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ABSTRACT	17	

	18	

Inversions	often	underlie	complex	adaptive	traits,	but	the	genic	targets	inside	them	19	

are	largely	unknown.	Gene	expression	profiling	provides	a	powerful	way	to	link	20	

inversions	with	their	phenotypic	consequences.	We	examined	the	effects	of	the	Cf-21	

Inv(1)	inversion	in	the	seaweed	fly	Coelopa	frigida	on	gene	expression	variation	22	

across	sexes	and	life	stages.	Our	analyses	revealed	that	Cf-Inv(1)	shapes	global	23	

expression	patterns	but	the	extent	of	this	effect	is	variable	with	much	stronger	24	

effects	in	adults	than	larvae.	Furthermore,	within	adults,	both	common	as	well	as	25	

sex	specific	patterns	were	found.	The	vast	majority	of	these	differentially	expressed	26	

genes	mapped	to	Cf-Inv(1).	However,	genes	that	were	differentially	expressed	in	a	27	

single	context	(i.e.	in	males,	females	or	larvae)	were	more	likely	to	be	located	28	

outside	of	Cf-Inv(1).	By	combining	our	findings	with	genomic	scans	for	29	

environmentally	associated	SNPs,	we	were	able	to	pinpoint	candidate	variants	in	the	30	

inversion	that	may	underlie	mechanistic	pathways	that	determine	phenotypes.	31	

Together	the	results	in	this	study,	combined	with	previous	findings,	support	the	32	

notion	that	the	polymorphic	Cf-Inv(1)	inversion	in	this	species	is	a	major	factor	33	

shaping	both	coding	and	regulatory	variation	resulting	in	highly	complex	adaptive	34	

effects.	35	

	 	36	
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INTRODUCTION	37	

Chromosomal	inversions,	pieces	of	the	chromosome	that	have	been	flipped	180°,	38	

are	structural	variants	that	may	encompass	hundreds	of	genes	but	segregate	39	

together	as	a	single	unit	due	to	suppressed	recombination.	Recombination	between	40	

arrangements	(i.e.,	orientations)	is	reduced	in	heterokaryotypes	but	proceeds	freely	41	

in	both	homokaryotypes.	This	reduced	recombination	can	shield	adaptive	allelic	42	

combinations	from	gene	flow,	facilitating	evolutionary	processes	such	as	local	43	

adaptation	[1-3],	sex	chromosome	evolution	[4-6]	and	speciation	[1,	3,	7-10].	44	

Inversions	underlie	major	phenotypic	polymorphisms	in	a	wide	variety	of	taxa,	such	45	

as	male	reproductive	morphs	in	the	ruff,	Philomachus	pugnax	[11,	12]	and	Müllerian	46	

mimicry	wing	patterns	in	the	butterfly	Heliconius	numata	[13].	However,	the	47	

reduced	recombination	that	allows	inversions	to	have	these	profound	effects	also	48	

clouds	signatures	of	selection	on	individual	loci	due	to	extreme	linkage	49	

disequilibrium.	This	encumbers	detection	of	the	mechanistic	pathways	that	50	

generate	phenotypic	effects	as	well	as	identification	of	the	underlying	adaptive	51	

variants.			52	

	53	

The	linkage	disequilibrium	in	inversions	presents	many	challenges	to	identify	54	

adaptive	variation.	Since	recombination	between	arrangements	is	rare,	forward	55	

genetic	approaches	like	QTL	mapping	or	genome	wide	association	studies	are	not	56	

feasible	for	variation	that	is	fixed	between	arrangements	[14].	Additionally,	the	57	

reduced	recombination	and	effective	population	size	within	the	inverted	region	58	

facilitates	the	accumulation	of	neutral	and	deleterious	variation	[15],	increasing	59	

divergence	between	the	arrangements	and	increasing	the	likelihood	of	detecting	60	

phenotype	or	environment	associations	with	non-causative	loci.	Finally,	larger	61	

inversions,	such	as	the	lnv4m	inversion	in	Zea	mays,	may	contain	hundreds	of	genes	62	

that	affect	a	wide	variety	of	phenotypes	that	vary	in	their	selective	pressures	[16].		63	

	64	
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Transcriptomic	analysis	offers	a	way	to	address	the	links	between	individual	loci	65	

and	the	phenotypic	effects	of	an	inversion	by	uncovering	functionally	important	66	

variation	in	a	way	that	is	not	hindered	by	linkage	disequilibrium	in	natural	67	

populations	or	recombination	suppression	in	controlled	crosses.	This	is	because	(1)	68	

the	phenotypic	effects	of	inversions	might	be	underlain	in	part	by	changes	in	gene	69	

expression,	and	(2)	overlap	between	differentially	expressed	genes	(from	70	

transcriptomic	studies)	and	outlier	SNPs	(from	genomic	studies,	i.e.	loci	associated	71	

with	adaptive	traits	or	ecological	factors)	facilitates	the	identification	of	candidate	72	

genes	[17-19].		73	

	74	

There	are	three	major	(non-exclusive)	ways	that	inversions	may	affect	gene	75	

expression.	First,	inversions	may	modify	the	epigenetic	environment	near	their	76	

breakpoints	[20,	21].	Second,	breakpoints	may	change	the	relative	positions	of	77	

genes	and	their	transcription	regulators,	changing	expression	patterns	[22,	23].	78	

Third,	the	linked	variation	within	an	inversion	can	contain	cis	or	trans	acting	79	

regulatory	elements	that	can	evolve	independently	in	the	two	arrangements	due	to	80	

suppressed	recombination	between	them	[16,	24-26].	As	variants	within	inversions	81	

are	highly	linked,	it	is	difficult	to	distinguish	between	cis	regulation	and	trans-acting	82	

loci	in	linkage	disequilibrium	with	their	targets.	Here	we	focus	on	whether	the	83	

differentially-expressed	loci	are	contained	within	the	inverted	region	(hereafter	84	

referred	to	as	cis	regulated	for	karyotype)	or	if	the	differentially	expressed	loci	are	85	

located	in	other	areas	of	the	genome	(hereafter	referred	to	as	trans	regulated	for	86	

karyotype).	Overall,	these	effects	on	gene	expression	can	be	fixed,	vary	across	life	87	

stages	or	sexes,	or	show	plastic	responses	to	the	environment.	88	

	89	

In	this	study,	we	investigated	the	effect	of	a	large	inversion	on	expression	variation	90	

and	combined	this	analysis	with	previously	published	population	genomic	data	to	91	

identify	putatively	adaptive	loci.	We	use	the	seaweed	fly,	Coelopa	frigida,	which	92	

inhabits	“wrackbeds”	(accumulations	of	decomposing	seaweed)	on	North	Atlantic	93	
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shorelines.	This	fly	has	an	inversion	polymorphism	on	chromosome	I	(Cf-Inv(1)	94	

spanning	60%	of	chromosome	1	and	10%	of	the	genome,	corresponding	to	about	95	

25MB)	[27].	Cf-Inv(1)	has	two	highly	diverged	arrangements,	termed	α	and	β,	96	

resulting	from	3	overlapping	inversions[28].	The	inversion	influences	multiple	97	

measurable	traits	in	males	such	as	mating	success	[28-30],	development	time	[31-98	

33],	longevity	[34]	and	adult	size	[31,	35].	Of	these,	size	is	the	trait	where	the	99	

inversion	has	the	strongest	effect;	αα	males	are	approximately	three-fold	heavier	100	

than	ββ	males	[36].	This	is	mirrored	in	development	time	with	αα	males	taking	101	

significantly	longer	to	reach	adult	eclosion	than	ββ	males	[31].	Conversely,	female	102	

phenotype	is	mostly	unaffected	by	karyotype	although	there	are	small	effects	on	103	

size	[33,	34].	The	sex	difference	in	the	effect	of	the	inversion	indicates	a	particular	104	

role	for	gene	expression	as	males	and	females	largely	share	the	same	genome.	The	105	

inversion	is	polymorphic	in	all	investigated	natural	populations	to	date	and	106	

maintenance	of	the	polymorphism	is	mostly	through	balancing	selection	caused	by	107	

strong	overdominance	of	the	heterokaryotype	[29,	35,	37-39].	The	spatial	108	

distribution	of	the	inversion	frequencies	is	then	modulated	by	the	seaweed	109	

composition	and	abiotic	conditions	of	the	wrackbed,	which	influence	the	relative	110	

fitnesses	of	the	homokaryotypes	[29,	35,	36,	40].		111	

	112	

We	collected	C.	frigida	from	natural	populations	(Figure	1A)	and	examined	how	Cf-113	

