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ABSTRACT
Studying	reproductive	barriers	between	popuѴations	of	the	same	species	is	criticaѴ	to	
understand	how	 speciation	may	proceedĺ	Growing	evidence	 suggests	postmatingķ	
prezygotic	ŐPMPZő	reproductive	barriers	pѴay	an	important	roѴe	in	the	evoѴution	of	
earѴy	taxonomic	divergenceĺ	Howeverķ	the	contribution	of	PMPZ	isoѴation	to	specia-
tion	is	typicaѴѴy	studied	between	species	in	which	barriers	that	maintain	isoѴation	may	
not	be	those	that	contributed	to	reduced	gene	fѴow	between	popuѴationsĺ	Moreoverķ	
in	 internaѴѴy	fertiѴizing	animaѴsķ	PMPZ	isoѴation	 is	reѴated	to	maѴe	ejacuѴateŌfemaѴe	
reproductive	tract	incompatibiѴities	but	few	studies	have	examined	how	mating	his-
tory	of	the	sexes	can	affect	the	strength	of	PMPZ	isoѴation	and	the	extent	to	which	
PMPZ	 isoѴation	 is	 repeatabѴe	or	 restricted	 to	particuѴar	 interacting	genotypesĺ	We	
addressed	 these	 outstanding	 questions	 using	 muѴtipѴe	 popuѴations	 of	 Drosophila 

montanaĺ	We	show	a	recurrent	pattern	of	PMPZ	isoѴationķ	with	fѴies	from	one	popuѴa-
tion	exhibiting	reproductive	 incompatibiѴity	 in	crosses	with	aѴѴ	 three	other	popuѴa-
tionsķ	whiѴe	those	three	popuѴations	were	fuѴѴy	fertiѴe	with	each	otherĺ	Reproductive	
incompatibiѴity	 is	due	 to	 Ѵack	of	 fertiѴization	and	 is	 asymmetricaѴķ	 affecting	 femaѴe	
fitness	more	than	maѴesĺ	There	was	no	effect	of	maѴe	or	femaѴe	mating	history	on	
reproductive	incompatibiѴityķ	indicating	that	PMPZ	isoѴation	persists	between	popu-

Ѵationsĺ	We	found	no	evidence	of	variabiѴity	in	fertiѴization	outcomes	attributabѴe	to	
different	 femaѴe	Ƶ	maѴe	 genotype	 interactionsķ	 and	 in	 combination	with	 our	 other	
resuѴtsķ	suggests	that	PMPZ	isoѴation	is	not	driven	by	idiosyncratic	genotype	Ƶ	geno-

type	interactionsĺ	Our	resuѴts	show	PMPZ	isoѴation	as	a	strongķ	consistent	barrier	to	
gene	fѴow	earѴy	during	speciation	and	suggest	severaѴ	targets	of	seѴection	known	to	
affect	ejacuѴateŊ	femaѴe	reproductive	tract	interactions	within	species	that	may	cause	
this	PMPZ	isoѴationĺ
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ƐՊ |ՊINTRODUC TION

Speciation	 requires	 the	 accumuѴation	 of	 barriers	 to	 gene	 fѴow	be-

tween	 popuѴations	 and	 subsequent	 taxaĺ	 Identifying	 the	 barriers	
that	act	earѴy	during	the	evoѴution	of	reproductive	isoѴation	is	criticaѴ	
to	determine	how	speciation	proceeds	ŐButѴin	et	aѴĺķ	ƑƏƐƑĸ	Coyne	ş	
Orrķ	ƑƏƏƓĸ	TureѴѴiķ	Bartonķ	ş	Coyneķ	ƑƏƏƐőĺ	Reproductive	barriers	to	
gene	fѴow	can	broadѴy	be	cѴassified	into	three	categoriesĺ	Premating	
reproductive	barriers	reduce	the	 incidence	of	hybridization	events	
between	taxa	ŐDopmanķ	Robbinsķ	ş	Seamanķ	ƑƏƐƏĸ	Hoskinķ	Higgieķ	
McDonaѴdķ	ş	Moritzķ	ƑƏƏƔĸ	Lackey	ş	Boughmanķ	ƑƏƐƕĸ	Murray	ş	
CѴarkeķ	 ƐƖѶƏőķ	 whiѴe	 postzygotic	 reproductive	 barriers	 are	 those	
that	 resuѴt	 in	 reduced	fitness	of	hybrid	offspringķ	either	due	to	 in-

trinsic	genetic	defects	 Őiĺeĺķ	 steriѴity	or	 inviabiѴityőķ	or	 Ѵow	fitness	 in	
either	of	the	parentaѴ	habitats	ŐCooperķ	Sedghifarķ	Nashķ	ComeauѴtķ	
ş	Matuteķ	ƑƏƐƕĸ	Presgravesķ	ƑƏƐƏĸ	Wu	ş	Tingķ	ƑƏƏƓőĺ	The	third	cѴass	
of	reproductive	barriers	is	postmatingķ	prezygotic	ŐPMPZő	reproduc-
tive	barriersŌincompatibiѴities	reѴating	to	interactions	between	the	
sexes	 that	act	after	copuѴationķ	but	before	karyogamyŌpreventing	
successfuѴ	fertiѴization	between	popuѴations	or	taxaĺ	Both	premating	
and	postzygotic	reproductive	barriers	to	gene	fѴow	have	been	stud-

ied	extensiveѴyķ	howeverķ	onѴy	reѴativeѴy	recentѴy	have	PMPZ	repro-

ductive	barriers	begun	to	be	considered	in	more	detaiѴ	as	potentiaѴѴy	
important	reproductive	barriersĺ

The	fastŊ	paced	moѴecuѴar	evoѴution	of	reproductive	tract	tissues	
within	popuѴationsķ	acceѴerated	by	sexuaѴ	seѴection	and	sexuaѴ	con-

fѴictķ	is	predicted	to	resuѴt	in	rapid	divergence	between	popuѴations	
in	aѴѴopatry	and	the	emergence	of	PMPZ	reproductive	incompatibiѴ-
ities	between	popuѴations	earѴy	during	reproductive	isoѴation	ŐEadyķ	
ƑƏƏƐĸ	Panhuisķ	ButѴinķ	Zukķ	ş	Tregenzaķ	ƑƏƏƐőĺ	In	poѴyandrous	mat-
ing	systems	with	internaѴ	fertiѴizationķ	where	femaѴes	mate	muѴtipѴy	
within	a	singѴe	reproductive	cycѴeķ	the	ejacuѴates	of	muѴtipѴe	maѴes	
may	overѴap	within	the	femaѴe	reproductive	tractĺ	Different	maѴesĽ	
ejacuѴates	must	then	compete	to	fertiѴize	ova	 Ősperm	competitionőķ	
and	femaѴes	retaining	sperm	from	muѴtipѴe	maѴes	may	bias	paternity	
Őcryptic	 femaѴe	 choiceőĺ	 Such	 postcopuѴatory	 sexuaѴ	 seѴectionķ	 and	
its	 attendant	 sexuaѴ	 confѴict	within	popuѴations	 ŐAnderssonķ	 ƐƖƖƓĸ	
Andersson	 ş	 Simmonsķ	 ƑƏƏѵĸ	 Arnqvist	 ş	 Roweķ	 ƑƏƏƑĸ	 GavriѴetsķ	
ƑƏƏƏőķ	 can	 shape	 the	 evoѴution	 of	 intersexuaѴ	 interactions	 during	
copuѴation	 and	 fertiѴization	 ŐBernasconi	 et	aѴĺķ	 ƑƏƏƓĸ	 Birkhead	 ş	
Pizzariķ	 ƑƏƏƑĸ	 Firmanķ	 Gaspariniķ	 Manierķ	 ş	 Pizzariķ	 ƑƏƐƕőĺ	 Rapid	
evoѴution	of	such	phenotypes	is	supported	by	evidence	that	genes	
encoding	reproductive	tract	proteins	are	among	the	fastest	evoѴv-
ingķ	 showing	 rapid	 protein	 sequence	 and	 gene	 expression	 evoѴu-

tion	ŐHoѴѴisķ	HouѴeķ	Yanķ	Kaweckiķ	ş	KeѴѴerķ	ƑƏƐƓĸ	Perry	et	aѴĺķ	ƑƏƐѵĸ	
Swanson	ş	Vacquierķ	ƑƏƏƑĸ	VeѴtsosķ	Fangķ	Cossinsķ	Snookķ	ş	Ritchieķ	
ƑƏƐƕőĺ

Postmatingķ	prezygotic	isoѴation	in	externaѴ	fertiѴizers	is	mostѴy	
Ѵimited	to	incompatibiѴities	reѴating	to	chemoŊ	attraction	between	
gametes	 ŐWeber	 et	aѴĺķ	 ƑƏƐƕő	 andņor	 gamete	 interactions	 at	 the	
ceѴѴ	surface	ŐVacquier	ş	Swansonķ	ƑƏƐƐőĺ	For	internaѴ	fertiѴizersķ	an	
additionaѴ	array	of	potentiaѴ	PMPZ	reproductive	barriers	can	act	
as	a	resuѴt	of	the	compѴex	series	of	events	that	take	pѴace	within	

the	 femaѴe	 reproductive	 tract	 after	mating	 ŐBѴoch	Qaziķ	Heifetzķ	
ş	WoѴfnerķ	ƑƏƏƒĸ	Orr	ş	Brennanķ	ƑƏƐƔĸ	Schnakenbergķ	SiegaѴķ	ş	
BѴoch	Qaziķ	ƑƏƐƑőĺ	In	singѴe	heterospecific	matingsķ	successfuѴ	fer-
tiѴization	can	be	decreased	or	prevented	by	reduced	sperm	trans-
fer	 by	maѴesķ	 andņor	 reduced	 transportķ	 storageķ	 and	 viabiѴity	 of	
heteroŊ	specific	sperm	in	femaѴes	ŐAhmedŊ	Braimahķ	ƑƏƐѵĸ	KeѴѴeher	
ş	 Markowķ	 ƑƏƏƕĸ	 Kohyamaķ	 Matsubayashiķ	 ş	 Katakuraķ	 ƑƏƐѵĸ	
Larsonķ	 Humeķ	 Andr࣐sķ	 ş	 Harrisonķ	 ƑƏƐƑĸ	 Manier	 et	aѴĺķ	 ƑƏƐƒĸ	
Reinhardtķ	ƑƏƏѵĸ	Roseķ	Brandķ	ş	WiѴkinsonķ	ƑƏƐƓőĺ	PMPZ	isoѴation	
has	 aѴso	 been	 suggested	 to	 occur	when	 heteroŊ	specific	matings	
resuѴt	 in	 reduced	egg	production	 compared	 to	 conŊ	specific	mat-
ingsķ	even	though	fertiѴization	is	successfuѴ	Őeĺgĺķ	Matute	ş	Coyneķ	
ƑƏƐƏĸ	Turissiniķ	McGirrķ	PateѴķ	Davidķ	ş	Matuteķ	ƑƏƐѶőĺ	PMPZ	iso-

