѴ	ecѴosion	time	studies	invoѴving	
whoѴeŊgenome	sequencing	at	FennviѴѴe	and	the	other	sites	are	stiѴѴ	
neededķ	howeverķ	to	compѴeteѴy	discount	the	scenario	that	variabѴe	
Ѵinkage	reѴationships	between	the	host	races	are	responsibѴe	for	the	
earѴier	ecѴosion	time	of	appѴe	fѴiesĺ

Another	 important	consideration	 is	that	we	may	not	have	genŊ
otyped	 aѴѴ	 reѴevant	 ecѴosionŊassociated	 SNPsķ	 incѴuding	 key	 Ѵoci	
responsibѴe	 for	 the	 earѴier	 ecѴosion	 of	 appѴe	 vsĺ	 hawthorn	 fѴies	 at	
Grant	 and	FennviѴѴeĺ	Howeverķ	 a	 reѴativeѴy	 high	 percentage	 of	 the	
phenotypic	 variation	 in	 ecѴosion	 time	 Őѵƒѷő	was	 expѴained	 by	 the	
ƐƏķƑƓƐ	 SNPs	we	 genotyped	 ŐRagѴand	 et	 aѴĺķ	 ƑƏƐƕőĺ	 In	 additionķ	 aѴŊ
though	many	SNPs	 Őn	Ʒ	ƑƐƒő	 dispѴayed	 significant	 aѴѴeѴe	 frequency	
differences	between	earѴyŊ	and	ѴateŊecѴosing	fѴies	onѴy	in	the	appѴe	
race	GWAS	ŐRagѴand	et	aѴĺķ	ƑƏƐƕőķ	these	Ѵoci	showed	no	significant	
genetic	reѴationship	between	ecѴosion	time	and	geographic	variation	
in	 the	 appѴe	 race	 Őr	Ʒ	ƏĺƏƏƓķ	p	Ʒ	ƏĺƖƕƑő	 or	with	 hostŊreѴated	 diverŊ
gence	at	any	site	Őr	Ʒ	ƏĺƏƑķ	ƏĺƏƔķ	ƏĺƐƏķ	and	ƏĺƏƐ	for	Grantķ	FennviѴѴeķ	
Dowagiacķ	 and	 Urbanaķ	 respectiveѴyĸ	 p	ƻ	ƏĺƔƏ	 in	 aѴѴ	 casesőĺ	 Thusķ	
SNPs	with	ecѴosion	time	effects	unique	to	appѴe	fѴies	cannot	readiѴy	
expѴain	why	appѴe	 fѴies	ecѴose	earѴier	 than	hawthorn	fѴies	at	Grant	
and	 FennviѴѴeĺ	 NevertheѴessķ	 the	 effects	 of	 Ѵoci	 not	 genotyped	 in	
the	studyķ	which	are	in	Ѵinkage	equiѴibrium	ŐѴow	LDő	with	the	ƐƏķƑƓƐ	
SNPs	we	scoredķ	may	remain	undetected	and	thus	a	possibѴe	cause	
of	earѴier	appѴe	fѴy	ecѴosionĺ	These	unresoѴved	Ѵoci	couѴd	conceivabѴy	
be	of	Ѵarge	effect	and	of	recent	mutationaѴ	originĺ	Howeverķ	they	may	
aѴso	have	reѴativeѴy	smaѴѴ	effect	sizes	and	represent	oѴder	standing	
variationķ	which	in	combination	with	residence	in	freeѴy	recombining	
genomic	regionsķ	couѴd	further	account	for	their	absence	from	the	
current	 studyĺ	 AdditionaѴ	 whoѴeŊgenome	 sequencing	 is	 needed	 to	
resoѴve	the	issue	of	undetected	Ѵociĺ