Inv(1)	shaped	gene	expression	across	sexes	and	life	stages.	Specifically,	our	study	114	

had	three	major	goals:	1.	To	examine	the	role	of	the	inversion	in	shaping	global	115	

expression	patterns	in	adults	and	larvae	and	to	determine	if	these	effects	are	116	

common	or	context	specific,	2.	To	ascertain	if	these	genes	are	cis	or	trans	regulated	117	

with	respect	to	Cf-Inv(1),	and	3.	To	identify	putative	adaptive	variation	within	the	118	

inversion	and	connect	this	with	ecological	niche	differences	between	karyotypes.		119	

RESULTS	AND	DISCUSSION	120	

Sequencing	and	transcriptome	assembly	121	
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To	study	gene	expression	variation	associated	with	sex,	life	stage	and	karyotypes	of	122	

the	inversion,	we	sequenced	RNA	from	17	adult	individuals	and	28	larval	pools.	We	123	

used	part	of	this	data	set	to	create	the	first	reference	transcriptome	for	C.	frigida.	124	

Our	final	transcriptome	assembly	contained	35,999	transcripts	with	an	N50	of	125	

2,155bp,	a	mean	length	of	1,092bp,	and	a	transrate	score	[41]	of	0.4097.	The	126	

transcriptome	has	good	coverage,	it	has	a	BUSCO	score	of	86.6%	(2,393	complete	127	

and	single	copy	(85.5%),	31	complete	and	duplicated	(1.1%),	190	fragmented	128	

(6.8%),	and	185	missing	(6.6%)),	and	95%	of	the	reads	mapped	back	to	the	129	

transcriptome	[42].	Using	the	trinotate	pipeline,	we	were	able	to	partially	annotate	130	

14,579	transcripts	(40%)	from	the	transcriptome.	This	high-quality	transcriptome	131	

will	provide	a	useful	resource	for	any	future	work	on	this	and	related	species,	132	

provide	a	much	needed	functional	map	for	better	understanding	the	regulation	of	133	

genes	across	life	stages	and	sexes,	and	facilitate	the	identification	of	functional	134	

phenotypes	that	correspond	to	inversions.		135	

	136	

The	effect	of	Cf-Inv(1)	on	gene	expression	is	strong	but	variable		137	

In	adults,	karyotype	was	the	second	strongest	factor	explaining	expression	138	

variation.	Decomposing	adult	expression	variation	into	a	PCA	we	found	that	the	PC1,	139	

explaining	86%	of	the	variance,	separated	males	and	females	while	PC2,	explaining	140	

3%	of	the	variance,	separated	αα	and	ββ	in	both	males	and	females	(Figure	1B).	This	141	

strong	sex	difference	was	mirrored	in	our	differential	expression	analysis;	a	total	of	142	

3,526/26,239	transcripts	were	differentially	expressed	between	the	sexes	with	a	143	

strong	bias	towards	increased	expression	in	males	(68%	of	differentially	expressed	144	

genes	upregulated	in	males,	Supplemental	Figure	1).		145	

	146	

Sex	modulated	the	effects	of	Cf-Inv(1)	on	global	expression	patterns.	When	147	

combining	the	sexes,	304/26,239	transcripts	were	differentially	expressed	between	148	

αα	and	ββ	(Supplemental	Figure	2).	A	distance	matrix	analysis	revealed	that	(1)	149	

average	similarity	between	pairs	of	females	was	higher	than	between	pairs	of	males	150	
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and	(2)	males	clustered	by	karyotype	while	females	did	not	(Supplemental	Figure	151	

3).	Due	to	these	strong	differences	we	chose	to	run	separate	analyses	for	the	sexes	152	

instead	of	analyzing	the	interaction	term	from	our	main	model.	Comparing	153	

homokaryotypic	sex	groups	separately	(αα	vs.	ββ)	revealed	that	more	than	double	154	

the	number	of	differentially	expressed	genes	were	found	in	males	compared	to	155	

females	(801	vs	340;	Supplemental	Figure	4,	5).	There	was	substantial	overlap	156	

between	these	groups	with	the	highest	proportion	of	unique	differentially	expressed	157	

genes	found	in	males	(Supplemental	Figure	6).	The	phenotypic	effects	of	Cf-Inv(1)	158	

are	also	strongly	sex-specific.	This	is	likely	due	to	sexual	selection	which,	in	C.	159	

frigida,	has	partly	evolved	in	response	to	strong	sexual	conflict	over	reproduction,	160	

specifically	mating	rate	[43,	44].	This	sexual	conflict	over	mating	rates	has	selected	161	

for	sexual	dimorphism	in	some	of	the	external	phenotypic	traits	used	for	mating,	162	

notably	size.	Larger	males	are	more	successful	in	obtaining	copulations	and	163	

resisting	the	rejection	responses	that	females	use	to	prevent	male	mountings.	The	164	

Cf-Inv(1)	inversion	has	a	large	impact	on	the	morphology	of	males	[31,	32].	It	was	165	

thus	no	surprise	that	males	showed	a	larger	gene	expression	difference	between	166	

karyotypes	compared	to	females.	167	

Surprisingly,	Cf-Inv(1)	was	not	a	primary	factor	explaining	variance	in	larval	gene	168	

expression.	A	PCA	in	larvae	found	that	the	first	two	PCs	(explaining	52%	of	the	169	

variance)	did	not	separate	samples	based	on	karyotype	(Figure	1C),	instead	a	170	

separation	by	population	was	observed	(Supplemental	Figure	7).	We	ran	an	171	

additional	PCA	on	the	larval	data	using	only	the	Skeie	population	(the	only	172	

population	with	all	3	karyotypes),	to	remove	population	variation.	The	first	two	PCs	173	

(explaining	67%	of	the	variance)	together	separated	the	karyotypes,	albeit	weakly	174	

(Supplemental	Figure	8).		175	
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	176	

Figure	1	-	Variation	in	expression	differs	across	life	stages	A.	Map	of	Norway,	Denmark,	and	177	
Sweden	showing	the	populations	sampled.	The	inset	shows	size	variation	in	males	as	a	178	
function	of	karyotype.	B.	Principal	component	analysis	(PCA)	of	expression	variation	in	179	
adults.	Points	are	colored	by	karyotype	(αα-	red,	ββ-blue)	and	shaped	according	to	sex	180	
(female-circle,	male-triangle).	C.	PCA	of	expression	variation	in	larvae,	all	samples	are	pools	181	
of	3	larvae	of	unknown	sex	colored	by	karyotype	(αα-	red,	αβ-green,	ββ-blue).	Both	Figure	182	
1A	and	1B	are	based	on	the	top	500	transcripts	with	the	highest	variance.	183	
	184	

To	formally	test	the	role	of	karyotype	in	partitioning	variation	we	ran	a	185	

PERMANOVA	on	Manhattan	distances	for	each	subgroup	(i.e.	males,	females,	and	186	

larvae;	Supplemental	Table	2)[45].	As	different	tests	had	different	sample	sizes,	we	187	

concentrated	on	R2	values	(sum	of	squares	of	a	factor/total	sum	of	squares).	Males	188	

and	females	had	the	highest	R2	values	(0.2464	and	0.153,	respectively)	followed	by	189	

all	adults	and	larvae	(0.084	and	0.073,	respectively).	These	results	match	our	190	

qualitative	observations	that	karyotype	explains	the	largest	proportion	of	variance	191	

in	adult	males	followed	by	adult	females	and	then	larvae.	However,	the	comparison	192	

of	our	combined	adult	model	with	the	sex	specific	models	shows	that	separating	sex	193	
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is	critical	for	quantifying	the	effect	of	karyotype.	Thus,	the	superficial	appearance	of	194	

inversion	having	less	influence	on	larval	gene	expression	may	be	because	larval	sex	195	

was	not	determined.	196	

	197	

Further	dissecting	differential	expression	in	our	full	larval	data	set	corroborated	our	198	

qualitative	observations.	Since	we	had	three	genotypes	in	larvae	(αα,	αβ,	and	ββ)	we	199	

ran	three	different	contrast	statements	(αα	vs.	ββ,	αβ	vs.	ββ,	and	αα	vs.	αβ).	When	200	

comparing	expression	in	ββ	vs.	αβ	we	found	that	23/15,859	transcripts	were	201	

differentially	expressed	and	most	of	these	(74%)	were	upregulated	in	αβ	202	

(Supplemental	Figure	9).	Comparing	expression	in	αα	vs.	ββ,	we	found	29/15,859	203	

transcripts	to	be	differentially	expressed	and	most	of	these	(83%)	were	upregulated	204	

in	ββ	(Supplemental	Figure	10).	Comparing	expression	in	αα	vs.	αβ,	we	found	205	

6/15,859	transcripts	to	be	differentially	expressed	and	most	of	these	(83%)	were	206	