Ѵation	in	internaѴѴy	fertiѴizing	animaѴs	may	aѴso	be	manifested	onѴy	
when	conŊ		and	heteroŊ	specific	ejacuѴates	are	 in	competitionĺ	For	
instanceķ	conŊ	specific	sperm	precedence	occurs	when	paternity	is	
biased	to	sperm	from	the	conŊ	specific	maѴe	even	though	heteroŊ	
specific	maѴe	sperm	may	fertiѴize	ova	in	singѴe	matings	ŐCastiѴѴo	ş	
MoyѴeķ	ƑƏƐƓĸ	Cramerķ	ܲѴundķ	McFarѴaneķ	Johnsenķ	ş	Qvarnstrक़mķ	
ƑƏƐѵĸ	Priceķ	ƐƖƖƕĸ	Yeates	et	aѴĺķ	ƑƏƐƒőĺ

A	growing	body	of	 Ѵiterature	now	shows	PMPZ	 isoѴation	 is	 the	
primary	or	 onѴy	 barrier	 to	 gene	 fѴow	 in	 some	 cѴoseѴy	 reѴated	 taxaķ	
suggesting	an	important	roѴe	in	the	earѴy	evoѴution	of	reproductive	
isoѴation	ŐAhmedŊ	Braimahķ	UnckѴessķ	ş	CѴarkķ	ƑƏƐƕĸ	Bonoķ	Matzkinķ	
Hoangķ	ş	Brandsmeierķ	ƑƏƐƔĸ	Cramer	et	aѴĺķ	ƑƏƐѵĸ	Dean	ş	Nachmanķ	
ƑƏƏƖĸ	 Soudiķ	 ReinhoѴdķ	 ş	 Engqvistķ	 ƑƏƐѵĸ	 Turissini	 et	aѴĺķ	 ƑƏƐѶőĺ	
Howeverķ	the	majority	of	research	has	focused	on	incompatibiѴities	
arising	between	species	even	though	barriers	that	maintain	repro-

ductive	isoѴation	after	divergence	may	not	be	the	same	barriers	that	
were	important	in	reducing	gene	fѴow	during	the	initiaѴ	stages	of	the	
speciation	 process	 ŐButѴin	 et	aѴĺķ	 ƑƏƐƑĸ	Coyne	ş	Orrķ	 ƑƏƏƓĸ	 TureѴѴi	
et	aѴĺķ	ƑƏƏƐőĺ	Thereforeķ	to	understand	the	factors	important	during	
the	initiaѴ	stages	of	divergenceķ	more	focus	is	needed	on	the	repro-

ductive	barriers	acting	between	recentѴy	diverged	popuѴations	of	the	
same	speciesĺ

Drosophila montana	provides	an	opportunity	to	study	the	roѴe	of	
PMPZ	isoѴation	and	the	earѴy	stages	of	the	speciation	processĺ	This	
species	 is	distributed	across	 the	northern	hemisphere	at	high	aѴti-
tudes	and	Ѵatitudes	with	a	weѴѴŊ	documented	ecoѴogy	and	phyѴogeo-

graphic	 history	 ŐAspiķ	 Lummeķ	HoikkaѴaķ	ş	Heikkinenķ	 ƐƖƖƒĸ	MiroѴ	
et	aѴĺķ	 ƑƏƏƕőĺ	 Investigating	 the	 contribution	of	both	preŊ		 and	post-
mating	reproductive	barriers	between	three	D. montana	popuѴationsķ	
two	from	North	Americaķ	and	one	from	Europeķ	found	hybrid	crosses	
between	popuѴations	exhibited	PMPZ	isoѴation	ŐJenningsķ	Snookķ	ş	
HoikkaѴaķ	ƑƏƐƓőĺ	PMPZ	isoѴation	was	a	consequence	of	sperm	faiѴing	
to	penetrate	eggsķ	even	 though	motiѴe	 sperm	were	 transferred	by	
maѴes	and	stored	by	femaѴes	 ŐJennings	et	aѴĺķ	ƑƏƐƓőĺ	These	popuѴa-
tions	 aѴso	 exhibited	 premating	 isoѴation	 which	 increased	 with	 ge-

netic	distanceķ	suggesting	isoѴation	by	distanceĸ	howeverķ	there	was	
no	cѴear	reѴationship	between	genetic	distance	and	the	strength	of	
PMPZ	isoѴationĺ	WhiѴe	premating	reproductive	barriers	to	gene	fѴow	
are	undoubtedѴy	important	in	these	popuѴationsķ	strong	PMPZ	isoѴa-
tion	that	is	not	associated	with	isoѴation	by	distance	suggests	PMPZ	
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isoѴation	may	be	especiaѴѴy	 important	earѴy	during	the	evoѴution	of	
reproductive	isoѴationĺ

Yetķ	 there	 remain	 severaѴ	 open	 questions	 about	 the	 evoѴution	
of	PMPZ	 isoѴationķ	 both	 specificaѴѴy	 for	 this	 system	and	 generaѴѴyĺ	
Are	patterns	of	PMPZ	isoѴation	unique	to	these	popuѴations	or	more	
widespreadĵ	Are	PMPZ	isoѴation	patterns	repeatabѴe	with	individu-

aѴs	tested	from	the	same	Ѵocation	but	coѴѴected	at	different	timesĵ	Do	
aѴѴ	individuaѴs	show	simiѴar	strengths	of	PMPZ	isoѴation	or	is	PMPZ	
isoѴation	idiosyncratic	between	some	individuaѴsĵ	AdditionaѴѴyķ	maѴe	
and	 femaѴe	mating	 history	may	 aѴso	 infѴuence	 the	 expression	 and	
strength	of	PMPZ	isoѴation	with	consequences	for	the	 importance	
of	PMPZ	isoѴation	in	Ѵimiting	gene	fѴow	between	popuѴationsĺ	Mating	
history	is	known	to	have	both	ameѴiorating	and	exacerbating	effects	
on	 other	 types	 of	 reproductive	 incompatibiѴityķ	 such	 as	 cytopѴas-
mic	 incompatibiѴity	 between	WolbachiaŊ	infected	D. simulans	 maѴes	
and	uninfected	femaѴes	which	is	ameѴiorated	if	maѴes	have	remated	
frequentѴy	 ŐAwrahmanķ	 Champion	 de	 Crespignyķ	 ş	WedeѴѴķ	 ƑƏƐƓĸ	
Karrķ	Yangķ	ş	Federķ	ƐƖƖѶőĺ	 In	 contrastķ	 receipt	of	muѴtipѴe	 foreign	
ejacuѴates	by	femaѴes	may	ampѴify	infertiѴity	due	to	receipt	of	toxic	
foreign	ejacuѴates	 ŐKeѴѴeher	ş	Markowķ	ƑƏƏƕĸ	KnowѴes	ş	Markowķ	
ƑƏƏƐőĺ	Do	maѴe	and	femaѴe	mating	history	infѴuence	the	strength	of	
PMPZ	isoѴationĵ

We	addressed	these	outstanding	questions	about	the	evoѴution	
of	PMPZ	isoѴation	by	testing	both	recent	coѴѴections	from	the	same	
North	 American	 Ѵocations	 as	 previousѴy	 described	 and	 additionaѴ	
new	popuѴationsĺ	We	aѴso	assessed	whether	PMPZ	isoѴation	is	acting	
at	 the	popuѴation	 ѴeveѴ	or	onѴy	between	specific	genotype	Ƶ	geno-

type	 interactions	 from	different	popuѴationsĺ	Furthermoreķ	we	de-

termined	 whether	 the	 presence	 and	 strength	 PMPZ	 isoѴation	 are	
affected	by	intrinsic	infertiѴity	or	maѴe	and	femaѴe	mating	historyĺ

ƑՊ |ՊMETHODS

ƑĺƐՊ|ՊFѴy stocks

AduѴt	D. montana	were	 coѴѴected	 from	 riparian	habitats	 using	maѴt	
bait	buckets	and	mouth	aspirators	from	Ashfordķ	Washingtonķ	USAķ	
in	 ƑƏƐƒ	 Őreferred	 to	 as	 Ashfordķ	 and	 abbreviated	 as	 Aőĸ	 Crested	
Butteķ	CoѴoradoķ	USA	 in	ƑƏƏƖ	and	ƑƏƐƒ	 Őreferred	 to	 as	CoѴoradoķ	
abbreviated	as	Cőĸ	Jacksonķ	Wyomingķ	USA	 in	ƑƏƐƒ	 Őreferred	to	as	
Jacksonĸ	abbreviated	as	Jőĸ	and	Vancouverķ	British	CoѴumbiaķ	Canada	
Őreferred	 to	 as	 Vancouverĸ	 abbreviated	 as	 Vő	 in	 ƑƏƏѶ	 and	 ƑƏƐƓ	
ŐFigure	Ɛķ	TabѴe	SƐőĺ	Both	isoŊ	femaѴe	Ѵines	and	popuѴation	cages	were	
tested	 for	 PMPZ	 isoѴationĺ	 PopuѴation	 cages	 for	 CoѴorado	 ŐƑƏƐƒő	
and	Vancouver	 ŐƑƏƏѶő	were	estabѴished	by	combining	ƑƏ	Fƒ	prog-
eny	 of	 each	 sex	 from	each	 of	 ƑƏ	 isoŊ	femaѴe	 Ѵinesĺ	 The	 popuѴation	
cage	for	Vancouver	ŐƑƏƐƓő	was	estabѴished	in	the	same	way	except	
FƓ	progeny	from	ƑƐ	 isoŊ	femaѴe	 Ѵines	were	mergedĺ	AѴѴ	popuѴations	
and	 isoŊ	femaѴe	 Ѵines	were	cuѴtured	 in	 the	 Ѵaboratory	on	Lakovaara	
maѴt	medium	ŐLakovaaraķ	ƐƖѵƖő	 in	overѴapping	generations	at	ƐƖŦC	
in	constant	Ѵight	ŐJennings	et	aѴĺķ	ƑƏƐƓőĺ	FѴies	used	for	experimenta-
tion	were	coѴѴected	within	ƒ	days	of	ecѴosionķ	as	maѴe	reproductive	

