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Summary	

Understanding	 the	 genetic	 basis	 of	 adaptive	 evolution	 is	 a	 prime	 objective	 in	

modern	 evolutionary	 studies.	 However,	 disentangling	 adaptive	 and	 neutral	

evolution	 remains	 a	 challenging	 task.	 Parallel	 evolution,	 where	 similar	

phenotypes	 independently	 arise	 in	 similar	 environments,	 provides	 compelling	

evidence	 for	 adaptation,	 as	 the	 repeated	 emergence	 of	 similar	 phenotypes	 is	

unlikely	to	happen	due	to	neutral	processes	alone.	The	three-spined	stickleback	

(Gasterosteus	 aculeatus)	 represents	 an	 ideal	 system	 to	 study	 parallel	 evolution	

due	to	its	rapid	adaptation	to	various	freshwater	habitats	since	the	last	glaciation.	

The	 repeated	 adaptation	 to	 lake	 and	 river	 habitats	 has	 been	 proposed	 to	 be	

driven	by	distinct	parasite	environments.	This	has	resulted	into	distinct	lake	and	

river	ecotypes	differing	in	their	parasite	defense.	In	this	thesis,	I	investigated	the	

magnitude	of	genetic	parallelism	and	habitat-specific	gene	expression	underlying	

the	repeated	phenotypic	adaptation	to	the	distinct	habitats	of	lakes	and	rivers.	In	

my	 first	 chapter	 I	 developed	 a	 novel	 genome	 scan	 approach	 based	 on	mutual	

information	 criteria.	 By	 applying	 this	 approach	 to	 whole-genome	 sequencing	

data	 of	 wild-caught	 three-spined	 sticklebacks	 from	 five	 parapatric	 lake	 river	

population	pairs,	I	detected	a	low	degree	of	parallel	genetic	changes	across	these	

geographically	widespread	population	pairs.	 In	contrast,	 in	my	second	chapter,	

transcriptome	profiling	of	 two	 immune	tissues	 from	a	subset	of	 the	 individuals	

used	for	the	genome	study	discovered	habitat-specific	gene	expression	patterns.	

Such	 habitat-specific	 patterns	 display	 similar	 expression	 among	 the	 same	

ecotypes	but	different	expression	between	ecotypes,	indicating	parallelism	at	the	

expression	level.	I	identified	a	total	of	139	genes	with	habitat-specific	expression	

patterns,	 eight	 of	 which	 were	 annotated	 with	 immune	 functions	 and	 42	

differentially	expressed	in	previous	parasite	exposure	experiments,	suggestive	of	

a	parasite	defense	function	in	nature.	Integrating	the	genome	and	transcriptome	

analyses	from	the	first	two	chapters,	the	last	chapter	addressed	the	genetic	basis	

of	habitat-specific	gene	expression.	Using	genome	and	transcriptome	data	 from	

the	 same	 individual	 fish,	 I	 evaluated	 the	 extent	 of	 sequence	 divergence	 in	

cis-regulatory	 regions	 and	 gene	 copy	 number	 divergence	 associated	 with	

expression	divergence.	Though	weak	correlations	were	found	genome-wide,	two	
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genes	 showed	 significant	 divergence	 in	 both	 gene	 copy	 number	 and	 gene	

expression;	 the	 strong	 correlation	 between	 gene	 copy	 number	 and	 expression	

level	 in	 these	 two	 genes	 suggest	 a	 dosage	 effect	 impacts	 habitat-specific	 gene	

expression.	 Taken	together,	 this	 thesis	provides	a	detailed	view	on	genetic	and	
transcription	divergence	between	lake	and	river	sticklebacks,	and	describes	the	

complex	 and	 idiosyncratic	 nature	 of	 evolution	 at	 the	 genetic	 level.	 My	

contributions	 support	 the	 idea	 that	 gene	 expression	 promotes	 repeated	

adaptation	 to	 lake	 and	 river	 environments,	 largely	 influenced	 by	 non-parallel	

mutations,	but	in	some	cases	facilitated	by	recurrent	copy	number	changes	at	the	

genetic	level.	
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Zusammenfassung	

Ein	 Verständnis	 der	 genetischen	 Grundlagen	 von	 adaptiver	 Evolution	 ist	 eines	

der	 wichtigsten	 Ziele	 evolutionsbiologischer	 Studien.	 Allerdings	 besteht	 die	

Schwierigkeit	 adaptive	 und	 neutrale	 Evolution	 auseinanderzuhalten.	 Parallele	

Evolution,	d.h.	das	unabhängige	Auftreten	gleichartiger	Phänotypen	in	analogen	

Lebensräumen,	 stellt	 ein	 starkes	 Argument	 für	 Anpassung	 dar,	 da	 ein	

wiederholtes	 Entstehen	 gleichartiger	 Phänotypen	 aufgrund	 von	 neutralen	

Prozessen	 allein	 unwahrscheinlich	 ist.	 Nach	 der	 letzten	 Eiszeit,	 hat	 sich	 der	

Dreistachlige	 Stichling	 (Gasterosteus	 aculeatus)	 mehrfach	 an	 ein	 Leben	 in	

verschiedenen	 Süßwasser-Lebensräumen	 angepasst	 und	 bietet	 damit	 	 die	

idealen	 Voraussetzungen	 parallele	 Evolution	 zu	 erforschen.	 Es	 wurde	

vorgeschlagen,	 dass	 diese	 wiederholte	 Anpassung	 an	 See-	 und	 Fluss	

-Lebensräume	 maßgeblich	 durch	 Selektion	 aufgrund	 von	

lebensraumspezifischer	Parasiten	vorangetrieben	worden	sein.	Dies	führte	auch	

dazu,	dass	sich	See-	und	Fluss-Phänotypen	in	ihrer	Verteidigung	gegen	Parasiten	

unterscheiden.	 In	 dieser	Doktorarbeit	 untersuchte	 ich	 den	Umfang	 genetischer	

Parallelität	 und	 lebensraumspezifischer	 Genexpression,	 welche	 den	 analogen	

Phänotypen	 dieser	 Lebensräume	 zu	 Grunde	 liegt.	 In	 meinem	 ersten	 Kapitel	

entwickelte	ich	einen	neuartigen	Genom-Scan-Ansatz,	der	auf	dem	Kriterium	der	

„Mutual	 Information“	 basiert.	 Durch	 die	 Anwendung	 dieses	 Ansatzes	 auf	

Sequenzierungsdaten	 ganzer	 Genome	 bestätigte	 ich	 ein	 niedriges	 Ausmaß	 an	

parallelen	 genetischen	 Veränderungen.	 Im	 Gegensatz	 dazu	 entdeckte	 ich	 in	

meinem	 zweiten	 Kapitel	 durch	 „Transcriptome-Profiling“	 von	 zwei	

Immun-Geweben,	 lebensraumspezifische	 Genexpressionmuster.	 Es	 zeigt	 sich,	

dass	 die	 Expressionsmuster	 gleichartiger	 Phänotypen	 ähnlich	 sind,	 während	

diese	sich	zwischen	See-	und	Fluss-Phänotypen	unterscheiden.	Diese	Ergebnisse	

deuten	auf	Parallelität	auf	der	Expressionsebene	hin.	Insgesamt	identifizierte	ich	

139	Gene	mit	 solchen	 lebensraumspezifischen	Expressionsmustern,	 von	 denen	

acht	 mit	 Immunfunktionen	 in	 Verbindung	 gebracht	 werden	 können.	

Darüberhinaus,	fand	ich	42	unterschiedlich	exprimierte	Gene,	welche	in	früheren	

Infektionsexperimenten,	bereits	identifiziert	wurde,	da	diese	Gene	eine	Rolle	bei	

der	 Parasitenverteidigung	 im	 natürlichen	 Lebensraum	 spielen.	 Durch	 die	
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Kombination	 von	 Genom-	 und	 Transkriptom-Daten	 von	 den	 gleichen	

Fischindividuen,	 	 evaluierte	 ich	 in	 meinem	 letzten	 Kapital	 in	 welchem	 Maß	 	

Sequenzunterschieden	in	cis-regulatorischen	Regionen	und	Unterschiede	in	der	

Gen-Kopie-Anzahl	mit	der	Divergenz	in	der	Genexpression	assoziiert	sind.	 	

Obwohl	 nur	 schwache	 Korrelationen	 Genome-weit	 gefunden	 wurden,	 zeigten	

besonders	 zwei	 Gene	 einen	 signifikanten	 Unterschied	 sowohl	 in	 der	

Gen-Kopie-Anzahl	 als	 auch	 bei	 der	 Genexpression.	 Die	 korrelierten	

Gen-Kopie-Anzahlen	 und	 Expressionsniveaus	 dieser	 beiden	 Gene	 legen	 eine	

Dosiswirkung	 nahe,	 welche	 die	 lebensraumspezifischen	 Genexpression	 dieser	

Gene	beeinflusst.	Zusammengefasst,	diese	Arbeit	liefert	eine	detaillierte	Sicht	auf	

die	 genomischen	 und	 transkriptomischen	 Unterschiede	 zwischen	 See-	 und	

Fluss-Stichlingen	 und	 offenbart	 die	 komplexe	 Natur	 der	 Evolution	 auf	

genetischer	Ebene.	Meine	Arbeit	unterstützt	die	Ansicht,	dass	Genexpression	die	

wiederholte	Anpassung	an	spezifische	Lebensräume	fördert,	 	 zum	größten	Teil	

auf	 der	 genetischen	 Ebene	 verursacht	 durch	 spezifische,	 nicht	 parallele	

Mutationen,	aber	in	machen	Fällen	auch	durch	sich	wiederholende	Änderungen	

in	der	Gen-Kopie-Anzahl.	
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Introduction	

Adaptation,	the	process	by	which	a	population	of	organisms	evolves	fitter	forms	

to	survive	 in	the	environment	due	to	natural	selection,	 is	a	central	paradigm	in	

evolutionary	 biology.	 Finding	 the	 genetic	 changes	 and	molecular	modifications	

between	populations	that	facilitate	adaptation	to	different	environments	helps	to	

understand	 the	 origin	 and	 targets	 of	 adaptive	 evolution.	 In	 this	 general	

introduction	to	my	PhD	thesis,	I	will	elaborate	on	the	signatures	of	adaptation	on	

genomes	and	transcriptomes,	and	how	to	identify	these	signatures	utilizing	cases	

of	parallel	evolution.	

	

1. Adaptive	evolution	and	parallel	evolution	

The	 theory	 of	 adaptation	 by	 natural	 selection	 comprises	 a	 centerpiece	 in	 the	

subject	 of	 evolution	 (Darwin	 1859;	 Fisher	 1930).	 Natural	 selection	 can	 occur	

when	 heritable	 traits	 vary	 in	 form	 and	 fitness	 in	 a	 population.	 Adaptive	 traits	

that	 offer	 fitness	 advantages	 tend	 to	 increase	 in	 frequency	 over	 time.	 Though	

adaptation	 by	 natural	 selection	 is	 a	 ubiquitous	 phenomenon	 in	 nature	 (Endler	

1986),	 evolution	 would	 not	 necessarily	 be	 adaptive.	 Neutral	 evolution	 differs	

from	adaptive	evolution	in	that	neutrally	evolving	traits	are	irrelevant	to	fitness	

and	 the	changes	of	 trait	 frequencies	are	mainly	due	 to	random	effects	 (Kimura	

1983).	 Neutral	 processes	 such	 as	 genetic	 drift,	 migration	 and	 demographic	

history	 also	 influence	 the	 evolutionary	 trajectories	 of	 traits	 and	 can	 lead	 to	

differentiation	 between	 populations	 (Kimura	 1968).	 For	 example,	 genetic	 drift	

alone	can	generate	significant	changes	of	frequencies	for	neutral	traits	and	even	

slightly	deleterious	traits,	especially	in	populations	of	small	sizes	(Charlesworth	

2009).	When	the	fitness	value	of	a	trait	is	unknown,	a	significant	increase	in	its	

frequency	can	thus	be	mistaken	as	a	signal	of	adaptive	evolution.	Disentangling	

adaptive	 evolution	 from	 neutral	 evolution	 remains	 challenging	 in	 evolutionary	

studies	aiming	to	understand	the	importance	of	natural	selection	in	evolution.	
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Habitat	plays	an	 important	 role	 in	 the	action	of	natural	 selection,	 as	 it	harbors	

essential	 resources	 for	 organisms	 to	 survive	 and	 reproduce	 and	 therefore	

impacts	 fitness.	 Habitats	 differing	 in	 abiotic	 and	 biotic	 resources	 can	 lead	 to	

diversification	of	populations	when	 traits	 are	differentially	 favoured	 in	 a	 given	

habitat	 (Nosil	 &	 Feder	 2012;	 Savolanen	 et	 al	 2013).	 In	 contrast,	 ecologically	

similar	 habitats	 from	 geographically	 distant	 locations	 might	 independently	

favour	similar	traits	of	the	inhabiting	populations	(Elmer	&	Meyer	2011),	giving	

rise	 to	 ecotypes	 or	 ecomorphs	 (Turesson	 1922;	 Turrill	 1946).	 The	 repeated	

emergence	of	similar	traits	in	independent	lineages	is	termed	parallel	evolution	

(Futuyma	 1986).	 Under	 neutrality,	 populations	 or	 species	 are	 expected	 to	

diverge	 along	with	 the	 phylogenetic	 relationships	 (Kreitman	 1996;	 Orr	 1998),	

which	means	 traits	 are	more	 similar	 among	 closely	 related	 taxa	 than	distantly	

related	taxa.	Deviations	from	this	expectation,	such	as	parallel	evolution	seen	in	

ecotypes,	provide	strong	evidence	for	natural	selection	(Endler	1986,	Figure	1).	

	

Parallel	phenotypic	evolution	in	the	wild	has	been	widely	documented.	Examples	

include	 independent	 eye	 reduction	 and	 antennae	 elaboration	 in	 cave	 animals	

(such	as	amphipods	Gammarus	minus	by	Jones	et	al.	1992);	independent	origins	

of	Anolis	lizards	ecomorphs	among	Caribbean	islands	(Losos	et	al.	1998);	parallel	

Figure	1.	Scenarios	of	(A)	a	possible	neutral	scenario	where	traits	cluster	
by	the	phylogenetic	relationship	versus	(B)	an	adaptive	scenario	where	
traits	correlate	with	habitat	types	in	different	clades.	The	dendrograms	
indicate	 the	 phylogenetic	 relationship	 of	 the	 taxa	 inhabiting	 different	
habitat	 types	 (a	 and	 b).	 Black	 squares	 indicate	 outgroups,	 while	 other	
colours	 and	 shapes	 indicate	 different	 traits.	 Modified	 from	 Figure	 1,	
Whitehead	2011.	

A	 B	

habitat	type																					a												b					a												b																											a											b						a											b	

evolu.onary		
rela.onship	
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differentiation	 of	 dwarf	 and	 normal	 whitefish	 in	 North	 American	 lakes	

(Bernatchez	&	Dodson	1991;	Pigeon	et	al.	1997);	parallel	increase	of	wing	length	

with	latitude	in	both	the	New	World	and	the	Old	World	in	Drosophila	subobscura	

(Huey	et	al.	2000);	repeated	differentiation	of	pharyngeal	 jaw	and	lip	shapes	in	

cichlids	(Albertson	et	al.	2005);	repeated	differences	of	body	depth	and	gill	raker	

numbers	between	lake	and	stream	sticklebacks	(Berner	et	al.	2008;	Kaeuffer	et	al.	

2012)	and	enlarged	head	sizes	of	geckos	in	multiple	island	populations	(Eloy	de	

Amorim	et	al.	2017).	Most	cases	of	parallel	evolution	have	been	described	based	

on	morphological	 or	physiological	 phenotypes.	The	underlying	molecular	basis	

of	parallel	evolution,	such	as	genetic	modifications	that	affect	protein	function	or	

gene	expression,	are	comparatively	 less	well	understood.	With	recent	advances	

in	sequencing	technologies,	we	are	able	to	tackle	these	issues.	

	

2.	Adaptive	evolution	of	gene	expression	

In	 general,	 two	 types	 of	 molecular	 changes	 lead	 to	 phenotypic	 effects.	 One	

involves	changes	in	protein	structure	that	alter	physical	and	chemical	properties,	

changing	 activities	 and	 molecular	 functions	 of	 the	 protein	 (Hoekstra	 &	 Coyne	

2007).	 Another	 type	 involves	 regulatory	 changes	 that	 do	 not	 alter	 protein	

structure,	 but	 rather	 the	 amount	 and/or	 spatiotemporal	 expression	 of	 gene	

products	(King	&	Wilson	1975).	Regulatory	changes	have	been	proposed	to	play	

a	more	important	role	in	adaptive	evolution	(Carroll	2008),	as	gene	expression	is	

dynamic	 and	 flexible	whereas	protein	 structures	 are	 comparatively	 pleiotropic	

and	constrained	(Wray	2007).	Prominent	examples	of	gene	expression	changes	

contributing	 to	 adaptive	 phenotypic	 evolution	 include	 calmodulin	 expression	

changes	affecting	beak	morphology	of	Darwin’s	 finches	(Abzhanov	et	al.	2006),	

increased	expression	of	Agouti	producing	camouflage	pigmentation	in	deer	mice	

(Linnen	 et	 al.	 2009),	 and	 the	 silencing	 of	 expression	 of	 pitx1	 associated	 with	

repeated	pelvic	loss	in	three-spined	sticklebacks	(Chan	et	al.	2010).	

	

Gene	expression	 itself	 can	be	 considered	as	 an	 extended	molecular	phenotype,	

representing	the	molecular	basis	for	morphological	or	physiological	phenotypes	

(Houle	 et	 al.	 2010).	 Due	 to	 the	 ease	 and	 accessibility	 of	 gene	 expression	 data	
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from	microarrays	and	RNA-seq	technologies,	transcription	is	commonly	used	as	

a	 proxy	 for	 gene	 expression	 and	 studied	 genome-wide	 (Schena	 et	 al.	 1995;	

Alvarez	 et	 al.	 2015).	With	notable	degrees	of	heritability	 (Stamatoyannopoulos	

2004;	 Gibson	 &	 Weir	 2005)	 and	 contribution	 to	 fitness	 (Pavey	 et	 al.	 2010),	

variation	 in	 gene	 expression	 is	 a	 substrate	 for	 natural	 selection	 (Figure	 2A).	

However,	 what	 proportion	 of	 gene	 expression	 is	 under	 adaptive	 evolution	

remain	 elusive.	 Some	 studies	 suggest	 that	 the	 expression	 of	 most	 genes	 are	

under	neutral	evolution	(Oleksiak	et	al.	2002;	Khaitovich	et	al.	2005),	while	other	

studies	 suggest	 that	 a	 large	 component	 of	 gene	 expression	 evolution	 is	 under	

either	stabilizing	selection	(Rifkin	et	al.	2003;	Lemos	et	al.	2005)	or	directional	

selection	 (Enard	 et	 al.	 2002;	 Fraser	 et	 al.	 2010;	 Nourmohammad	 et	 al.	 2017).	

Using	 comparative	 transcriptomic	 approaches,	 the	 selection	 regimes	 of	 gene	

expression	 evolution	 can	 be	 inferred	 based	 on	 expression	differences	 between	

populations	compared	to	that	of	within	populations	(Harrison	et	al.	2012).	This	

analysis	 can	 be	 extended	 towards	 studying	 gene	 expression	 patterns	 across	

populations	 correlated	 with	 particular	 environments.	 For	 example,	 gene	

expression	 variation	 was	 found	 to	 be	 associated	 with	 a	 gradient	 of	 habitat	

temperatures	 in	 killifish	 (Fundulus	 heteroclitus),	 suggesting	 local	 adaptation	

(Whitehead	&	Crawford	2006).	When	contrasting	discrete	habitats,	approaches	

aiming	to	 identify	the	genes	differentially	expressed	between	habitats	are	most	

powerful	 if	 habitat	 contrasts	 are	 replicated	 samples	 (Figure	 2B).	 This	 allows	

identifying	habitat-specific	expression	pattern,	which	is	a	manifest	of	parallelism	

at	 the	 expression	 level.	 Studies	 of	 this	 kind	 have	 revealed	 parallel	 expression	

patterns	between	sympatric	‘dwarf’	and	‘normal’	whitefish	ecotypes	specializing	

in	 limnetic	 and	 benthic	 niches	 (Derome	 et	 al.	 2006),	 between	 lake	 and	 river	

ecotypes	 of	 salmon	 (Pavey	 et	 al.	 2011),	 between	 thick-	 and	 thin-lipped	Midas	

cichlid	ecomorphs	 (Manousaki	et	 al.	2013),	 and	between	 low	and	high	 latitude	

populations	 of	 Drosophila	 melanogaster	 (Zhao	 et	 al.	 2015).	 Identifying	 those	

genes	differing	in	their	expression	in	parallel	is	one	step	forward	to	understand	

the	molecular	 targets	of	natural	 selection.	However,	which	proportion	of	genes	

shows	an	expression	difference	due	to	plastic	versus	genetic	differences	remains	 	 	 	 	 	 	 	
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Figure	2.	 Schematic	 illustration	of	 gene	expression	evolution	given	different	
selection	 scenarios.	 (A)	 Changes	 in	 the	 frequency	 distribution	 of	 gene	
expression	 levels	 between	 an	 ancestral	 population	 (upper	 row)	 and	
descendant	 populations	 (bottom	 row)	 under	 models	 of	 neutral	 drift,	
stabilizing	 selection	 and	 directional	 selection.	 The	 dotted	 vertical	 line	
represents	 the	 mean	 expression	 in	 the	 ancestral	 population.	 Neutral	 drift	
flattens	the	distribution,	stabilizing	selection	maintains	the	population	mean	
while	 directional	 selection	 shifts	 the	 population	 mean	 to	 higher	 or	 lower	
levels.	 (B)	 Parallel	 gene	 expression	 evolution	where	 population	means	 shift	
independently	 in	 the	 same	 way	 in	 similar	 habitats	 (habitat	 type	 a	 in	 this	
example).	 This	 is	 expected	 under	 habitat-associated	 directional	 selection,	
governing	gene	expression	evolution	in	either	or	both	contrasting	habitats.	 	
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challenge	 to	 disentangle.	 A	 plastic	 response	 can	 play	 a	 beneficial	 role	 when	

populations	are	exposed	to	a	new	environment,	but	its	evolutionary	significance	

remains	 controversial	 (Laland	 et	 al.	 2014).	 A	 heritable	 basis	 of	 expression	

differences	provides	evidence	for	adaptive	evolution	that	the	underlying	genetic	

variants	 were	 differentially	 selected	 upon	 by	 different	 environments.	 Hence,	

unraveling	 the	 underlying	 genetic	 basis	 of	 gene	 expression	 differences	 is	

important	to	understand	the	targets	of	adaptive	expression	evolution.	