upregulated	in	αβ.	There	was	some	overlap	between	these	three	contrasts	207	

(Supplemental	Figure	11).	Overall,	a	greater	portion	of	transcripts	were	significantly	208	

differentially	expressed	between	αα	vs.	ββ	in	adults	(1.16%-3.05%)	compared	to	209	

larvae	(0.2%).	In	addition	to	pooling	sexes	in	larvae	there	are	several	other	features	210	

of	our	experimental	design	that	could	have	contributed	to	the	reduced	effect	in	211	

larvae.	First,	our	crossing-design	generated	only	two	αα	larval	pools	compared	to	212	

ten	αβ	larval	pools	and	sixteen	ββ	larval	pools.	Thus,	our	contrasts	that	included	αα	213	

had	lower	power.	We	also	generated	more	variation	in	our	larval	samples	compared	214	

to	our	adults	as	we	crossed	both	within	and	between	populations	while	adults	were	215	

all	single	population	origin.	It	is	possible	that	this	variation	made	detection	of	216	

differentially	expressed	genes	more	difficult.	However	our	results	still	clearly	217	

suggest	that	the	effect	of	Cf-Inv(1)	on	gene	expression	is	strongly	conditional	on	life	218	

stage	and	sex.		219	

	220	

	221	

	222	
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	223	

Figure	2	-	Patterns	of	allele	specific	expression	(ASE).	Each	plot	is	for	a	single	transcript	224	
where	each	dot	represents	a	single	αβ	individual	averaged	over	all	SNPs	in	that	transcript.	A	225	
1:1	line	is	provided	for	context.	Colors	indicate	the	expression	pattern:	α	biased	expression	-	226	
red,	β	biased	expression	-	blue,	allele-biased	expression	-	green.	Note	that	only	transcripts	227	
with	data	for	5	or	more	individuals	are	shown	here.	The	full	data	set	is	shown	in	228	
Supplemental	Figure	12.	229	
	230	

Allele	specific	expression	within	Cf-Inv(1)	231	

Beyond	quantitative	differences	of	expression,	genes	within	Cf-Inv(1)	were	also	232	

characterized	by	allele-specific	expression	(ASE)	in	heterokaryotes.	Concentrating	233	

on	loci	that	were	fixed	between	arrangements,	we	retained	315/619,424	SNPs	234	
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found	across	113	transcripts	all	located	within	Cf-Inv(1).	Using	the	ASEP	package	235	

[46]	with	our	9	αβ	larval	pools,	a	total	of	30/113	transcripts	had	significant	ASE	236	

(Supplemental	Figure	12).	We	compared	this	with	our	complete	differential	237	

expression	results	and	found	that	only	a	single	transcript	overlapped	between	the	238	

two.	For	each	of	these	transcripts	we	averaged	read	depth	across	all	SNPs	per	239	

transcript,	per	individual.	We	classified	them	as	‘α	biased	expression’	if	>	50%	of	the	240	

larval	pools	had	>=55%	α-allele	reads	and	as	‘β	biased	expression’	if	>	50%	of	the	241	

larval	pools	had	>=55%	β	-allele	reads.	If	neither	of	these	conditions	was	met,	i.e.	the	242	

direction	was	inconsistent;	we	simply	labeled	them	as	‘allele	biased	expression’.	We	243	

found	5	transcripts	that	showed	‘α	biased	expression’,	12	transcripts	that	showed	‘β	244	

biased	expression’,	and	13	transcripts	that	showed	‘allele	biased	expression’	245	

(Supplemental	Figure	13,	transcripts	with	data	for	=>	5	individuals	is	shown	in	246	

Figure	2).	There	were	no	significant	GO	terms	for	any	of	these	groupings.	Two	247	

interesting	patterns	emerge	from	these	data.	First,	allele	biased	expression,	when	248	

present,	seems	to	be	relatively	consistent	across	populations.	Our	αβ	larvae	resulted	249	

from	crosses	within	and	between	populations	yet	we	found	consistent	ASE	patterns	250	

in	56%	of	our	ASE	transcripts.	Second,	differentially	expressed	genes	showed	no	251	

propensity	towards	ASE	as	only	1/30	ASE	genes	showed	significant	differential	252	

expression	and	most	showed	close	to	zero	differential	expression	(e.g.,	from	the	253	

combined	adult	αα	vs.	ββ	comparison	the	mean	absolute	log2Fold	change	was	0.75).	254	

This	indicates	that	ASE	may	be	evolving	somewhat	independently	from	differential	255	

expression.	Overall,	these	results	demonstrate	that	there	is	allele	biased	expression	256	

within	inversions	but	the	extent	of	this	phenomenon	and	the	resulting	phenotypic	257	

implications	remain	unknown.		258	

	259	

Genes	with	constant	karyotype	effects	are	overwhelmingly	cis-regulated	while	260	

genes	with	conditional	effects	are	more	likely	to	be	trans-regulated		261	

Most	of	the	differentially	expressed	genes	mapped	within	Cf-Inv(1)	(Figure	3).	For	262	

adults,	12.8%	of	transcripts	tested	for	differential	expression	were	found	within	Cf-263	

Inv(1)	(Table	1)	which	is	approximately	what	might	be	expected,	as	Cf-Inv(1)	264	
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comprises	10.5%	of	the	genome	[27].	However,	80.6%	of	the	transcripts	that	were	265	

differentially	expressed	between	αα	and	ββ	(with	the	sexes	combined)	were	found	266	

within	Cf-Inv(1)	(odds	ratio	=	28.3).	Looking	at	this	in	a	different	way,	7.2%	of	the	267	

transcripts	within	the	inversion	were	differentially	expressed	between	karyotypes	268	

compared	to	0.3%	of	genes	in	the	collinear	region.	When	decomposing	the	sexes,	the	269	

cis-effect	was	much	stronger	in	females	than	males	as	78%	of	differentially	270	

expressed	genes	in	females	(odds	ratio	=	24.2)	were	found	within	Cf-Inv(1)	271	

compared	to	44.5%	in	males	(odds	ratio	=	5.5;	Figure	3A,B).	For	larvae	we	combined	272	

the	ββ	vs.	αβ,	αα	vs.	αβ	and	αα	vs.	ββ	contrasts	as	so	few	differentially	expressed	273	

transcripts	were	found	(a	combined	total	of	55	transcripts).	Of	these,	52.8%	were	274	

found	within	Cf-Inv(1)	(odds	ratio	=	7.6).	This	effect	is	visible	when	comparing	275	

density	plots	for	log2fold	changes	from	αα	vs.	ββ	comparisons	from	the	entire	276	

genome	to	within	Cf-Inv(1)	(Figure	3B,D,F).	Here	we	see	two	trends.	First	the	whole	277	

genome	density	plots	for	both	males	(Figure	3B)	and	larvae	(Figure	3F)	are	much	278	

flatter	and	left	shifted	than	the	density	plot	for	females	(Figure	3B).	Second,	for	all	279	

three	groups	the	density	plots	for	genes	within	Cf-Inv(1)	are	wider	and	more	left-280	

shifted.	All	of	these	differences	were	significant	with	two	sample	Kolmogorov-281	

Smirnov	tests	but	the	effect	was	weaker	when	comparing	the	whole	genome	vs.	282	

within	Cf-Inv(1)	in	larvae	(Supplemental	Table	3).	Compared	to	karyotype	the	effect	283	

of	sex	showed	no	pattern	of	localization.	Instead,	transcripts	differentially	expressed	284	

between	males	and	females	in	adults	closely	matched	the	null	distribution	of	tested	285	

transcripts	(Table	1).	286	

	287	

	288	
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	289	

	290	

Table	1	-	Location	of	differentially	expressed	transcripts.	Proportion	of	differentially	291	
expressed	or	tested	transcripts	are	shown	as	percentages	located	within	different	linkage	292	
groups	or	inversions.	The	‘Other	Scaffolds’	category	sums	across	340	scaffolds	that	could	293	
not	be	incorporated	into	existing	linkage	groups	[For	details	see	27].	The	total	number	of	294	
transcripts	represented	by	each	group	is:	25,320	(tested	transcripts),	293	(DE	between	αα	295	
and	ββ),	and	3,411	(DE	between	males	and	females).		296	

	297	

Location Tested	
Transcripts

Differentially	
Expressed	between	

αα	and	ββ	

Differentally	
expressed	between	
males	and	females

LG1 10.6% 3.1% 12.0%
Cf-Inv(1) 12.8% 80.5% 11.6%
LG2 18.6% 2.7% 18.8%
LG3 16.6% 3.8% 17.4%
LG4 18.0% 3.8% 19.0%
LG5 17.5% 3.4% 17.6%
LG6 1.6% 0.0% 0.7%