maturity	does	not	occur	untiѴ	at	 Ѵeast	Ѷ	days	postecѴosion	 ŐPitnickķ	
Markowķ	ş	Spicerķ	ƐƖƖƔőĺ	AѴѴ	experiments	were	carried	out	using	fѴies	
aged	between	ƑƐ	and	ƑѶ	days	from	ecѴosionĺ	In	each	experimentķ	we	
carried	out	aѴѴ	four	possibѴe	crosses	between	the	two	focaѴ	popuѴa-
tions	being	testedķ	where	the	femaѴe	popuѴation	is	aѴways	indicated	
first	Őeĺgĺķ	AA	is	a	cross	between	Ashford	femaѴes	and	Ashford	maѴes	
and	AC	is	a	cross	between	Ashford	femaѴes	and	CoѴorado	maѴesőĺ

ƑĺƑՊ|ՊStatisticaѴ anaѴysis

We	outѴine	specific	statisticaѴ	tests	for	each	experiment	and	trait	we	
anaѴyze	at	the	end	of	each	section	Ődescribed	beѴowőĺ	AѴѴ	statisticaѴ	
anaѴyses	were	performed	in	R	Őversion	ƒĺƒĺƏő	 ŐR	Core	Teamķ	ƑƏƐѵőĺ	
GeneraѴized	 Ѵinear	 mixed	 effects	 modeѴs	 ŐGLMMső	 and	 paramet-
ric	 bootstrap	 simuѴations	 to	 obtain	modeѴ	 predicted	 vaѴues	 ŐƼƖƔѷ	
confidence	 intervaѴső	were	 fitted	using	 the	 ľѴmeƓĿ	package	 ŐBatesķ	
M࢜chѴerķ	BoѴkerķ	ş	WaѴkerķ	ƑƏƐƔőĺ	We	tested	for	significance	of	fixed	
effects	and	interactions	via	ѴikeѴihood	ratio	tests	ŐLRTőķ	or	parametric	
bootstrapped	simuѴations	using	the	PBmodcomp	 function	from	the	
ľpbkrtestĿ	package	ŐHaѴekoh	ş	Højsgaardķ	ƑƏƐƓőĺ	When	necessaryķ	
we	performed	post	hoc	TukeyĽs	honest	significant	difference	ŐHSDő	
tests	using	the	glht	function	from	the	ľmuѴtcompĿ	package	ŐHothornķ	
Bretzķ	ş	WestfaѴѴķ	ƑƏƏѶőĺ

ƑĺƒՊ|ՊPostmatingķ prezygotic isoѴation between 
North American popuѴations of D. montana

To	test	the	pattern	of	PMPZ	isoѴation	previousѴy	reported	ŐJennings	
et	aѴĺķ	ƑƏƐƓő	with	a	new	CoѴorado	popuѴation	and	to	 identify	other	
popuѴations	 showing	evidence	of	PMPZ	 isoѴationķ	we	performed	a	

F IGURE  ƐՊCoѴѴection	Ѵocations	of	Drosophila montana 

popuѴationsĺ	Maps	created	using	the	ľggmapĿ	package	in	R	ŐKahѴe	ş	
Wickhamķ	ƑƏƐƒő
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series	of	crosses	between	CoѴorado	and	Vancouverķ	and	two	previ-
ousѴy	 untested	popuѴationsŌAshford	 and	 Jacksonĺ	 PMPZ	 isoѴation	
is	measured	by	egg	hatch	success	 Őnumber	of	eggs	oviposited	that	
hatchedő	andņor	number	of	progeny	producedĺ	For	each	pair	of	focaѴ	
popuѴationsķ	we	 performed	 fuѴѴy	 factoriaѴ	 experimentsķ	 generating	
data	from	both	parentaѴ	crossesķ	and	the	two	reciprocaѴ	betweenŊ	
popuѴation	crossesĺ	We	refer	 to	 the	 four	crosses	within	each	pairŊ	
wise	comparison	as	the	crossŊ	typeĺ	FinaѴ	sampѴe	sizes	and	detaiѴs	of	
the	specific	strain	x	strain	crossŊ	types	performed	in	each	of	the	pairŊ	
wise	combinations	between	the	four	popuѴationsķ	and	a	summary	of	
PMPZ	outcomes	are	presented	in	Figures	SƐ	and	Sƒĺ

For	each	crossķ	we	assessed	PMPZ	 isoѴation	by	mating	 singѴe	
virgin	maѴes	 and	 femaѴes	 Őn	Ʒ	ƒƏ	per	 crossŊ	type	per	 bѴockőĺ	Note	
aѴѴ	crosses	were	observed	for	mating	over	a	ƓŊ	hr	period	to	excѴude	
confounding	 sources	 of	 reproductive	 isoѴationĺ	 If	mating	 did	 not	
occur	within	 this	 timeframeķ	 then	we	discarded	 that	pairĺ	 If	mat-
ing	 occurredķ	 then	 the	 pair	was	mouth	 aspirated	 into	 a	 chamber	
of	 an	 oviposition	 ľmanifoѴdĿ	 after	 mating	 ŐJennings	 et	aѴĺķ	 ƑƏƐƓőĺ	
ManifoѴds	 were	 connected	 to	 oviposition	 pѴates	 containing	 a	
moѴassesŊ	agar	egg	Ѵaying	medium	with	a	drop	of	dried	yeast	paste	
added	 and	 incubated	 at	 ƐƖŦCĺ	 FemaѴes	were	 Ѵeft	 to	 oviposit	 for	
Ƒ	daysķ	before	changing	the	oviposition	pѴateķ	and	aѴѴowing	a	fur-
ther	 Ƒ	days	 of	 ovipositionĺ	 FoѴѴowing	 the	 second	 ƑŊ	day	 oviposi-
tion	periodķ	 fѴies	were	discardedķ	 the	 numbers	 of	 eggs	 Ѵaid	were	
counted	Őfecundityőķ	and	the	oviposition	pѴate	returned	to	the	 in-

cubatorĺ	 Two	 days	 Ѵaterķ	 the	 numbers	 of	 unhatched	 eggs	 on	 the	
second	oviposition	pѴate	were	counted	againĺ	FemaѴes	that	did	not	
oviposit	were	excѴuded	from	anaѴysesĺ

To	 assess	 differences	 between	 crossŊ	types	 in	 fecundityķ	 we	
fitted	 GLMMs	 with	 Poisson	 errors	 and	 a	 Ѵog	 Ѵinkķ	 using	 the	 totaѴ	
number	of	eggs	Ѵaid	as	the	response	variabѴeĺ	To	assess	differences	
between	 crossŊ	types	 in	 hatching	 success	 ratesķ	we	 fitted	GLMMs	
with	binomiaѴ	errors	and	a	Ѵogit	Ѵinkķ	using	the	numbers	of	hatched	
eggs	 ŐľsuccessesĿő	 and	unhatched	eggs	 ŐľfaiѴuresĿő	 as	 the	 response	
variabѴeĺ	AѴѴ	modeѴs	incѴuded	crossŊ	type	as	the	onѴy	fixed	effectķ	and	
we	performed	anaѴyses	on	each	of	 the	 six	 crosses	 separateѴyĺ	We	
incѴuded	random	effects	for	the	specific	strains	tested	from	within	
each	popuѴationķ	and	for	experimentaѴ	bѴockķ	to	account	for	variation	
between	 strains	 tested	 in	 each	 crossŊ	typeķ	 and	 variation	 between	
bѴocks	 testing	 each	 cross	 between	 popuѴationsķ	 respectiveѴyĺ	 AѴѴ	
modeѴs	aѴso	incѴuded	an	observation	ѴeveѴ	random	effect	ŐOLREő	to	
account	for	overdispersion	ŐHarrisonķ	ƑƏƐƓķ	ƑƏƐƔőĺ	To	test	whether	
there	 was	 a	 significant	 effect	 of	 crossŊ	type	 on	 each	 measure	 of	
PMPZ	isoѴationķ	we	compared	each	modeѴ	to	a	nuѴѴ	modeѴ	incѴuding	
the	gѴobaѴ	intercept	ŐŜƐő	as	the	onѴy	fixed	effect	Őbut	with	the	same	
random	 effects	 structureőķ	 with	 ƐƏķƏƏƏ	 parametric	 bootstrapped	
simuѴationsĺ