FinaѴѴyķ	 geneŊbyŊenvironment	 or	 nonadditive	 epistatic	 interŊ
actions	may	aѴso	pѴay	 a	 roѴe	 in	determining	ecѴosion	 time	 ŐFiѴchakķ	
RoetheѴeķ	ş	Federķ	ƑƏƏƏőĺ	In	the	former	caseķ	differences	in	the	preŊ	
or	overwintering	period	experienced	by	the	host	races	at	the	more	
northern	Grant	and	FennviѴѴe	 sites	may	 resuѴt	 in	aѴѴeѴes	associated	

with	 Ѵater	 diapause	 termination	 in	 the	 Ѵaboratory	 having	 different	
effects	in	natureķ	causing	appѴe	fѴies	to	ecѴose	earѴier	ŐFiѴchak	et	aѴĺķ	
ƑƏƏƏőĺ	 In	 insectsķ	most	 ѴatitudinaѴ	 cѴines	 associated	with	 diapause	
vary	 in	 response	 to	 photoperiod	 ŐHutķ	 PaoѴucciķ	 Dorķ	 Kyriacouķ	 ş	
Daanķ	ƑƏƐƒőķ	 incѴuding	voѴtinism	cѴines	 in	 the	European	corn	borer	
that	 contribute	 to	 temporaѴ	 isoѴation	 between	 pheromone	 strains	
ŐLevyķ	 Kozakķ	ş	Dopmanķ	 ƑƏƐѶĸ	 Levyķ	 Kozakķ	Wadsworthķ	 Coatesķ	
ş	Dopmanķ	ƑƏƐƔőĺ	Photoperiod	aѴso	affects	diapause	 in	Rhagoletis 

ŐProkopyķ	ƐƖѵѶőĺ	Thusķ	it	is	possibѴe	that	Ѵonger	photoperiods	expeŊ
rienced	by	ѴarvaѴ	appѴe	fѴies	or	by	their	mothers	may	cause	them	to	
ecѴose	earѴier	than	hawthorn	fѴies	in	a	manner	not	predicted	by	their	
genotypesĺ	Howeverķ	temperature	and	the	Ѵength	of	the	prewinter	
period	foѴѴowing	pupariation	have	been	shown	to	exert	a	Ѵarger	inŊ
fѴuence	 than	 photoperiod	 on	 ecѴosion	 phenotype	 in	 R. pomonella 

ŐFiѴchakķ	RoetheѴeķ	ş	Federķ	ƑƏƏƐőĺ	Moreoverķ	Dambroski	and	Feder	
ŐƑƏƏƕő	controѴѴed	for	photoperiod	and	verified	that	there	is	a	genetic	
basis	for	appѴe	fѴies	ecѴosing	earѴier	than	hawthorn	fѴiesķ	incѴuding	at	
the	Grant	siteĺ	With	respect	to	epistasisķ	it	is	possibѴe	that	interacŊ
tions	between	SNPs	on	chromosomes	Ɛŋƒ	might	cause	appѴe	fѴies	to	
ecѴose	earѴier	than	hawthorn	fѴiesĺ	EѴevated	LD	between	these	Ѵoci	
might	be	expected	if	strong	epistatic	interactions	between	chromoŊ
somes	infѴuenced	the	traitĺ	Howeverķ	considering	the	host	races	toŊ
getherķ	we	did	not	find	strong	LD	between	ecѴosionŊassociated	SNPs	
residing	on	different	chromosomes	Ődata	not	shownőĺ	Further	study	
is	needed	to	resoѴve	the	genetic	basis	for	the	earѴier	ecѴosion	of	appѴe	
fѴies	 at	 the	Grant	 and	FennviѴѴe	 sitesķ	 aѴthough	we	 consider	undeŊ
tected	Ѵoci	as	perhaps	the	most	ѴikeѴy	expѴanation	at	the	current	timeĺ