Other	Scaffolds 4.3% 2.7% 2.9%
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	298	

	299	

Figure	3	-	Differential	expression	is	mostly	cis-regulated	for	karyotype.	Differentially	300	
expressed	transcripts	along	the	genome	in	(A)	females,	(C)	males,	and	(E)	larvae.	Y-axes	301	
denote	logfold	change	between	αα	and	ββ	and	x-axes	denote	position	in	megabases.	The	302	
dotted	magenta	lines	denote	the	location	of	Cf-Inv(1).	Note	that	position	in	LG6	is	not	to	303	
scale	with	the	other	linkage	groups	for	presentation.	Each	dot	is	a	single	transcript	and	both	304	
color	and	size	denote	the	-log	(p-value)	after	false	discovery	rate	correction.	Next	to	each	305	
graph	are	density	plots	of	log2fold	changes	for	αα	vs.	ββ	comparisons	for	all	loci	in	the	306	
genome	(colored	grey)	and	just	loci	in	within	Cf-Inv(1)	(colored	magenta)	for	each	group:	307	
females	(B),	males	(D)	and	larvae	(F).	Negative	values	indicate	higher	expression	in	ββ.	308	
	309	
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The	fact	that	most	of	the	differentially	expressed	genes	were	cis-regulated	for	310	

karyotype	but	not	for	sex	effects	is	consistent	with	the	idea	that	gene	expression	311	

presents	a	major	substrate	for	evolutionary	change.	For	example,	local	adaptation	312	

via	changes	in	gene	expression	has	recently	been	demonstrated	to	be	more	common	313	

than	by	amino	acid	substitutions	in	humans	[47].	Other	recent	studies	of	expression	314	

variation	between	karyotypes	have	also	found	strong	cis-effects	[22,	25,	26].	Allele	315	

biased	expression	is	expected	under	cis	regulation	so	these	results	are	concordant	316	

with	our	ASE	analysis	[48].	Interestingly,	the	group	where	the	strongest	phenotypic	317	

differences	are	present	(males)	showed	more	trans	effects	of	Cf-Inv(1).	Furthermore,	318	

differentially	expressed	transcripts	that	were	shared	between	analyses	were	more	319	

likely	to	be	located	within	Cf-Inv(1).	Of	transcripts	significant	in	both	the	male	and	320	

female	comparisons,	92.3%	map	to	Cf-Inv(1)	compared	with	59.8%	of	transcripts	321	

unique	to	the	female	analysis	and	29%	of	transcripts	unique	to	the	male	analysis.	322	

Overall,	these	results	suggest	that	the	‘base’	effect	of	the	inversion	might	be	mostly	323	

cis-regulated	while	conditional	effects	may	be	more	likely	trans.	Cis-regulatory	324	

elements	are	physically	linked	to	the	genes	whose	expression	they	control	and	thus	325	

tend	to	influence	one	or	a	few	gene	targets,	often	in	specific	tissues	or	at	specific	326	

times,	whereas	more	distant	trans	factors	can	control	the	expression	of	many	genes.	327	

Thus,	trans	control	of	conditional	effects	in	inversions	may	evolve	more	easily	due	328	

to	cascading	effects.	This	is	in	line	with	evidence	suggesting	trans	regulation	may	329	

also	be	important	for	environment-dependent	changes	in	gene	expression	[49,	50].	330	

Our	results	highlight	the	importance	of	comparing	the	effects	of	inversions	on	gene	331	

expression	in	multiple	contexts	(i.e.	sexes,	life	stages).	332	

	333	
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	334	

Table	2	-	Significantly	enriched	Gene	Ontology	terms.	Listed	are:	the	GO	ID,	the	term,	the	number	of	transcripts	annotated	with	that	term	335	
in	the	testing	set,	the	number	of	these	transcripts	that	were	differentially	expressed,	the	expected	number	of	transcripts,	the	p-value	from	336	
the	elim	model	with	Fisher	Exact	Test,	the	adjusted	P-value,	the	analysis	where	the	term	was	significant,	and	other	analyses	where	the	337	
same	term	was	significant.	If	a	term	was	significant	in	multiple	analyses	we	show	the	data	from	the	most	significant	test	and	list	that	one	338	
in	the	analysis	column.		339	
	340	

GO	ID Term Annotated Significant Expected elimF Adjusted	P-value Analysis Additional	analyses	
where		significant

GO:0003341 cilium	movement 59 35 10.14 1.00E-07 0.0003617 Sex
GO:0006030 chitin	metabolic	process 96 32 16.5 8.60E-05 0.084835091 Sex
GO:0006270 DNA	replication	initiation 26 18 4.47 6.30E-07 0.00162765 Sex
GO:0007288 sperm	axoneme	assembly 15 11 2.58 2.60E-06 0.0047021 Sex

GO:0007305
vitelline	membrane	formation	
involved	in	chorion-containing	

eggshell	formation
19 15 3.27 6.20E-09 3.36E-05 Sex

GO:0007586 digestion 99 10 1.03 7.00E-08 0.00075957 Adult	αα	vs.	ββ
Female	αα	vs.	ββ,	Larvae	αα	

vs.	ββ	

GO:0008365
adult	chitin-based	cuticle	

development
8 7 0.25 1.90E-10 2.06E-06 Male	αα	vs.	ββ Sex

GO:0030720
oocyte	localization	involved	in	

germarium-derived	egg	
chamber	formation

11 8 1.89 7.60E-05 0.0824676 Sex

GO:0034587 piRNA	metabolic	process 22 13 3.78 1.20E-05 0.018601714 Sex
GO:0035082 axoneme	assembly 67 40 11.51 6.10E-09 3.36E-05 Sex
GO:0042078 germ-line	stem	cell	division 29 14 4.98 0.00011 0.0994675 Sex

GO:0060294
cilium	movement	involved	in	

cell	motility
12 9 2.06 1.70E-05 0.023058375 Sex

GO:0061365
positive	regulation	of	

triglyceride	lipase	activity
5 4 0.15 4.20E-06 0.0227871 Male	αα	vs.	ββ

GO:1905349 ciliary	transition	zone	assembly 6 6 1.03 2.60E-05 0.031347333 Sex
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Processes	affected	by	Cf-Inv(1)	include	metabolism	and	development	341	

To	be	able	to	connect	changes	in	expression	with	the	phenotypic	effects	of	Cf-Inv(1)	342	

we	first	tested	for	enrichment	of	gene	ontology	(GO)	categories	in	differentially	343	

expressed	genes	between	karyotypes	and	sexes	(Table	2).	We	found	16	significantly	344	

enriched	GO	terms	across	all	of	our	tests	but	removed	one	GO	term	as	it	was	345	

supported	by	a	single	transcript.	The	15	remaining	terms	can	be	found	in	Table	2.	346	

The	three	terms	associated	with	karyotype	related	to	development	(adult	chitin-347	

based	cuticle	development)	and	metabolism/energy	storage	(digestion,	positive	348	

regulation	of	triglyceride	lipase	activity).	Unsurprisingly,	the	majority	of	the	terms	349	

associated	with	sex	differences	were	related	to	the	production	of	gametes	(e.g.,	350	

sperm	axoneme	assembly,	germ-line	stem	cell	division).	351	

	352	

We	also	 investigated	the	impact	of	Cf-Inv(1)	at	the	 level	of	pathways	by	testing	for	353	

polygenic	expression	patterns	using	Signet	 library	[51].	We	identified	a	number	of	354	

gene	 subnetworks	 within	 biological	 pathways	 that	 show	 differential	 expression	355	

between	karyotypes	and	sexes.	Twenty-six	pathways	were	differentially	expressed	356	

between	αα	and	ββ	(Table	3A).	Of	these,	10	were	found	in	multiple	tests.	We	found	357	

pathways	 related	 to	 cell	 cycle	 metabolism	 and	 control,	 such	 as	 nucleotide	358	

metabolism	 or	 amino	 acid	 metabolism	 as	 well	 as	 signalling	 (FoxO	 pathway)	 or	359	

genetic	 information	 processing	 (Fanconi	 anemia	 pathway).	 Twelve	 of	 the	 26	360	

pathways	differing	between	karyotypes	were	also	related	to	energetic	metabolism,	361	

particularly	 in	 males,	 including	 fatty	 acid	 degradation,	 carbohydrate	 metabolism	362	

and	 metabolism	 of	 co-factors.	 Of	 particular	 interest,	 male	 analysis	 included	 two	363	

organismal	 pathways,	 one	 related	 to	 longevity	 regulation	 and	 another	 involved	 in	364	

phototransduction	 in	 flies.	 As	 in	 other	 insects,	 increased	 size	 in	 C.	 frigida	 is	365	

associated	with	 increased	longevity	and	thus	αα	males	 live	considerably	 longer	on	366	

average	 [34].	We	 found	 16	 pathways	 differentially	 expressed	 between	males	 and	367	

females	(Table	3B),	9	of	which	were	also	identified	in	our	karyotype	analyses.		368	

	369	
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	370	

A	-	Genotype	Effects

Pathway Category Network	
Size

Subnetwork	
Size

Subnetwork	
Score P-value Q-value Analysis

Additional	
analyses	where		

significant
Alanine,	

aspartate	and	
glutamate	
metabolism

Amino	acid	
metabolism

26 6 3.7 0.019 0.162
Adult	αα	vs.	