ƑĺƒĺƐՊ|ՊPostmatingķ prezygotic isoѴation mechanism

Previous	work	showed	that	PMPZ	isoѴation	was	manifested	by	the	
Ѵack	of	fertiѴizationķ	despite	maѴes	transferring	and	femaѴes	storing	

motiѴe	 sperm	 ŐJennings	et	aѴĺķ	 ƑƏƐƓőĺ	To	confirm	 that	egg	hatch-

ing	 faiѴure	 was	 due	 to	 Ѵack	 of	 fertiѴization	 in	 additionaѴ	 crosses	
and	popuѴationsķ	eggs	 from	a	 subset	of	 crosses	were	 scored	 for	
deveѴopment	 foѴѴowing	 the	 same	 protocoѴ	 as	 previousѴy	 used	
ŐJennings	et	aѴĺķ	ƑƏƐƓőĺ	BriefѴyķ	for	each	of	the	four	crossŊ	types	in	
the	CoѴorado	ƑƏƐƒŋJackson	ƑƏƐƒ	and	CoѴorado	ƑƏƐƒŋVancouver	
ƑƏƏѶ	cross	 ŐTabѴe	SƐőķ	we	mouth	aspirated	 fѴies	 ŐƒƏŋƓƏ	of	each	
sexő	into	haѴfŊ	pint	bottѴes	covered	with	an	oviposition	pѴateķ	con-

taining	 moѴassesŊ	agar	 egg	 Ѵaying	 medium	 with	 a	 drop	 of	 dried	
yeast	paste	addedĺ	Oviposition	pѴates	were	repѴaced	every	ƑƓ	hrķ	
and	eggs	were	coѴѴected	en masseķ	fixedķ	and	stained	using	DAPIĺ	
Eggs	were	inspected	using	fѴuorescence	microscopy	to	score	for	
deveѴopmentĺ	NondeveѴoping	eggs	were	further	 inspected	using	
differentiaѴ	 interference	 contrast	 microscopy	 to	 score	 eggs	 for	
presence	or	absence	of	sperm	in	the	eggķ	indicating	whether	fer-
tiѴization	 had	 been	 successfuѴĺ	We	 tested	 for	 differences	 in	 the	
numbers	of	fertiѴized	eggs	in	each	crossŊ	type	using	PearsonĽs	chiŊ	
squared	testĺ	Note	that	fertiѴization	faiѴure	cannot	be	due	to	cyto-

pѴasmic	 incompatibiѴity	as	a	consequence	of	Wolbachia	 infection	
in	our	stocks	because	we	found	no	visuaѴ	evidence	of	Wolbachia 

ŐStouthamerķ	Breeuwerķ	ş	Hurstķ	ƐƖƖƖő	and	previous	anaѴyses	in-

vestigating	Wolbachia	 prevaѴence	 across	 the	Drosophila	 phyѴog-

eny	found	no	moѴecuѴar	evidence	of	Wolbachia	in	the	virilis	group	
ŐBourtzisķ	 Nirgianakiķ	 Markakisķ	 ş	 Savakisķ	 ƐƖƖѵĸ	 Mateos	 et	aѴĺķ	
ƑƏƏѵőĺ

ƑĺƓՊ|ՊTesting intrinsic maѴe infertiѴity

To	 assess	 whether	 Ѵow	 fertiѴization	 success	 in	 betweenŊ	
popuѴation	 crosses	 couѴd	 be	 confounded	 by	 poor	maѴe	 fertiѴity	
irrespective	of	the	identity	of	his	mateķ	we	mated	focaѴ	maѴes	to	
both	a	betweenŊ		and	withinŊ	popuѴation	 femaѴeĺ	For	 this	experi-
mentķ	we	used	fѴies	from	the	CoѴorado	ƑƏƐƒ	and	Vancouver	ƑƏƏѶ	
popuѴation	 cages	 ŐTabѴe	 SƐőĺ	 FocaѴ	 maѴes	 were	 paired	 individu-

aѴѴy	with	two	virgin	femaѴes	on	consecutive	daysķ	one	withinŊ		and	
one	betweenŊ	popuѴation	femaѴeĺ	To	account	for	any	mating	order	
effectsķ	 we	 randomѴy	 assigned	 haѴf	 of	 maѴes	 Őn	Ʒ	ƑƏ	 per	 crossŊ	
typeő	to	have	a	betweenŊ	popuѴation	femaѴe	as	the	first	mateķ	and	
the	 other	 haѴf	 of	maѴesķ	 a	withinŊ	popuѴation	 femaѴe	 as	 the	 first	
mateĺ	AѴѴ	matings	were	observedĸ	 if	mating	did	not	occurķ	 pairs	
were	discardedĺ	Mated	 femaѴes	were	mouth	 aspirated	 singѴy	 to	
a	manifoѴd	 chamber	 after	mating	 and	 data	 coѴѴected	 for	 hatch-

ing	successķ	as	described	aboveĺ	MaѴes	were	transferred	to	new	
viaѴs	 containing	maѴt	medium	 and	mated	 the	 next	 day	with	 the	
other	 femaѴeĺ	 Second	 femaѴes	 were	 mouth	 aspirated	 singѴy	 to	
a	manifoѴd	 chamber	 after	mating	 and	 data	 coѴѴected	 for	 hatch-

ing	successķ	as	described	aboveĺ	To	test	whether	maѴes	with	Ѵow	
fertiѴization	success	in	betweenŊ	popuѴation	crosses	aѴso	had	Ѵow	
withinŊ	popuѴation	fertiѴization	successķ	we	caѴcuѴated	SpearmanĽs	
rank	correѴation	coefficient	 for	 the	proportion	of	eggs	hatching	
between	maѴesĽ	 first	 and	 second	matingķ	 for	 each	 set	 of	maѴes	
separateѴy	 Őiĺeĺķ	 CoѴorado	 maѴes	 having	 a	 betweenŊ	popuѴation	
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partner	 first	 or	 secondķ	 Vancouver	 maѴes	 having	 a	 betweenŊ	
popuѴation	partner	first	or	secondőĺ

ƑĺƔՊ|ՊConsistency of postmatingķ prezygotic 
isolation across different genotypes

Reproductive	 incompatibiѴity	 couѴd	 be	 the	 resuѴt	 of	 idiosyn-

cratic	 genotype	Ƶ	genotype	 interactions	 between	 maѴes	 and	
femaѴes	 from	different	popuѴationsķ	 rather	 than	a	popuѴationŊ	
ѴeveѴ	effectĺ	To	assess	whether	specific	femaѴe	genotype	Ƶ	maѴe	
genotype	 interactions	yieѴded	variabѴe	fertiѴization	outcomesķ	
we	 used	 matings	 within	 and	 betweenŌindividuaѴs	 from	 the	
CoѴorado	 ƑƏƐƒ	 and	 Vancouver	 ƑƏƏѶ	 popuѴation	 cages	 ŐTabѴe	
SƐőĺ	 FocaѴ	maѴes	 Őn	Ʒ	ƐƏ	per	 crossŊ	typeő	were	paired	 individu-

aѴѴy	 with	 a	 virgin	 femaѴe	 and	 monitored	 for	 matingĺ	 Mated	
femaѴes	 were	 mouth	 aspirated	 singѴy	 to	 a	 manifoѴd	 chamber	
after	matingķ	whiѴe	maѴes	were	 transferred	 to	 new	 viaѴs	 con-

taining	maѴt	mediumĺ	The	next	dayķ	focaѴ	maѴes	were	presented	
with	 another	 virgin	 femaѴe	 from	 the	 same	 popuѴation	 as	 on	
the	 previous	 dayĺ	 Mated	 femaѴes	 were	 mouth	 aspirated	 sin-

gѴy	 to	a	manifoѴd	chamber	after	matingĺ	We	 repeated	 this	 for	
five	consecutive	daysĺ	Mated	femaѴes	were	processed	for	egg	
hatch	success	as	previousѴy	describedĺ	To	assess	the	between	
individuaѴ	 variance	 in	 hatching	 successķ	 for	 those	 maѴes	 that	
mated	 three	 or	more	 timesķ	we	 fitted	 a	GLMM	with	 binomiaѴ	
errors	 and	 a	 Ѵogit	 Ѵinkķ	 using	 egg	 hatch	 success	 Őiĺeĺķ	 counts	
of	hatched	and	unhatched	eggső	 as	 the	 response	variabѴe	and	
mating	day	as	the	onѴy	fixed	effectĺ	We	fitted	a	modeѴ	for	each	
crossŊ	type	 separateѴyķ	 as	 combining	 groups	 across	 the	 differ-
ent	 crossŊ	types	 wouѴd	 artificiaѴѴy	 infѴate	 the	 betweenŊ	group	
varianceĺ	 ModeѴs	 incѴuded	 a	 random	 effect	 for	 maѴe	 identify	
and	an	OLREĺ

ƑĺѵՊ|ՊEffects of maѴe muѴtipѴe mating on postmatingķ 
prezygotic isolation

To	 assess	 the	 effect	 of	 muѴtipѴe	 mating	 on	 maѴe	 fertiѴization	 suc-
cessķ	we	used	the	data	coѴѴected	from	ľConsistency	of	postmatingķ	
prezygotic	isoѴation	across	different	genotypesĿ	aboveķ	and	fitted	a	
GLMM	with	binomiaѴ	errors	and	a	Ѵogit	Ѵinkķ	using	egg	hatch	success	
Őiĺeĺķ	 counts	of	hatched	and	unhatched	eggső	 as	 the	 response	vari-
abѴeķ	with	crossŊ	typeķ	mating	numberķ	and	 the	crossŊ	type	Ƶ	mating	
number	 interaction	as	fixed	effects	and	maѴe	 identity	as	a	random	
effectķ	and	an	OLREĺ

ƑĺƕՊ|ՊEffects of femaѴe muѴtipѴe mating on 
postmating, prezygotic isolation

To	 test	 whether	 muѴtipѴe	 insemination	 affected	 the	 strength	 of	
PMPZ	isoѴationķ	we	mated	focaѴ	femaѴes	to	muѴtipѴe	maѴesĺ	For	each	
of	 the	 four	 crossŊ	type	 combinations	 between	 the	 CoѴorado	 ƑƏƐƒ	
and	 Vancouver	 ƑƏƏѶ	 popuѴation	 cages	 ŐTabѴe	 SƐőķ	 focaѴ	 femaѴes	
Őn	Ʒ	ƐƔ	per	crossŊ	typeő	were	paired	 individuaѴѴy	with	a	virgin	maѴeĺ	

MaѴes	were	discarded	immediateѴy	after	matingĺ	The	next	dayķ	focaѴ	
femaѴes	were	mouth	aspirated	into	a	new	viaѴ	housing	a	virgin	maѴe	
from	the	same	popuѴation	as	on	the	previous	dayĺ	We	repeated	this	
for	five	consecutive	daysĺ	OnѴy	femaѴes	who	mated	on	three	or	more	
consecutive	days	were	kept	for	anaѴysisĺ	AѴѴ	progeny	ecѴosing	from	
each	oviposition	viaѴ	were	subsequentѴy	counted	and	sexedĺ	To	test	
the	effect	of	muѴtipѴe	 insemination	on	 the	 totaѴ	 strength	of	PMPZ	
isoѴationķ	 we	 fitted	 a	 GLMM	 with	 Poisson	 errorsķ	 using	 the	 totaѴ	
number	of	progeny	encѴosed	as	 the	 response	variabѴeķ	with	crossŊ	
typeķ	mating	numberķ	and	the	crossŊ	type	Ƶ	mating	number	 interac-
tion	as	 fixed	effectsķ	and	a	 random	effect	 for	 femaѴe	 identityķ	and	
an	OLREĺ