	

3.	Genetics	of	adaptive	expression	evolution	 	

Genetically	 based	 gene	 expression	 differences	 between	 populations	 or	 species	

are	mainly	attributed	to	two	types	of	genetic	variations:	sequence	variation,	most	

commonly	identified	by	single	nucleotide	polymorphisms	(SNPs),	and	structural	

variation	 (SV),	 which	 includes	 copy	 number	 variations	 (CNVs)	 such	 as	

duplications	and	deletions	of	large	genome	regions.	These	two	types	of	variation	

are	predicted	to	affect	gene	expression	through	different	ways	of	regulation.	 	

	

Sequence	variation	 that	occurs	 in	regulatory	regions	can	alter	gene	expression.	

Regulatory	regions	are	genomic	regions	involved	in	launching	transcription	and	

are	 classified	 as	 cis-	 and	 trans-regulatory	 regions.	 Cis-regulatory	 regions	 (or	

cis-regulatory	 elements,	 CREs,	 Figure	 3A)	 contain	 transcription	 factor	 binding	

sites	 that	 are	 necessary	 to	 initiate	 transcription,	 including	 promoters	 and	

enhancers,	 located	 in	 the	 neighborhood	 of	 the	 transcribed	 genes.	

Trans-regulatory	 regions	 (or	 trans-regulatory	 element,	 TREs,	 Figure	 3B)	 are	

remote	genomic	regions	that	 typically	encode	transcription	factors	that	bind	to	

CREs.	Sequence	changes	both	in	CREs	and	in	TREs	can	alter	the	binding	affinity	

of	 transcription	 factors	and	thus	affect	expression	of	adjacent	or	remote	genes.	

Consistent	 with	 the	 rationale	 that	 CREs	 have	 mostly	 local	 effects	 on	 gene	

expression	 compared	 to	 TREs	 and	 thus	 lower	 pleiotropy,	 CREs	 are	 favored	

during	 population	 divergence	 and	 are	 primary	 drivers	 of	 gene	 expression	

differences	between	species	(Wittkopp	et	al.	2008;	Emerson	et	al.	2010).	There	is	

increasing	 evidence	 that	 CRE	 sequence	 divergence	 is	 important	 in	 phenotypic	

evolution;	 expression	 quantitative	 trait	 loci	 (eQTL)	 studies	 so	 far	 have	 found	
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predominately	cis-	compared	to	trans-localized	eQTL	(Dixon	et	al.	2007;	Stranger	

et	 al.	 2007a;	 Bryois	 et	 al.	 2014;	 Pritchard	 et	 al.	 2017;	 Ishikawa	 et	 al.	 2017).	

Examples	 of	 the	 importance	 of	 CREs	 in	 gene	 expression	 changes	 include	

nucleotide	 substitutions	 within	 CREs	 altering	 cis-regulatory	 activities	 and	

responsible	for	gene	expression	differences	and	loss	of	trichomes	in	Drosophila	

species	 (Frankel	 et	 al.	 2011),	 and	 13	 nucleotide	 substitutions	 in	 an	 enhancer	

responsible	 for	 human-specific	 limb	 development	 compared	 to	 chimpanzees	

(Prabhakar	et	al.	2008).	 	 	

	

Structural	variation	can	also	influence	gene	expression,	for	example	by	changing	

the	number	of	gene	copies	via	copy	number	variation.	Such	CNV	genes	typically	

show	dosage	effects	on	gene	expression,	where	higher	gene	copy	numbers	lead	

to	 higher	 gene	 expression,	 simply	 because	 more	 copies	 are	 available	 for	

transcription,	and	vice	versa	(Figure	3C;	Haraksingh	&	Snyder	2013;	Gamazon	&	

Stranger	 2015).	 Other	 factors	 can	 obscure	 a	 dosage	 effect	 of	 CNVs,	 such	 as	

compensatory	 effects	 via	 negative	 feedback	 in	 regulation	 networks	 or	

differences	 in	 chromatin	 profiles	 among	 copies	 (Henrichsen	 et	 al.	 2009a).	

Nevertheless,	genome-wide	association	studies	and	CNV	surveys	have	suggested	

a	great	impact	of	CNVs	on	gene	expression	(Sudmant	et	al.	2015;	Huddleston	&	

Eichler	2016).	A	substantial	proportion	of	genes	within	CNV	regions	or	 in	their	

vicinity	 have	 expression	 levels	 correlated	 with	 copy	 number,	 as	 has	 been	

reported	 in	 Drosophila,	mice	 and	 human	 (Stranger	 et	 al.	 2007b;	 Schlattl	 et	 al.	

2011,	Henrichsen	et	al.	2009b,	Cardoso-Moreira	et	al.	2016).	

	

Because	gene	expression	can	be	modulated	by	different	genetic	variants,	it	raises	

the	possibility	 that	parallel	gene	expression	patterns	can	be	caused	by	entirely	

different	 types	 of	 mutations.	 It	 is	 therefore	 an	 informative	 question	 to	 ask	

whether	 parallel	 gene	 expression	 changes	 are	 accompanied	by	parallel	 genetic	

changes,	 or	whether	 the	underlying	genetic	 causes	 involve	different	nucleotide	

sites,	 different	 genes,	 or	different	mutation	 types.	 In	 addition,	 adaptive	 genetic	

changes	can	arise	via	new	mutation,	 from	standing	genetic	variation,	or	though	

introgression	 (Elmer	 &	 Meyer	 2011;	 Stern	 2013).	 Adaptation	 from	 standing	

genetic	variation	in	shared	ancestral	populations	might	be	a	rapid	trajectory	for	
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adaptive	 evolution	 compared	 to	 new	mutations,	 as	 it	 does	 not	 require	waiting	

time	 for	mutations	 to	 arise	 and	 integrate	 into	 the	 existing	 functional	networks	

(Barrett	 &	 Schluter	 2008).	 Concluding	 from	 experimental	 studies,	 population	

genomic	 studies	 and	 quantitative	 genetic	 studies,	 parallel	 adaptation	 at	 the	

genetic	 level	 appears	 to	be	 frequent,	 especially	 for	 traits	with	 a	 simple	 genetic	

basis	 of	 large	 effect	 (Wood	 et	 al.	 2005),	 and	 when	 populations	 share	 recent	

common	 ancestors	 (Conte	 et	 al.	 2012).	 But	 how	 much	 genetic	 parallelism	 is	

underlying	expression	parallelism	on	a	genome	wide	scale	is	unclear.	
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Figure	 3.	 Genetic	 variation	 affecting	 gene	 expression	 levels.	 Green	 pies	
indicate	CRE	regions	where	transcription	factors	bind,	and	grey	boxes	indicate	
gene	bodies.	(A)	Nucleotides	in	red	indicate	single	nucleotide	polymorphisms	
in	 CRE	regions	 that	 alter	 transcription	 levels.	 (B)	 The	 additional	 box	with	 a	
red	part	indicates	mutations	in	TRE	regions	that	alter	transcription	levels.	(C)	
Higher	gene	copy	number	can	lead	to	higher	transcription	levels.	
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4.	The	three-spined	stickleback	 	

The	three-spined	stickleback	(Gasterosteus	aculeatus)	is	a	great	model	organism	

to	 study	 the	 genetic	 and	molecular	 basis	 of	 parallel	 evolution,	 due	 to	 its	 rapid	

radiation	in	different	habitats	and	broad	distribution	in	the	northern	hemisphere.	

After	 the	 last	 glaciation,	 marine	 sticklebacks	 rapidly	 and	 repeatedly	 colonized	

different	 freshwater	 habitats,	 giving	 rise	 to	 parallel	 freshwater	 ecotypes	

(McKinnon	 &	 Rundle	 2002).	 There	 are	 numerous	 examples	 of	 parallel	 genetic	

changes	underlying	the	adaptation	to	freshwater	habitats,	including	the	repeated	

loss	of	the	pelvic	fin	caused	by	independent	deletion	events	frequently	occurring	

in	 the	 CRE	 regions	 of	 pitx1	 gene	 that	 suppress	 gene	 expression	 (Chan	 et	 al.	

2010),	 and	 the	 loss	 of	 armor	 plates	 in	 multiple	 freshwater	 populations	 via	

repeated	fixation	of	the	same	Ectodysplasin	alleles	(Colosimo	et	al.	2005;	but	see	

Pujolar	et	al.	2017).	Genome-wide	surveys	of	parallel	evolution	have	suggested	

that	 adaptation	 of	 sticklebacks	 to	 freshwater	 habitats	 predominantly	 involves	

regulatory	 changes	 compared	 to	 protein-coding	 changes	 (Jones	 et	 al.	 2012).	

Amongst	 various	 freshwater	 habitats,	 recurrent	 adaptation	 to	 lakes	 and	 rivers	

has	given	rise	 to	 two	distinct	ecotypes	 (Reusch,	et	al.	2001).	Adjacent	 lake	and	

river	 populations	 often	 exhibit	 consistent	 morphological	 differences	 in	 body	

shape	and	gill	 raker	number	(Kaeuffer	et	al.	2012;	Lucek	et	al.	2014).	Amongst	

other	 differences	 between	 lake	 and	 river	 habitats,	 one	 profound	 difference	

imposing	natural	selection	on	the	organism	is	higher	parasite	abundance	in	lakes	

fish	 than	 in	 river	 fish	 (Kalbe	 et	 al.	 2002).	 Lake	 fish	 commonly	 bear	 a	 higher	

parasite	 load	 than	 the	 parapatric	 river	 populations	 (Eizaguirre	 et	 al.	 2011),	

resulting	 in	 higher	 immune-competence	 (Scharsack	 et	 al.	 2007)	 and	 higher	

diversity	 in	major	histocompatibility	complex	(MHC)	(Eizaguirre	et	al.	2011).	 It	

appears	 as	 though	 this	 emerges	 due	 to	 adaptation	 to	 the	 local	 parasite	

environments	(Eizaguirre	et	al.	2009,	2012b).	Altogether,	 these	studies	suggest	

that	the	differences	 in	habitats	such	as	the	parasite	pressure	play	an	important	

role	in	the	divergence	between	lake	and	river	sticklebacks.	 	

	

In	 this	 thesis,	wild-sampled	 sticklebacks	 from	 five	 pairs	 of	 parapatric	 lake	 and	

river	populations	are	used	to	investigate	parallelism	on	the	genetic	level	as	well	
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as	 on	 the	 gene	 expression	 level	 (Figure	 4).	 Studying	 the	 genomic	 and	

transcriptomic	variation	between	these	ecotypes	allows	a	better	understanding	

of	the	genetic	and	molecular	basis	underpinning	the	habitat-specific	adaptation	

in	lake	and	river	sticklebacks.	

	

	

	

	 	

Figure	4.	Sampling	sites	of	lake	and	river	population	pairs	included	in	this	
thesis.	Modified	from	Figure	1	in	Feulner	et	al.	2015.	
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Thesis	outline	

The	aim	of	my	PhD	study	was	to	understand	the	genetic	basis	of	habitat-specific	

adaptation,	for	which	I	studied	variation	in	genomes	and	transcriptomes	among	

five	 replicated	 lake	 and	 river	 population	 pairs	 of	 three-spined	 stickleback.	My	

PhD	 study	 comprises	 three	 projects,	which	 are	 presented	 as	 three	 chapters	 in	

this	 thesis	 and	 outlined	 below.	 These	 projects	 were	 conducted	 in	 cooperation	

with	other	scientists,	with	their	and	my	contribution	 indicated	 in	a	 table	at	 the	

end	of	this	section.	 	

	

Chapter	I． 	 Genomic	parallelism	detection	via	mutual	information	

A	genome	scan	based	on	mutual	information	(MI)	from	information	theory	was	

employed	 to	 evaluate	 parallel	 sequence	 divergence	 between	 lake	 and	 river	

sticklebacks	 across	 five	 population	 pairs.	 This	 was	 carried	 out	 in	 two	

complementary	ways:	(a)	contrasting	each	parapatric	lake	and	river	populations,	

as	 it	 was	 done	 by	 FST,	 allowing	 the	 identification	 of	 genomic	 regions	 with	

exceptionally	 high	 divergence	 that	were	 shared	 between	 population	 pairs;	 (b)	

contrasting	 grouped	 lake	 or	 river	 populations	 altogether	 to	 evaluate	 the	

sequence	divergence	between	ecotypes	 from	all	 sampled	population	pairs.	The	

latter	 was	 not	 performed	 on	 FST	 because	 FST	 is	 based	 on	 the	 assumption	 of	

interbreeding	systems.	These	MI-based	analyses	confirmed	with	the	FST	analyses	

that	little	genetic	parallelism	was	found	across	the	replicated	population	pairs.	 	

	

Chapter	II． 	 Habitat-specific	gene	expression	in	sticklebacks	

Parapatric	 lake	 and	 river	 populations	 of	 sticklebacks	 are	 known	 to	 harbor	

distinct	parasite	communities,	a	parallel	difference	across	multiple	lake	and	river	

pairs	 driving	 divergence	 between	 lake	 and	 river	 populations.	 Such	

parasite-mediated	 selection	 should	 leave	 habitat-specific	 signatures	 on	 gene	

expression	divergence	especially	 in	 immune	tissues	and	genes	with	an	immune	

function.	 These	 signatures	 should	 exhibit	 similar	 expression	 levels	 within	

ecotypes	 compared	 to	 between	 ecotypes.	 Using	 a	 subset	 of	 the	 stickleback	
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samples	 used	 for	 the	 genome	 study	 from	 the	 first	 chapter,	 two	major	 immune	

tissues	 were	 used	 for	 whole-transcriptome	 sequencing.	 Differential	 gene	

expression	analysis	revealed	139	genes	with	habitat-specific	expression	patterns.	

Amongst	these	genes,	eight	were	annotated	with	immune	functions	and	42	were	

found	differentially	expressed	 in	previous	parasite-infection	studies,	 suggestive	

of	a	contribution	in	coping	with	differential	parasite	pressures	between	lake	and	

river	habitats.	

	

Chapter	III． 	 Genetics	underlying	habitat-specific	gene	expression	

This	 chapter	 aimed	 to	 understand	 the	 genetic	 basis	 of	 habitat-specific	 gene	

expression.	 Sequence	 divergence	 in	 cis-regulatory	 regions,	 gene	 copy	 number	

divergence	 and	 expression	 divergence	 between	 ecotypes	 were	 evaluated	 by	

ANOVA-based	F-statistics	and	integrated	to	examine	the	contribution	of	genetic	

divergence	 in	 gene	 expression	 divergence.	 Weak	 positive	 correlations	 were	

found	 genome-wide.	However,	 two	 genes	with	 expression	 divergence	 between	

ecotypes	 exhibited	 highly	 correlated	 copy	 number	 divergence,	 while	 no	 such	

case	was	 found	 for	cis-sequence	divergence	 in	our	data.	These	 two	genes	have	

putative	 immune	functions	and	are	strong	candidates	 involved	in	adaptation	to	

differential	parasite	environments	between	lake	and	river	habitats.	These	results	

suggest	 that	 gene	 copy	 number	 changes	 can	 lead	 to	 gene	 expression	 changes	

between	 ecotypes,	 providing	 a	 putative	 mechanism	 facilitating	 adaptation	 to	

different	habitats.	

	

Taken	 together,	 this	 thesis	addressed	parallelism	on	 the	genetic	 level	and	gene	

expression	 level	 across	 replicated	 lake	 and	 river	 stickleback	 population	 pairs.	

Though	 little	 genetic	 parallelism	 was	 found	 across	 the	 replicated	 population	

pairs,	139	genes	displayed	habitat-specific	expression	patterns.	 In	addition,	we	

found	compelling	evidence	that	gene	copy	number	changes	of	at	least	two	genes	

were	strongly	associated	with	habitat	specific	expression	patterns.	These	results	

highlight	 a	 contribution	 of	 copy	 number	 variation	 in	 adaptive	 evolution,	

advancing	 our	 understanding	 of	 the	 genetic	 basis	 underlying	 habitat-specific	

adaptation.	
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Chapter	I	 Using	mutual	information	to	detect	

genomic	regions	of	parallel	differentiation	

between	replicated	parapatric	lake	and	stream	

stickleback	populations	
 

Yun	Huang,	Philine	G.	P.	Feulner	&	Frédéric	J.	J.	Chain	 	

 

 

Introduction	
When	populations	split	and	adapt	to	different	habitats,	genotypes	that	are	newly	

beneficial	to	a	particular	habitat	are	expected	to	thrive	locally	but	diverge	from	

other	populations	(Lewontin	&	Krakauer,	1973).	Accordingly,	a	locus	can	become	

highly	 differentiated	 due	 to	 positive	 selection	 in	 one	 population.	 However,	

neutral	 evolutionary	 processes	 such	 as	 genetic	 drift,	 demographic	 history	 and	

reduced	gene	 flow	can	also	 lead	 to	high	genetic	differentiation	 (Kimura	1968).	

Parallel	evolution,	where	the	same	genotypes	repeatedly	arise	in	high	frequency	

in	populations	in	similar	environments	and	differentiate	between	populations	in	

distinct	 environments	 provides	 strong	 evidence	 for	 natural	 selection	 (Elmer	&	

Meyer	 2011),	 as	 the	 odds	 of	 neutral	 processes	 repeatedly	 yielding	 high	

differentiation	 in	 the	same	direction	 is	small.	The	study	of	parallel	evolution	 in	

populations	 inhabiting	 different	 environments	 can	 help	 identify	 targets	 of	

selection	and	adaptation.	

 

Genetic	differentiation	can	be	estimated	as	FST	(Wright	1951),	a	 function	of	 the	

average	 genetic	 variance	 between	 populations	 compared	 to	 total	 genetic	

variance	 across	 populations.	 FST	 is	 commonly	 applied	 to	 pair-wise	 population	

comparisons,	while	FST	in	a	hierarchical	island	model	was	developed	to	apply	to	

multiple	 populations	 with	 a	 hierarchical	 structure	 (Slatkin	 &	 Voelm,	 1991).	

																																																								
 	This	chapter	serves	as	a	supplementary	analysis	for	 	
Feulner	et	al.	2015.	PLoS	Genetics	11:e1004966.	
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Either	pair-wise	or	hierarchical	estimation	is	theoretically	based	on	estimates	of	

inbreeding	 coefficients	 between	 subpopulations,	 and	 thus	 not	 suitable	 to	 be	

applied	to	comparative	approaches	that	violate	the	real	population	structure.	

 

Alternatively	 to	 FST,	 mutual	 information	 (MI)	 provides	 a	 robust	 measure	 of	

genetic	differentiation	between	populations	based	on	the	amount	of	uncertainty	

in	the	distribution	of	genotypes	amongst	populations	(Dewar	et	al.	2011)	and	is	

free	of	assumptions	about	the	underlying	population	structure	and	relatedness.	

In	 information	 theory,	 the	 amount	 of	 uncertainty	 within	 a	 random	 variable	 is	

termed	entropy	(H).	It	is	often	used	to	measure	species	diversity	in	ecology,	also	

referred	 to	 as	 the	 Shannon	 index,	 which	 combines	 the	 number	 of	 species	

detected	 and	 the	 frequency	 of	 each	 (Hill	 1973).	 In	 ecology,	 the	 prevalence	 of	

different	 species	 and	 the	more	 even	 their	 frequencies,	 the	 higher	 the	 Shannon	

index.	 Similarly,	 in	 the	 context	of	 genetic	differentiation,	 entropy	describes	 the	

evenness	 of	 the	 distribution	 of	 different	 genotypes	 across	 individuals.	 When	

dealing	 with	 populations	 from	 different	 habitats,	 the	 reduction	 of	 entropy	 in	

genotypes	given	a	habitat	(population)	represents	the	MI	between	the	genotypes	

and	 the	 habitat.	 For	 example,	 if	 the	 genotype	 is	 completely	 unrelated	 to	 the	

habitat	type,	then	the	uncertainty	about	the	genotypes	remains	the	same	with	or	

without	the	awareness	of	the	habitat	type	and	the	MI	is	zero.	On	the	contrary,	if	

the	 uncertainty	 is	 reduced	 within	 a	 habitat	 compared	 to	 pooling	 genotypes	

across	habitats,	the	MI	is	positive.	At	best,	a	fixed	genotype	between	two	habitats	

would	 accurately	 inform	 the	 habitat	 type,	 and	 the	MI	would	 be	 the	maximum	

entropy	 of	 the	 habitat	 and	 normalized	 to	 one.	 As	 MI	 is	 not	 based	 on	 any	

population	genetic	assumptions,	it	can	be	applied	to	any	hierarchy	of	population	

structures.	 This	 is	 particularly	 useful	 for	 studying	 the	 parallel	 evolution	 of	

“ecotypes”.	 Ecotypes	 are	 ecologically	 divergent	 populations	 with	 distinct	

phenotypes	 associated	 with	 the	 habitat	 environments	 instead	 of	

phylogeographical	 distances	 (Turrill	 1946).	 Because	 the	 comparison	 between	

different	 ecotypes	 does	 not	 conform	 to	 the	 phylogenetic	 relationship	 among	

populations,	 MI	 is	 well	 suited	 to	 study	 ecotypes	 and	 the	 underlying	 parallel	

genetic	changes.	 	
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Three-spined	sticklebacks	have	repeatedly	colonized	various	freshwater	habitats	

and	 have	 differentiated	 likely	 due	 to	 rapid	 adaptation	 since	 the	 last	 glaciation	

(McKinnon	 &	 Rundle	 2002).	 Amongst	 the	 emerged	 ecotypes,	 lake	 and	 river	

sticklebacks	 display	 some	 parallel	 traits	 such	 as	 body	 depth	 and	 gill	 raker	

numbers	 (Berner	 et	 al.	 2008;	 Kaeuffer	 et	 al.	 2012)	 and	 parasite	 resistance	

(Eizaguirre	 et	 al.	 2011;	 Scharsack	et	 al.	 2007),	 suggesting	 the	 action	of	natural	

selection.	 However,	 the	 genetic	 parallelism	 potentially	 underlying	 such	

phenotypic	parallelism	is	not	well	understood.	 	

 

In	 this	 chapter,	 I	 aim	 to	 study	 genetic	 parallelism	 across	 lake	 and	 river	

stickleback	ecotypes	from	multiple	geographically	widespread	population	pairs.	

Using	 a	 MI-based	 approach,	 we	 scanned	 the	 whole-genome	 for	 divergence	

patterns.	We	specifically	looked	for	genomic	regions	having	elevated	divergence	

(high	MI)	in	multiple	population	pairs	and	addressed	the	presence	and	extent	of	

genetic	parallelism	in	stickleback	ecotypes.	

 

 

Methods	
Genotype	materials	

Three-spined	 sticklebacks	 were	 sampled	 from	 five	 lake	 and	 river	 population	

pairs,	two	from	Germany	(G1	and	G2),	one	from	Norway	(No),	one	from	Canada	

(Ca)	 and	one	 from	America	 (Us).	 Six	 random	 individuals	 from	each	population	

were	 used	 for	 DNA	 extraction	 and	whole-genome	 sequencing.	 The	 sequencing	

data	 is	 publicly	 available	 in	 the	 European	 Nucleotide	 Archive	 (PRJEB5198).	

Detailed	information	on	sequence	data	processing	was	described	in	Feulner	et	al.	