It	 aѴso	 remains	 to	 be	 determined	why	 appѴe	 fѴies	 at	Dowagiac	
ecѴose	 reѴativeѴy	 Ѵate	 in	 controѴѴed	 Ѵaboratory	 rearing	 experiments	
ŐFigure	 ƒaő	 and	 as	 predicted	 geneticaѴѴy	 ŐFigure	 ƒdőķ	 yet	 in	 nature	
they	remain	diverged	from	hawthorn	fѴies	for	chromosome	Ɛŋƒ	aѴŊ
ѴeѴes	 ŐFigure	 ƒbķcőĺ	 AppѴes	 coѴѴected	 at	Dowagiac	 fruited	 reѴativeѴy	
Ѵate	in	the	season	and	at	a	more	simiѴar	time	to	hawthorns	Ősee	site	ƒ	
in	Figure	Ƒaķcőķ	which	may	contribute	to	the	greater	phenotypic	simŊ
iѴarity	in	ecѴosion	time	between	Dowagiac	appѴe	and	hawthorn	fѴies	
reѴative	to	other	sites	ŐFigure	ƒaőĺ	Thusķ	aѴѴochronic	isoѴation	shouѴd	
be	reduced	at	Dowagiac	but	appѴe	fѴies	stiѴѴ	maintain	significant	aѴѴeѴe	
frequency	differences	for	SNPs	associated	with	ecѴosion	time	there	
ŐFigure	ƒbķcőĺ	AdditionaѴ	fieѴdŊbased	host	fideѴity	studies	and	GWAS	
for	other	 traitsķ	 such	as	host	odor	preferenceķ	 are	needed	 to	 fuѴѴy	
characterize	differentiation	between	host	races	at	this	siteĺ

ƓĺƒՊ|ՊGeographic variation not expѴained by 
eclosion time

Our	 resuѴts	 aѴso	 raise	 questions	 concerning	why	 genomic	 regionsķ	
other	 than	 those	harboring	 ecѴosion	 variation	 Őchromosomes	Ɛŋƒőķ	
dispѴay	significant	geographic	variationĺ	For	exampѴeķ	 the	high	and	
intermediate	LD	cѴasses	of	SNPs	on	chromosome	Ɠ	show	significant	
geographic	variation	in	the	appѴe	race	ŐTabѴe	Ɛő	but	are	not	associated	
with	ecѴosion	time	ŐTabѴe	Ƒőĺ	The	same	is	true	in	the	hawthorn	race	
for	the	Ѵow	LD	cѴass	of	SNPs	on	chromosomes	Ɠ	and	Ɣ	ŐTabѴes	Ɛ	and	
Ƒőĺ	These	resuѴts	suggest	that	other	factorsķ	in	addition	to	ecѴosion	
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timeķ	 impose	 differentiaѴ	 seѴection	 across	 the	Midwestĺ	 In	 this	 reŊ
gardķ	 previous	 studies	 impѴy	 that	 the	 Ѵength	 of	 the	 prewinter	 peŊ
riod	aѴso	differentiaѴѴy	seѴects	on	the	intensity	at	which	fѴies	initiaѴѴy	
enter	 pupaѴ	 diapauseĺ	 ŐEgan	 et	 aѴĺķ	 ƑƏƐƔĸ	 Federķ	 RoetheѴeķ	WѴazѴoķ	
ş	BerѴocherķ	 ƐƖƖƕőĺ	 The	 prewinter	 period	 is	 Ѵonger	 for	 appѴe	 than	
hawthorn	fѴies	and	aѴso	varies	with	Ѵatitude	ŐѴengthening	from	north	
to	southőķ	resuѴting	in	both	geographic	and	hostŊreѴated	differentiaѴ	
seѴection	 on	 initiaѴ	 diapause	 intensity	 ŐDambroski	 ş	 Federķ	 ƑƏƏƕőĺ	
Moreoverķ	 initiaѴ	diapause	intensity	may	be	under	separate	genetic	
controѴ	from	ecѴosion	timeķ	at	Ѵeast	in	hawthorn	fѴies	ŐRagѴand	et	aѴĺķ	
ƑƏƐƕőĺ	Thusķ	seѴection	on	other	aspects	of	the	diapause	phenotype	
might	account	for	the	significant	geographic	variation	not	expѴained	
by	ecѴosion	timeĺ

ƔՊ |ՊCONCLUSION

In	concѴusionķ	we	have	shown	that	seѴection	on	ecѴosion	time	variŊ
ation	 significantѴy	 scuѴpts	 geographic	 and	 hostŊreѴated	 genomic	
differentiation	 in	 the	 appѴe	 and	 hawthorn	 races	 of	 R. pomonella. 