ƒՊ |ՊRESULTS

ƒĺƐՊ|ՊPostmatingķ prezygotic isoѴation between 
North American popuѴations of D. montana

We	performed	a	series	of	pairŊ	wise	fuѴѴy	factoriaѴ	crosses	between	
four	D. montana	popuѴations	from	across	North	America	to	identify	
popuѴations	showing	evidence	of	PMPZ	 isoѴationĺ	Previous	studies	
have	 incѴuded	 reduced	 femaѴe	 fecundity	 foѴѴowing	 mating	 with	 a	
foreign	maѴe	as	a	PMPZ	reproductive	barrier	ŐMatuteķ	ƑƏƐƏĸ	Matute	
ş	Coyneķ	ƑƏƐƏĸ	Turissini	et	aѴĺķ	ƑƏƐѶőĺ	Hereķ	we	found	a	significant	
effect	of	crossŊ	type	on	femaѴe	fecundity	in	three	ŐAshfordŊ	Jacksonķ	
AshfordŊ	Vancouver	and	JacksonŊ	Vancouver	crosseső	of	the	six	pairŊ	
wise	popuѴation	crosses	 ŐTabѴe	Ɛőĺ	Howeverķ	 these	 responses	were	
asymmetric	and	not	in	the	predicted	direction	if	PMPZ	isoѴation	was	
acting	ŐFigures	SƐ	and	SƑőĺ	In	AshfordŊ	Jackson	crossesķ	one	betweenŊ	
popuѴation	cross	had	greater	fecundity	than	both	the	reciprocaѴ	cross	
and	one	of	the	parentaѴ	crossesĸ	Jackson	maѴes	eѴevated	Ashford	fe-

maѴe	fecundity	above	that	of	the	reciprocaѴ	cross	ŐAJ	vsĺ	JAĸ	TukeyĽs	
HSDĸ	p	Ʒ	ƏĺƏƐƒĸ	TabѴe	SƓő	and	the	withinŊ	popuѴation	Ashford	cross	
ŐAJ	 vsĺ	 AAĸ	 TukeyĽs	 HSDķ	 p	Ʒ	ƏĺƏƐƖĸ	 TabѴe	 SƓőĺ	 The	 same	 pattern	
was	 found	 for	 the	 AshfordŊ	Vancouver	 crossĸ	 Ashford	 maѴes	 eѴe-

vated	Vancouver	 femaѴe	 fecundity	 above	 the	 reciprocaѴ	 cross	 ŐVA	
vsĺ	AVĸ	TukeyĽs	HSDķ	p	Ʒ	ƏĺƏƑѵĸ	TabѴe	SƔő	and	the	withinŊ	popuѴation	
Vancouver	cross	 ŐVA	vsĺ	VVĸ	TukeyĽs	HSDķ	p	Ʒ	ƏĺƏƏƒĸ	TabѴe	SƔőĺ	 In	
the	JacksonŊ	Vancouver	crossķ	betweenŊ	popuѴation	crosses	differed	
from	each	otherķ	but	not	from	either	withinŊ	popuѴation	cross	ŐJV	had	
Ѵower	fecundity	than	VJ	ŐTukeyĽs	HSDĸ	p	Ʒ	ƏĺƏƏƕĸ	TabѴe	SѶő	but	these	
did	 not	 differ	 from	 parentaѴ	 crossesőĺ	 Moreoverķ	 these	 pairŊ	wise	
popuѴation	comparisons	showed	no	effect	of	crossŊ	type	on	hatching	
success	 ŐaѴѴ	p	ƻ	ƏĺƏѵķ	TabѴe	Ɛĸ	Figures	Sƒ	and	SƓőĺ	Thusķ	 there	 is	no	
evidence	of	PMPZ	isoѴation	between	these	three	popuѴationsĺ

The	 three	 pairŊ	wise	 popuѴation	 comparisons	 invoѴving	 the	
CoѴorado	 popuѴation	 showed	 no	 difference	 in	 fecundity	 between	
crossŊ	types	 ŐTabѴe	Ɛőĺ	 Howeverķ	 there	 was	 a	 significant	 effect	 of	
crossŊ	type	on	hatching	success	ŐFigure	Ƒĸ	TabѴe	Ɛőĺ	Hatching	success	
was	high	and	simiѴar	 ŐƾƕƔѷő	 for	withinŊ	popuѴation	crosses	 ŐTukeyĽs	
HSDĸ	 aѴѴ	 p	ƻ	ƏĺƔĸ	 TabѴes	 SƓķ	 Sѵķ	 and	 Sƕőķ	 whereas	 the	 reciprocaѴ	
betweenŊ	popuѴation	 crosses	 were	 aѴѴ	 significantѴy	 different	 from	
both	 withinŊ	popuѴation	 crossesķ	 and	 from	 each	 other	 ŐFigure	Ƒĸ	
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TukeyĽs	HSDĸ	aѴѴ	p	ƺ	ƏĺƏƏƒĸ	TabѴes	SƓķ	Sѵķ	and	Sƕőĺ	CoѴorado	femaѴes	
mated	to	a	foreign	maѴe	had	ƺƑƏѷ	hatching	success	andķ	in	the	re-

ciprocaѴ	crossesĸ	foreign	femaѴes	mated	to	CoѴorado	maѴes	had	ŜƔƏѷ	
hatching	success	ŐFigure	Ƒőĺ	 In	summaryķ	crosses	that	 invoѴved	fѴies	
from	CoѴorado	exhibited	asymmetricaѴ	PMPZ	isoѴation	with	aѴѴ	three	
other	 popuѴations	 testedĺ	 In	 contrastķ	 the	 crosses	 between	 pairs	
of	those	three	popuѴations	showed	no	evidence	of	PMPZ	isoѴation	
ŐFigures	Sƒ	and	SƓőĺ

To	 determine	 whether	 the	 strength	 of	 PMPZ	 isoѴation	 with	
the	 CoѴorado	 popuѴation	 depended	 on	 the	 nonŊ	CoѴorado	 pop-

uѴationķ	 we	 tested	 whether	 there	 was	 a	 significant	 difference	 in	
hatching	success	by	pooѴing	data	across	aѴѴ	experimentaѴ	bѴocks	for	
aѴѴ	 betweenŊ	popuѴation	 crosses	 invoѴving	 onѴy	 CoѴorado	 femaѴes	
or	 CoѴorado	 maѴes	 Őiĺeĺķ	 incompatibѴe	 crossesőĺ	 CoѴorado	 femaѴes	
showed	equaѴѴy	Ѵow	hatching	successķ	regardѴess	of	the	origin	of	the	
betweenŊ	popuѴation	 maѴe	 ŐLRT	Ʒ	ƏĺƖƖķ	 df	Ʒ	Ƒķ	 p	Ʒ	ƏĺѵƐƏőĺ	 Likewiseķ	
CoѴorado	maѴes	showed	equivaѴentѴy	Ѵow	hatching	successķ	regard-

Ѵess	 of	 the	 origin	 of	 the	 betweenŊ	popuѴation	 femaѴe	 ŐLRT	Ʒ	ƐĺƖƖķ	
df	Ʒ	Ƒķ	p	Ʒ	ƏĺƒƕƑőĺ	 To	determine	whether	 egg	hatch	 success	 varied	

between	compatibѴe	crossesķ	we	pooѴed	data	across	aѴѴ	experimentaѴ	
bѴocks	but	excѴuded	aѴѴ	betweenŊ	popuѴation	crosses	invoѴving	both	
CoѴorado	maѴes	and	CoѴorado	femaѴesĺ	CompatibѴe	crosses	showed	
high	hatching	success	that	did	not	differ	between	crosses	ŐLRT	Ʒ	ƕĺƖƔķ	
df	Ʒ	Ɩķ	p	Ʒ	ƏĺƔƒƖőĺ	In	summaryķ	the	strength	of	PMPZ	isoѴation	invoѴv-
ing	CoѴorado	was	equaѴ	across	aѴѴ	popuѴationsķ	regardѴess	of	the	pop-

uѴation	origin	of	the	foreign	mating	partner	Ősee	Ѵegend	in	Figure	Ƒő	
whereas	aѴѴ	other	betweenŊ	popuѴation	crosses	had	hatching	success	
equivaѴent	to	withinŊ	popuѴation	success	ŐFigure	SƓőĺ

ƒĺƐĺƐՊ|ՊPostmatingķ prezygotic isoѴation mechanism

After	surveying	aѴѴ	popuѴations	for	evidence	of	PMPZ	isoѴationķ	we	
scored	oviposited	eggs	 for	deveѴopment	 and	 fertiѴization	 status	 in	
the	 CoѴorado	 ƑƏƐƒŋVancouver	 ƑƏƏѶ	 cross	 to	 confirm	 Ѵow	 hatch-

ing	rates	were	due	to	the	same	pattern	of	fertiѴization	faiѴure	previ-
ousѴy	reported	ŐJennings	et	aѴĺķ	ƑƏƐƓőĺ	We	aѴso	scored	eggs	from	the	
CoѴorado	ƑƏƐƒŋJackson	ƑƏƐƒ	cross	to	confirm	whether	this	was	a	
consistent	PMPZ	isoѴating	mechanismĺ	We	found	a	significant	effect	

TABLE  ƐՊMeasures	of	postmatingķ	prezygotic	isoѴation	Őfecundity	and	hatching	successő	between	North	American	popuѴations	of	
Drosophila montana

Cross

A × C (3) A × J (1) A × V (3) C × J (1) C × V (7) J × V (1)

Measure of PMPZ χ
2

p χ
2

p χ
2

p χ
2

p χ
2

p χ
2

p

Fecundity ƑĺƖѵ ƏĺƔƖƏ 11.56 0.015 10.14 0.050 ƒĺƑѵ Əĺƒѵѵ ƕĺƒƐ 0.144 10.20 0.023

Hatch	success 21.74 0.005 ƐĺƏѵ 0.802 ƑĺƔƑ ƏĺѵƖƏ 107.08 <0.001 39.571 <0.001 ƕĺƕѵ ƏĺƏѵƑ