(2015).	 Briefly,	 adapters	were	 removed,	 reads	with	 low	 quality	 base	 calls	 and	

PCR	 duplicates	 were	 filtered	 out.	 Regions	 of	 the	 genome	 that	 are	 highly	

repetitive	(masked	regions)	were	excluded	to	reduce	the	impact	of	false	variant	

calls.	 A	 total	 of	 7920208	 reliably	 genotyped	 sites	 of	 single	 nucleotide	

polymorphisms	(SNPs),	which	were	also	used	in	Feulner	et	al.	(2015),	were	used	

for	this	MI	analysis.	 	

 

MI	analyses	
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Our	 sampled	 lake	 and	 river	 populations	 (see	 Figure	 4	 in	 the	 Introduction)	

consisted	 of	 several	 hierarchical	 levels	 for	 which	 we	 could	 assess	 ecotype	

differences.	 The	MI	 estimates	 were	 calculated	 in	 a	 total	 of	 eight	 comparisons,	

consisting	of	(1)	within	each	parapatric	pair	(five	pair-wise	comparisons:	G1,	G2,	

No,	Ca	and	Us),	(2)	within	continents	(two	continent-wise	comparisons:	Europe	

and	North	America),	and	(3)	across	all	populations	together	(global).	For	each	of	

the	comparison,	the	entropy	of	ecotype	H(E)	was	calculated	as:	

𝐻 𝐸 =  −
𝑟
𝑛  𝑙𝑜𝑔!

𝑟
𝑛 −  

𝑙
𝑛  𝑙𝑜𝑔!

𝑙
𝑛 

where	 n	 is	 the	 total	 number	 of	 sampled	 fish,	 and	 l	 and	 r	 are	 the	 numbers	 of	

sampled	fish	from	lake	and	river	ecotypes,	respectively.	Because	we	always	have	

balanced	 sample	 sizes	 between	 lake	 and	 river	 ecotypes	 (l=r),	 for	 all	 our	

comparisons,	H(E)=1.	

  

Analogously,	the	entropy	of	alleles	H(A)	was	calculated.	 	

𝐻 𝐴 =  −  𝑎!  𝑙𝑜𝑔!

!

!!!

𝑎! 

where	the	ith	allele	has	a	frequency	ai	within	the	pool	of	lake	and	river	samples,	

and	m	 represents	 the	 number	 of	 different	 alleles	 occurring	 in	 the	 SNP	 site.	 As	

only	bi-allelic	SNP	data	were	used,	m	is	always	2	in	our	analyses.	

 

The	conditional	entropy	of	alleles	given	ecotypes,	lake	and	river	respectively,	are	

calculated	as:	

𝐻 𝐴 𝐸 = "lake" =  −  𝑙!  𝑙𝑜𝑔!

!

!!!

𝑙! 

𝐻 𝐴 𝐸 = "river" =  −  𝑟!  𝑙𝑜𝑔!

!

!!!

𝑟! 

where	ri	and	 li	 represent	the	allele	 frequencies	of	 the	 ith	allele	 in	 lake	and	river	

population	pairs,	respectively.	

 

Weighted	 by	 respective	 sample	 sizes	 of	 the	 ecotypes,	 the	 total	 conditional	

entropy	of	alleles	given	ecotypes	is:	

𝐻 𝐴 𝐸 = Pr 𝐸 = "lake"  𝐻 𝐴 𝐸 = "lake" +  Pr 𝐸 = "river"  𝐻 𝐴 𝐸 = "river"  
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where	

Pr 𝐸 = "lake" =  
𝑙
𝑛 

Pr 𝐸 = "river" =  
𝑟
𝑛 

MI	 is	 quantified	 as	 the	 difference	 between	 the	 entropy	 of	 alleles	 and	 the	

conditional	entropy	of	alleles	given	ecotypes:	

𝑀𝐼 𝐴,𝐸 =  𝐻 𝐴 −  𝐻(𝐴|𝐸) 

 

MI	 can	 maximally	 be	 H(E),	 when	 the	 distribution	 of	 alleles	 exactly	 mirrors	

ecotypes,	then	H(A)	equals	H(E)	and	the	uncertainty	of	alleles	given	ecotypes	is	

zero	(	H(A|E)=0	).	MI	can	minimally	be	zero	when	H(A)	equals	H(A|E),	meaning	

ecotypes	does	not	provide	 information	about	distribution	of	alleles	at	all.	Thus,	

MI	can	be	normalized	to	MI’(A,	E)=MI(A,	E)/H(E),	which	yields	values	within	the	

range	from	0	to	1.	

 

For	 each	 comparison,	 SNPs	 with	 minor	 allele	 frequencies	 below	 5%	 were	

excluded	to	avoid	biases	by	uninformative	polymorphsms	(following	Roesti	et	al.	

2012a).	 MI	 was	 calculated	 for	 individual	 SNPs,	 and	 averaged	 across	

non-overlapping	 100kb	 windows	 to	 identify	 genomic	 regions	 that	 harbor	

potentially	linked	SNPs	with	elevated	MI	values.	Outlier	windows	were	identified	

based	 on	 two	 criteria	 as	 the	 following.	 First,	 we	 performed	 a	 permutation	

analysis	 by	 shuffling	 individuals	 (1000	 times)	 among	 ecotypes.	 A	window	was	

considered	as	significantly	differentiated	if	the	observed	MI	window	average	was	

greater	 than	 95%	 of	 the	 window	 values	 from	 permutations.	 Second,	 windows	

with	 significant	MI	 that	 fell	within	 the	 top	0.5%	of	 empirical	distribution	were	

identified	 as	 outlier	 windows.	 Overlaps	 between	 different	 sets	 of	 outlier	

windows	 from	the	8	different	comparisons	were	 identified.	To	compare	outlier	

windows	 with	 the	 results	 from	 an	 FST	 analysis	 on	 these	 same	 data	 using	

non-overlapping	10kb	windows	(Feulner	et	al.	2015),	we	also	calculated	average	

MI	for	non-overlapping	10kb	windows.	Gene	annotations	within	the	overlapped	

outlier	 windows	 were	 used	 for	 functional	 enrichment	 analyses	 against	 the	

genome	 background.	 The	 calculation	 of	 MI	 for	 SNPs	 and	 permutations	 were	

implemented	in	Perl,	combined	with	shell	scripting	for	automation.	The	genome	



Chapter	I.	 	 Genomic	parallelism	detection	via	mutual	information	

	
26	

scan	and	downstream	analyses	were	carried	out	in	R	(R	Development	Core	Team	

2008).	

 

 

Results	
Distribution	of	genome-wide	Mutual	Information	(MI)	 	

MI	 was	 calculated	 for	 five	 parapatric	 pair-wise	 comparisons	 and	 three	

comparisons	 of	 hither	 hierarchical	 population	 levels	 (two	 continent-wise	

comparisons	 and	 one	 global	 comparison).	 For	 the	 parapatric	 pair-wise	

comparisons,	 the	 genome-wide	 average	MI	within	 each	population	pair	 ranges	

from	0.058	to	0.126,	in	the	ascending	order	of	Us,	G2,	No,	G1	and	Ca.	This	ranking	

of	 the	population	pairs	 is	consistent	with	the	evaluation	of	genomic	divergence	

by	FST	 (Feulner	et	al.	2015).	The	distribution	of	genome-wide	MI	values	within	

each	comparison	follows	L-shaped	distributions	signifying	that	most	loci	are	not	

differentiated	(100	kb	windows	average,	Figure	1a).	Population	pairs	with	lower	

average	 MI	 have	 more	 left-skewed	 distributions	 while	 population	 pairs	 with	

higher	average	MI	have	more	widened	distributions,	which	is	also	similar	to	the	

distributions	of	FST	in	these	population	pairs	(Feulner	et	al.	2015).	

	

The	 comparisons	 of	 higher	 hierarchical	 levels	 revealed	 lower	 genome-wide	MI	

differentiation	 when	 contrasting	 ecotypes	 across	 a	 wider	 geographic	 scale,	

compared	to	the	parapatric	pair	comparisons.	The	genome-wide	average	MI	was	

0.033	 for	 the	 three	 European	 population	 pairs	 and	 0.042	 for	 the	 two	 North	

American	 population	 pairs	 (Figure	 1b).	When	 comparing	 ecotypes	 across	 all	 5	

population	pairs	together,	an	even	lower	genome-wide	MI	was	obtained:	0.015.	

The	 shapes	 of	 MI	 distribution	 across	 genome-wide	 100kb	 windows	 are	 also	

more	 left-skewed	 compared	 to	 European	 and	 North	 American	 comparisons	

(Figure	1c).	The	highest	MI	in	the	global	comparison	is	0.35	for	SNPs	and	0.048	

for	100	kb	windows.	 	

	

For	 each	of	 the	 eight	 comparisons	 (five	parapatric	 pair-wise	 comparisons,	 two	

continent-wise	 comparisons	 and	 one	 comparison	 of	 all	 populations),	 outlier	

windows	were	identified	as	being	significant	from	the	permutation	tests,	as	well	
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as	 the	 MI	 values	 at	 the	 top	 of	 empirical	 distribution.	 Parallel	 genetic	 changes	

accompanying	ecotype	differences	across	population	pairs	were	 investigated	 in	

two	ways:	by	the	overlap	of	outlier	windows	between	pair-wise	comparisons	or	

by	the	outlier	windows	from	higher	hierarchical	comparisons	(continent-wise	or	

global	 comparison).	 The	 former	 approach	 of	 overlapping	 outlier	 windows	

between	 pair-wise	 comparisons	 was	 also	 investigated	 using	 the	 FST	 approach	

(Feulner	et	al.	2015),	making	it	possible	to	compare	the	results	between	MI	and	

FST.	 	

	
Outlier	windows	in	pair-wise	comparisons	

To	be	comparable	to	the	smaller	window	sizes	used	in	the	FST	analyses,	we	also	

calculated	MI	averages	 for	10	kb	windows,	which	 results	 in	354	 to	380	outlier	

windows	 for	each	population	pair.	We	 identified	 in	a	 total	of	88	shared	outlier	

10kb	 windows	 across	 population	 pairs,	 including	 43	 shared	 between	 the	

European	population	 pairs	 (G1,	 G2	 and	No)	 and	12	 shared	 between	 the	North	

American	population	pairs	(Ca	and	Us).	Out	of	these	88	shared	outlier	windows	

identified	 by	 the	MI	 10kb	 approach,	 24	 out	 of	 the	 47	 shared	 outlier	windows	

from	FST	approach	(Table	S5	in	Feulner	et	al.	2015)	were	recovered.	As	half	of	the	

FST	 outlier	windows	were	 recovered,	 comparison	 between	MI	 outlier	windows	

and	 FST	 outlier	 windows	 indicate	 the	 general	 agreement	 between	 the	 two	

methods	 in	 identifying	most	extremely	divergent	 regions	 shared	by	population	

pairs.	

	

More	 than	 half	 of	 the	 88	 shared	 10kb	 outlier	 windows	 were	 located	

consecutively	 on	 the	 chromosomes	 or	 clustered	 within	 100kb	 between	 each	

other,	 suggestive	 of	 divergent	 genomic	 regions	 often	 exceeding	 the	 scale	 of	 10	

kb.	Thus,	we	expanded	the	genome	scan	window	size	to	100kb.	For	each	of	the	

five	 parapatric	 pair-wise	 comparisons,	 we	 identified	 19	 or	 20	 100kb	 outlier	

windows.	All	outlier	windows	were	unique	to	a	population	pair	except	 for	 four	

outliers,	which	were	shared	within	continents	(Figure	2).	Two	outlier	windows	

were	shared	by	the	two	German	population	pairs	(70th	window	on	group	IV	and	

202nd	window	 on	 group	 IX)	 and	 two	were	 shared	 by	 the	 two	North	 American	

population	 pairs	 (195th	window	on	 group	 IV	 and	 214nd	window	on	 group	VII)	
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(Table	1).	Except	for	the	202nd	window	on	group	IX	shared	by	G1	and	G2,	other	

three	 of	 these	 four	 shared	 outlier	 windows	 (100kb)	 contain	 multiple	 outlier	

windows	from	the	10	kb	approach,	confirming	that	different	window	sizes	give	

agreeing	results.	 	
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Figure	1:	Distribution	of	MI	(100	kb	windows	average)	in	(a)	5	parapatric	
pair-wise	comparisons,	(b)	in	continent-wise	comparisons,	and	(c)	in	
all-population	comparison.	 	
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Table	1	Overlapped	outlier	windows	and	the	annotated	genes	and	GO	terms.	

 

Chromosom

e	

Positio

n	

(100	

kb)	

Comparison

s	(MI	

values)	

Genes	 GO	terms	

group	IV	 70	 G1	(0.304),	

G2	(0.181),	

Euro	

(0.088)	

-	 -	

group	IV	 195	 Ca	(0.471),	

Us	(0.235),	

N.Am	

(0.196),	All	

(0.048)	

LRRN3	(leucine	rich	

repeat	neuronal	3b)	

	

ENSGACG0000001892

7	

	

group	VII	 214	 Ca	(0.575),	

Us	(0.312),	

N.Am	

(0.290),	All	

(0.062)	

slc47a2	(2	of	2)	

(solute	carrier	family	

47	(multidrug	and	

toxin	extrusion),	

member	1)	

	

slc47a1	(1	of	3)	

slc47a1	(2	of	3)	

slc47a1	(3	of	3)	

	

TMIGD1	

Transmembran

e	 transport,	

drug	

transmembran

e	 transport,	

membrane,	

drug	

transmembran

e	 transport	

activity,	

antiportor	

Figure	 2:	 Summary	 of	 outlier	windows	 for	 (a)	 pair-wise,	 (b)	 continent-wise	
and	(c)	all-population	comparisons.	The	joint	set	of	outlier	windows	from	all	
comparisons	 are	 listed	 on	 the	 left,	 with	 the	 ordinal	 number	 of	 the	 100	 kb	
window	indicated	with	the	linkage	group	number.	Red	labels	indicate	shared	
outlier	 windows	 by	 at	 least	 two	 parapatric	 pair-wise	 comparisons.	 Only	
outlier	windows	in	the	corresponding	comparisons	are	color-coded.	The	color	
code	represents	the	average	MI	values	from	0	(light	yellow)	to	maximal	0.64	
(dark	red).	 	
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(transmembrane	and	

immunoglobulin	

domain	containing	1)	

activity	

group	IX	 202	 G1	(0.354),	

G2	(0.211),	

Euro	

(0.086)	

ENSGACG0000001892

7	

SLC29A1	(2	of	2)	 	 	 	

solute	carrier	family	

29	(equilibrative	

nucleoside	

transporter),	member	

1b	

	

	

 

 

 

 
Table	2:	GO	enrichment	results	among	genes	in	overlapped	outlier	windows.	

GO	ID	 GO	terms	 Annotat

ed	

Significa

nt	

Expecte

d	

P	

value	

Adjusted-

p	

biological	process	

GO:000

6855	

drug	

transmembrane	

transport	

7	 4	 0	 5.2e-1

3	

1.2	e-09	

GO:001

5893	

drug	transport	 8	 4	 0	 1.0e-1

2	

1.2	e-09	

GO:004

2493	

response	 to	

drug	

8	 4	 0	 1.0e-1

2	

1.2	e-09	

GO:004

2221	

response	 to	

chemical	

stimulus	

240	 4	 0.13	 2.0e-0

6	

0.00165	

GO:005

5085	

transmembrane	

transport	

594	 4	 0.31	 7.3e-0

5	

0.049	

molecular	function	
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GO:001

5238	

drug	

transmembrane	

transporter	

activity	

8	 4	 0	 2.0e-1

2	

2.5e-09	

GO:001

5297	

antiporter	

activity	

41	 4	 0.02	 2.8e-0

9	

1.8e-06	

GO:001

5291	

secondary	

active	

transmembrane	

transport	

158	 4	 0.08	 6.8e-0

7	

0.00029	

GO:002

2804	

active	

transmembrane	

transporter	

activity	

260	 4	 0.14	 5.0e-0

6	

0.0016	

GO:002

2857	

transmembrane	

transporter	

activity	

775	 5	 0.41	 1.3e-0

5	

0.0034	

GO:000

5215	

transporter	

activity	

919	 5	 0.49	 3.0e-0

5	

0.0066	

 

 

Genes	 in	 the	 shared	outlier	windows	can	provide	 functional	 information	about	

the	 advantageous	 alleles	 repeatedly	 involved	 in	 adaptation	 to	 lake	 or	 river	

environments.	Genes	in	the	four	aforementioned	shared	100kb	outlier	windows	

by	 two	 German	 or	 by	 two	 North	 American	 population	 pairs	 were	

overrepresented	with	functions	involved	in	transmembrane	transport	(Table	2).	

These	 four	 windows	 contain	 a	 total	 of	 7	 genes	 encoding	 transmembrane	

proteins,	except	for	the	70th	100kb	window	on	group	IV,	which	does	not	contain	

any	annotated	genes	at	all.	The	195th	window	on	group	IV	contains	a	leucine	rich	

repeat	 neuronal	 3	 gene	 (LRRN3,	 ENSGACG00000018926),	 which	 has	 an	

immunoglobulin	 domain	 and	 a	 transmembrane	 region.	 The	 202th	 window	 on	

group	 IX	 contains	 a	 solute	 carrier	 family	 29	 gene	 (slc29a1,	

ENSGACG00000020021),	which	is	likely	an	equilibrative	nucleoside	transporter	
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(Baldwin	et	 al.	 2004).	The	214th	window	on	 group	VII	 contain	 4	 solute	 carrier	

family	47	genes	(slc47a1	or	slc47a2)	that	are	annotated	as	multidrug	and	toxin	

extrusion	proteins.	This	window	also	contains	a	gene	with	transmembrane	and	

immunoglobulin	domains	(tmigd1,	ENSGACG00000020616).	 	

 

Outlier	windows	in	continent-wise	and	global	comparisons	

The	 four	aforementioned	windows	shared	by	pair-wise	 comparisons	were	also	

identified	 as	 outlier	 windows	 within	 European	 and	 North	 American	

continent-wise	 comparisons,	 respectively	 (Table	 1).	 The	 continent-wise	

comparisons	 also	 identified	 other	 outlier	 windows,	 most	 of	 which	 were	

identified	 as	 outlier	 windows	 only	 in	 one	 pair-wise	 comparison,	 showing	 that	

high	MI	in	one	population	pair	can	dominate	the	signal	in	the	continent	(Figure	

2).	 The	 European	 comparison	 and	 the	 North	 American	 comparison	 have	 no	

overlap	in	outlier	windows.	When	comparing	all	populations	together,	17	out	of	

the	19	windows	with	highest	MI	(within	0.5%	top	of	empirical	distribution)	were	

found	 significant	 from	 the	 permutation	 test	 and	 identified	 as	 outliers.	 The	MI	

values	of	these	outlier	windows	range	from	0.029	to	0.048.	Nevertheless,	3	of	the	

17	 outlier	 windows	 were	 also	 identified	 in	 the	 European	 comparison	 and	

another	11	in	the	North	American	comparison.	The	two	outlier	windows	shared	

between	Ca	and	Us	were	outlier	windows	in	the	North	American	comparison	and	

in	the	global	comparison.	One	of	these	outliers	(214th	window	on	group	VII)	has	

the	highest	average	MI	(0.048)	 from	the	global	comparison,	suggesting	the	two	

North	American	population	pairs	drive	the	global	signal.	Two	outlier	windows	in	

the	 global	 comparison	 were	 not	 found	 as	 outliers	 in	 any	 other	 comparison	

(pair-wise	or	continent-wise).	One	is	the	126th	window	on	group	II,	which	has	MI	

values	from	0.076	 	 (Us),	0.144	(G2),	0.155	(G1),	0.160	(No)	to	0.236	(Ca)	in	the	

parapatirc	 pair-wise	 comparisons.	 These	 values	 of	 MI	 are	 not	 outliers	 in	 the	

pair-wise	comparisons,	but	all	together	contribute	to	make	an	outlier	MI	of	0.029	

in	the	global	comparison.	Similarly,	the	58th	window	on	group	XVI	is	MI	values	

from	 0.047	 (G2),	 0.070	 (Us),	 0.079	 (No),	 0.157	 (G1)	 to	 0.300	 (Ca),	 but	 has	 a	

global	MI	of	0.030	as	an	outlier	window.	 	
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Discussion	
Using	mutual	 information	(MI)	as	an	evaluation	of	genetic	sequence	divergence	

between	 lake	 and	 river	 stickleback	 ecotypes,	we	 investigated	 parallel	 genomic	

divergence	 across	 replicated	 population	 pairs.	 The	 parapatric	 pair-wise	

comparisons	 revealed	 four	outlier	windows	 shared	between	pairs,	which	were	

also	 identified	 as	 outlier	 windows	 in	 their	 respective	 continent-wise	

comparisons.	No	outlier	windows	were	shared	between	the	two	continent-wise	

comparisons,	 and	 the	 global	 comparison	 across	 continents	 revealed	 17	 outlier	

windows	but	at	most	with	MI	of	0.048.	Taken	together,	the	comparisons	of	lake	

and	 river	 stickleback	 ecotypes	 on	 different	 geographical	 scales	 (parapatric	

pair-wise,	 continent-wise	 and	 global)	 suggest	 some	 genetic	 parallelism	 within	

continents	but	little	on	a	global	scale.	