ββ
Male	αα	vs.	ββ

Glutathione	
metabolism

Amino	acid	
metabolism

37 9 5.7 0.008 0.146
Female	αα	vs.	

ββ
Male	αα	vs.	ββ

Arginine	and	
proline	

metabolism

Amino	acid	
metabolism

28 7 3.4 0.022 0.163 Male	αα	vs.	ββ

Phenylalanine	
metabolism

Amino	acid	
metabolism

8 5 3.4 0.027 0.165
Adult	αα	vs.	

ββ
Glycine,	serine	
and	threonine	
metabolism

Amino	acid	
metabolism

24 11 6.8 0.002 0.087
Female	αα	vs.	

ββ
Male	αα	vs.	ββ,	
Adult	αα	vs.	ββ

Thiamine	
metabolism

Amino	acid	
metabolism

13 4 6.6 0.002 0.087
Female	αα	vs.	

ββ
Larvae	αα	vs.	ββ

Tyrosine	
metabolism

Amino	acid	
metabolism

17 5 3.1 0.035 0.173 Male	αα	vs.	ββ

Amino	sugar	
and	nucleotide	

sugar	
metabolism

Carbohydrate	
metabolism

38 4 6.0 0.011 0.193
Adult	αα	vs.	

ββ

Glyoxylate	and	
dicarboxylate	
metabolism

Carbohydrate	
metabolism

19 7 5.1 0.014 0.146
Female	αα	vs.	

ββ
Adult	αα	vs.	ββ

Galactose	
metabolism

Carbohydrate	
metabolism

25 6 3.1 0.039 0.180 Male	αα	vs.	ββ

Starch	and	
sucrose	

metabolism

Carbohydrate	
metabolism

27 8 3.7 0.008 0.083 Male	αα	vs.	ββ

Oxidative	
phosphorylatio

n

Energy	
metabolism

32 5 4.1 0.004 0.057 Male	αα	vs.	ββ

Fanconi	anemia	
pathway

Genetic	
information	
processing	

(replication	and	
repair)

13 7 4.0 0.010 0.150
Adult	αα	vs.	

ββ

Sphingolipid	
metabolism

Lipid	
metabolism

25 3 5.8 0.007 0.146
Female	αα	vs.	

ββ
Ether	lipid	
metabolism

Lipid	
metabolism

18 4 3.2 0.028 0.172 Male	αα	vs.	ββ

Fatty	acid	
degradation

Lipid	
metabolism

28 18 6.8 0.001 0.060 Male	αα	vs.	ββ Adult	αα	vs.	ββ

Fatty	acid	
elongation

Lipid	
metabolism

14 4 7.0 0.001 0.060 Male	αα	vs.	ββ Adult	αα	vs.	ββ

Glycerophosph
olipid	

metabolism

Lipid	
metabolism

49 6 4.1 0.004 0.057 Male	αα	vs.	ββ

One	carbon	
pool	by	folate

Metabolism	of	
co-fators	and	
vitamins

11 6 5.2 0.014 0.146
Female	αα	vs.	

ββ

Folate	
biosynthesis

Metabolism	of	
co-fators	and	
vitamins

29 5 4.2 0.003 0.057 Male	αα	vs.	ββ
Adult	αα	vs.	ββ,	
Female	αα	vs.	ββ

Purine	
metabolism

Nucleotide	
metabolism

118 42 6.5 0.000 0.000
Adult	αα	vs.	

ββ
Male	αα	vs.	ββ

Pyrimidine	
metabolism

Nucleotide	
metabolism

75 6 3.6 0.021 0.162
Adult	αα	vs.	

ββ
Longevity	
regulating	
pathway	-	
multiple	
species

Organismal	
system	(aging)

41 3 3.5 0.023 0.162
Adult	αα	vs.	

ββ
Male	αα	vs.	ββ

Phototransduct
ion	-	fly

Organismal	
system	(Sensory	

system)
26 6 4.0 0.005 0.057 Male	αα	vs.	ββ

FoxO	signaling	
pathway

Signal	
transduction

46 6 3.3 0.031 0.176
Adult	αα	vs.	

ββ
Neuroactive	

ligand-receptor	
interaction

Signalling	
molecules

9 7 5.3 0.011 0.146
Female	αα	vs.	

ββ
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	371	

	372	

B	-	Sex	Effects

Pathway Category Network	
Size

Subnetwork	
Size

Subnetwork	
Score P-value Q-value Analysis

Additional	
analyses	where		

significant
Alanine,	

aspartate	and	
glutamate	
metabolism

Amino	acid	
metabolism

26 7 4.4 0.011 0.059 Sex
Adult	αα	vs.	ββ,	
Male	αα	vs.	ββ

Arginine	and	
proline	

metabolism

Amino	acid	
metabolism

28 4 6.8 0.000 0.000 Sex Male	αα	vs.	ββ

Drug	
metabolism	-	
cytochrome	

P450

Xenobiotics	
biodegradation	
and	metabolism

20 8 3.7 0.028 0.101 Sex

Drug	
metabolism	-	
other	enzymes

Xenobiotics	
biodegradation	
and	metabolism

33 5 3.6 0.033 0.110 Sex

Folate	
biosynthesis

Metabolism	of	
co-fators	and	
vitamins

29 4 3.9 0.021 0.084 Sex
Adult	αα	vs.	ββ,	
Female	αα	vs.	ββ,	
Males	αα	vs.	ββ

Galactose	
metabolism

Carbohydrate	
metabolism

25 7 3.8 0.022 0.084 Sex Male	αα	vs.	ββ

Glutathione	
metabolism

Amino	acid	
metabolism

37 8 6.2 0.000 0.000 Sex
Male	αα	vs.	ββ,	
Female	αα	vs.	ββ

Glycerophosph
olipid	

metabolism

Lipid	
metabolism

49 7 3.4 0.046 0.140 Sex Male	αα	vs.	ββ

Glycolysis	/	
Gluconeogenesi

s

Carbohydrate	
metabolism

36 4 6.9 0.000 0.000 Sex

Insect	hormone	
biosynthesis

Metabolism	of	
terpenoids	and	
polyketides

24 8 3.5 0.038 0.113 Sex

Longevity	
regulating	
pathway	-	
multiple	
species

Organismal	
system	(aging)

41 8 3.6 0.035 0.111 Sex
Adult	αα	vs.	ββ,	
Male	αα	vs.	ββ

Phototransduct
ion	-	fly

Organismal	
system	(Sensory	

system)
26 7 4.5 0.009 0.056 Sex Male	αα	vs.	ββ

Purine	
metabolism

Nucleotide	
metabolism

118 9 8.6 0.000 0.000 Sex
Adult	αα	vs.	ββ,	
Male	αα	vs.	ββ

Pyruvate	
metabolism

Carbohydrate	
metabolism

27 4 6.9 0.000 0.000 Sex

Taurine	and	
hypotaurine	
metabolism

Metabolism	of	
other	amino	

acids
9 3 4.0 0.017 0.083 Sex

Valine,	leucine	
and	isoleucine	
degradation

Amino	acid	
metabolism

32 3 3.9 0.019 0.084 Sex
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Table	3	-	Functional	pathways	exhibiting	subnetworks	of	genes	interacting	with	each	other	373	
and	differentially	expressed	between	karyotypes	or	sexes.	For	clarity,	only	karyotype	effects	374	
are	shown	in	(A)	and	Sex	effects	are	shown	in	(B).	Pathways	are	based	on	the	KEGG	375	
database	with	genes	identified	in	flybase.	Significance	of	network	score	was	assessed	using	376	
the	R	library	signet,	by	comparing	to	scores	generated	by	random	sampling.	Network	size	is	377	
the	number	of	genes	connected	in	the	pathways	under	consideration.	Subnetworks	are	a	378	
subset	of	genes	that	are	directly	connected	by	edges	and	show	high-scoring.	Subnetwork	379	
size	is	the	number	of	genes	and	subnetwork	score	is	the	normalized	score	inferred	by	the	380	
procedure	based	on	the	strength	of	the	relationship	between	the	factor	compared	381	
(karyotype/sex)	and	expression	at	the	genes	involved	in	this	subnetwork.	For	A,	if	a	term	382	
was	significant	in	multiple	analyses	we	show	the	data	from	the	most	significant	test	and	list	383	
that	one	in	the	analysis	column.	The	additional	tests	are	listed	under	‘Additional	analyses	384	
where	significant’.		385	
	386	