Note. pŊ	VaѴues	obtained	from	ƐƏķƏƏƏ	parametric	bootstrap	simuѴationsķ	comparing	the	modeѴ	incѴuding	crossŊ	type	as	the	onѴy	fixed	effect	against	the	
nuѴѴ	Őintercept	onѴyő	modeѴĺ	Cross	Ѵists	the	two	popuѴations	being	fuѴѴy	reciprocaѴѴy	crossed	Őeĺgĺķ	A	Ƶ	C	Ʒ	AAķ	ACķ	CAķ	CC	where	Aķ	Ashfordĸ	Cķ	CoѴoradoĸ	
Jķ	Jacksonĸ	Vķ	Vancouverĸ	the	popuѴation	of	the	femaѴe	is	Ѵisted	firstőĺ	Because	each	cross	contained	aѴѴ	four	crossŊ	types	for	each	measure	of	PMPZķ	
df	Ʒ	ƒ	for	aѴѴ	modeѴsĺ	Number	in	parentheses	after	the	cross	is	the	number	of	repѴicate	bѴocksĺ	TotaѴ	sampѴe	sizes	for	each	cross	provided	in	Figure	Ƒĺ
BoѴd	vaѴues	indicate	significance	of	ƺƏĺƏƔĺ

F IGURE  ƑՊProportion	of	eggs	hatching	Őmean	Ƽ	ƖƔѷ	confidence	intervaѴső	in	crosses	invoѴving	CoѴoradoĺ	Within	each	paneѴķ	different	
Ѵetters	indicate	significant	differences	from	post	hoc	TukeyĽs	HSDĺ	Letters	are	recycѴed	in	each	paneѴĸ	howeverķ	suppѴementary	anaѴyses	
showed	that	Ѵetters	shared	across	paneѴs	aѴso	represent	statisticaѴѴy	equivaѴent	groups	Ősee	Section	ƒőĺ	CrossŊ	types	are	abbreviated	with	the	
femaѴe	popuѴation	given	firstĺ	Aķ	Ashfordĸ	Cķ	CoѴoradoĸ	Jķ	Jacksonĸ	Vķ	Vancouverĺ	N	Ʒ	number	of	mating	pairs	over	aѴѴ	experimentaѴ	bѴocksĺ	
NĺBĺ	crosses	not	showing	PMPZ	isoѴation	are	shown	in	Figure	SƓ
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of	 crossŊ	type	 on	 the	 number	 of	 eggs	 fertiѴized	 in	 the	 CoѴoradoŊ	
Vancouver	 Őχ2	Ʒ	ƕѵѵĺƔƔķ	 df	Ʒ	ƒķ	 p	ƺ	ƏĺƏƏƐő	 and	 in	 the	 CoѴoradoŊ	
Jackson	 Őχ2	Ʒ	ƐѵƏĺƔѵķ	 df	Ʒ	ƒķ	 p	ƺ	ƏĺƏƏƐő	 crossesĺ	 WhiѴe	 most	 eggs	
were	 deveѴoping	 in	 aѴѴ	 withinŊ	popuѴation	 crossesķ	 eggs	 oviposited	
by	CoѴorado	femaѴes	mated	to	foreign	maѴes	had	ƺƑƔѷ	of	eggs	fer-
tiѴizedķ	and	foreign	femaѴes	mated	to	CoѴorado	maѴes	had	ƺƔƏѷ	of	
eggs	fertiѴized	ŐFigure	ƒőĺ

ƒĺƑՊ|ՊTesting intrinsic maѴe infertiѴity

To	test	whether	reduced	fertiѴization	success	couѴd	be	due	to	intrin-

sic	maѴe	infertiѴityķ	we	caѴcuѴated	SpearmanĽs	rank	correѴation	coef-
ficient	for	the	proportion	of	eggs	that	hatched	for	maѴes	mated	to	
both	a	withinŊ		and	betweenŊ	popuѴation	femaѴe	ŐTabѴe	Ƒķ	Figure	SƔőĺ	
There	was	no	correѴation	 in	 the	 ѴeveѴ	of	 fertiѴity	between	the	 first	
and	 second	 matingķ	 regardѴess	 of	 mating	 order	 ŐSpearmanĽs	 rank	
correѴationķ	aѴѴ	p	ƻ	ƏĺƓѶķ	TabѴe	Ƒőĺ	Thereforeķ	hatching	success	rates	
can	be	attributed	to	the	crossŊ	type	aѴone	and	are	not	confounded	
by	maѴe	infertiѴityĺ

ƒĺƒՊ|ՊConsistency of postmatingķ prezygotic 
isolation across different genotypes

To	 test	whether	PMPZ	 isoѴation	was	due	 to	either	 specific	 femaѴe	
genotype	Ƶ	maѴe	 genotype	 interactions	 or	 a	 popuѴationŊ	ѴeveѴ	 phe-

nomenonķ	 in	the	CoѴorado	ƑƏƐƒŋVancouver	ƑƏƏѶ	popuѴation	cage	
cross	 ŐTabѴe	 SƐőķ	 we	 assessed	 the	 between	 individuaѴ	 variance	 in	
hatching	success	for	maѴes	that	mated	at	Ѵeast	three	times	over	con-

secutive	days	Őmost	maѴes	mated	the	maximum	of	Ɣ	timesĸ	median	

number	of	mates	Ʒ	Ɣőĺ	HaѴf	of	maѴes	were	mated	 to	virgin	 femaѴes	
from	their	own	popuѴationķ	and	the	other	haѴf	of	maѴes	were	mated	
to	foreign	femaѴesķ	and	we	modeѴed	each	crossŊ	type	separateѴy	 to	
properѴy	partition	betweenŊ	group	varianceĺ	In	aѴѴ	casesķ	estimates	of	
between	individuaѴ	variance	ŐmaѴe	identity	random	effect	varianceő	
were	Ə	signifying	incѴusion	of	the	maѴe	identity	random	effect	was	
not	warranted	in	the	modeѴsķ	and	modeѴs	incѴuding	maѴe	identity	as	a	
random	effect	had	higher	AICc	scores	than	those	without	ŐTabѴe	SƖőĺ	
Thusķ	between	maѴe	variance	in	hatching	success	was	negѴigibѴeķ	in-

dicating	a	consistent	pattern	of	PMPZ	isoѴation	acting	across	a	range	
of	femaѴe	Ƶ	maѴe	genotype	interactions	between	popuѴationsĺ

ƒĺƓՊ|ՊEffects of maѴe and femaѴe muѴtipѴe mating on 
postmating, prezygotic isolation

To	test	whether	maѴe	muѴtipѴe	mating	affected	the	strength	of	PMPZ	
isoѴationķ	 in	 the	 CoѴorado	 ƑƏƐƒŋVancouver	 ƑƏƏѶ	 popuѴation	 cage	
cross	ŐTabѴe	SƐőķ	we	assessed	the	effect	of	muѴtipѴe	mating	of	maѴes	
on	fertiѴization	success	ŐFigure	Ɠőĺ	There	was	a	significant	effect	of	
crossŊ	type	 ŐLRT	Ʒ	ƐƏѵĺƏѶķ	 df	Ʒ	ƒķ	 p	ƺ	ƏĺƏƏƐĸ	 incompatibѴe	 crosses	
had	 Ѵow	 egg	 hatch	 successő	 and	 a	 marginaѴѴy	 significant	 effect	 of	
mating	number	on	egg	hatch	success	ŐLRT	Ʒ	ƖĺƒƑƒķ	df	Ʒ	Ɠķ	p	Ʒ	ƏĺƏƔƓő	
suggesting	 that	 maѴes	 improve	 fertiѴization	 success	 as	 they	 mate	
moreĺ	The	crossŊ	type	Ƶ	mating	number	 interaction	was	not	signifi-
cant	ŐLRT	Ʒ	ƑĺƑƖķ	df	Ʒ	ƒķ	p	Ʒ	ƏĺƔƐƓőĺ	Thusķ	there	was	no	effect	of	maѴe	
mating	history	on	the	strength	of	PMPZ	isoѴationĺ

We	 aѴso	 tested	 the	 effect	 of	 femaѴes	 receiving	muѴtipѴe	 ejacu-

Ѵates	on	the	strength	of	PMPZ	isoѴationķ	by	counting	the	totaѴ	num-

ber	of	aduѴt	progeny	produced	each	day	by	femaѴes	inseminated	by	

F IGURE  ƒՊProportion	of	deveѴoping	
ŐѴight	grayő	and	unfertiѴized	Ődark	grayő	
eggs	in	each	crossŊ	typeĺ	CrossŊ	types	are	
abbreviated	with	the	femaѴe	popuѴation	
given	firstĺ	Cķ	CoѴoradoĸ	Jķ	Jacksonĸ	Vķ	
Vancouverĺ	Numbers	in	bars	indicate	the	
totaѴ	number	of	eggs	counted
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TABLE  ƑՊSpearmanĽs	rank	correѴation	
coefficients	caѴcuѴated	for	the	proportion	
of	eggs	hatching	for	maѴes	mated	to	virgin	
withinŊ		and	betweenŊ	popuѴation	femaѴes
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up	to	five	maѴesĺ	As	with	maѴesķ	aѴmost	every	femaѴe	mated	every	
day	 Őmedian	number	of	mates	Ʒ	Ɣőĺ	 Like	maѴesķ	we	 found	a	 signifi-
cant	effect	of	crossŊ	type	ŐLRT	Ʒ	ƔѶĺƔƕķ	df	Ʒ	ѵķ	p	ƺ	ƏĺƏƏƐĸ	 incompat-
ibѴe	crosses	had	Ѵow	fertiѴityőĺ	UnѴike	maѴesķ	we	saw	a	strong	effect	
of	 mating	 number	 of	 progeny	 production	 per	 day	 ŐLRT	Ʒ	ƑƓĺƒѵķ	
df	Ʒ	Ɠķ	 p	ƺ	ƏĺƏƏƐőĸ	 the	 rate	 of	 progeny	 production	 increased	 with	
mating	number	simiѴarѴy	 in	aѴѴ	four	crosses	ŐFigure	Ɣőĺ	Howeverķ	we	
stiѴѴ	found	no	effect	of	the	crossŊ	type	Ƶ	mating	number	interaction	
ŐLRT	Ʒ	ƑĺƕƐķ	df	Ʒ	ƒķ	p	Ʒ	ƏĺƓƒѶőķ	 thusķ	 there	was	no	effect	of	 femaѴe	
mating	history	on	the	strength	of	PMPZ	isoѴationĺ