 

The	 parapatric	 pair-wise	 comparisons	 revealed	 non	 differentiation	 in	 the	

majority	 of	 genomic	 regions	 between	 ecotypes,	 which	 is	 in	 line	 with	 the	

knowledge	 that	 the	 parapatric	 population	 pairs	 have	 newly	 diverged	 after	 the	

last	glaciation,	and	that	the	possible	continuous	gene	flow	between	the	adjacent	

populations	could	keep	homogenizing	the	genomic	background.	The	few	outlier	

genomic	 regions	 that	 show	 the	 most	 differentiation	 between	 adjacent	

populations,	i.e.	high	MI,	are	potentially	involved	in	adaptation	to	the	lake	or/and	

river	 habitat	 environments.	 The	 lake	 and	 river	 habitats	 are	 distinct	

environments	both	in	abiotic	and	biotic	aspects,	differing	 in	water	flow	regime,	

temperature,	 light	 sheltering,	 food	 resources,	 predator	 presence	 and	 parasite	

communities	 (Kalbe	 et	 al.	 2002;	 Eizaguirre	 et	 al.	 2011).	 The	 environmental	

differences	between	lake	and	river	habitats	may	act	as	divergent	selective	agents	

on	 the	 standing	 genetic	 variation	 in	 the	 ancestral	 sticklebacks,	 driving	 the	

frequency	of	adaptive	genotypes	to	change	and	differentiate	between	population	

dwelling	different	habitat	environments	(Barrett	&	Schluter	2008;	Eizagiurre	et	

al,	 2009;	 Feulner	 et	 al.	 2013).	 Standing	 genetic	 variants	 pre-existing	 in	 the	

ancestral	 sticklebacks	 could	 be	 readily	 available	 when	 adapting	 to	 new	

environments.	 Especially	 if	 such	 variants	 exist	 in	 high	 frequency,	 it	 would	

increase	 the	probability	of	 gene	 reuse	and	parallel	 evolution	 compared	 to	new	

mutations	(Schluter	et	al.	2004).	
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Taking	advantage	of	the	wide	distribution	and	adaptive	radiation	of	three-spined	

sticklebacks,	 we	 investigated	 whether	 lake	 and	 river	 ecotypes	 in	 independent	

population	pairs	had	same	genomic	regions	being	repeatedly	selected.	Pair-wise	

comparisons	of	 allele	 frequency	divergence	 as	determined	by	MI	 revealed	 that	

most	outlier	windows	were	population	specific,	which	is	consistent	with	the	FST	

approach	 applied	 on	 the	 same	 dataset	 (Feulner	 et	 al.	 2015).	 Four	 outlier	

windows	 were	 found	 shared	 between	 population	 pairs	 within	 the	 same	

continent,	 which	 overlapped	 with	 the	 shared	 FST	 outlier	 windows,	 suggesting	

robustness	of	both	methods	for	the	parapatric	pair-wise	comparisons.	One	of	the	

shared	outlier	windows	 from	 the	 two	North	American	population	pairs	 (group	

VII,	214th	100kb	window)	also	has	the	highest	MI	value	(0.048)	from	the	global	

comparison.	 This	 window	 predominantly	 contains	 transmembrane	 protein	

genes,	which	might	serve	as	a	responding	mechanism	to	the	environments.	The	

other	regions	 that	were	shared	across	population	pairs	within	a	continent	also	

contain	 transmembrane	 protein	 genes,	 in	 addition	 to	 some	 immune	 function	

genes,	 suggesting	 functions	 in	 defense	 against	 pathogens	 and	 parasites	 in	 the	

environments.	 	

 

Besides	overlapping	outlier	windows	from	pair-wise	comparisons,	another	way	

to	 evaluate	 genomic	 regions	 with	 parallel	 evolution	 is	 to	 evaluate	 lake-river	

divergence	 at	 higher	 hierarchical	 levels:	 continent-wise	 or	 global-wise.	 The	

advantages	 of	 comparing	 multiple	 pairs	 of	 lake	 and	 river	 ecotypes	 together	

compared	 to	overlapping	outlier	windows	 from	pair-wise	 comparisons	 include	

that	 it	 looks	 for	 the	 exact	 same	 variants	 (SNPs)	 repeatedly	 diverged	 across	

population	 pairs	 instead	 of	 averaging	within	windows,	 taking	 into	 account	 the	

direction	 of	 allele	 frequency	 changes.	 As	 FST	 is	 based	 on	 interbreeding	

coefficients	at	different	levels	of	hierarchically	subdivided	populations	(Slatkin	&	

Voelm	 1990),	 our	 goal	 to	 compare	 lake	 and	 river	 ecotypes	 across	 multiple	

population	 pairs	 would	 violate	 the	 population	 structure	 and	 lead	 to	

inappropriate	estimation	of	interbreeding	coefficients.	Instead,	the	concept	of	MI	

from	 Shannon’s	 information	 theory,	 which	 measures	 the	 concordance	 of	

genotypes	 with	 ecotypes,	 is	 free	 of	 such	 theoretical	 assumptions	
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(Donaldon-Matasci	 et	 al.	 2010).	 Our	 MI	 analyses	 of	 continent-wise	 and	 global	

comparisons	 rediscovered	 the	 four	 outlier	 windows	 shared	 by	 pair-wise	

comparisons,	 further	 suggesting	 that	not	only	do	 the	ecotypes	diverge	at	 these	

regions,	 but	 they	 do	 so	 using	 the	 same	 alleles.	 This	 suggests	 that	 particular	

alleles	 are	 beneficial	 and	differentially	 selected	 in	 these	 different	 habitats.	 The	

lack	of	overlap	of	outlier	windows	between	 the	 continent-wise	 comparisons	of	

Europe	 and	 North	 America,	 and	 the	 prominent	 low	 MI	 values	 in	 the	 global	

comparison	 suggest	 lack	of	parallelism	across	 continents	both	at	 the	SNP	 level	

and	at	the	region	level.	 	

 

The	lack	of	parallel	genetic	evolution	across	continents	can	be	explained	by	the	

different	 origins	 of	 the	 freshwater	 populations.	 The	 European	 and	 North	

American	 freshwater	 stickleback	 populations	 that	 were	 used	 in	 this	 study	 are	

derived	from	the	Atlantic	and	Pacific	marine	ancestral	populations,	respectively.	

Thus,	 the	 divergence	 between	 lake	 and	 river	 stickleback	 ecotypes	 in	 different	

continents	 started	 from	 different	 pools	 of	 standing	 genetic	 variation,	 and	 the	

genetic	variation	under	selection	had	different	genomic	backgrounds	to	interact	

with,	making	the	reuse	of	the	same	genes	across	continents	unlikely.	In	contrast,	

repeated	gene	usage	 is	more	 likely	within	population	pairs	 that	share	standing	

genetic	variation	 from	recent	ancestors.	These	speculations	are	consistent	with	

previous	 estimations	 that	 the	 probability	 of	 gene	 reuse	 is	 higher	 when	

populations	 or	 species	 are	more	 closely	 related	 and	 share	 the	 same	 ancestors	

(Conte	 et	 al.	 2012).	 While	 studies	 contrasting	 marine	 and	 freshwater	

sticklebacks	 (Jones	et	 al.	 2012;	Hohenlohe	et	 al.	 2010)	 found	plenty	of	parallel	

genetic	 changes,	 no	 highly	 differentiated	 regions	 were	 shared	 between	

continents	 in	 cases	 contrasting	 lake-river	 divergence	 (this	 study,	 Feulner	 et	 al.	

2015,	Deagle	et	al.	2011;	Roesti	et	al.	2012b).	

 

Taken	together,	in	this	chapter	we	evaluated	parallel	genetic	divergence	between	

stickleback	 ecotypes	 using	 a	 novel	 approach	 based	 on	 MI	 from	 information	

theory,	which	was	not	only	employed	for	parapatric	pair-wise	comparisons,	but	

also	 enabled	 population	 comparisons	 at	 higher	 hierarchical	 levels:	 across	

populations	within	continents	and	across	continents.	The	pair-wise	comparisons	
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confirmed	previous	results	based	on	classical	population	genetic	measurements	

(FST).	These	comparisons	at	different	population	 levels	 together	revealed	a	 few	

putative	 parallel	 genomic	 regions	 but	 little	 parallelism	 across	 continents.	

Interpreting	 these	 few	 parallel	 genomic	 regions	 as	 our	 best	 candidates	 to	

understand	the	targeted	functions	of	parallel	adaptation,	functional	annotations	

such	as	 transmembrane	protein	genes	and	 immune	 functions	suggest	 response	

mechanisms	 to	 the	 environments	 playing	 an	 important	 role	 in	 divergence	

between	lake	and	river	sticklebacks.	 	
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Abstract	
	
The	 observation	 of	 habitat-specific	 phenotypes	 suggests	 the	 action	 of	 natural	

selection.	 The	 three-spined	 stickleback	 (Gasterosteus	 aculeatus)	 has	 repeatedly	

colonized	 and	 adapted	 to	 diverse	 freshwater	 habitats	 across	 the	 northern	

hemisphere	 since	 the	 last	 glaciation,	while	 giving	 rise	 to	 recurring	 phenotypes	

associated	 with	 specific	 habitats.	 Parapatric	 lake	 and	 river	 populations	 of	

sticklebacks	 harbour	 distinct	 parasite	 communities,	 a	 factor	 proposed	 to	

contribute	to	adaptive	differentiation	between	these	ecotypes.	However,	little	is	

known	 about	 the	 transcriptional	 response	 to	 the	 distinct	 parasite	 pressure	 of	

those	fish	in	a	natural	setting.	Here,	we	sampled	wild-caught	sticklebacks	across	

four	 geographical	 locations	 from	 lake	 and	 river	 habitats	 differing	 in	 their	

parasite	 load.	 We	 compared	 gene	 expression	 profiles	 between	 lake	 and	 river	

populations	using	77	whole-transcriptome	 libraries	 from	two	 immune-relevant	

tissues,	the	head	kidney	and	the	spleen.	Differential	expression	analyses	revealed	

139	 genes	 with	 habitat-specific	 expression	 patterns	 across	 the	 sampled	

population	 pairs.	 Amongst	 the	 139	 differentially	 expressed	 genes,	 8	 are	

annotated	with	an	immune	function	and	42	have	been	identified	as	differentially	

expressed	 in	 previous	 experimental	 studies	 in	 which	 fish	 have	 been	 immune	

challenged.	 Together	 these	 findings	 reinforce	 the	 hypothesis	 that	 parasites	

contribute	to	adaptation	of	sticklebacks	in	lake	and	river	habitats.	 	
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Introduction	
The	repeated	occurrence	of	similar	phenotypes	associated	with	a	distinct	habitat	

is	often	attributed	to	the	direct	effect	of	natural	selection	(Elmer	&	Meyer	2011).	

Parallel	 phenotypic	 evolution	 among	 populations	 from	 geographically	 distant	

but	ecologically	similar	habitats,	referred	to	here	as	habitat-specific	phenotypes,	

are	 thought	 to	 reflect	 the	 advantages	 of	 those	 phenotypes	 in	 their	 respective	

habitat	 (Savolainen	 et	 al.	 2013).	 Numerous	 examples	 have	 been	 documented	

including	 pharyngeal	 jaw	 and	 thick	 lips	 in	 cichlids	 (Albertson	 et	 al.	 2005;	

Colombo	 et	 al.	 2013),	 similar	 ecotype	morphs	 of	 anolis	 lizards	 (Harmon	 et	 al.	

2005;	Losos	et	al.	1998),	habitat-specific	pigmentation	in	isopods	(Hargeby	et	al.	

2004),	repeated	ecotypes	with	distinct	shell	sizes	in	the	periwinkle	snail	(Butlin	

et	 al.	 2014),	 and	 repeated	 differences	 of	 body	 depth	 and	 gill	 raker	 numbers	

between	lake	and	stream	sticklebacks	(Berner	et	al.	2008;	Kaeuffer	et	al.	2012;	

Lucek	 et	 al.	 2014).	 Although	 phenotypic	 plasticity	 can	 contribute	 to	 such	

habitat-specific	phenotypes	 (Machado-Schiaffino	et	al.	2014;	Moser	et	al.	2015;	

Muschick	 et	 al.	 2012),	 some	 of	 these	 traits	 have	 been	 shown	 to	 be	 genetically	

determined	and	under	adaptive	evolution	(Albertson	et	al.	2005;	Colombo	et	al.	

2013;	Hargeby	 et	 al.	 2004).	Adaptive	 genetic	 changes	 include	 those	 that	 result	

from	polymorphisms	that	alter	protein	structures	(Ffrench-Constant	et	al.	1993;	

Hoekstra	 et	 al.	 2006;	 Protas	 et	 al.	 2006)	 as	 well	 as	 those	 that	 influence	

phenotypes	 via	 regulation	 of	 gene	 expression	 (Chan	 et	 al.	 2010;	 Rebeiz	 et	 al.	

2009).	 Gene	 expression	 has	 been	 associated	 with	 adaptive	 changes	 in	

morphological	 and	 physiological	 changes	 (Harrison	 et	 al.	 2012;	Manceau	 et	 al.	

2011;	Rebeiz	et	al.	2009)	and	is	believed	to	contribute	to	adaptive	divergence	in	

natural	populations	(Pavey	et	al.	2010).	

	
As	 gene	 expression	 bridges	 the	 underlying	 genotype	 to	 the	 ultimate	

morphological	 and	 physiological	 phenotypes,	 it	 can	 be	 considered	 as	 an	

extended	molecular	phenotype	(Ranz	&	Machado	2006).	Hence,	 it	 is	 interesting	

to	evaluate	whether	or	not	gene	expression	patterns	differ	between	contrasting	

habitats	and	 if	 so	whether	 they	hold	across	geographically	distant	populations.	

Such	habitat-specific	gene	expression	could	arise	due	to	several	factors,	such	as	
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genetically	 determined	 expression	 patterns	 among	 similar	 habitat	 types	

(ecotypes),	 as	 well	 plastic	 responses	 to	 extrinsic	 environmental	 conditions	

specific	to	a	habitat.	Aside	from	other	mechanisms	that	might	control	regulation	

of	transcription	such	as	epigenetics,	genetic	studies	have	demonstrated	variable	

degrees	 of	 heritability	 of	 gene	 expression	 and	 have	 for	 some	 phenotypes	

revealed	 the	 genetic	 basis	 underlying	 expression	 differences	 (Gibson	 &	 Weir	

2005;	 Gilad	 et	 al.	 2008;	 Stamatoyannopoulos	 2004).	 There	 are	 examples	 of	

mutations	affecting	cis-	and	trans-regulatory	regions	in	the	genome	that	silence	

or	dramatically	shift	gene	expression,	including	single	nucleotide	polymorphisms	

(SNPs)	(Cheung	&	Spielman	2009;	Fraser	2013),	copy	number	variations	(CNVs)	

(Haraksingh	&	Snyder	2013)	and	tandem	repeats	(Gemayel	et	al.	2010).	Genomic	

changes	in	regulatory	regions	can	alter	the	efficiency	of	transcription	factors	and	

thus	affect	expression	of	adjacent	or	remote	genes.	 In	sticklebacks	for	example,	

frequent	 independent	 deletion	 events	 in	 the	 enhancer	 of	 Pitx1	 suppress	

expression	 of	 the	 gene	 and	 result	 in	 repeated	 pelvic	 reduction	 in	 freshwater	

populations	(Chan	et	al.	2010).	Besides	 its	heritable	 (genetic)	component,	gene	

expression	is	also	a	versatile	phenotype	that	dynamically	responds	to	changes	in	

the	environment	(Gibson	2008)	and	holds	the	potential	to	facilitate	plasticity	to	

buffer	against	environmental	changes	(Franssen	et	al.	2011;	Morris	et	al.	2014;	

Whitehead	 2012).	 Despite	 the	 variability	 introduced	 by	 uncontrollable	

environmental	 factors,	 studies	 of	 gene	 expression	 in	 wild-caught	 populations	

offer	 the	 opportunity	 to	 estimate	 the	 physiological	 responses	 of	 organisms	 in	

their	environment,	potentially	providing	insight	into	the	role	of	gene	expression	

variation	 in	 adaptation	 and	 acclimation	 to	 environmental	 stresses	 through	

genetic	or	plastic	changes	(Cheviron	et	al.	2008).	

 

The	 repeated	 and	 independent	 postglacial	 colonization	 history	 of	 the	

three-spined	 stickleback	 (Gasterosteus	 aculeatus)	 makes	 it	 a	 powerful	 study	

system	to	investigate	habitat-specific	phenotypic	evolution.	Sticklebacks	inhabit	

various	 marine	 and	 freshwater	 habitats	 across	 the	 northern	 hemisphere	

(MacKinnon	 &	 Rundle	 2002),	 a	 distribution	 likely	 attributable	 to	 rapid	

adaptation	 from	extensive	standing	genetic	variation	 (Barrett	&	Schluter	2008;	

Eizaguirre	 et	 al.	 2012a).	 Genetically	 diverged	 but	 geographically	 adjacent	 lake	
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and	 river	 population	 pairs	 exhibit	 consistent	 morphological	 differentiation	

across	multiple	pairs,	such	as	divergence	for	body	depth	and	gill	raker	number	

(Berner	et	al.	2008;	Kaeuffer	et	al.	2012;	Lucek	et	al.	2014).	These	lake	and	river	

populations	 are	 also	 often	 referred	 to	 as	 ecotypes	 (Reusch	 et	 al.	 2001).	 Many	

ecological	 factors	 differ	 between	 lake	 and	 river	 habitats,	 such	 as	 flow	 regime,	

temperature,	 food	 resource	 and	 predator	 communities,	 all	 contributing	 to	 the	

differentiation	 of	 lake	 and	 river	 stickleback	 ecotypes,	 e.g.	 in	 foraging	 traits	

(Berner	 et	 al.	 2010)	 and	 anti-predator	 traits	 (Lucek	 et	 al.	 2014).	 Another	

important	 ecological	 difference	 between	 lakes	 and	 rivers	 is	 the	 locally	 distinct	

parasite	communities	(Eizaguirre	et	al.	2011;	Kalbe	et	al.	2002;	Karnonen	et	al.	

2015).	Besides	harbouring	different	species	of	parasites	between	ecotypes,	lake	

fish	commonly	have	a	higher	parasite	load	than	river	fish	comparing	parapatric	

population	 pairs	 (Eizaguirre	 et	 al.	 2011),	 and	 higher	 immuno-competence	

(Scharsack	 et	 al.	 2007).	 Lake	 fish	 also	 exhibit	 a	 higher	 diversity	 in	 the	 major	

histocompatibility	complex	(MHC)	(Eizaguirre	et	al.	2011),	believed	to	be	a	result	

of	 local	 adaptation	 (Eizaguirre	 et	 al.	 2012b;	 Eizaguirre	 et	 al.	 2009).	 Distinct	

immune	expression	patterns	between	 lake	and	 river	 individuals	were	detected	

upon	 multiple	 experimental	 parasite	 exposure	 of	 laboratory-bred	 sticklebacks	

(Lenz	 et	 al.	 2013).	 Altogether,	 these	 studies	 suggest	 that	 parasites	 play	 an	

important	 role	 in	 the	 differentiation	 of	 lake	 and	 river	 ecotypes	 by	 shaping	 the	

diversity	 and	 expression	 patterns	 of	 immune-related	 genes.	 It	 is,	 however,	 not	

yet	known	whether	the	generality	of	these	patterns	holds	in	multiple	lake-river	

systems	under	natural	conditions.	

 

In	this	study	we	performed	an	extensive	transcriptomic	survey	using	an	RNAseq	

approach	 across	 four	 parapatric	 lake	 and	 river	 stickleback	 population	 pairs	 to	

investigate	 patterns	 of	 habitat-specific	 gene	 expression.	 We	 used	 two	 major	

organs	 involved	 in	 immune	 response,	 the	 head	 kidney	 and	 the	 spleen.	

Differential	expression	analysis	was	performed	between	fish	from	lake	and	river	

habitats,	 and	 results	 were	 compared	 to	 the	 differentially	 expressed	 genes	

between	 laboratory-bred	 individuals	 in	 controlled	 parasite	 infection	

experiments	 (Haase	 et	 al.	 2014;	 Lenz	 et	 al.	 2013).	 Our	 study	 describes	 gene	



Chapter	II.	 	 Habitat-specific	gene	expression	in	sticklebacks	

	
44	

expression	differences	 in	 an	ecological	 framework,	highlighting	habitat-specific	

expression	of	genes	that	might	be	involved	in	adaptation.	

 

 

Materials	and	Methods	
 

Sampling	

Three-spined	sticklebacks	were	sampled	in	2010	for	genomic	studies	(Chain	et	al.	

2014;	 Feulner	 et	 al.	 2015),	 from	 which	 four	 parapatric	 lake-river	 population	

pairs	were	used	 in	 this	 study.	These	 included	 two	 independent	drainages	 from	

Germany:	 Großer	 Plöner	 See	 lake	 (G1_L)	 and	 Malenter	 Au	 river	 (G1_R),	

Westensee	 lake	 (G2_L)	 and	 Eider	 river	 (G2_R),	 one	 pair	 from	 Norway:	

Skogseidvatn	lake	(No_L)	and	Orraelva	river	(No_R),	and	one	pair	from	Canada:	

Misty	 Lake	 (Ca_L)	 and	Misty	 Stream	 (Ca_R)	 (See	 Table	 1).	 All	 these	 lake-river	

population	 pairs	 are	 significantly	 differentiated	 from	 each	 other,	 with	 a	 mean	

genome-wide	FST	ranging	between	0.11	and	0.28	(for	more	detailed	information	

about	 sampling	 sites	 and	 genetic	 differentiation	 between	 the	 populations,	 see	

Feulner	et	al.	2015).	The	 two	population	pairs	 from	Germany	were	sampled	 in	

May	while	the	Norwegian	and	Canadian	populations	were	sampled	in	September.	

About	20	individual	fish	per	site	were	caught	using	dip	nets	or	minnow	traps	and	

kept	alive	for	a	few	hours	in	the	water	from	where	they	were	sampled	until	being	

euthanized	using	MS222	and	dissection.	For	each	population	pair,	the	fish	were	

treated	 identically	 after	 capture	 and	 lake	 fish	 and	 river	 fish	 were	 alternately	

dissected.	 Fish	 standard	 length	 and	weight	were	 recorded	 and	macroparasites	

screened	 following	established	procedures	 for	 three-spined	sticklebacks	(Kalbe	

et	 al.	 2002)	 (Supplementary	Table	1).	 Immediately	 after	 euthanasia,	 the	whole	

head	 kidneys	 and	 spleens	 were	 dissected	 out	 and	 preserved	 in	 RNAlater	

(Sigma-Aldrich)	for	later	transcriptomic	library	preparation.	These	are	the	main	

immune	organs	in	teleost	fish	and	are	commonly	used	for	immunological	studies	

(Press	 &	 Evensen	 1999).	 Six	 individuals	 (3	 males	 and	 3	 females,	 except	 No_L	

with	 4	males	 and	 2	 females)	 were	 selected	 for	 transcriptomic	 sequencing	 per	

sampling	site.	Fish	selection	was	performed	ignoring	parasite	screening	results,	

but	was	non	random	to	ensure	an	equal	sex	distribution	for	each	population	and	
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with	a	preference	for	larger	fish	to	guaranty	sufficient	yield	of	RNA.	Body	weights	

of	the	selected	fish	suggest	that	all	 fish	were	older	than	1	year	(Supplementary	

Table	1).	 	

	

RNA	library	preparation	and	sequencing	

Total	 RNA	 (using	 the	 entire	 tissue	 dissected)	 was	 extracted	 from	 preserved	

samples	 using	NucleoSpin®	RNA	 (Mackerey-Nagel)	 and	 reverse	 transcribed	 to	

cDNA	using	Omniscript	RT	kits	(Qiagen).	RNA	was	quantified	with	NanoDrop	and	

Bioanalyzer	and	~1µg	of	RNA	in	a	concentration	of	20ng/µL	was	used	for	library	

construction.	 A	 few	 samples	 with	 poor	 RNA	 quality	 were	 excluded	 before	

constructing	77	libraries.	Therefore,	sample	sizes	per	population	vary	between	3	

and	6	individuals	(Table	1).	TruSeq	RNA	sample	preparation	kit	(Illumina)	was	

used	 for	 paired-end	 library	 construction	 according	 to	 the	 manufacturer’s	

instructions.	Each	 sample	was	barcoded	with	a	unique	 sequence	 index	 tag	and	

pools	 of	 12	 different	 barcoded	 samples	 were	 loaded	 in	 8	 lanes	 of	 a	 single	

flow-cell	of	Illumina	HiScanSQ	machine.	