Taken	together,	 these	GO	terms	and	the	gene	networks	analysis	reveal	a	clear	and	387	

strong	association	with	development	and	metabolism/energy	storage;	and	cell	cycle	388	

metabolism	 and	 genetic	 information	 processing,	 respectively.	 Overall,	more	 terms	389	

for	the	effect	of	karyotype	were	associated	with	the	male	data	set	compared	to	the	390	

female	 data	 set	 (GO:	 2	 terms	 vs.	 1	 term,	 Signet:	 15	 pathways	 vs.	 8	 pathways)	391	

although	 this	 is	not	 surprising	given	 the	difference	 in	 the	number	of	differentially	392	

expressed	genes.	These	associations	between	inversion	karyotype	and	metabolism	393	

and	 development	 are	 corroborated	 by	 the	 large	 phenotypic	 effects	 of	 Cf-Inv(1),	394	

which	 results	 in	 strong	 size	 and	 developmental	 time	 differences	 in	males	 but	 not	395	

females	[31,	35].	396	

There	were	fewer	terms	associated	with	the	larvae.	Overall,	the	signal	in	larvae	was	397	

very	 weak	 and	 we	 only	 identified	 one	 pathway	 significantly	 differing	 between	398	

genotypes:	 thiamine	 metabolism,	 which	 is	 associated	 with	 digestion.	 This	 is	 not	399	

surprising	as	larvae	stop	feeding	before	pupation	[52]	and	αα	males	develop	1.2-15x	400	

more	slowly	than	ββ	males.	It	should	be	noted	that	our	larval	samples	were	almost	401	

certainly	in	different	stages	of	development	as	we	standardized	by	time	rather	than	402	

stage.	Work	in	Drosophila	melanogaster	shows	that	thiamine	is	critical	for	pupation	403	

[53]	further	underlining	that	the	differences	we	observe	are	likely	partially	linked	to	404	

differences	in	developmental	stage.		405	

	406	
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Combining	genomic	and	transcriptomic	studies	facilitates	the	identification	of	407	

candidate	genes	408	

By	combining	our	gene	expression	results	with	results	from	a	previous	study	that	409	

identified	environmentally	associated	SNP	outliers	[27],	we	were	also	able	to	410	

identify	a	small	group	of	strong	candidate	genes	for	local	adaptation.	We	compared	411	

the	position	of	997	transcripts	that	were	differentially	expressed	between	412	

karyotypes	in	one	of	our	6	contrasts	(adult	αα	vs.	ββ,	adult	male	αα	vs.	ββ,	adult	413	

female	αα	vs.	ββ,	larvae	αα	vs.	ββ,	larvae	αβ	vs.	ββ,	larvae	αα	vs.	αβ)	with	1,526	414	

outlier	SNPs	identified	as	being	associated	with	biotic	and	abiotic	characteristics	of	415	

the	wrackbed,	as	these	factors	have	been	found	to	be	significant	selective	forces	on	416	

Cf-Inv(1)[29,	35,	39].	We	found	86	differentially-expressed	transcripts	that	mapped	417	

within	5	kb	of	an	environmentally	associated	SNP.	Randomly	subsampling	our	418	

tested	transcripts	10,000	times	indicated	that	the	expected	overlap	should	only	be	419	

42	± 	0.06	transcripts.	This	is	likely	due	to	the	linkage	disequilibrium	created	by	the	420	

inversion,	running	this	test	using	only	transcripts	that	mapped	to	Cf-Inv(1)	421	

generated	an	expectation	closer	to	the	observed	value	(expected	overlap:	67	± 	0.06,	422	

actual:	70).	Of	our	86	overlapping	transcripts,	55	were	associated	with	one	of	two	423	

principal	components	that	described	seaweed	composition	of	the	wrackbed	habitat	424	

while	44	were	associated	with	abiotic	characteristics	of	the	wrackbed	such	as	depth,	425	

temperature	and	salinity.	There	was	some	overlap,	13	transcripts	were	associated	426	

with	both	wrackbed	composition	and	climate.	All	of	the	transcripts	associated	with	427	

abiotic	characteristics	were	located	in	Cf-Inv(1).	In	contrast,	15/55	transcripts	428	

associated	with	seaweed	composition	were	located	in	other	places	in	the	genome.	429	

Full	information	on	these	loci	can	be	found	in	Supplemental	Tables	4	and	5.		430	

	431	

The	wrackbed	composition	represents	a	major	selective	force	both	on	Cf-Inv(1)	as	432	

well	as	on	C.	frigida	as	a	whole.	Flies	raised	on	Laminaria	spp.	are	larger	and	in	433	

better	condition	than	flies	raised	on	Fucus	spp.	although	this	effect	is	strongest	in	αα	434	

and	αβ	males	[30].	These	effects	are	likely	tied	directly	to	the	microbial	community	435	
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of	these	algae,	which	forms	the	base	of	the	C.	frigida	larval	diet;	Fucus	spp.	supports	436	

large	numbers	of	Flavobacterium	whereas	Pseudomonas	spp.	are	more	common	on	437	

Laminaria	spp.	[54,	55].	Thus,	we	expect	some	candidate	genes	to	be	related	to	438	

either	digestion	or	growth.	Within	our	55	candidates	we	found	several	loci	relating	439	

to	digestive	processes,	such	as	carbonic	anhydrase	5A	which	helps	regulate	pH	of	440	

the	midgut	in	Drosophila	melanogaster	[56]	and	trypsin,	a	crucial	digestive	enzyme	441	

[57].	As	with	the	signet	analysis,	we	also	uncovered	genes	relating	to	the	cessation	442	

of	larval	feeding	and	the	onset	of	pupation,	suggesting	that	the	timing	of	this	443	

transition	is	a	major	factor	underlying	the	size	difference	between	αα	and	ββ	males	444	

rather	than	differences	in	larval	growth	rate.	In	insects,	two	of	the	major	modulators	445	

of	feeding	behavior	are	neuropeptide	F	(npf)	and	serotonin	(5-HT)	[58]	[59].	In	446	

older	non-feeding	Drosophila	larvae,	npf	is	downregulated	[60]	and	one	potential	447	

mediator	of	this	is	tetrahydrobiopterin	(BH4),	a	fat	derived	metabolite	that	448	

suppresses	the	release	of	npf	from	npf	neurons	[61].	Among	our	candidates	was	449	

pterin-4-alpha-carbinolamine	dehydratase	(Pcd),	which	is	involved	in	the	recycling	450	

of	BH4	and	thus	increasing	levels	of	BH4.	In	our	data,	Pcd	was	upregulated	in	ββ	451	

larvae	and	ββ	males:	it	could	suppress	npf	and	thus	feeding	behavior	leading	to	452	

earlier	pupation.	5-HT	is	another	a	major	regulator	of	feeding	behavior	and	453	

increased	levels	of	5-HT	in	the	gut	of	Drosophila	melanogaster	enhance	larval	454	

feeding	behavior	[59].	Among	our	candidates	was	5-hydroxytryptamine	receptor	1	455	

(HT1R)	which	was	upregulated	in	αα	males,	potentially	increasing	feeding	behavior.		456	

Abiotic	characteristics	are	harder	to	associate	with	gene	function	than	seaweed	457	

composition	but	we	did	find	an	abundance	of	genes	involved	in	pupation,	cuticle	458	

hardening,	and	eclosion	such	as	LGR5	and	LCR15	[62],	eclosion	hormone	[63],	and	459	

ChT	[64].	Development	time	in	C.	frigida	is	highly	plastic	and	is	affected	by	460	

temperature	and	density	as	well	as	karyotype	[38].	As	wrackbeds	are	ephemeral	461	

habitats	there	is	likely	strong	selection	on	these	traits	as	well.	Overall,	these	results	462	

provide	some	initial	insights	and	putative	candidates	for	further	exploration.	463	

Furthermore,	it	is	clear	that	many	of	the	traits	are	likely	polygenic	and	highly	464	

complex.	While	merging	transcriptomic	and	genomic	datasets	provides	an	excellent	465	
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first	step	to	narrow	down	candidates,	more	work,	especially	functional	validation,	466	

needs	to	be	done	to	differentiate	between	adaptive	and	linked	variation.	467	

	468	

Conclusions	469	

Abundant	evidence	indicates	that	chromosomal	inversions	are	key	genomic	factors	470	

in	eco-evolutionary	processes	because	of	their	multifarious	impacts	on	genome	471	

structure,	recombination	and	regulation	[8,	10].	However,	few	studies	have	made	472	

progress	towards	dissecting	the	mechanistic	pathways	that	enable	inversions	to	473	

shape	evolutionary	trajectories.	Using	a	transcriptomic	approach	in	the	seaweed	fly	474	