ƓՊ |ՊDISCUSSION

Identifying	earѴy	acting	reproductive	barriers	is	centraѴ	to	understand-

ing	the	factors	that	contribute	to	the	initiaѴ	stages	of	the	speciation	
processĺ	WhiѴe	recent	efforts	have	increasingѴy	identified	PMPZ	isoѴa-
tion	as	criticaѴ	in	these	earѴy	stages	ŐDevigiѴi	et	aѴĺķ	ƑƏƐѶĸ	Soudi	et	aѴĺķ	
ƑƏƐѵĸ	Turissini	et	aѴĺķ	ƑƏƐѶőķ	outstanding	questions	remain	about	fac-
tors	 that	 couѴd	 infѴuence	 the	extent	of	 gene	 fѴow	between	popuѴa-
tions	exhibiting	PMPZ	isoѴationĺ	We	addressed	the	repeatabiѴity	and	
consistency	of	PMPZ	isoѴation	acting	between	different	popuѴationsķ	

the	mechanism	of	PMPZ	isoѴationķ	and	how	maѴe	and	femaѴe	mating	
history	infѴuences	the	strength	of	PMPZ	incompatibiѴityĺ	We	found	a	
recurrent	and	robust	pattern	of	PMPZ	isoѴation	between	D. montana 

popuѴationsĺ	Crosses	 invoѴving	either	maѴes	or	 ŐparticuѴarѴyő	 femaѴes	
from	CoѴorado	exhibited	PMPZ	isoѴation	with	three	other	popuѴationsķ	
whiѴe	crosses	between	those	three	popuѴations	remained	fertiѴe	with	
each	otherĺ	IncompatibiѴity	was	due	to	fertiѴization	faiѴure	but	was	not	
a	consequence	of	intrinsic	maѴe	infertiѴityĺ	As	reproductive	isoѴation	is	
not	compѴete	between	these	popuѴationsķ	incompatibiѴities	may	onѴy	
be	present	between	specific	femaѴe	Ƶ	maѴe	genotype	interactionsķ	but	
we	found	no	variation	in	hatching	success	attributabѴe	to	maѴe	iden-

tityĺ	Thusķ	we	show	that	PMPZ	isoѴationķ	at	Ѵeast	between	CoѴorado	
and	Vancouverķ	 is	acting	at	the	popuѴation	ѴeveѴĺ	MuѴtipѴe	mating	by	
maѴes	did	not	infѴuence	fertiѴization	competencyĸ	compatibѴe	crosses	
remained	 compatibѴe	 and	 incompatibѴe	 crosses	 remained	 incom-

patibѴeĺ	 Likewiseķ	 whiѴe	 muѴtipѴe	 insemination	 of	 femaѴes	 increased	
the	 number	 of	 progeny	 produced	 per	 day	 in	 aѴѴ	 crossesķ	 incompat-
ibѴe	 crosses	 stiѴѴ	 produced	 significantѴy	 fewer	progeny	compared	 to	
withinŊ	popuѴation	crossesĺ	Thusķ	maѴe	or	femaѴe	muѴtipѴe	mating	nei-
ther	exacerbated	nor	ameѴiorated	incompatibiѴityĺ	These	patterns	sug-
gest	that	gene	fѴow	wiѴѴ	be	Ѵimited	between	CoѴorado	individuaѴs	and	
the	other	popuѴationsķ	at	Ѵeast	under	these	conditionsĺ

F IGURE  ƓՊProportion	of	eggs	hatching	Őmean	and	modeѴ	predicted	vaѴues	Ƽ	ƖƔѷ	CIő	per	day	for	maѴes	mated	to	between	three	and	five	
withinŊ		or	betweenŊ	popuѴation	femaѴes	over	consecutive	daysĺ	CrossŊ	types	are	abbreviated	with	the	femaѴe	popuѴation	given	firstĺ	 
Cķ	CoѴoradoĸ	Vķ	Vancouverĺ	Numbers	beѴow	points	indicate	sampѴe	sizes	Őnumber	of	mating	pairs	each	dayő
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F IGURE  ƔՊPerŊ	day	progeny	production	Őmean	and	modeѴ	predicted	vaѴues	Ƽ	ƖƔѷ	CIő	for	femaѴes	mated	to	muѴtipѴe	withinŊ		or	betweenŊ	
popuѴation	maѴes	over	consecutive	daysĺ	CrossŊ	types	are	abbreviated	with	the	femaѴe	popuѴation	given	firstĺ	Cķ	CoѴoradoĸ	Vķ	Vancouverĺ	
Numbers	beѴow	points	indicate	sampѴe	sizes	Őnumber	of	mating	pairs	each	dayő
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Other	 studies	 of	 PMPZ	 isoѴation	 between	 species	 have	 sug-
gested	that	reduced	fecundity	is	a	PMPZ	reproductive	barrierķ	even	
if	fertiѴization	occurs	normaѴѴy	ŐMatuteķ	ƑƏƐƏĸ	Turissini	et	aѴĺķ	ƑƏƐѶőĺ	
Hereķ	we	show	that	in	some	betweenŊ	popuѴation	crossesķ	fecundity	
is	 the	same	as	at	 Ѵeast	one	of	the	parentaѴ	crosses	so	PMPZ	 isoѴa-
tion	is	not	due	to	a	reduction	in	fecundityĺ	Insteadķ	PMPZ	isoѴation	
is	manifested	 as	 a	 consequence	 of	 reduced	 fertiѴization	 ratesĺ	 For	
normaѴ	and	efficient	fertiѴizationķ	a	coordinated	series	of	ejacuѴateŊ	
femaѴe	 reproductive	 tract	 interactions	 are	 required	 ŐAviѴaķ	 Sirotķ	
LaFѴammeķ	 Rubinsteinķ	 ş	WoѴfnerķ	 ƑƏƐƏĸ	 BѴoch	 Qazi	 et	aѴĺķ	 ƑƏƏƒĸ	
Matteiķ	Riccioķ	AviѴaķ	ş	WoѴfnerķ	ƑƏƐƔĸ	Pitnickķ	WoѴfnerķ	ş	Suarezķ	
ƑƏƏƖĸ	WoѴfnerķ	ƑƏƏƖőĺ	The	emergence	of	PMPZ	reproductive	barri-
ers	may	be	due	to	mismatched	ejacuѴateŊ	femaѴe	reproductive	tract	
interactionsķ	 deriving	 from	 popuѴation	 differentiation	 arising	 from	
seѴection	andņor	genetic	driftĺ	Howeverķ	Jennings	et	aѴĺ	ŐƑƏƐƓő	found	
no	reѴationship	between	genetic	distance	and	the	strength	of	PMPZ	
isoѴationķ	 suggesting	 divergence	 is	 not	 simpѴy	 a	 resuѴt	 of	 isoѴation	
by	distanceĺ	Insteadķ	PMPZ	isoѴation	ѴikeѴy	emerges	as	a	byŊ	product	
of	 both	 sexuaѴ	 seѴection	 and	 sexuaѴ	 confѴict	 which	 are	 important	
in	shaping	 the	 rapid	coŊ	evoѴution	of	ejacuѴateŊ	femaѴe	 reproductive	
tract	 interactions	 ŐAhmedŊ	Braimah	 et	aѴĺķ	 ƑƏƐƕĸ	 Bono	 et	aѴĺķ	 ƑƏƐƔĸ	
MendeѴsonķ	 Martinķ	 ş	 FѴaxmanķ	 ƑƏƐƓĸ	 Pitnick	 et	aѴĺķ	 ƑƏƏƖőĺ	 Given	
that	D. montana	maѴes	transfer	and	femaѴes	store	motiѴe	sperm	for	
fertiѴization	but	Őmost	ofő	these	sperm	do	not	penetrate	eggsķ	incom-

patibiѴity	 is	 ѴikeѴy	 because	of	mismatches	 between	 sperm	 and	 egg	
reѴeaseĺ	These	incompatibiѴities	may	arise	due	to	variation	between	
popuѴations	 in	 seminaѴ	 fѴuid	 proteins	 ŐSfpső	 in	 the	 maѴe	 ejacuѴate	
that	 cause	 profound	 behavioraѴķ	 morphoѴogicaѴķ	 and	 physioѴogicaѴ	
changes	 in	 the	mated	 femaѴe	 ŐAviѴaķ	 Ravi	 Ramķ	 et	aѴĺķ	 ƑƏƐƏĸ	 Perryķ	
Sirotķ	ş	Wigbyķ	ƑƏƐƒĸ	Pitnick	et	aѴĺķ	ƑƏƏƖĸ	Ravi	Ram	ş	WoѴfnerķ	ƑƏƏƕĸ	
WoѴfnerķ	ƑƏƏƖőĺ	Candidate	Sfps	incѴude	sex	peptide	ŐSPő	which	binds	
to	the	femaѴe	sex	peptide	receptor	ŐSPRő	in	the	mated	femaѴe	and	is	
essentiaѴ	 for	proper	 reѴease	of	 sperm	 from	storage	 to	ensure	effi-
cient	fertiѴization	in	D. melanogaster	ŐAviѴaķ	Matteiķ	ş	WoѴfnerķ	ƑƏƐƔĸ	
AviѴaķ	Ravi	Ramķ	Qaziķ	ş	WoѴfnerķ	ƑƏƐƏő	andņor	AcpƒѵDE	and	ovuѴin	
which	are	required	for	efficient	sperm	storage	and	oocyte	reѴease	in	
D. melanogaster	ŐAviѴa	ş	WoѴfnerķ	ƑƏƏƖĸ	Mattei	et	aѴĺķ	ƑƏƐƔőĺ	Future	
work	 shouѴd	examine	popuѴation	variation	 in	D. montana	 Sfp	 com-

position	to	test	their	potentiaѴ	roѴe	in	mediating	PMPZ	isoѴation	and	
to	identify	underѴying	ľspeciation	genesĿ	ŐButѴin	et	aѴĺķ	ƑƏƐƑĸ	NosiѴ	ş	
SchѴuterķ	ƑƏƐƐĸ	Presgravesķ	ƑƏƐƏőĺ