	

Read	filtering	and	mapping	

Raw	reads	were	quality	filtered	before	read	mapping	in	the	following	steps.	All	

raw	 reads	output	 to	 fastq	 files	were	101	base	pairs	 (bp)	 in	 length.	 Sequencing	

adaptors	 were	 removed	 using	 SeqPrep	 0.4	

(https://github.com/jstjohn/SeqPrep	 ).	 PrinSeq	 0.20.3	 lite	 (Schmieder	 &	

Edwards	2011)	was	used	to	trim	the	read	tails	with	a	PHRED	quality	score	below	

20	as	well	as	poly-A	tails	longer	than	10	bp.	We	kept	read-pairs	for	which	both	

reads	were	longer	than	60	bp	after	trimming.	After	filtering,	read	lengths	varied	

from	 60	 to	 101	 bp,	with	 about	 60%	 of	 the	 reads	 exhibiting	 the	 initial	 101	 bp	

length.	 Exact	 duplicates	 of	 both	 paired-ends	 were	 removed	 with	 PrinSeq.	 The	

remaining	quality-filtered	 reads	were	 aligned	 against	 the	 stickleback	 reference	

genome	from	Ensembl	version	68	(Flicek	et	al.	2012)	using	Tophat2	v2.0.13	(Kim	

et	al.	2013)	with	default	settings.	HTSeq	0.5.4p5	(Anders	et	al.	2014)	was	used	to	

quantify	read	count	for	each	gene	using	Ensembl	gene	annotations	(version	68)	

using	default	settings	except	for	excluding	reads	with	alignment	quality	below	5.	
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Gene	expression	analyses	

Gene	 expression	 across	 all	 samples	 was	 evaluated	 with	 the	 Bioconductor	

package	EdgeR	3.4.2	(Robinson	et	al.	2010).	First,	weakly	expressed	genes	were	

filtered	 out	when	 they	 had	 less	 than	 1	 read	 per	million	 in	 half	 (38)	 of	 the	 77	

samples	(Anders	et	al.	2013).	All	libraries	were	then	simultaneously	normalized	

with	the	trimmed	mean	of	M-value	(TMM)	method	(Robinson	&	Oshlack	2010),	

implemented	 in	 the	 EdgeR	 package.	 The	 TMM	 method	 computes	 the	 scaling	

factors	 as	 the	 weighted	 mean	 of	 log	 fold	 changes	 for	 the	 majority	 of	 genes	

between	 libraries,	 based	 on	 the	 assumption	 that	 the	majority	 of	 genes	 are	 not	

differentially	expressed.	After	applying	the	TMM	method	most	genes	should	have	

unified	 expression	 levels	 across	 individuals	 and	 the	 scaling	 factors	 for	 the	

libraries	 should	 be	 close	 to	 1	 (Dillies	 et	 al.	 2012).	 Except	 for	 one	 head	 kidney	

library	from	G1_R	with	a	scaling	factor	of	0.35,	all	other	transcriptome	libraries	

obtained	scaling	 factors	close	 to	1	 (from	0.75	 to	1.18,	Supplementary	Table	2).	

The	 outlier	 library	 had	 fewer	 genes	 expressed	 compared	 to	 other	 libraries	

(12769	versus	15735-17341).	This	 indicates	a	distinct	expression	profile	 likely	

dominated	 by	 technical	 artifacts,	 and	 therefore	 this	 library	was	 excluded	 from	

further	analyses.	 	

	

Next,	 the	dispersion	of	 the	negative	binomial	distribution	 for	 the	expression	of	

each	 gene	 was	 estimated	 in	 EdgeR.	 It	 represents	 the	 biological	 coefficient	 of	

variation	 of	 a	 gene’s	 expression.	 This	 was	 used	 to	 evaluate	 the	 expression	

variance	 where	 a	 high	 dispersion	 value	 indicates	 high	 variance	 of	 gene	

expression	pattern	 among	 samples.	 A	 principal	 component	 analysis	 (PCA)	was	

then	 performed	 in	 R	 3.0.1	 (R	 Development	 Core	 Team	 2008)	 using	 prcomp	

function	 based	 on	 log-transformed	 normalized	 read	 counts	 of	 all	 12222	

expressed	 genes	 (across	 both	 tissues	 and	 after	 filtering	 out	 weakly	 expressed	

genes	 as	 mentioned	 above)	 to	 assess	 differences	 in	 gene	 expression	 across	

libraries	(Figure	1).	

	

To	identify	habitat-specific	gene	expression,	i.e.	the	expression	patterns	that	are	

similar	within	habitat	 types	while	significantly	different	between	habitat	 types,	

we	employed	differential	expression	 (DE)	analyses	 that	contrast	 lake	and	river	
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fish	from	all	four	population	pairs.	On	the	basis	of	the	PCA	result	(Figure	1),	DE	

analyses	 were	 performed	 separately	 for	 head	 kidney	 and	 spleen	 libraries	 in	

EdgeR.	 Because	 the	 PCA	 results	 suggest	 that	 the	 Canadian	 populations	 are	

substantially	diverged	from	the	European	populations,	the	DE	analyses	were	also	

performed	 only	 among	 the	 three	 European	population	 pairs	 (those	 results	 are	

presented	 in	 the	 Supplement	 only).	 Hence,	 four	 DE	 analyses	 were	 performed	

(comparing	gene	expression	in	the	head	kidney	across	all	four	population	pairs,	

in	spleen	across	all	 four	population	pairs,	 in	head	kidney	across	only	 the	 three	

European	 population	 pairs,	 and	 in	 spleen	 across	 only	 the	 three	 European	

population	pairs).	Before	conducting	DE	analyses,	weakly	expressed	genes	were	

filtered	out	to	avoid	bias	in	fold	changes	due	to	weak	expression	of	some	genes.	

Genes	were	filtered	out	from	the	DE	analyses	if	they	did	not	have	at	least	1	read	

per	million	in	n	of	the	samples,	where	n	is	the	size	of	the	smaller	group	(lake	or	

river)	in	the	DE	comparisons	(Anders	et	al.	2013).	Libraries	were	re-normalized	

within	 each	 comparison	 group	with	 the	TMM	method	 in	EdgeR.	A	multi-factor	

design	was	used	in	a	negative	binomial	generalized	linear	model,	which	accounts	

for	 the	 variation	 attributed	 to	 different	 population	 pairs	 as	 well	 as	 for	 the	

variation	 associated	 to	 the	 sex	 of	 the	 individuals	 (Expression~Habitat	 type	 +	

Population	pair	+	Sex).	The	gene-wise	dispersion	was	re-estimated	based	on	the	

generalized	 linear	 model	 within	 each	 comparison	 group.	 For	 each	 tissue,	 the	

distribution	of	dispersion	values	were	left-skewed	with	long	tails,	indicating	that	

most	 genes	 had	 uniform	 expression,	 with	 a	 small	 proportion	 of	 genes	 having	

highly	 variable	 expression	 across	 individuals	 being	 compared	 (Supplementary	

Figure	1).	 	 We	 calculated	 the	Pearson	 correlation	of	 gene	 expression	between	

all	 possible	 pairs	 of	 individuals	 within	 biological	 replicates	 (individuals	 of	 the	

same	habitat,	population	pair,	and	sex)	using	count	data	in	R.	The	overall	average	

correlation	 of	 gene	 expression	 across	 all	 pairwise	 comparisons	was	 0.86	 (first	

quartile:	 0.81	 and	 third	 quartile:	 0.95).	 Likelihood	 ratio	 tests	 for	 the	 contrast	

coefficient	(lake	versus	river)	were	performed	and	p-values	were	corrected	 for	

multiple	 testing	using	 the	Benjamini-Hochberg	method	 (Benjamini	&	Hochberg	

1995).	 Genes	 with	 corrected	 p-values	 smaller	 than	 0.05	 were	 categorized	 as	

differentially	 expressed	 genes	 (DE	 genes).	 In	 addition	 to	 performing	 all	 DE	

analyses	in	EdgeR	as	described	above,	DE	analyses	were	also	performed	with	the	
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default	pipeline	 in	 the	DESeq2	package	1.0.19	 (Love	et	 al.	2014)	giving	 similar	

results	(Supplementary	Table	3).	 	

	

Functional	analyses	

Out	 of	 20.787	 stickleback	 genes,	13568	 are	annotated	 with	 Gene	 Ontology	

(GO,	(Ashburner	et	 al.	2000))	 terms	 in	 Ensembl	version	 80.	We	 complemented	

this	with	13.044	gene	annotations	acquired	from	the	Zebrafish	Model	Organism	

Database	 (ZFIN,	Howe	et	 al.	2013)	genes	 associated	 with	 stickleback	 Ensembl	

IDs,	with	annotation	information	from:	

	ftp://ftp.geneontology.org/pub/go/gene-associations/gene_association.zfin.gz	 	

After	merging	 all	 annotations,	 a	 total	 of	17081	 out	 of	 20787	 stickleback	 genes	

were	annotated	with	GO	terms.	We	tested	for	the	enrichment	of	GO	terms	in	our	

DE	gene	sets	with	the	Bioconductor	package	topGO	(Alexa	&	Rahnenfuhrer	2010;	

Alexa	et	al.	2006),	based	on	Fisher’s	exact	tests.	The	gene	pools	against	which	we	

compared	 the	 DE	 gene	 sets	 were	 the	 genes	 having	 sufficient	 expression	 and	

entering	 the	 differential	 expression	 analyses	 (see	 gene	 expression	 analyses	

section	 above).	 Overrepresented	 GO	 terms	 were	 those	 with	 a	 multiple-test	

corrected	p-value	(Benjamini-Hochberg’s	false	discovery	rate,	FDR)	smaller	than	

0.05.	To	 infer	 the	potential	 involvement	of	 the	habitat-specific	expressed	genes	

in	 parasite	 defense	 in	 nature,	 we	 identified	 our	 DE	 genes	 that	 were	 also	

differential	 expressed	 in	 two	 previous	 laboratory-controlled	 parasite	 exposure	

experiments	(Haase	et	al.	2014;	Lenz	et	al.	2013).	

 

 

Results	 	
	

Qualitative	description	of	expression	patterns	 	

For	each	of	the	77	transcriptome	libraries,	an	average	of	6.5	million	read	pairs	of	

101	bp	were	produced.	After	adapter	cleaning,	quality	trimming,	and	duplicate-	

and	length-filtering,	92.78%	of	the	reads	remained	for	analyses	(Supplementary	

Table	 2).	 On	 average,	 88.10%	 of	 the	 quality-filtered	 reads	 mapped	 to	 the	

reference	genome	and	2.71%	of	these	mapped	to	multiple	regions	of	the	genome,	

which	were	subsequently	excluded	from	further	analyses.	Out	of	a	total	of	22456	
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genes	annotated	in	the	stickleback	genome	(Ensembl	version	68),	an	average	of	

16397	 (+/-944)	 genes	 were	 found	 expressed.	 The	 median	 number	 of	 reads	

mapping	back	 to	each	expressed	gene	was	60	read	pairs	(first	quartile	 to	 third	

quartile:	13-166).	The	principal	component	analysis	(PCA)	clearly	separated	the	

two	tissue	types	along	the	first	principal	component,	which	accounted	for	41%	of	

the	variance	observed	in	the	dataset	(Figure	1).	Within	the	same	tissue	type,	the	

second	 principal	 component	 (variance	 explained:	 8%)	 clearly	 separated	

European	samples	from	the	Canadian	samples.	 	

	

Differential	expression	(DE)	analyses	

After	 filtering	 out	 weakly	 expressed	 genes	 (see	 Methods),	 12105	 genes	

expressed	 in	 head	 kidney	 and	 12451	 expressed	 in	 spleen	 were	 contrasted	

between	lake	and	river	ecotypes	across	all	 four	population	pairs.	A	total	of	139	

genes	 showed	 significant	 differential	 expression	 after	 correction	 for	 multiple	

testing	(Figure	2).	There	were	73	DE	genes	 in	 the	head	kidney,	74	DE	genes	 in	

the	 spleen,	 and	 8	 of	 these	 genes	 were	 shared	 between	 both	 tissues	

(Supplementary	 Table	 3).	 All	 8	 shared	 DE	 genes	 showed	 the	 same	 directional	

difference	of	expression	between	habitat	types.	A	majority	of	the	DE	genes	(75%	

in	head	kidney	and	65%	in	spleen)	showed	higher	expression	in	individuals	from	

lakes	 than	 from	 rivers.	 Most	 of	 these	 same	 DE	 genes	 were	 identified	 using	

another	commonly	used	software	with	default	parameters	(DESeq2:	70	out	of	73	

in	 the	 head	 kidney	 and	 67	 out	 of	 74	 in	 the	 spleen,	 Supplementary	 Table	 3).	

Although	 the	 PCA	 analyses	 mentioned	 above	 suggested	 that	 the	 overall	

expression	patterns	of	the	European	samples	seemed	distinct	from	the	Canadian	

samples,	 a	 separate	 analysis	 of	 expression	 log	 fold	 changes	 between	 lake	 and	

river	 fish	 from	 the	 three	 European	 population	 pairs	 showed	 a	 strong	 positive	

correlation	 with	 that	 of	 all	 four	 population	 pairs	 together	 (linear	 regression,	

R2=0.61,	 p<0.001	 for	 head	 kidney	 and	 R2=0.82,	 p<0.001	 for	 spleen),	 and	

resulted	in	about	half	of	the	same	DE	genes	(Supplementary	Table	4).	The	5	DE	

genes	with	the	smallest	adjusted	p-value	in	the	head	kidney	across	all	lake-river	

comparisons	 include	 3	 genes	 that	 have	 higher	 expression	 in	 lake	 fish	

(leucine-rich	 repeat	 containing	 17,	 ryanodine	 receptor	 3,	 and	 colony-stimulating	

factor	 1b)	 and	 two	 that	 have	 higher	 expression	 in	 river	 fish	 (cub	 and	 sushi	
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multiple	 domains	 3	 and	 one	 uncharacterized	 protein	 coding	 gene	

ENSGACG00000000187).	 The	 5	 genes	 with	 smallest	 adjusted	 p-values	 in	 the	

spleen	include	three	that	have	higher	expression	in	lake	fish	(solute	carrier	family	

43,	member	3b,	actin	binding	LIM	protein	1b,	and	complement	factor	D)	and	two	

uncharacterized	 protein	 coding	 genes	 (ENSGACG00000000187	 and	

ENSGACG00000012387)	 that	 have	 higher	 expression	 in	 river	 fish	 (see	

Supplementary	Table	3	for	all	139	DE	genes	identified).	

	

Functional	analyses	of	DE	genes	

GO	annotations	 from	Ensembl	and	the	ZFIN	database	were	available	 for	105	of	

the	139	DE	genes	(Supplementary	Table	3).	The	DE	genes	in	head	kidney	had	no	

significant	GO	term	enrichment,	while	the	DE	genes	in	spleen	were	enriched	for	

collagen	 (GO:0005581,	with	3	 out	 of	 18	 genes	 annotated	with	 this	 term	 in	 the	

gene	 pool),	 extracellular	 region	 (GO:0005576,	 with	 8	 out	 of	 265	 genes)	 and	

extracellular	matrix	part	(GO:0044420,	with	3	out	of	20	genes).	Applying	a	 less	

stringent	 cut-off	 for	 DE	 genes	 (FDR<0.10)	 to	 test	 for	 enrichment	 of	 GO	 terms	

(FDR<0.05),	only	extracellular	region	(GO:0005576)	remained	significant	in	the	

spleen,	with	no	additional	terms	found	in	both	tissues.	The	top	50	GO	terms	from	

the	enrichment	analyses	of	original	DE	gene	sets	(FDR<0.05)	are	provided	in	the	

Dryad	 database	 (see	 Data	 Accessibility	 Section).	 To	 specifically	 investigate	 the	

differential	expression	of	immune	genes	in	the	sampled	immune-related	tissues,	

a	 list	 of	 1126	 stickleback	 genes	with	 putative	 immune	 functions	was	 acquired	

from	a	previous	study	(Haase	et	al.	2014).	Among	the	DE	genes	between	lake	and	

river	fish,	3	of	the	73	DE	genes	in	the	head	kidney	and	5	of	the	74	DE	genes	in	the	

spleen	 are	 putatively	 immune	 genes	 (Table	 2).	 These	 included	 macrophage	

receptors,	 an	 interferon	 regulatory	 factor	 and	 a	 gene	 annotated	 with	 the	

functions	of	antigen	processing	and	presentation	and	immune	response.	 	

	

While	 our	 analysis	 only	 detected	 very	 few	 immune	 function	 genes	 showing	

differential	gene	expression,	the	parasite	survey	of	our	sampled	fish	showed	that	

lake	 fish	harbor	higher	parasite	 loads	 than	 river	 fish	 (Supplementary	Table	1).	

This	 has	 already	 been	 demonstrated	 previously	 using	 a	 larger	 sample	 size	

(Figure	 1	 in	 Feulner	 et	 al.	 2015).	 To	 further	 investigate	 the	 role	 of	 parasite	
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infection	and	potential	resistance	in	driving	differential	gene	expression	between	

lake	and	river	habitats,	we	compared	our	results	with	two	laboratory-controlled	

parasite	 exposure	 experiments	 that	 assessed	 gene	 expression	 in	 sticklebacks	

from	 the	 same	 German	 populations	 as	 used	 in	 our	 study.	 Lenz	 et	 al.	 (2013)	

described	 the	 transcriptional	 responses	 of	 laboratory-bred	 lake	 and	 river	

sticklebacks	 under	 either	 controlled	 or	 parasite-challenged	 conditions.	 That	

study	 used	 three	 parasites	 that	 are	 found	 in	 the	 natural	 environment	 of	 those	

fish:	 Diplostomum	 pseudospathaceum,	 Anguillicola	 crassus,	 and	 Camallanus	

lacustris.	 These	 parasites	 were	 also	 found	 in	 our	 sampled	 fish	 (see	 discussion	

and	 Supplementary	 Table	 1).	 Out	 of	 166	 DE	 genes	 between	 twice	

parasite-exposed	lake	and	river	fish	(Lenz	et	al.	2013),	51	and	73	genes	showed	

the	 same	 directional	 differences	 of	 expression	 between	 habitat	 types	 in	 our	

study	among	all	lake-river	population	pairs,	in	the	head	kidney	and	in	the	spleen	

respectively.	Some	of	 the	differences	between	 the	 two	studies	are	 likely	due	 to	

that	the	majority	of	DE	genes	in	Lenz	et	al.	2013	were	highly	expressed	in	river	

fish	as	they	are	exposed	to	equal	dosage	of	parasites	compared	to	lake	fish,	while	

in	our	study	the	majority	of	DE	genes	were	highly	expressed	in	 lake	fish	as	the	

river	fish	were	exposed	to	less	parasites	in	nature.	Nevertheless,	amongst	those	

genes	 with	 same	 directional	 differences,	 one	 gene	 methyltransferase	 like	 13	

(mettl13)	was	 also	 identified	 significantly	 differentially	 expressed	 in	 our	 study	

(Table	 3,	 also	 see	Discussion	 for	more	details).	 In	 addition,	 10	 of	 the	 1057	DE	

genes	 between	 control	 and	 parasite-challenged	 fish	 (Lenz	 et	 al.	 2013)	

overlapped	with	our	set	of	DE	genes	(4	in	the	head	kidney	and	6	in	the	spleen).	In	

another	recent	parasite	infection	study,	laboratory-bred	lake	sticklebacks	(from	

the	 G1_L	 population)	 were	 challenged	 with	 the	 trematode	 Diplostomum	

pseudospathaceum	(Haase	et	al.	2014),	and	DE	was	assessed	in	the	head	kidney	

and	in	the	gill.	Out	of	1060	DE	genes	between	control	and	challenged	fish	in	the	

head	kidney	(Haase	et	al.	2014),	6	overlapped	with	the	DE	genes	from	our	study	

(all	 in	 the	 spleen).	 Out	 of	 1415	 DE	 genes	 in	 the	 gill	 (Haase	 et	 al.	 2014),	 25	

overlapped	with	our	set	of	DE	genes	(12	in	the	head	kidney	and	14	in	the	spleen,	

including	1	in	both	tissues,	Table	3).	 	
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Discussion	 	
	

Habitat-specific	expression	

This	study	investigated	transcriptional	profiles	of	three-spined	sticklebacks	from	

contrasting	lake	and	river	habitats	across	a	wide	geographical	scale.	Physical	and	

ecological	differences	between	 lake	and	river	habitats,	consisting	of	differences	

in	 flow	 regime,	 vegetation,	 food	 resources,	 and	 parasite	 communities	 among	

others,	can	 influence	 individual	 fitness,	behaviour,	 life	history,	morphology	and	

physiology.	Studies	contrasting	 lake	and	river	sticklebacks	have	mainly	focused	

on	 their	 morphology	 (Berner	 et	 al.	 2010;	 Lucek	 et	 al.	 2014)	 and	 genomic	

variation	(Chain	et	al.	2014;	Deagle	et	al.	2012;	Feulner	et	al.	2015;	Roesti	et	al.	

2012).	Here,	we	evaluated	how	lake	and	river	ecotypes	differ	in	gene	expression	

profiles	 in	 their	natural	environments.	We	have	 identified	habitat-specific	gene	

expression	 patterns,	 i.e.	 differential	 expression	 between	 habitats	 across	 four	

lake-river	 pairs,	 three	 from	 European	 locations	 and	 one	 from	 Canada.	 For	

differentially	 expressed	 genes,	 fish	 from	 the	 same	 habitat	 have	 a	 similar	

expression,	 which	 is	 distinct	 from	 the	 expression	 in	 fish	 from	 the	 contrasting	

habitat.	 These	 habitat-specific	 expression	 patterns	 suggest	 that	 a	 part	 of	 the	

transcriptome	(about	1%)	is	shaped	by	the	global	environmental	contrast	across	

all	 lake-river	 pairs,	 although	 a	 larger	 fraction	may	 be	 affected	 by	 local	 habitat	

differences	within	a	given	population	pair	or	expressed	in	other	tissues	or	during	

a	 different	 season	 or	 ontogenetic	 stage.	 These	 findings	 add	 to	 the	 growing	

discussion	 of	 parallelism	 at	 the	 regulatory	 level	 between	 contrasting	 ecotypes	

and	morphs	(Derome	et	al.	2006;	Manousaki	et	al.	2013;	Pavey	et	al.	2011).	 	