Diapause	 Ѵife	history	adaptation	 in	 the	recentѴy	 formed	appѴe	race	
appears	 to	have	been	extractedķ	 in	 significant	partķ	 from	standing	
genetic	variation	 in	 the	ancestraѴ	hawthorn	raceĺ	Thusķ	our	 resuѴts	
highѴight	 the	 potentiaѴ	 inherent	 in	 geographic	 cѴines	 to	 contribute	
to	the	origins	of	new	biodiversity	when	new	resource	opportunities	
become	avaiѴabѴeĺ	Howeverķ	detaiѴs	concerning	how	this	process	has	
resuѴted	in	appѴe	fѴies	ecѴosing	earѴier	than	hawthorn	fѴiesķ	particuŊ
ѴarѴy	at	 the	more	northern	Grant	and	FennviѴѴe	 sitesķ	 remain	 to	be	
resoѴvedĺ	RegardѴessķ	in	Rhagoletisķ	poѴygenic	standing	variationķ	parŊ
ticuѴarѴy	in	putative	inverted	regionsķ	appears	to	be	due	to	a	history	
of	geographic	 isoѴation	and	secondary	contact	 ŐFeder	et	aѴĺķ	ƑƏƏƔĸ	
Federķ	BerѴocherķ	et	aѴĺķ	ƑƏƏƒőĺ	How	generaѴ	this	is	for	other	modeѴ	
systems	of	ecoѴogicaѴ	speciation	remains	to	be	determinedĺ	SimiѴarѴyķ	
whether	 seѴection	 has	widespread	 genomic	 effects	 on	 divergence	
in	other	organismsķ	 as	 it	does	 in	Rhagoletisķ	 or	has	 simpѴer	genetic	
underpinnings	 and	 consequences	 for	 faciѴitating	 speciationķ	 is	 an	
open	questionĺ	NevertheѴessķ	it	is	cѴear	that	intraspecific	cѴinaѴ	variŊ
ation	in	Ѵife	history	timing	is	extensive	in	other	organismsķ	incѴuding	
pѴants	 ŐBѴackmanķ	MichaeѴsķ	ş	Riesebergķ	ƑƏƐƐĸ	Chen	et	 aѴĺķ	 ƑƏƐƑĸ	
Kawkakami	et	aѴĺķ	ƑƏƐƐĸ	KeѴѴerķ	Levsenķ	OѴsonķ	ş	Tiffinķ	ƑƏƐƑĸ	Lowry	
ş	WiѴѴisķ	ƑƏƐƏőķ	vertebrates	ŐJohnsen	et	aѴĺķ	ƑƏƏƕĸ	OĽMaѴѴeyķ	Fordķ	ş	
Hardķ	ƑƏƐƏőķ	and	 insects	 ŐAdrionķ	Hahnķ	ş	Cooperķ	ƑƏƐƔĸ	Bradford	
ş	Roffķ	ƐƖƖƔĸ	Bradshawķ	Quebodeauxķ	ş	HoѴzapfeѴķ	ƑƏƏƒĸ	Kyriacouķ	
Peixotoķ	SandreѴѴiķ	Costaķ	ş	Tauberķ	ƑƏƏѶĸ	Lankinenķ	Tyukmaevaķ	ş	
HoikkaѴaķ	 ƑƏƐƒĸ	 Lehmannķ	 Lyytinenķ	 Piiroinenķ	ş	 Lindstrक़mķ	ƑƏƐƔĸ	
Levy	 et	 aѴĺķ	 ƑƏƐƔĸ	 Masakiķ	 ƐƖƕѶĸ	 PaoѴucciķ	 Zandeķ	 ş	 Beukeboomķ	
ƑƏƐƒĸ	Roffķ	ƐƖѶƏĸ	Wang	et	 aѴĺķ	ƑƏƐƑőĺ	Howeverķ	whether	and	how	
this	intraspecific	cѴinaѴ	variation	is	transformed	into	interspecific	diŊ
vergence	 are	 Ѵess	weѴѴ	 documentedĺ	 It	wouѴd	 seem	 that	 divergent	
seѴection	on	standing	variation	in	Ѵife	history	timing	couѴd	be	a	prime	
axis	for	contributing	to	the	adaptation	of	organisms	to	new	habitats	
and	 environments	 Őreview	 by	 TayѴor	 ş	 Friesenķ	 ƑƏƐƕőķ	 potentiaѴѴy	
generating	reproductive	isoѴation	and	a	weaѴth	of	new	biodiversityĺ
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