Coelopa	frigida	revealed	that	the	impact	of	Cf-Inv(1)	was	conditional	and	differed	475	

between	males,	females,	and	larvae.	Males	showed	a	stronger	effect	of	Cf-Inv(1)	than	476	

females.	Overall,	most	of	the	differentially	expressed	genes	were	cis-regulated	for	477	

karyotype,	but	not	for	sex	effects.	Interestingly,	genes	where	the	effect	of	Cf-Inv(1)	478	

was	more	constant	were	more	likely	to	be	cis-regulated	than	genes	whose	479	

differential	expression	was	conditional.	These	results	suggest	that	trans	regulation	480	

may	be	important	for	conditional	gene	expression	in	inversions.	Combining	our	481	

results	with	genomic	data	uncovered	candidate	variants	in	the	inversion	that	may	482	

underlie	mechanistic	pathways	that	determine	critical	phenotypes	in	particular	the	483	

cessation	of	larval	feeding.	Overall,	our	results	highlight	the	complex	effects	of	484	

inversion	polymorphisms	on	gene	expression	across	contexts	and	the	benefit	of	485	

combining	transcriptomic	and	genomic	approaches	in	the	study	of	inversions.		486	

METHODS	487	

Rearing	and	crosses	488	

Larvae	of	C.	frigida	for	breeding	were	collected	from	the	field	in	April/May	2017	489	

from	Skeie,	Norway	(58.69733,	5.54083),	Østhassel,	Norway	(58.07068,	6.64346),	490	

Ystad,	Sweden	(55.425,	13.77254),	and	Smygehuk,	Sweden	(55.33715,	13.35963).	491	

Larvae	were	also	collected	from	Skadbergsanden,	Norway	(58.45675,	5.91407)	in	492	
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June	2016.	See	Figure	1	for	all	sampling	locations.	All	larvae	were	brought	back	live	493	

to	the	Tjärnö	Marine	Laboratory	in	Strömstad,	Sweden	where	they	were	raised	to	494	

adulthood	at	25°C.		495	

	496	

We	generated	an	αα	line	from	Skeie	and	a	ββ	line	from	each	population	(see	497	

supplemental	methods	for	details).	Six	days	after	the	creation	of	these	lines	two	498	

replicates	of	3	larvae	each	from	each	line	were	flash	frozen	in	liquid	nitrogen	and	499	

stored	at	-80°C	until	extraction.	Larvae	were	always	stored	as	groups	of	3	500	

henceforth	referred	to	as	larval	pools.	The	adults	that	emerged	from	these	lines	501	

were	used	to	make	subsequent	crosses	within	and	between	karyotypes	and	502	

populations	to	generate	αβ	and	ββ	larvae	(see	Supplemental	Table	5	for	the	crossing	503	

scheme).	Adults	were	then	flash	frozen	individually	in	liquid	nitrogen	and	stored	at	-504	

80°C	until	extraction.	All	experimental	crosses	were	set	up	in	a	50	mL	tube	with	a	505	

sponge	for	aeration	and	4	g	Saccharina	latissima	and	2	g	Fucus	spp.	Six	days	after	the	506	

creation	of	these	crosses	one	larval	pool	from	each	cross	was	flash	frozen	in	liquid	507	

nitrogen	and	stored	at	-80°C	until	extraction.	All	larval	pools	and	adults	were	508	

processed	at	the	same	time	of	day	(+/-	1	hour)	to	reduce	variation.	We	were	able	to	509	

get	larval	pools	from	two	successful	crosses	per	cross	type.	We	also	generated	a	510	

ontogeny	series	to	ensure	a	comprehensive	transcriptome	(Supplemental	Note).	511	

	512	

RNA	extraction,	Library	preparation	and	sequencing	513	

RNA	from	all	samples	was	extracted	following	a	TriZOL	protocol	(Supplementary	514	

Note).	Only	flies	from	our	lab	lines	and	crosses	were	sequenced:		2	larval	pools	per	515	

line	(1	αα	and	4	ββ	lines)	and	2	larval	pools	from	each	subsequent	cross	type	(see	516	

Supplemental	Table	5	for	the	crossing	scheme).	We	also	sequenced	3	Skeie	αα	adult	517	

males,	3	Skeie	αα	adult	females,	5	Skeie	ββ	adult	males,	2	Skeie	ββ	adult	females,	3	518	

Skadbergsanden	ββ	adult	females,	and	1	Ystad	ββ	adult	female.	We	chose	these	519	

samples	to	bias	towards	parents	of	the	larval	samples	and	endeavored	to	get	a	good	520	

distribution	of	genotypes.	However,	we	were	severely	limited	by	RNA	quality.	All	of	521	

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

The copyright holder for this preprint (whichthis version posted June 3, 2021. ; https://doi.org/10.1101/2021.06.03.446913doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.03.446913
http://creativecommons.org/licenses/by-nc-nd/4.0/


	 25	

these	samples	were	submitted	to	SciLifeLab	in	Uppsala,	Sweden	for	library	522	

preparation	and	sequencing.	RNA	was	purified	with	Agencourt	RNA	clean	XP	before	523	

library	preparation.	Library	preparation	was	done	with	the	TruSeq	stranded	mRNA	524	

library	preparation	kit	including	polyA	selection.	Samples	were	sequenced	on	a	525	

NovaSeq	S1	flowcell	with	100	bp	paired	end	reads	(v1	sequencing	chemistry).		526	

	527	

Transcriptome	assembly	528	

We	only	used	samples	from	the	geographically	close	populations	Skeie	and	529	

Østhassel	to	construct	our	transcriptome	to	limit	genetic	variation	between	530	

samples.	Individual	assemblies	for	2	of	the	Skeie	αα	adult	males,	2	of	the	Skeie	αα	531	

adult	females,	2	of	the	Skeie	ββ	adult	males,	2	of	the	Skeie	ββ	adult	females,	both	of	532	

the	Østhassel	ontogenetic	pools	spanning	0-348	hours	of	development	(as	a	single	533	

assembly),	both	of	the	Skeie	αα	larval	pools	(as	a	single	assembly),	and	both	of	the	534	

Skeie	ββ	larval	pools	(as	a	single	assembly)	were	done	using	Trinity	v2.9.1	(11	535	

assemblies	in	total)[65].	Prior	to	assembly,	all	reads	were	trimmed	and	adaptors	536	

removed	using	cutadapt	2.3	with	Python	3.7.2	[66].	All	assemblies	were	run	through	537	

TransRate	1.0.1	[41],	a	quality	assessment	tool	for	de	novo	transcriptomes	that	looks	538	

for	artifacts,	such	as	chimeras	and	incomplete	assembly,	and	provides	individual	539	

transcript	and	overall	assembly	scores.	We	retained	all	transcripts	from	each	540	

assembly	classified	by	TransRate	as	‘good’.	These	contigs	were	then	merged	using	541	

CD-hit	4.8.1	[67]	with	a	sequence	identity	threshold	of	0.95,	a	word	size	of	10,	and	542	

local	sequence	alignment	coverage	for	the	longer	sequence	at	0.005.	Finally,	the	543	

transcriptome	was	mapped	to	the	genome	assembly	[27]	using	GMAP	2018-07-04	544	

[68].	The	mapping	coordinates	for	each	transcript	were	extracted	and	in	the	event	545	

that	two	transcripts	mapped	to	the	same	coordinates,	only	the	longer	transcript	was	546	

retained.	The	mapping	coordinates	of	all	transcripts	were	retained	for	use	in	further	547	

analyses.	The	final	transcriptome	was	annotated	using	the	Trinotate	pipeline	with	548	

the	Uniprot/Swiss-Prot	and	Pfam	databases	(Downloaded	on	June	25th,	2020)	[69].		549	

	550	
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Differential	expression	analysis	551	

We	used	DESeq2	1.26.0	to	determine	which	transcripts	were	differentially	552	

expressed	between	karyotypes	and	sexes	[70].	The	reads	from	all	samples	were	553	

trimmed	and	the	adaptors	were	removed	using	cutadapt	2.3	with	Python	3.7.2	[66].	554	

The	trimmed	reads	were	then	aligned	to	the	reference	transcriptome	using	bowtie2	555	