	

Plasticity	and	heritability	of	gene	expression	

A	combination	of	evolutionary	mechanisms	could	be	shaping	the	habitat-specific	

expression	 patterns	 observed	 in	 this	 study.	 Freshwater	 sticklebacks	 likely	

possess	the	innate	ability	to	regulate	certain	genes	in	acclimating	to	the	different	

conditions	 in	 lakes	and	rivers	 (Stutz	et	al.	2015).	This	plasticity	could	 result	 in	

habitat-specific	expression	patterns.	Alternatively,	differential	expression	across	

habitats	might	 also	 reveal	 adaptive	 genetic	 differences	 between	 lake	 and	 river	

fish.	These	alternative	explanations	for	habitat-specific	patterns	are	by	no	means	
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mutually	 exclusive,	 and	 may	 both	 contribute	 to	 shape	 the	 gene	 expression	

profiles	 of	 lake	 and	 river	 sticklebacks.	 Setting	 our	 study	 into	 the	 context	 of	

previous	 findings,	 we	 further	 evaluated	 these	 explanations.	 Using	 the	 same	

individuals	 from	 this	 study	 (as	well	 as	 additional	 individuals),	 recent	 genomic	

studies	have	shown	 little	evidence	 for	sequence-based	habitat-specific	patterns	

using	 genome	 scan	 approaches	 with	 single	 nucleotide	 polymorphisms	 (SNPs;	

Feulner	et	al.	2015)	and	with	copy	number	variations	(Chain	et	al.	2014).	Hence,	

from	a	genomic	perspective,	despite	significant	differentiation	between	lake	and	

river	sticklebacks	at	a	regional	scale	and	across	a	wider	continental	scale	(Deagle	

et	 al.	 2012;	 Feulner	 et	 al.	 2015;	 Roesti	 et	 al.	 2012),	 there	 is	 little	 evidence	 for	

parallel	 genetic	 differentiation	 between	 lake	 and	 river	 sticklebacks	 across	 the	

distribution	 area	 of	 the	 fish.	 In	 other	 words,	 genetic	 differences	 between	

freshwater	 ecotypes	 of	 sticklebacks	 are	 for	 the	 large	 part	 not	 shared	 across	

population	pairs,	whereas	here	we	identified	several	genes	with	habitat-specific	

gene	 expression.	 This	 discrepancy	 is	 consistent	 with	 the	 observation	 that	

phenotypes	are	similar	amongst	lake-river	populations	while	the	genetic	basis	is	

different	 (Deagle	 et	 al.	 2012;	 Feulner	 et	 al.	 2015;	 Kaeuffer	 et	 al.	 2012).	 Gene	

expression,	 which	 bridges	 the	 underlying	 genetic	 basis	 and	 the	 ultimate	

phenotypes,	might	contribute	to	the	understanding	of	 the	discrepancy	between	

phenotypes	 and	 genotypes.	 Habitat-specific	 expression	 patterns	 could	 be	

controlled	by	various	trans-regulatory	elements	from	different	genomic	sources	

in	 different	 populations.	 Another	 explanation	 is	 that	 pathways	 regulating	

expression	 might	 be	 triggered	 at	 different	 steps	 in	 signaling	 cascades	 and	

therefore	 leave	 distinct	 signatures	 in	 the	 genomes	 of	 different	 populations	

(Pritchard	et	al.	2010).	Based	on	controlled	laboratory	studies,	there	is	evidence	

that	expression	differences	 in	sticklebacks	can	be	 largely	heritable	(Leder	et	al.	

2014).	In	addition,	a	laboratory-controlled	experiment	in	which	laboratory-bred	

G1_L	 and	 G1_R	 sticklebacks	 exhibited	 different	 transcriptional	 responses	 to	

parasite	exposure	suggested	that	the	genetic	background	plays	an	important	role	

in	 differential	 gene	 expression	 between	 fish	 ecotypes	 (Lenz	 et	 al.	 2013).	 It	 is	

interesting	 that	 this	 differentiation	 between	 lake	 and	 river	 fish	 was	 most	

pronounced	 in	their	adaptive	 immune	response	(triggered	upon	2nd	exposure)	

to	parasites,	most	 likely	resembling	the	differences	we	are	observing	 in	nature,	
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where	the	fish	are	very	likely	to	have	multiple	encounters	with	parasites.	In	light	

of	these	studies,	adaptive	genetic	differences	between	lake	and	river	sticklebacks	

appear	 to	 be	 a	 likely	 explanation	 for	 habitat-specific	 expression	 patterns.	

However,	 a	 reciprocal	 transplant	 experiment	 suggested	 that	 environmentally	

induced	 plasticity	 strongly	 affects	 the	 expression	 of	 some	 carefully	 selected	

immune	 genes	 (Stutz	 et	 al.	 2015).	 Hence,	 plasticity	 in	 gene	 expression	 might	

have	 also	 shaped	 the	 habitat-specific	 expression	 pattern	 of	 some	 of	 the	 genes	

identified	in	this	study.	

	

Immunological	relevance	of	DE	genes	

Large-scale	observational	studies	such	as	the	current	one	are	complementary	to	

experimental	studies	in	general,	and	here	to	the	stickleback	system	in	particular.	

Previous	 studies	on	sticklebacks	 in	German	 lake-river	 systems	highlighted	 that	

lake	fish	harbour	higher	parasite	 loads	than	river	 fish	 in	terms	of	 intensity	and	

species	 diversity	 (Eizaguirre	 et	 al.	 2012b;	 Eizaguirre	 et	 al.	 2011;	 Kalbe	 et	 al.	

2002).	This	 trend	of	 contrasting	parasite	 loads	was	 further	 confirmed	across	 a	

wide	geographic	range	including	all	populations	used	in	our	study	(Feulner	et	al.	

2015).	 Experiments	 have	 established	 that	 lake	 and	 river	 sticklebacks	 have	

differences	 in	 immune-competence	 due	 to	 habitat-specific	 adaptation	 to	 the	

distinct	parasite	communities	(Scharsack	et	al.	2007).	It	was	further	investigated	

that	genetic	differences	in	MHC	genotypes	between	lake	and	river	fish	provide	a	

basis	for	parasite-mediated	local	adaptation	(Eizaguirre	et	al.	2012a;	Eizaguirre	

et	al.	2011)	 following	 the	 idea	 that	parasite	resistance	could	represent	a	magic	

trait	involved	in	speciation	(Eizaguirre	et	al.	2009).	As	the	differences	in	parasite	

pressure	 between	niches	 could	 be	 a	 force	 driving	 divergent	 adaptation	 in	 lake	

and	 river	 sticklebacks,	we	 surveyed	 gene	 expression	 in	 immune	 tissues	with	 a	

specific	focus	on	genes	involved	in	immune	functions.	Across	the	139	candidate	

genes,	we	found	3	putative	immune	genes	in	the	head	kidney	and	5	in	the	spleen	

with	habitat-specific	expression	patterns	(Table	2).	We	found	that	genes	with	an	

immune	function	were	not	overrepresented,	which	indicates	that	under	natural	

conditions,	other	 factors	besides	parasites	and	 immunity	also	contribute	 to	 the	

differentiation	 between	 ecotypes.	 The	 overrepresented	 GO	 terms	 from	 these	

habitat-specific	 expressed	 genes	 suggest	 the	 gene	 products	 are	 often	
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extracellular	 components,	 such	 as	 collagen-structured	 proteins.	 Given	 the	

generic	 GO	 terms,	 their	 contribution	 to	 habitat-specific	 adaptation	 is	 open	 to	

speculation.	Nevertheless,	a	detailed	examination	of	the	DE	genes	showing	most	

significant	 expression	 differences	 (with	 smallest	 adjusted	 p-values)	 between	

lakes	and	rivers	revealed	some	associations	with	immune-related	functions.	One	

of	the	genes	that	 is	highly	expressed	in	 lake	fish	and	differentially	expressed	in	

both	 the	 head	 kidney	 and	 in	 the	 spleen	 is	 colony-stimulating	 factor	 1b	 (csf1b),	

which	 is	 involved	 in	macrophage	 production	 and	 differentiation	 (Stanley	 et	 al.	

1976).	Another	DE	gene	in	the	head	kidney	which	is	highly	expressed	in	lake	fish,	

leucine-rich	repeat	containing	17	(lrrc17),	regulates	osteoclasts	in	mice	cells	(Kim	

et	 al.	 2009).	 The	 repeated	 domain	 of	 this	 gene	 is	 involved	 in	 a	 variety	 of	

protein-protein	interactions,	including	binding	to	pathogen-associated	molecular	

patterns	 and	 surface	 receptors	 and	 thus	 has	 been	 studied	 in	 pathogen-host	

interactions	 (Kedzierski	 et	 al.	 2004).	 Some	 DE	 genes	 with	 putative	 immune	

functions	 are	 in	 contrast	more	 highly	 expressed	 in	 river	 fish.	 For	 example,	 an	

uncharacterized	 protein-coding	 gene	 (ENSGACG00000000187)	 is	 differentially	

expressed	 in	 both	 head	 kidney	 and	 spleen,	 and	 its	 sequence	 is	 homologous	 to	

NOD-like	receptor	family	CARD	domain	containing	3	(NLRC3).	NLRC3	is	a	negative	

regulator	 of	 innate	 immune	 signaling	 (Zhang	 et	 al.	 2014),	 which	 inhibits	 the	

activity	of	T	cells	(Conti	et	al.	2005)	and	Toll-like	receptor	(Schneider	et	al.	2012).	

Another	DE	gene	that	is	highly	expressed	in	river	populations	in	the	head	kidney	

is	 cub	 and	 sushi	 multiple	 domains	 3	 (csmd3),	 reported	 to	 be	 associated	 with	

periodontal	pathogen	colonization	 in	human	(Divaris	et	al.	2012).	The	putative	

immune-related	 function	of	 these	candidate	habitat-specific	genes	 is	 consistent	

with	 the	 hypothesis	 that	 parasites	 act	 as	 important	 selective	 agents	 driving	

differentiation	 between	 river	 and	 lake	 sticklebacks	 (Eizaguirre	 et	 al.	 2012b;	

Eizaguirre	et	al.	2011;	Feulner	et	al.	2015;	Scharsack	et	al.	2007;	Wegner	et	al.	

2003).	

	

To	 investigate	 how	 differences	 in	 parasite	 load	 between	 lake	 and	 river	

populations	may	be	 reflected	 in	gene	expression	 in	 the	wild,	we	 compared	 the	

set	 of	 DE	 genes	 with	 the	 DE	 gene	 sets	 identified	 in	 two	 previous	 parasite	

infection	 experiments	 performed	 on	 G1	 stickleback	 populations.	 Despite	 using	
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different	 conditions,	 sequencing	 technologies	 and	 bioinformatic	 analyses	 to	

identify	 DE	 genes,	 this	 exercise	 provides	 information	 on	 immune-related	

functions	 of	 DE	 genes	 given	 their	 putative	 role	 in	 parasite	 defense	 based	 on	

experimental	studies.	The	two	lab-controlled	parasite	exposure	experiments	that	

we	 compared	 our	 results	 with	 used	 three-spined	 sticklebacks	 subjected	 to	

infection	with	parasites	 that	 are	 found	 in	 their	 natural	 environment:	 the	 three	

parasites	Diplostomum	pseudospathaceum,	Anguillicola	 crassus,	 and	Camallanus	

lacustris	in	a	study	by	Lenz	et	al.	(2013),	and	D.	pseudospathaceum	in	a	separate	

study	by	Haase	et	al.	(2014).	An	independent	parasite	survey	performed	on	our	

own	 transcriptome-sequenced	 fish	 (Supplementary	 Table	 1)	 showed	 that	 lake	

fish	 have	 a	 significantly	 higher	 abundance	 of	 Diplostomum	 sp.	 than	 river	 fish	

(negative	binomial	GLM,	z=-4.87,	p<0.001,	see	Supplementary	Figure	2),	whereas	

A.	 crassus	 did	 not	 show	 a	 habitat-specific	 pattern	 (binomial	 GLM,	 z=-0.075,	

p=0.94)	 and	 the	 lake-specific	 parasite	 C.	 lacustris	 (Eizaguirre	 et	 al.	 2011)	 was	

only	 found	 in	 one	 G1_L	 fish	 in	 our	 samples.	 Lenz	 et	 al.	 (2013)	 assessed	 gene	

expression	in	the	head	kidney	following	parasite	 infection	carried	out	with	one	

of	the	European	population	pairs	(G1_L	and	G1_R)	used	in	our	study.	Among	the	

DE	genes	found	in	that	study,	methyltransferase	like	13	(mettl13)	was	expressed	

at	lower	levels	in	the	parasite-challenged	fish	compared	to	controls,	and	in	lake	

versus	 river	 individuals	 after	 a	 2nd	 parasite	 infection.	 In	 our	 study,	 this	 same	

gene	 was	 also	 differentially	 expressed	 with	 lower	 expression	 in	 the	 lake	

populations	in	the	spleen.	These	results	suggest	that	mettl13	expression	is	down	

regulated	when	the	fish	are	challenged	with	more	parasites,	for	example	in	lakes	

versus	 rivers.	 mettl13	 is	 therefore	 an	 interesting	 candidate	 for	 mediating	 a	

differential	 expression	 between	 lake	 and	 river	 sticklebacks	 shaped	 by	 the	

contrasting	 parasite	 environment.	 These	 comparisons	 to	 experimental	 studies	

demonstrate	 another	 way	 of	 inferring	 functional	 insights	 of	 candidate	 genes,	

which	 goes	 beyond	 functional	 annotations	 based	 on	 sequence	 similarity	 with	

model	 organisms.	 These	 transcriptomic	 results	 are	 in	 line	with	 the	 hypothesis	

that	 parasite-mediated	 selection	 contributes	 to	 lake	 and	 river	 population	

differentiation,	 however	 it	 is	 does	 not	 act	 alone	 but	 in	 interaction	 with	 other	

factors	under	natural	conditions.	 	 	
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Limits	of	the	study	

Even	though	we	have	been	able	to	gain	insight	into	the	role	of	gene	expression	in	

population	differentiation,	various	 factors	confound	 the	analysis	of	wild-caught	

animals.	 For	 instance,	 temporal	 variation	 in	 expression,	 genetic	 background	

differences	and	stochastic	environmental	fluctuations	introduce	variation	at	the	

transcriptomic	level	(Harrison	et	al.	2012;	Lenz	2015).	Because	our	samples	are	

derived	 from	 different	 regions	 and	 have	 been	 caught	 at	 different	 times	 of	 the	

year,	 geographical	 and	 seasonal	 factors	 influenced	 the	 observed	 expression	

patterns.	 An	 important	 biotic	 aspect	 with	 respect	 to	 this	 study	 is	 that	 fish	

accumulate	parasites	from	spring	to	autumn,	and	their	immune	system	responds	

differently	 to	 early	 and	 to	 late	 parasite	 infections	 (Rohlenová	 et	 al.	 2011).	

Furthermore,	 our	 study	 focused	 on	 macroparasites,	 but	 we	 acknowledge	 that	

there	 are	 more	 pathogens	 and	 factors	 in	 the	 natural	 environment	 that	 affect	

fitness,	 physiology	 and	 immune	 response.	 For	 example,	 it	 was	 found	 that	 gut	

microbiota	 composition	 in	 lake	 sticklebacks	 might	 contribute	 to	 shape	 the	

genetic	 polymorphism	 of	 MHC	 class	 IIb	 genes	 (Bolnick	 et	 al.	 2014),	 a	 known	

genetic	 basis	 that	 vary	 between	 fish	 populations	 (e.g.	 Eizaguirre	 et	 al.	 2011).	

Hence,	microparasites	most	likely	also	impact	the	gene	expression	of	the	fish	in	

their	natural	environments.	 	

	

In	 addition,	 factors	 like	 temperature	 and	 light	 condition	 can	 vary	 substantially	

across	 geographical	 regions	 and	 seasons.	 Environmental	 factors	 cannot	 be	

controlled	 for	 sampling	 on	 large	 geographical	 scale	 and	 add	 noise	 to	 the	 data,	

reducing	 the	 ability	 to	 detect	 habitat-specific	 patterns.	 However	 for	 each	

location,	 parapatric	 lake	 and	 river	 fish	 were	 processed	 at	 the	 same	 time	 and	

alternately	 dissected,	 minimizing	 the	 variation	 between	 lake	 and	 river	 fish	

within	 sampling	 locations.	 Despite	 analyzing	 wild-caught	 individuals,	 the	

majority	 of	 our	 samples	 showed	 reasonable	 correlations	 between	 replicated	

individuals	(same	habitat,	population	and	sex),	resulting	 in	an	average	Pearson	

correlation	of	0.86.	Moreover,	including	multiple	lake-river	contrasts	can	help	to	

overcome	some	of	the	variance	among	wild-caught	samples,	as	it	is	unlikely	that	

environmental	 fluctuations	would	 produce	 habitat-specific	 expression	 patterns	

across	multiple	individuals	and	populations	by	chance.	Therefore	our	results	are	
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conservative	estimates	of	habitat-specific	gene	expression	across	the	replicated	

systems.	 	

	

Having	a	single	population	pair	from	Canada	might	also	affect	some	results.	Since	

the	 Canadian	 populations	were	 rather	 distinct	 from	 the	 other	 populations,	we	

also	 conducted	DE	analyses	 only	 on	 the	 three	European	population	pairs	 for	 a	

comparison.	However,	differential	expression	between	lake	and	river	in	the	two	

data	 sets	 (with	 and	 without	 the	 Canadian	 population	 pair)	 were	 significantly	

positively	correlated	and	about	half	of	the	DE	genes	are	found	in	both	data	sets	

(Supplementary	 Table	 4).	 Therefore,	 including	 one	 geographically	 distant	

population	 pair	 from	 Canada	 allows	 identifying	 habitat-specific	 patterns	 on	 a	

more	 global	 scale.	 It	 provides	 an	 opportunity	 to	 examine	 which	 genes	 show	

consistent	habitat-specific	expression	patterns	in	fish	across	continents,	forming	

a	subset	of	the	DE	genes	from	all	four	population	pairs	(asterisks	in	Figure	2).	

	

As	we	studied	the	transcriptomic	profiles	of	wild-caught	fish,	a	large	number	of	

replication	in	terms	of	 individuals	and	populations	is	required	to	accommodate	

environmental	 variations.	 This	 results	 into	 trading	 off	 sample	 size	 and	

sequencing	 depth.	 The	 Encyclopedia	 of	 DNA	 Elements	 (ENCODE)	 consortium	

recommends	 30	 million	 pair-end	 reads	 of	 length	 >	 30	 nucleotides,	 in	 which	

20-25	million	reads	are	mappable	 to	 the	genome	 for	evaluating	 transcriptional	

profiles.	 In	 our	 study,	 the	 sequencing	 depths	 are	 generally	 5x	 lower	 than	 the	

recommendation,	limiting	our	ability	to	detect	genes	with	low	expression.	When	

we	used	a	more	stringent	cutoff	to	filter	out	weakly	expressed	genes	(at	least	2	

reads	per	million	in	half	of	the	samples),	10715	genes	(compared	to	12183	with	

the	original	cutoff)	in	the	head	kidney	and	11012	genes	(compared	to	12503)	in	

the	spleen	passed	the	filtering	step.	36	out	of	73	DE	genes	in	the	head	kidney	and	

58	out	of	74	DE	genes	in	the	spleen	remained	with	the	higher	cutoff,	suggesting	

at	 least	 half	 of	 the	 detected	 DE	 results	 are	 robust	 against	 the	 low	 sequencing	

depth.	

	

Conclusions	and	prospects	
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Despite	 some	 intrinsic	 shortcomings,	 studying	 gene	 expression	 in	 wild-caught	

animals	 provides	 a	 view	 on	 differential	 expression	 responses	 caused	 by	 both	

genetic	and	environmental	 factors.	Our	study	provides	additional	evidence	that	

environmental	 differences,	which	 contrast	 lakes	 and	 rivers	 and	 amongst	 those	

the	distinct	parasite	 community,	 shape	differential	 gene	expression	patterns	 in	

sticklebacks.	We	utilize	results	of	previous	laboratory-controlled	experiments	to	

explain	 the	 patterns	 we	 detected	 in	 the	 wild.	 This	 comparison	 suggests	 that	

amongst	 other	 factors	 the	 distinct	 parasite	 community	 is	 most	 likely	 an	

important	 explanatory	 factor	 causing	 expression	 differences	 between	 habitats.	

Our	 results	 add	 to	 previous	 laboratory	 results	 by	 examining	 the	 expression	

patterns	 of	 candidate	 genes	 under	 natural	 conditions.	 Those	 genes	 identified	

both	 here	 and	 in	 previous	 laboratory	 studies	 deserve	 special	 attention	 in	

potential	follow	up	studies.	 	
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Table	and	Figures	
	

Figures	

	

Fig.	1	Principal	component	analysis	(PCA)	of	gene	expression	profiles	based	on	

all	genes	after	filtering	out	weakly	expressed	genes	(See	Methods).	Head	kidney	

samples	 and	 spleen	 samples	 are	 separated	 along	 the	 x-axis,	 and	 the	 Canadian	

samples	are	separated	along	 the	y-axis.	PCA	axes	explain	41%	(x-axis)	and	8%	

(y-axis)	of	the	total	variation.	

																																																								
!	Supplementary	materials	can	be	found	online:	
http://onlinelibrary.wiley.com/doi/10.1111/mec.13520/full	
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Fig.	2	Heatmaps	of	DE	gene	expression	profiles	among	all	populations	in	(a)	head	

kidney	and	(b)	spleen.	Each	column	represents	one	fish	and	each	row	represents	

one	 gene.	 Samples	 are	 organized	 by	 population	 affiliation	 as	 indicated	 at	 the	

bottom.	Genes	are	clustered	based	on	the	similarities	of	the	expression	profiles	

between	 samples.	 The	 color	 code	 corresponds	 to	 the	 relative	 expression	

intensity,	 which	 are	 the	 normalized	 read	 counts	 also	 scaled	 for	 each	 gene’s	

expression	 intensity	 (median	 read	 count	 as	 0),	 where	 red	 indicates	 higher	

expression	 and	blue	 indicates	 lower	 expression.	On	 the	 right	 side,	 the	 last	 five	

digits	 of	 the	 corresponding	 Ensembl	 ID	 (ENSGACG000000XXXXX)	 are	 shown.	

Asterisks	indicate	genes	that	were	also	identified	in	an	analysis	of	the	European	

populations	only	(Supplementary	Table	4).	 	
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Table	1.	Summary	of	sample	site	information	and	number	of	individuals	included	
in	the	transcriptomic	analysis.	
	