Reproductive	 incompatibiѴity	 in	 this	 system	 is	 asymmetricaѴķ	
which	 may	 aѴso	 heѴp	 to	 understand	 the	 evoѴution	 of	 ejacuѴateŊ	
femaѴe	reproductive	tract	interactions	and	the	emergence	of	PMPZ	
reproductive	barriersĺ	FertiѴization	was	reduced	more	in	crosses	in-

voѴving	CoѴorado	 femaѴes	 ŐƺƑƏѷ	of	eggs	hatchedő	 than	 in	crosses	
invoѴving	CoѴorado	maѴes	Őcaĺ	ƔƏѷ	of	eggs	hatchedőĺ	Asymmetries	
in	 reproductive	 barriers	 couѴd	 resuѴt	 from	 differences	 between	
popuѴations	in	the	strength	of	sexuaѴ	seѴection	ŐBoughmanķ	RundѴeķ	
ş	 SchѴuterķ	 ƑƏƏƔő	 and	 the	 action	 of	 sexuaѴ	 confѴict	 ŐArnqvistķ	
Edvardssonķ	Fribergķ	ş	NiѴssonķ	ƑƏƏƏőĺ	For	exampѴeķ	considering	the	
maѴe	 ejacuѴate	 as	 a	 poѴygenic	 traitķ	 in	 popuѴations	where	 femaѴes	
have	evoѴved	preferences	for	high	trait	vaѴues	of	maѴesķ	femaѴes	wiѴѴ	

impose	stronger	seѴection	on	maѴesķ	thusķ	reproductive	isoѴation	wiѴѴ	
be	stronger	 in	crosses	 invoѴving	 those	 femaѴesĺ	Howeverķ	 femaѴes	
from	a	popuѴation	where	trait	vaѴues	are	Ѵower	on	averageķ	may	stiѴѴ	
accept	maѴes	 Őfrom	another	popuѴationő	having	higher	 trait	vaѴues	
ŐBoughman	 et	aѴĺķ	 ƑƏƏƔőķ	 generating	 asymmetries	 in	 reproductive	
isoѴationĺ	Such	asymmetries	generate	predictions	to	test	 in	future	
researchĸ	if	postmating	sexuaѴ	seѴection	is	stronger	in	the	CoѴorado	
popuѴationķ	 then	 CoѴorado	 maѴes	 shouѴd	 have	 more	 competitive	
andņor	otherwise	preferred	ejacuѴates	than	Vancouver	maѴesĺ	WhiѴe	
a	previous	 study	did	not	 find	PMPZ	 isoѴation	between	 these	 two	
popuѴations	 under	 a	 sperm	 competitive	 scenario	 ŐAѴaŊ	HonkoѴaķ	
Ritchieķ	ş	VeѴtsosķ	ƑƏƐѵőķ	 the	CoѴorado	popuѴation	 they	used	had	
very	 Ѵow	withinŊ	popuѴation	 fertiѴization	success	and	subsequentѴy	
went	extinct	in	the	Ѵaboratoryķ	suggesting	some	kind	of	inbreeding	
depressionĺ	 Our	 current	 research	 shows	 recurrentķ	 strong	 PMPZ	
isoѴation	 between	 these	 popuѴations	 that	 is	 not	 dependent	 on	 a	
particuѴar	 coѴѴection	 from	a	 particuѴar	 time	 and	we	 concѴude	 that	
PMPZ	isoѴation	occurs	consistentѴy	between	these	popuѴations	Ősee	
aѴso	Moorheadķ	ƐƖƔƓőĺ

Reproductive	 isoѴation	 is	 not	 compѴete	 between	 the	 CoѴorado	
popuѴation	 and	 any	 of	 the	 others	 we	 tested	 it	 againstķ	 so	 it	 was	
important	 to	estabѴish	whether	PMPZ	 isoѴation	was	an	 interaction	
between	 specific	 femaѴe	Ƶ	maѴe	 genotypes	 or	 a	 more	 widespread	
pattern	acting	across	a	range	of	genotypesĺ	We	tested	focaѴ	maѴes	
against	muѴtipѴe	incompatibѴe	femaѴes	and	found	ѴittѴe	betweenŊ	maѴe	
variance	 in	 fertiѴization	 successķ	 which	 did	 not	 warrant	 incѴuding	
maѴe	identity	in	the	modeѴĺ	Low	betweenŊ	maѴe	variance	in	fertiѴiza-
tion	success	indicates	PMPZ	isoѴation	was	acting	consistentѴy	across	
the	range	of	genotype	Ƶ	genotype	interactions	tested	and	was	pres-
ent	at	 the	popuѴation	 ѴeveѴĺ	 It	may	be	that	genotypes	were	 Ѵimited	
after	being	in	cuѴture	for	a	period	of	timeĸ	howeverķ	we	observe	high	
fertiѴization	success	 in	withinŊ	popuѴation	crosses	suggesting	no	 in-

breeding	depressionĺ	Moreoverķ	our	resuѴts	between	CoѴorado	and	
Vancouver	 popuѴations	were	 simiѴar	 regardѴess	 of	which	CoѴorado	
and	Vancouver	popuѴationsņisoŊ	femaѴe	Ѵines	were	being	tested	Őthis	
study	and	Jennings	et	aѴĺķ	ƑƏƐƓőĺ	Even	if	genetic	variabiѴity	has	been	
eroded	during	the	course	of	Ѵaboratory	cuѴtureķ	then	this	means	that	
aѴѴeѴes	of	Ѵarge	effect	are	ѴikeѴy	fixed	within	popuѴationsķ	making	fu-

ture	 studies	 identifying	 speciation	genesņѴoci	 causing	PMPZ	 isoѴa-
tion	easier	to	detectĺ

MaѴe	and	femaѴe	mating	history	is	known	to	infѴuence	the	ex-
tent	 of	 reproductive	 incompatibiѴityķ	which	 couѴd	 then	 infѴuence	
the	strength	of	PMPZ	isoѴationĺ	For	exampѴeķ	Sfps	are	harmfuѴ	to	
femaѴes	ŐChapmanķ	LiddѴeķ	KaѴbķ	WoѴfnerķ	ş	Partridgeķ	ƐƖƖƔĸ	Sirotķ	
Wongķ	 Chapmanķ	 ş	WoѴfnerķ	 ƑƏƐƔĸ	WoѴfnerķ	 ƑƏƏƖő	 and	 foreign	
seminaѴ	 fѴuids	may	 be	 even	more	 so	 ŐKeѴѴeher	ş	Markowķ	 ƑƏƏƕĸ	
KnowѴes	ş	Markowķ	ƑƏƏƐőķ	thusķ	muѴtipѴe	mating	by	femaѴes	may	
increase	 reproductive	 incompatibiѴityĺ	 MaѴes	 can	 aѴso	 modify	
ejacuѴate	composition	depending	on	whether	a	femaѴe	is	virgin	or	
mated	ŐSirotķ	WoѴfnerķ	ş	Wigbyķ	ƑƏƐƐőķ	which	may	eѴicit	different	
effects	on	femaѴe	postmating	physioѴogy	incѴuding	fertiѴization	ef-
ficiencyĺ	 Howeverķ	we	 found	 no	 interaction	 between	 crossŊ	type	
and	mating	number	 for	 either	 sexķ	 indicating	 consistent	 intrinsic	
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incompatibiѴities	between	popuѴationsĺ	Both	maѴe	andķ	to	a	greater	
extentķ	 femaѴe	 reproductive	 success	 was	 increased	 by	 muѴtipѴe	
matingķ	 but	 this	 increase	 was	 the	 same	 reѴative	 amount	 for	 aѴѴ	
crossesĺ	This	couѴd	be	due	to	severaѴ	different	mechanisms	such	as	
femaѴes	becoming	more	efficient	fertiѴizers	as	they	ageķ	increased	
sperm	viabiѴity	andņor	 sperm	numberķ	 and	ejacuѴate	composition	
modificationĺ

In	summaryķ	we	focussed	on	recentѴy	diverged	popuѴations	of	
the	 same	 species	 to	 better	 understand	 PMPZ	 reproductive	 bar-
riers	 that	 couѴd	 act	 at	 the	 very	 earѴiest	 stages	 of	 the	 speciation	
process	ŐButѴin	et	aѴĺķ	ƑƏƐƑĸ	Servedio	ş	Boughmanķ	ƑƏƐƕĸ	Shaw	ş	
MuѴѴenķ	ƑƏƐƐĸ	TinghiteѴѴa	et	aѴĺķ	ƑƏƐƕőķ	 the	extent	to	which	these	
barriers	 are	 consistent	 between	 popuѴations	 coѴѴected	 at	 differ-
ent	 times	 and	 between	 different	 genotypesķ	 and	 how	 mating	
histories	of	the	sexes	infѴuenced	the	strength	of	PMPZ	isoѴationĺ	
WhiѴe	there	 is	no	guarantee	that	these	popuѴations	wiѴѴ	continue	
aѴong	 the	 speciation	 processķ	 we	 showed	 consistentķ	 persistentķ	
and	 reproducibѴe	 isoѴation	 between	D. montana	 popuѴations	 that	
is	manifested	at	the	popuѴation	ѴeveѴ	and	not	infѴuenced	by	either	
maѴe	or	femaѴe	mating	historyĺ	PMPZ	isoѴation	was	asymmetricaѴ	
and	occurred	between	CoѴorado	individuaѴs	crossed	with	aѴѴ	other	
tested	popuѴations	and	was	a	consequence	of	fertiѴization	faiѴureķ	
ѴikeѴy	due	to	mismatches	between	ejacuѴateŊ	femaѴe	 reproductive	
tract	interactionsĺ	Future	work	wiѴѴ	determine	the	nature	of	these	
mismatches	 and	 aim	 to	 identify	 the	 Ѵoci	 contributing	 to	 PMPZ	
isoѴationĺ
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