2.3.5.1	[71]	and	quantified	using	RSEM	[72].	The	resulting	genes.results	files	were	556	

prepared	for	use	in	DESeq2	using	the	Trinity	script	557	

abundance_estimates_to_matrix.pl	[65].	These	files	were	used	as	input	for	DESeq2	558	

1.26.0	implemented	in	R	[70].	Adults	and	larvae	were	analysed	separately	and	559	

normalization	was	done	by	DESeq2.	We	removed	all	transcripts	where	the	total	560	

count	of	reads	(across	all	individuals)	was	less	than	10.	We	also	removed	a	single	561	

sample	(Skeie	ββ	larvae	pool	1)	as	hierarchical	clustering	using	a	distance	matrix	562	

revealed	that	this	sample	was	an	extreme	outlier.	In	DESeq2	our	model	for	adults	563	

included	both	karyotype	and	sex	and	their	interaction,	while	the	model	for	larvae	564	

included	karyotype	and	population.	We	did	not	include	population	in	the	adult	565	

model	as	13/17	samples	came	from	the	Skeie	population.	We	further	split	adult	566	

males	and	females	and	analyzed	them	separately.	Conventional	thresholds	(log2	567	

fold	change	>	2,	adjusted	p-value	(FDR)	<	5%)	were	used	to	identify	differentially	568	

expressed	transcripts.	We	tested	for	gene	ontology	enrichment	in	our	different	sets	569	

of	results	using	topGO	[73]with	the	elim	algorithm	and	the	Fisher	exact	test	570	

implemented	in	R	[70].	Manhattan	distance	matrices	for	all	subgroups	(males,	571	

females,	and	larvae)	were	calculated	using	the	dist()	function	in	R	and	PERMANOVA	572	

results	were	calculated	using	Adonis2	in	the	vegan	package	[45].	Note	that	573	

karyotype	was	always	used	at	the	first	term	as	terms	are	added	sequentially	and	574	

models	differed	between	subgroups.		575	

	576	

Gene	sub-network	analysis	577	

To	investigate	the	effect	of	inversion	on	expression	in	genes	involved	in	common	578	

biological	pathways	,	we	performed	a	gene	network	analysis	designed	to	detect	579	
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polygenic	selection	using	the	R	package	signet	[51].	This	method	defines	sub-580	

networks	of	genes	that	interact	with	each	other,	because	they	are	known	to	be	581	

involved	in	the	same	biological	pathway	in	the	KEGG	database,	and	present	similar	582	

patterns	attributed	to	selection;	for	example	covariation	in	expression	levels.	For	583	

this	analysis	we	used	the	Drosophila	melanogaster	KEGG	database	and	thus	focused	584	

on	the	transcripts	that	matched	a	gene	in	Flybase	(13,586	out	of	26,239).	Variation	585	

of	expression	levels	between	genotypes	were	analysed	in	a	multivariate	framework	586	

with	redundancy	analysis	(RDA),	with	and	without	sex	as	covariate,	and	scaled	to	a	587	

z-score	such	that	individual	transcript	scores	have	a	mean	of	0	and	a	standard	588	

deviation	of	1	(following	[74]).	Following	the	recommendations	of	the	signet	589	

procedure,	each	pathway	of	the	KEGG	database	was	parsed	to	score	gene	sub-590	

networks	using	10,000	iterations	of	simulated	annealing.	A	null	distribution	of	sub-591	

network	scores	was	generated	by	random	sampling	to	create	10,000	sub-networks	592	

of	variable	sizes.	We	consider	as	significant	pathways	with	a	higher	score	than	the	593	

null	distribution,	that	is,	with	a	p-value	below	0.05,	and	a	false-discovery-rate	(q-594	

value)	of	0.20.	595	

	596	

Overlap	with	genomic	results	597	

We	combined	our	data	with	previously	published	population	genomic	data	to	598	

identify	loci	that	may	contribute	to	local	adaptation.	Briefly,	in	our	previous	work,	599	

16	populations	of	C.	frigida	were	sampled	along	latitudinal	and	ecological	gradients	600	

and	sequenced	at	the	whole-genome	level,	and	the	association	between	SNPs	and	601	

environmental	variation	was	tested	using	a	combination	of	two	genotype-602	

environment	association	methods	(LFMM2	and	Baypass)	[27].	Using	our	mapping	603	

coordinates	we	identified	transcripts	located	<5kb	from	an	outlier	SNP	defined	by	604	

both	of	these	association	methods	and	differentially	expressed	between	genotypes	605	

in	at	least	one	of	our	analyses.		606	

	607	

Allele	specific	expression	608	
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We	used	our	set	of	αβ	larvae	to	search	for	transcripts	that	showed	allele	specific	609	

expression	(ASE).	RNA	from	each	of	our	samples	was	mapped	to	our	reference	610	

genome	using	bowtie2	2.3.5.1	[71].	The	alignment	files	were	sorted	and	read	groups	611	

were	added	using	Picard	2.10.3	(http://broadinstitute.github.io/picard/).	The	612	

resulting	files	were	indexed	with	samtools	[75]	and	SNPs	were	called	using	bcftools	613	

[75].	We	took	the	conservative	approach	of	only	examining	loci	that	were	fixed	614	

different	between	arrangements.	SNPs	were	filtered	by	mean	depth	(>5),	maximum	615	

percentage	of	missing	samples	(25%),	and	FST	between	α	and	β	=	1,	using	vcftools	616	

[76].	We	further	retained	only	SNPs	that	had	observations	from	at	least	3	617	

individuals.	To	test	for	allele	specific	expression	we	used	the	ASEP	package	[46]	618	

implemented	in	R	[70].	This	package	utilizes	multi-individual	information	and	619	

accounts	for	multi-SNP	correlations	within	the	transcripts.	Using	ASEP	we	620	

performed	a	one-condition	analysis	to	detect	gene-level	ASE	and	corrected	for	621	

multiple	testing	using	the	Benjamini	and	Hochberg	(1995)	method	implemented	in	622	

R	with	‘p.adjust.’	[77].	We	considered	contigs	with	an	adjusted	P-value	<	0.1	to	be	623	

significant.		624	

	625	

	626	

	627	

	628	

	629	

	630	

	631	

	632	

	633	

	634	

	635	
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Figure	Legends	871	

Figure	1	-	Variation	in	expression	differs	across	life	stages	A.	Map	of	Norway,	872	

Denmark,	and	Sweden	showing	the	populations	sampled.	The	inset	shows	size	873	

variation	in	males	as	a	function	of	karyotype.	B.	Principal	component	analysis	(PCA)	874	

of	expression	variation	in	adults.	Points	are	colored	by	karyotype	(αα-	red,	ββ-blue)	875	

and	shaped	according	to	sex	(female-circle,	male-triangle).	C.	PCA	of	expression	876	

variation	in	larvae,	all	samples	are	pools	of	3	larvae	of	unknown	sex	colored	by	877	

karyotype	(αα-	red,	αβ-green,	ββ-blue).	Both	Figure	1A	and	1B	are	based	on	the	top	878	

500	transcripts	with	the	highest	variance.	879	

	880	

Figure	2	-	Patterns	of	allele	specific	expression	(ASE).	Each	plot	is	for	a	single	881	

transcript	where	each	dot	represents	a	single	αβ	individual	averaged	over	all	SNPs	882	

in	that	transcript.	A	1:1	line	is	provided	for	context.	Colors	indicate	the	expression	883	

pattern:	α	biased	expression	-	red,	β	biased	expression	-	blue,	allele-biased	884	

expression	-	green.	Note	that	only	transcripts	with	data	for	5	or	more	individuals	are	885	

shown	here.	The	full	data	set	is	shown	in	Supplemental	Figure	12.	886	

	887	

Figure	3	-	Differential	expression	is	mostly	cis-regulated	for	karyotype.	888	

Differentially	expressed	transcripts	along	the	genome	in	(A)	females,	(C)	males,	and	889	

(E)	larvae.	Y-axes	denote	logfold	change	between	αα	and	ββ	and	x-axes	denote	890	

position	in	megabases.	The	dotted	magenta	lines	denote	the	location	of	Cf-Inv(1).	891	

Note	that	position	in	LG6	is	not	to	scale	with	the	other	linkage	groups	for	892	

presentation.	Each	dot	is	a	single	transcript	and	both	color	and	size	denote	the	-log	893	

(p-value)	after	false	discovery	rate	correction.	Next	to	each	graph	are	density	plots	894	

of	log2fold	changes	for	αα	vs.	ββ	comparisons	for	all	loci	in	the	genome	(colored	895	

grey)	and	just	loci	in	within	Cf-Inv(1)	(colored	magenta)	for	each	group:	females	(B),	896	

males	(D)	and	larvae	(F).	Negative	values	indicate	higher	expression	in	ββ.		897	
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