Population	
pair	 Location	 Habitat	 Name	 Head	

kidney	 Spleen	

G1	 Germany	
Lake	 Großer	 Ploener	

See	(G1_L)	 6	 6	

River	 Malenter	Au	 	
(G1_R)	 5	 	 5	

G2	 Germany	
Lake	 Westensee	 	

(G2_L)	 6	 5	

River	 Eider	 	
(G2_R)	 6	 6	

No	 Norway	
Lake	 Skogseidvatnet	

(No_L)	 3	 4	

River	 Orraelva	
(No_R)	 4	 4	

Ca	 Canada	
Lake	 Misty	Lake	 	

(Ca_L)	 5	 3	

River	 Misty	 Stream	
Inlet	(Ca_R)	 6	 3	
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Table	 2.	 Differentially	 expressed	 genes	 between	 all	 lake	 and	 river	 populations	
with	putative	immune	functions	

Gene	ID	 Gene	name	
GO	 term	
(biological	
process)	

Tissue	
Log	
fold-ch
ange	*	

FDR	

ENSGACG00000
001509	

marco	
	
macrophage	
receptor	
with	
collagenous	
structure	

scavenger	
receptor	activity	
(molecular	
function)	

head	
kidney	 0.73	 0.0053	

ENSGACG00000
016979	

CMKLR1	 (2	
of	2)	
chemokine-li
ke	receptor	1	

G-protein	
coupled	 receptor	
signaling	
pathway	

head	
kidney	 0.77	 0.0070	

ENSGACG00000
015855	

RAB27A	 ,	
member	 RAS	
oncogene	
family	

nucleocytoplasmi
c	transport	
small	 GTPase	
mediated	 signal	
transduction	
signal	
transduction	
intracellular	
protein	transport	
	

head	
kidney	 0.56	 0.026	

ENSGACG00000
010551	

mst1ra	
macrophage	
stimulating	
1	receptor	a	

protein	
phosphorylation	 spleen	 0.89	 0.0030	

ENSGACG00000
012609	

LGALS1	(2	of	
3)	
lectin,	
galactoside-
binding,	
soluble,	1	

carbohydrate	
binding	
(molecular	
function)	

spleen	 0.73	 0.0038	

ENSGACG00000
004966	

IRF4	(2	of	2)	
interferon	
regulatory	
factor	4b	

		

regulation	of	
transcriptio
n,	
DNA-templa
ted	

	

spleen	 -0.59	 0.028	
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ENSGACG00000
019291	

irak3	
interleukin-1	
receptor-ass
ociated	
kinase	3	

signal	
transduction	
protein	
phosphorylation	

spleen	 0.42	 0.048	

ENSGACG00000
001978	 	

antigen	
processing	 and	
presentation	 	
immune	
response	

spleen	 -1.44	 0.048	

	
*:	Positive	values	represent	higher	expression	in	lake	fish	than	in	river	fish	and	
vice	versa.	
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Table	3.	Differentially	 expressed	 genes	between	 lake	 and	 river	populations	
also	found	as	differentially	expressed	in	previous	parasite	infection	studies	 	

Gene	ID	 Gene	name	

Comparis
ons	 in	
Lenz	 et	 al.	
2013*	

Tissue	 in	
Lenz	 et	 al.	
2013	

Log	
fold-chang
e	 in	 Lenz	
et	 al.	
2013**		

Tissue	 in	
this	study	

Log	
fold-chang
e	 in	 this	
study	***	

FDR	 in	
this	study	

ENSGACG0
00000117
46	

fyco1a	
FYVE	 and	
coiled-coil	
domain	
containing	1a	

control	 vs.	
infected	

head	
kidney	 -3.21	 head	

kidney	 0.71	 0.0096	

ENSGACG0
00000108
06	

sox7	 	
SRY-box	
containing	gene	7	

control	 vs.	
infected	

head	
kidney	 -2.58	 head	

kidney	 0.74	 0.038	

ENSGACG0
00000131
29	

MRPL49	(2	of	2)	
mitochondrial	
ribosomal	protein	
L49	

control	 vs.	
infected	

head	
kidney	 -2.69	 head	

kidney	 -0.91	 0.017	

ENSGACG0
00000156
53	

lmo1	
LIM	 domain	 only	
1	

control	 vs.	
infected	

head	
kidney	 -1.20	 head	

kidney	 1.13	 0.033	

ENSGACG0
00000147
05	

mettl13	
methyltransferase	
like	13	

Lake	 vs.	
River	 in	
2nd	
infection;	
control	 vs.	
infected	

head	
kidney	

-4.4	 and	
-2.69	 spleen	 -0.63	 0.028	

ENSGACG0
00000119
77	

	

control	 vs.	
infected	

head	
kidney	 1.03	 spleen	 3.17	 0.011	

ppdpfa	
pancreatic	
progenitor	 cell	
differentiation	
and	 proliferation	
factor	a	
	

ENSGACG0
00000019
23	

n6amt2	
N-6	
adenine-specific	
DNA	
methyltransferase	
2	 	

control	 vs.	
infected	

head	
kidney	 1.56	 spleen	 -0.88	 0.025	

ENSGACG0
00000045
15	

Cfd	
complement	
factor	D	(adipsin)	 	

control	 vs.	
infected	

head	
kidney	 -1.48	 spleen	 1.16	 0.00065	

ENSGACG0
00000126
09	

LGALS1	(2	of	3)	
control	 vs.	
infected	

head	
kidney	 -5.09	 spleen	 0.73	 0.0038	lectin,	

galactoside-bindi
ng,	soluble,	1	

ENSGACG0
00000116
83	

slc5a6b	
solute	 carrier	
family	 5,	 member	
6	

control	 vs.	
infected	

head	
kidney	 -2.46	 spleen	 -0.45	 0.045	

Gene	ID	 Gene	name	

Comparis
ons	 in	
Haase	 et	
al.	2014*	

Tissue	 in	
Haase	 et	
al.	2014.	

Log	
fold-chang
e	 in	Haase	
et	 al.	
2014**		

Tissue	 in	
this	study	

Log	
fold-chang
e	 in	 this	
study	***		

FDR	

ENSGACG0
00000037
16	

CASQ2	(1	of	2)	
calsequestrin	2	 	

control	 vs.	
clone	XII	 	

head	
kidney	 	 2.8	 	 spleen	 -0.97	 0.0080	

ENSGACG0
00000176
15	

smox	
spermine	oxidase	

control	 vs.	
clone	 I,	
control	 vs.	
XII	 and	
control	 vs.	

head	
kidney	 	

4.79,	 5.81	
and	5.11	 spleen	 0.65	 0.011	
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*:	Comparisons	where	the	genes	were	previously	identified	as	differentially	 	
expressed	are	indicated.	In	Lenz	et	al.	2013,	DE	gene	sets	between	control	naïve	
fish	 from	 lake	 and	 from	 river,	 between	 twice	 exposed	 fish	 from	 lake	 and	 from	
river	(2nd	infection),	and	between	infected	fish	and	control	fish	were	compared	
to	DE	gene	sets	in	this	study.	In	Haase	et	al.	2014,	DE	gene	sets	between	control	
fish	and	infected	fish	with	different	parasite	clones	were	compared.	 	
For	 the	 DE	 genes	 Haase	 et	 al.	 2014	 identified	 in	 gill,	 only	 the	 overlapped	 DE	
genes	we	identified	in	both	head	kidney	and	spleen	are	shown.	

	 	
	
	
	 	

clone	mix	

ENSGACG0
00000119
77	

ppdpfa	
pancreatic	
progenitor	 cell	
differentiation	
and	 proliferation	
factor	a	
	

control	 vs.	
clone	I	

head	
kidney	 -4.08	 spleen	 3.17	 0.011	

ENSGACG0
00000049
66	

IRF4	(2	of	2)	
interferon	
regulatory	 factor	
4b	

control	 vs.	
clone	 I,	
control	 vs.	
XII	 and	
control	 vs.	
clone	mix	

head	
kidney	

1.41,	 2.26	
and	1.79	 spleen	 -0.59	 0.028	

ENSGACG0
00000206
28	

angptl5	
angiopoietin-like	
5	

control	 vs.	
clone	mix	

head	
kidney	 2.83	 spleen	 0.71	 0.028	

ENSGACG0
00000176
56	

SVIL	(2	of	2)	
supervillin	

control	 vs.	
clone	mix	

head	
kidney	 2.96	 spleen	 0.59	 0.040	

ENSGACG0
00000085
10	

apnl	
actinoporin-like	
protein	

control	 vs.	
clone	mix	 gill	 -1.20	

head	
kidney	
and	spleen	

0.88	 and	
1.05	

0.0093	
and	
0.0030	

**:	 In	 lake-river	 comparisons,	 positive	 log	 fold-change	 values	 represent	 higher	
expression	in	lake	fish	and	vice	versa.	In	control-infection	comparisons,	positive	
values	represent	up-regulation	with	infection	compared	to	control.	
***:	Positive	log	fold-change	values	represent	higher	expression	in	lake	fish	and	
vice	versa.	
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Abstract	
Habitat-specific	 gene	 expression	 amongst	 independent	 populations	 suggests	 a	

response	to	the	environments	potentially	shaped	by	habitat-associated	selection,	

but	 it	 is	 unclear	 whether	 or	 which	 genetic	 variants	 are	 underlying.	 Sequence	

variations	in	regulatory	regions	as	well	as	copy	number	variations	(CNVs)	both	

can	 affect	 gene	 expression	 and	 potentially	 contribute	 to	 habitat-specific	

adaptation.	 Combining	 genome-wide	 variant	 calls	 of	 CNVs	 and	 SNPs	 and	

transcriptome	 profiles,	 we	 investigate	 the	 genetic	 variants	 associated	 with	

habitat-specific	 gene	 expression	 between	 lake	 and	 river	 populations	 of	 the	

three-spined	 stickleback	 (Gasterosteus	 aculeatus).	 We	 did	 not	 find	 noticeable	

sequence	 differentiation	 in	 putative	 cis-regulatory	 regions	 for	 genes	 with	

habitat-specific	expression,	but	two	genes	showed	habitat-specific	patterns	both	

in	gene	copy	numbers	and	gene	expression.	These	two	genes	are	amongst	a	total	

of	135	CNV	genes	having	a	positive	correlation	between	gene	copy	number	and	

gene	 expression,	 revealed	 by	 individual-based	 correlation	 analyses.	 The	

correlation	 between	 gene	 copy	 number	 and	 gene	 expression	 suggests	 that	 for	

these	 two	 genes	 CNV	 differentiation	 between	 lake	 and	 river	 sticklebacks	

accompany	 the	 habitat-specific	 gene	 expression.	 Taken	 together,	 our	 study	

highlights	 copy	 number	 variation	 as	 a	 source	 of	 genetic	 variation	 that	 can	

facilitate	adaptation	to	novel	environments.	 	
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Introduction	
Uncovering	 the	 genetic	 basis	 underlying	 adaptive	 phenotypes,	 which	 confer	

increased	 fitness	 on	 organisms,	 is	 an	 ongoing	 and	 intense	 research	 focus	 in	

evolutionary	biology	(Barrett	and	Hoekstra	2011).	Phenotypes	can	be	modified,	

for	example,	by	changing	amino	acid	sequences	 that	affect	protein	structure	or	

by	changing	regulatory	regions	that	alter	the	level	or	spatiotemporal	pattern	of	

gene	 expression.	 There	 is	 a	 growing	 body	 of	 literature	 linking	 adaptive	

phenotypes	 in	 various	 organisms	 to	 gene	 expression	 changes,	 including	

elongated	 beaks	 in	 cactus	 finches	 (Abzhanov,	 et	 al.	 2006),	 camouflage	

pigmentation	 in	 deer	 mice	 (Linnen,	 et	 al.	 2009;	 Mallarino,	 et	 al.	 2017),	 and	

repeated	 pelvic	 loss	 in	 three-spined	 sticklebacks	 (Chan,	 et	 al.	 2010).	

Genome-wide	 analyses	 of	 diverging	 ecotypes	 or	 adaptive	 radiations	 in	 several	

species	have	also	highlighted	the	importance	of	regulatory	changes	in	adaptation	

to	different	ecological	niches	(Whitehead	and	Crawford	2006;	Jones,	et	al.	2012;	

Brawand,	et	al.	2014).	

	

Similar	 to	morphological	 traits,	 gene	 expression	 variation	 can	 be	 used	 to	 infer	

the	role	of	selection	in	population	divergence	(Harrison,	et	al.	2012).	Variation	in	

a	 trait	 correlated	with	environmental	 factors,	 such	as	habitat	 types,	 suggests	 it	

under	 selection	 (Endler	 1986).	 Evidence	 for	 habitat-shaped	 gene	 expression	 is	

strong	when	 similar	 expression	 patterns	 have	 independently	 arisen	 in	 similar	

habitats	(Savolainen,	et	al.	2013).	Albeit	such	parallel	gene	expression	has	been	

observed	 in	 a	 few	 cases	 of	 diverging	 ecotypes	 or	 adaptive	 radiated	 species	

(Derome,	et	al.	2006;	Pavey,	et	al.	2011;	Manousaki,	et	al.	2013),	the	underlying	

genetic	basis	of	this	expression	is	largely	unknown.	

	

Gene	 expression	 divergence	 has	 been	 found	 to	 have	 a	 significant	 heritable	

component	(Stamatoyannopoulos	2004;	Pavey,	et	al.	2010).	One	commonly	used	

approach	to	study	the	genetic	basis	underlying	gene	expression	is	the	mapping	of	

expression	 quantitative	 trait	 loci	 (eQTL).	 This	 method	 treats	 gene	 expression	

levels	 as	 quantitative	 traits	 and	 aims	 to	 associate	 the	 variation	 in	 gene	

expression	to	that	of	genetic	variation	(Gilad,	et	al.	2008).	eQTL	studies	identify	

both	 cis-localized	 eQTL	 and	 trans-localized	 eQTL.	 Mutations	 altering	 the	
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sequence	of	cis-regulatory	elements	 (CREs)	can,	 for	example,	affect	 the	binding	

affinity	of	transcription	factors	and	subsequent	gene	expression	levels	(Wittkopp	

and	Kalay	2011).	As	CREs	have	mostly	local	effects	on	gene	expression	compared	

to	 trans-	 and	 thus	 lower	 pleiotropy,	 CREs	 are	 presumably	 favored	 during	

population	 divergence	 and	 are	 primary	 drivers	 of	 gene	 expression	 differences	

between	species	(Wittkopp,	et	al.	2008).	

	

An	additional	type	of	genetic	difference	that	can	alter	expression	is	copy	number	

variation	 (CNV).	CNVs	are	deletions	or	duplications	of	 genetic	 regions	 that	 can	

encompass	 genes	 (CNV	 genes)	 and	 impart	 dosage	 effects,	 for	 example	 when	

higher	gene	copy	number	leads	to	increases	in	gene	expression	(Haraksingh	and	

Snyder	2013;	Gamazon	and	Stranger	2015).	However,	copy	number	changes	are	

not	 always	 positively	 correlated	with	 expression	 level	 changes	 due	 to	 various	

mechanisms,	 such	 as	 compensatory	 effects	 via	 negative	 feedback	 in	 regulation	

networks	or	differences	 in	 chromatin	profiles	 among	 copies	 (Henrichsen,	 et	 al.	

2009).	Nevertheless,	CNVs	can	be	associated	with	putatively	adaptive	expression	

changes,	such	as	the	duplication	of	amylase	genes	in	high-starch	diet	populations	

of	both	humans	and	dogs	(Perry,	et	al.	2007;	Axelsson,	et	al.	2013).	 	

	

Here	 we	 study	 the	 genetics	 of	 differential	 gene	 expression	 associated	 with	

habitat-specific	 adaptation	 in	 the	 three-spined	 stickleback	 (Gasterosteus	

aculeatus).	After	 the	 last	 glaciation,	marine	 sticklebacks	 rapidly	and	 repeatedly	

colonized	 different	 freshwater	 habitats,	 resulting	 in	 an	 adaptive	 radiation	

composed	 of	 a	 complex	 of	 populations	 and	 ecotypes	 (McKinnon	 and	 Rundle	

2002).	Amongst	the	various	habitats	colonized,	recurrent	adaptation	to	lakes	and	

rivers	 has	 given	 rise	 to	 distinct	 ecotypes	 (Reusch,	 et	 al.	 2001;	 Feulner,	 et	 al.	

2015).	Ecological	differences	between	lakes	and	rivers	 include	distinct	parasite	

communities,	in	which	lake	fish	generally	suffer	from	higher	parasite	pressures	

than	 river	 fish,	 likely	 shaping	 recurrent	 ecotype	 differences	 at	 both	 the	

phenotypic	and	genetic	level	(Kalbe,	et	al.	2002;	Eizaguirre,	et	al.	2011;	Feulner,	

et	 al.	 2015).	 There	 is	 however	 substantial	 variation	 in	 the	 patterns	 of	

genome-wide	differentiation	among	repeatedly	diverged	lake	and	river	ecotypes,	

indicative	of	local	adaptation	(Feulner,	et	al.	2015;	Stuart,	et	al.	2017).	Similarly,	
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differentiation	 in	 copy	 numbers	 of	 genes	 with	 environmentally-associated	

functions	suggest	a	role	of	CNVs	in	adaptive	divergence	in	sticklebacks	(Chain,	et	

al.	 2014).	 At	 the	 expression	 level,	 experimental	 infections	 revealed	

habitat-specific	 transcriptional	 responses	 to	 parasite	 exposure	 in	 sticklebacks	

(Lenz,	et	al.	2013),	and	a	broad	survey	of	transcriptome	profiles	among	lake	and	

river	 ecotypes	 identified	 12	 immune-related	 genes	 amongst	 139	 genes	

displaying	habitat-specific	gene	expression	(Huang,	et	al.	2016).	Whether	there	is	

a	relationship	between	genetic	divergence	and	expression	divergence	remains	to	

be	seen.	

	

In	this	study,	our	goal	was	to	identify	the	genetic	variation	underlying	recurrent	

expression	divergence	that	putatively	contributes	to	habitat-specific	adaptation	

between	 lake	 and	 river	 ecotypes	 in	 three-spined	 sticklebacks.	 We	 first	

investigated	 habitat-specific	 patterns	 in	 genetic	 variants,	 both	 in	 terms	 of	 CRE	

sequence	 and	 of	 genic	 CNVs.	 We	 then	 evaluated	 the	 correspondence	 of	 these	

habitat-specific	patterns	with	gene	expression.	We	 finally	evaluated	 the	dosage	

effects	for	each	CNV	gene	using	the	genomes	and	transcriptomes	from	the	same	

individuals.	By	assessing	the	relationship	between	CNVs	and	gene	expression,	we	

identified	 genes	 whose	 copy	 number	 likely	 influences	 differential	 expression	

between	ecotypes,	putatively	contributing	to	habitat-specific	adaptation.	 	

 

 

Methods	

	
Samples	

To	study	genetic	divergence	between	lake	and	river	stickleback	ecotypes	and	its	

contribution	 to	 expression	 divergence,	 we	 combined	 a	 whole	 genome	 and	 a	

whole	 transcriptome	 dataset	 from	 a	 total	 of	 eight	 geographically	 widespread	

populations	 of	 three-spined	 sticklebacks	 that	 had	 previously	 been	 analyzed	

separately.	The	whole-genome	sequence	dataset	 (Feulner,	et	al.	2015,	Chain,	et	

al.	 2014,	 EBI	 Accession	 no:	 PRJEB5198)	 consisted	 of	 48	 individuals	 from	 4	

parapatric	 population	 pairs;	 2	 independent	 drainages	 from	 Germany	 (G1	 and	

G2),	one	from	Norway	(No),	and	one	from	Canada	(Ca),	with	6	individuals	from	
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each	lake	(_L)	and	river	(_R)	(for	detailed	information,	see	Feulner,	et	al.	2015).	

The	 whole-transcriptome	 dataset	 (Huang,	 et	 al.	 2016,	 EBI	 Accession	 no:	

PRJEB8677)	comprised	transcriptome	sequence	data	from	a	subset	of	the	same	

individuals	as	above	(43	fish,	due	to	suboptimal	transcriptome	libraries).	These	

transcriptomes	 had	 been	 used	 to	 investigate	 habitat-specific	 gene	 expression	

between	lake	and	river	ecotypes	among	two	main	immune	tissues	(head	kidney	

transcriptomes	 of	 40	 fish	 and	 spleen	 transcriptomes	 of	 36	 fish)	 (Huang,	 et	 al.	

2016).	The	final	set	of	expression	profiles	consisted	of	12,105	genes	expressed	in	

the	head	kidney	and	12,451	genes	and	in	the	spleen.	

	

Sequence	divergence	

For	each	of	19,655	autosomal	protein-coding	genes,	we	calculated	the	sequence	

divergence	 between	 lake	 and	 river	 ecotypes	 in	 the	 5kb	 upstream	 regions.	We	

reasoned	 that	 the	 5kb	 upstream	 regions	 serve	 as	 a	 proxy	 for	 the	 location	 of	

potential	cis-regulatory	elements	or	“CREs”	(Shen,	et	al.	2012).	Single	nucleotide	

polymorphisms	 (SNPs)	 identified	 in	 these	 regions	 were	 extracted	 from	 a	

previously	 analysis	 (Feulner,	 et	 al.	 2015)	 and	 were	 filtered	 for	 a	 minor	 allele	

frequency	 greater	 than	 0.05	 in	 the	 four	 population	 pairs	 combined.	 Sequence	

divergence	 between	 lake	 and	 river	 fish	 was	 evaluated	 using	 the	 AMOVA	

approach	 implemented	 in	 Arlequin	 (Excoffier	 and	 Lischer	 2010).	 The	

hierarchical	structure	included	4	lake	and	4	river	populations	represented	by	6	

individuals	each.	We	calculated	the	percentage	of	variance	between	groups	(lake	

versus	 river	 fish)	 relative	 to	 the	 total	 variance	 using	 the	 F-statistic	 “FCT”	 in	

Arlequin.	For	each	gene,	the	FCT	for	the	5kb	upstream	region	was	calculated.	We	

used	permutation	tests	implemented	in	Arlequin	to	determine	the	significance	of	

the	FCT	values	(p<0.05).	We	then	required	the	divergent	CRE	regions	to	contain	

at	 least	 one	 SNP	 with	 significant	 FCT	based	 on	 locus-by-locus	 AMOVA	 (see	

methods),	 to	 ensure	 that	 the	 region	 is	 not	 just	 on	 average	more	 divergent	 but	

also	 harbors	 at	 least	 one	potentially	 causal	 variant.	 	 We	 also	 calculated	 FCT	 of	

each	 individual	 SNP	 using	 a	 locus-by-locus	 AMOVA	 analysis	 with	 the	 same	

hierarchical	settings	 for	the	upstream	regions	with	significant	FCT.	This	AMOVA	

approach	to	detect	habitat-specific	patterns	is	more	sensitive	than	methods	that	

scan	for	significantly	divergent	regions	between	each	population	pair	separately	
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before	 identifying	 common	 divergent	 regions	 across	 pairs	 (e.g.	 Feulner,	 et	 al.	

2015);	the	habitat-specific	patterns	detected	by	the	AMOVA	approach	might	not	

be	 significant	 in	 a	 given	 population	 pair,	 but	 significant	 when	 comparing	 all	

populations	together.	

	

Copy	number	divergence	

Similar	 to	 the	AMOVA	 approach	 above,	we	 evaluated	 copy	 number	 divergence	

between	 ecotypes	 across	 all	 population	 pairs	 together.	 Utilizing	 CNV	 regions	

identified	by	Chain	et	al.	(2014),	where	consensus	calls	of	CNVs	were	applied	by	

a	read	depth	approach	(CNVnator)	 (Abyzov,	et	al.	2011)	and	at	 least	one	other	

approach	(paired-end	and	split-reads;	for	details	see	Chain	et	al.	2014),	we	first	

identified	 genes	with	 at	 least	 95%	 length	 overlap	with	 the	 CNV	 regions.	 Gene	

copy	number	was	estimated	using	CNVnator	and	 rounded	 to	an	 integer.	Genes	

showing	 no	 variation	 in	 estimated	 copy	 numbers	 amongst	 individuals	 were	

excluded	 from	 copy	 number	 divergence	 analyses.	 Genes	 with	 copy	 number	

estimates	of	zero	but	with	detectable	read	depth	above	zero	were	removed	due	

to	 possible	 false	 deletion	 calls	 by	 CNVnator.	 A	 total	 of	 832	 autosomal	

protein-coding	genes	remained,	referred	herein	as	“CNV	genes”.	 	 For	each	CNV	

gene,	 we	 calculated	 VCT	 (Redon,	 et	 al.	 2006),	 which	 evaluates	 the	 relative	

variance	 in	 copy	 number	 between	 groups	 (here	 lake	 versus	 river	 ecotypes)	

compared	to	overall	variance	within	groups,	analogous	to	FCT.	VCT	was	calculated	

with	 an	 ANOVA-based	 approach,	 where	 we	 treated	 lake	 ecotypes	 and	 river	

ecotypes	combined	from	all	population	pairs	as	two	comparison	groups	and	also	

accounted	 for	differences	between	population	pair	 (copy_number	~	ecotypes	 *	

population_pair).	 In	 this	 way,	 VCT	 is	 different	 from	 previous	 calculations	 of	

pair-wise	VST	between	each	lake	and	river	population	pair	in	Chain	et	al.	(2014).	

To	 determine	 how	 likely	 each	 VCT	 value	 could	 be	 obtained	 by	 chance,	 we	

randomly	 permutated	 the	 ecotype	 labels	 1000	 times.	 The	 one-sided	 p-values	

were	calculated	as	the	fraction	of	permutated	values	that	exceeded	the	observed	

value	 and	 were	 corrected	 by	 the	 Benjamini-Hochberg	 method	 for	 multiple	

testing	(Benjamini	&	Hochberg	1995).	VCT	values	with	corrected	p-values	smaller	

than	 0.05	 were	 considered	 as	 significantly	 divergent	 between	 lake	 and	 river	

ecotypes.	
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Expression	divergence	

All	 of	 the	 previously	 published	 transcriptome	 libraries	 from	 the	 sampled	

populations	 were	 included	 in	 this	 study	 (Huang,	 et	 al.	 2016;	 Dryad	

doi:10.5061/dryad.hq50s).	Transcriptome	 libraries	were	 first	normalized	using	

the	 trimmed	 mean	 of	 M-value	 (TMM)	 method	 (Robinson	 and	 Oshlack	 2010)	

across	 all	 individuals	 in	 EdgeR	 (Robinson,	 et	 al.	 2010).	 Expression	 levels	were	

estimated	as	the	log	of	normalized	read	count	per	million,	following	the	methods	

in	Huang	et	al.	(2016).	Gene	expression	divergence	between	ecotypes	was	then	

assessed	for	a	total	of	12,105	genes	from	the	head	kidney	and	12,451	from	the	

spleen	after	 removing	genes	with	weak	expression	 (genes	with	 read	 count	per	

million	 less	 than	 one	 in	 at	 least	 half	 of	 the	 samples).	 Huang	 et	 al.	 (2016)	

employed	differential	expression	(DE)	analyses	to	 identify	habitat-specific	gene	

expression,	which	classified	genes	 into	two	categories:	 'significantly	differential	

expressed'	versus	'not	differentially	expressed'.	 	

	

To	complement	the	binary	categorizing	of	expression	divergence	by	DE	analyses,	

we	sought	to	quantify	the	extent	of	expression	divergence	in	a	similar	way	that	

we	estimated	FCT	and	VCT,	using	the	continuous	variable	PCT,	which	evaluates	the	

relative	 variance	 in	 expression	 among	 populations	 versus	 within	 populations	

(Antoniazza,	 et	 al.	 2010).	 We	 calculated	 PCT	 between	 lake	 and	 river	 ecotypes	

from	all	four	population	pairs	together	using	an	ANOVA-based	approach	as	was	

done	 with	 VCT	 above,	 where	 population	 pair	 and	 sex	 were	 accounted	 for	 to	

remove	 population-specific	 effects	 on	 gene	 expression	 and	 sex-biased	 effects	

(following	 the	method	 from	Uebbing,	 et	 al.	 2016).	 PCT	was	 calculated	 for	 head	

kidney	 and	 spleen	 separately.	 Because	 the	 calculation	 of	 PCT	 is	 conceptually	

equivalent	 to	 the	 calculation	 of	 sequence	 divergence	 (FCT)	 and	 copy	 number	

divergence	 (VCT),	 the	 evaluation	 of	 expression	 divergence	 is	 made	 directly	

comparable	to	that	of	genetic	divergence	(Leinonen,	et	al.	2013).	To	make	sure	

PCT	complements	the	previous	DE	analysis	conducted	on	the	same	dataset	from	

Huang	et	al.	(2016),	we	compared	the	results	from	the	two	approaches.	We	first	

applied	permutation	tests	to	identify	genes	with	significant	PCT.	The	permutation	

tests	and	multiple	testing	corrections	for	each	PCT	value	were	performed	in	the	
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same	 way	 as	 VCT	 (see	 above).	 Significant	 PCT	 values	 were	 determined	 using	 a	

corrected	 p-value	 smaller	 than	 0.05.	 The	 corrected	 p-values	 from	PCT	 analyses	

were	also	used	 for	 Spearman	 correlation	 tests	 to	 compare	with	 those	 from	DE	

analyses,	to	confirm	the	consistency	between	the	two	methods.	

	

Test	for	eCNV	genes	

For	each	CNV	gene,	we	evaluated	the	association	between	gene	copy	number	and	

expression	 level	 across	 all	 individuals	 using	 a	 linear	mixed	 effect	model.	 Gene	

copy	number	was	set	as	the	fixed	effect,	and	the	population	and	sex	were	random	

effects	 (expression	 ~copy_number	 +	 (1|population)	 +	 (1|sex)	 ).	 Tissues	 were	

analyzed	separately.	Benjamini-Hochberg’s	multiple	test	correction	was	applied	

to	the	p-values	of	the	fixed	effect	of	copy	number.	Genes	with	corrected	p-values	

smaller	 than	 0.05	 were	 considered	 as	 “eCNV	 genes“,	 having	 statistically	

significant	correlations	between	copy	number	and	expression.	 	

	

Statistical	analyses	

For	gene	sets	with	significant	FCT,	significant	VCT,	and	the	joint	set	of	eCNV	genes	

from	 either	 tissues,	 the	 enrichment	 in	 gene	 ontology	 (GO)	 terms	 were	 tested	

with	 topGO	 (Alexa	 and	 Rahnenfuhrer	 2016),	 based	 on	 Fisher’s	 exact	 tests	

applying	 Benjamini-Hochberg’s	 multiple-test	 correction.	 The	 gene	 sets	 were	

compared	to	the	all	genes	annotated	in	the	stickleback	reference	genome,	if	not	

otherwise	 stated.	 Overrepresented	 GO	 terms	 were	 those	 with	 a	 corrected	

p-values	(FDR)	smaller	than	0.05.	All	statistical	analyses	were	carried	out	using	

the	package	R	version	3.0.2	(R	Development	Core	Team	2011)	unless	otherwise	

indicated.	 	

 

 

Results	
Few	genes	with	habitat	specific	sequence	divergence	in	cis-regulatory	regions	 	

Our	goal	was	to	evaluate	the	relationship	between	genetic	divergence	and	gene	

expression	 divergence	 between	 replicated	 pairs	 of	 lake	 and	 river	 three-spined	

stickleback	ecotypes.	We	 first	 calculated	 sequence	divergence	 in	putative	CREs	

(5kb	 upstream	 regions)	 of	 protein	 coding	 genes	 between	 fish	 from	 the	 two	
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contrasting	habitats.	We	found	a	total	of	10	out	of	about	20	thousand	autosomal	

protein-coding	genes	were	significantly	diverged	between	fish	from	the	different	

habitats	based	on	the	FCT	of	the	CRE	regions	(p<0.05,	permutation	test,	Figure	1a,	

Table	1).	Based	on	the	FCT	of	individual	SNPs	in	these	10	gene	CREs,	7	genes	had	

multiple	 significantly	 diverged	 SNPs	 between	 ecotypes	 ((p<0.05,	 permutation	

test),	 probably	 forming	 a	 divergent	 haplotype.	 Four	 of	 the	 10	 divergent	 CRE	

regions	have	functions	related	to	signal	transduction	(Table	1),	but	no	functional	

groups	were	enriched.	

	

Copy	number	divergence	in	dozens	of	genes	 	

Besides	 sequence	 divergence	 in	 the	 CRE	 regions,	 we	 evaluated	 divergence	 in	

gene	 copy	 numbers	 between	 ecotypes,	 which	 could	 also	 result	 in	 gene	

expression	changes.	Gene	copy	number	divergence	between	 lake	and	river	 fish	

was	performed	across	all	4	population	pairs	together,	rather	than	between	each	

population	 pair	 separately	 (Chain,	 et	 al.	 2014).	 Out	 of	 a	 total	 of	 19782	

protein-coding	autosomal	genes	in	stickleback	genome,	we	focused	on	832	CNV	

genes	 detected	 among	 our	 samples	 (4.21%),	 for	which	we	 calculated	 the	 copy	

number	divergence	between	ecotypes	(VCT,	Table	S1).	A	total	of	4.3%	of	the	CNV	

genes	 (36	 genes)	had	 a	 significant	VCT	 (FDR<0.05,	 permutation	 test,	 Figure	1b,	

Table	 2),	 with	 VCT	 values	 ranging	 from	 0.117	 to	 0.578.	 Twenty-three	 of	 these	

genes	have	higher	average	copy	numbers	in	lake	ecotypes	than	in	river	ecotypes,	

and	 the	 reciprocal	was	 true	 for	13	genes.	Twenty-five	of	 the	36	 significant	VCT	

genes	were	from	unique	CNV	regions	while	other	11	were	encompassed	in	5	CNV	

regions.	The	CNV	genes	from	same	CNV	regions	showed	correlated	copy	number	

patterns	across	 individuals,	 suggesting	 linkage	by	 same	duplication	or	deletion	

events.	The	36	significant	VCT	genes	were	enriched	with	the	gene	ontologies	(GO)	

related	 to	 protein	 glycosylation	 (biological	 process)	 compared	 to	 the	 genomic	

background,	which	was	 also	 enriched	 in	 the	whole	 CNV	 gene	 set	 (Chain	 et	 al.	

2014).	The	36	significant	VCT	genes	showed	no	functional	enrichment	compared	

to	 other	 CNV	 genes,	 indicating	 no	 particular	 functions	 were	 preferentially	

diverged	within	the	CNV	gene	set.	

	



Chapter	III.	 	 Genetics	underlying	habitat-specific	gene	expression	

	
79	

Quantitative	 expression	 divergence	 as	 a	 complement	 to	 differential	 expression	

analyses	

We	 sought	 to	 evaluate	 the	 extent	 of	 expression	 divergence	 (PCT)	 in	 a	 similar	

quantitative	fashion	as	FCT	and	VCT,	e.g.	gene	expression	variances	within	versus	

between	fish	ecotypes.	We	identified	115	and	88	genes	with	significant	PCT	in	the	

head	kidney	and	spleen,	respectively	(FDR<0.05,	Figure	1c).	 In	comparison,	we	

had	 previously	 identified	 73	 and	 74	 DE	 genes	 in	 the	 head	 kidney	 and	 spleen,	

respectively.	Half	of	the	DE	genes	had	a	significant	PCT.	The	DE	genes	as	a	whole	

exhibited	significantly	higher	PCT	values	than	non-DE	genes	(p<0.001,	Wilcoxon	

rank	 sum	 test).	 In	 addition,	 genes	 having	 higher	 PCT	 also	 tend	 to	 have	 higher	

magnitude	of	gene	expression	differences	 (absolute	values	of	 log	 fold	 changes)	

between	lake	and	river	fish	(rho=0.733	in	head	kidney	and	rho=0.755	in	spleen,	

p<0.001	in	both	cases,	Spearman	correlation	test),	confirming	PCT	as	a	sensitive	

quantitative	estimation	of	expression	divergence,	complementing	DE	analyses.	 	

	

Little	 genome-wide	 correlation	 between	 genetic	 divergence	 and	 expression	

divergence	 	

We	measured	the	correlation	between	FCT	in	CRE	regions	and	PCT	across	all	genes	

to	 test	 whether	 CRE	 sequence	 divergence	 is	 positively	 correlated	 with	

expression	 divergence	 genome-wide.	 We	 found	 that	 FCT	 and	 PCT	 are	 barely	

positively	 correlated	 (rho=0.017,	 p=0.03,	 n=12,057	 in	 head	 kidney	 and	

rho=0.012,	 p=0.09,	 n=12,400	 in	 spleen,	 Spearman	 correlation	 test).	 Very	weak	

positive	or	absent	correlations	were	also	found	when	analyzing	each	population	

pair	separately.	Amongst	the	10	genes	with	significant	sequence	divergence	(see	

above),	 5	 have	 no	 expression	 information	 in	 our	 transcriptome	 data,	 and	 the	

other	5	were	not	DE	genes	and	had	PCT	values	below	0.1	(Table	1).	

	

Similarly,	we	found	little	to	no	positive	correlation	between	VCT	and	PCT	overall	

(rho=0.064,	p=0.064	for	head	kidney;	rho=0.166,	p<0.001	for	spleen;	Spearman	

rank	correlation).	In	other	words,	the	level	of	divergence	in	copy	numbers	does	

not	strongly	predict	the	level	of	expression	divergence.	Nevertheless,	the	9	CNV	

genes	that	had	significant	PCT	had	higher	mean	VCT	compared	to	other	CNV	genes	

(p=0.016,	Wilcoxon	 rank	 sum	 test),	 two	 of	which	 also	 had	 significant	 VCT.	 One	
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gene	 is	cathepsin	A	 (ENSGACG00000015897),	which	had	 the	highest	VCT	 (0.58)	

amongst	all	CNV	genes	and	was	previously	identified	as	the	most	differentiated	

CNV	gene	between	ecotypes	in	two	German	population	pairs	(Chain,	et	al.	2014).	

Here	we	show	that	the	copy	number	divergence	of	this	gene	is	accompanied	by	

significant	gene	expression	divergence	(Figure	2).	The	signal	is	dominated	by	the	

two	 German	 population	 pairs	 in	which	 river	 individuals	 had	 both	 higher	 copy	

numbers	and	higher	expression	levels	than	lake	individuals.	 	

	

The	second	gene	exhibiting	both	a	significant	VCT	and	PCT	value	was	GTPase,	IMAP	

family	member	7	(GIMAP7,	ENSGACG00000018877)	with	a	VST	of	0.35.	This	gene	

has	 high	 VCT	 values	 in	 3	 population	 pairs	 and	 a	 moderate	 value	 in	 the	 fourth	

population	pair	 (G2),	with	higher	 copy	numbers	 and	higher	 expression	 in	 lake	

ecotypes	 except	 in	G2	population	 pair	 (Figure	 2).	 It	 appears	 plausible	 that	 the	

copy	 number	 divergence	 (VCT)	 of	 these	 two	 genes	 represents	 a	 genetic	 basis	

underlying	their	gene	expression	divergence.	 	

	

CNV	genes	associated	with	expression	variation	through	dosage	effects	

To	evaluate	whether	CNVs	influence	gene	expression	levels	regardless	of	ecotype	

divergence,	 we	 tested	 the	 association	 between	 gene	 copy	 number	 and	 gene	

expression	 on	 an	 individual-by-individual	 basis.	 Among	 350	 expressed	 CNV	

genes,	 140	 had	 a	 significant	 association	 between	 gene	 copy	 number	 and	 gene	

expression	in	at	least	one	of	the	two	immune	tissues	(corrected	p	values<	0.05).	

Five	of	these	genes	had	a	significant	negative	correlation	between	copy	number	

and	 expression	 level,	 WBP1(WW	 domain	 binding	 protein	 1,	

ENSGACG00000000318)	 and	 slc47a1	 (solute	 carrier	 family	 47,	 member	 1,	

ENSGACG00000020614)	 and	 two	 uncharacterized	 genes	

(ENSGACG00000020469	 and	 ENSGACG00000012806)	 in	 head	 kidney	 samples	

and	 cyp3c1	 (cytochrome	 P450	 family	 3	 subfamily	 A	 member	 43,	

ENSGACG00000010952)	in	spleen	samples.	The	other	135	genes	with	a	positive	

correlation	were	considered	as	 “eCNV	genes”	 in	at	 least	one	of	 the	 two	tissues.	

Sixty	were	eCNV	genes	in	both	the	head	kidney	and	the	spleen	(out	of	117	CNV	

genes	 that	were	expressed	 in	both	 tissues).	The	GO	enrichment	analyses	of	 the	

eCNV	 genes	 against	 the	 whole	 stickleback	 gene	 set	 showed	 that	 they	 were	
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enriched	 for	 antigen	 processing	 and	 presentation	 (GO:0019882,	 with	 4	 of	 32	

genes),	 and	MHC	protein	 complex	 (GO:0042611	with	 4	 of	 31	 genes).	 Although	

these	 functional	 categories	are	already	known	 to	be	enriched	 for	CNV	genes	 in	

sticklebacks	(Chain	et	al.	2014),	here	we	show	that	they	also	are	enriched	for	an	

association	with	dosage	effects,	i.e.	copy	number	variation	might	have	functional	

consequences	at	the	phenotypic	level	by	altering	the	number	of	gene	transcripts.	

However,	when	compared	to	other	CNV	genes,	eCNV	genes	did	not	show	any	GO	

term	 enrichments,	 suggesting	 that	 no	 particular	 functions	 were	 preferentially	

expressed	with	dosage	effects	within	the	CNV	gene	set.	

	

The	 two	 genes	 with	 both	 significant	 VCT	 and	 PCT	 (described	 above)	 were	 also	

eCNV	genes	(Figure	2).	The	gene	cathepsin	A	had	significant	PCT	and	DE	identified	

in	spleen	and	copy	numbers	highly	correlated	with	the	gene	expression	in	both	

tissue	types	(FDR<0.001,	Figure	2a).	The	gene	GIMAP7	had	significant	PCT	and	DE	

identified	 in	 head	 kidney	 and	 copy	 numbers	 highly	 correlated	 with	 the	 gene	

expression	also	in	both	tissue	types	(FDR=0.0074	in	head	kidney	and	FDR<0.001	

in	 spleen,	Figure	2f).	The	 correlation	between	gene	expression	 levels	 and	gene	

copy	 numbers	 of	 these	 two	 genes	 strongly	 suggests	 the	 gene	 copy	 number	

changes	as	a	genetic	mechanism	underling	expression	divergence.	 	

 

 

Discussion	
In	this	study	we	combined	the	analysis	of	genetic	variation	and	gene	expression	

among	 individuals	 and	 their	 divergence	 patterns	 between	 ecotypes	 to	 better	

understand	 the	 genetics	 of	 habitat-specific	 adaptation.	 Overall	 sequence	

divergence	 and	 copy	 number	 divergence	 were	 only	 weakly	 or	 not	 correlated	

with	 gene	 expression	 divergence,	 generally	 explaining	 little	 variation	 in	

genome-wide	 expression	 divergence.	 However,	 certain	 genes	were	 found	with	

strong	 associations	 between	 genetic	 divergence	 and	 expression	 divergence.	 In	

particular,	we	provide	evidence	that	copy	number	divergence	likely	shapes	gene	

expression	divergence	of	at	least	two	genes	between	recently	diverged	ecotypes	

through	a	dosage	effect.	This	supports	that	CNVs	can	drive	habitat-specific	gene	

expression	and	potentially	facilitate	adaptive	evolution.	
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Based	 on	 the	 notion	 that	 cis-regulatory	 changes	make	 a	major	 contribution	 to	

phenotypic	 divergence	 between	 populations	 or	 species	 (Wray	 2007;	Wittkopp	

and	Kalay	2011),	we	rationalized	that	higher	sequence	divergence	in	CREs	would	

lead	 to	 higher	 divergence	 in	 gene	 expression.	 Although	 studies	 found	 a	major	

contribution	 of	 cis-eQTLs	 to	 expression	 variation	 and	 expression	 divergence	

between	ecotypes	 in	sticklebacks	(Ishikawa,	et	al.	2017;	Pritchard,	et	al.	2017),	

we	 found	 little	 to	no	genome-wide	correlation	between	putative	CRE	sequence	

divergence	 and	 expression	 divergence,	which	 is	 similar	 to	 studies	 in	whitefish	

and	 in	 flycatcher	 (Renaut,	 et	 al.	 2012;	 Uebbing,	 et	 al.	 2016).	 Zhao	 et	 al.	 found	

highly	 differentiated	 SNPs	 enriched	 in	 cis-regulatory	 regions	 of	 DE	 genes	

between	low	and	high	latitude	populations	of	Drosophila,	but	also	failed	to	find	a	

correlation	 between	 the	 magnitude	 of	 genetic	 differentiation	 and	 that	 of	

expression	differentiation	(Zhao,	et	al.	2015).	These	studies,	together	with	ours,	

investigate	 the	 relationship	 between	CRE	 and	 expression	divergence	 in	 closely	

related	taxa.	The	ecotypes	used	in	this	study	were	sampled	from	geographically	

distant	populations	and	have	diverged	differently	in	genomic	regions	(Feulner,	et	

al.	2015),	resulting	in	the	majority	of	CRE	regions	with	non	differentiation	(zero	

or	 low	FCT)	with	 a	 few	exceptions.	 The	non	or	 low	differentiation	 in	most	CRE	

regions	might	leave	subtle	impacts	on	expression	divergence.	On	the	other	hand,	

plastic	 responses	 regulated	 by	 the	 organisms’	 innate	 ability	 probably	 also	

contribute	 to	 expression	divergence	 (Gibson	2008),	masking	 the	 effects	 by	 the	

genetic	 differences.	 Other	 explanations	 include	 trans-regulatory	 factors	 that	

interact	 with	 CREs	 (Metzger,	 et	 al.	 2017),	 non-additive	 effects	 of	 genetic	 loci	

underlying	 expression	 (Merilä	 and	 Crnokrak	 2001).	 It	 is	 also	 possible	 that	 the	

influence	 of	 CRE	 sequence	 divergence	 on	 gene	 expression	 divergence	 is	

manifested	in	a	time	and	tissue	other	than	what	was	captured	in	our	sequenced	

transcriptomes.	 	

	

Though	CNVs	 interfere	with	much	 fewer	genes	 than	SNPs	 in	 the	CREs,	making	

their	 relative	 impacts	 on	 expression	 divergence	 not	 comparable,	 up	 to	 16%	of	

variation	in	expression	divergence	PCT	is	explained	by	VCT,	which	is	qualitatively	

higher	 than	 FCT.	 The	 16%	 of	 expression	 variation	 explained	 by	 PCT	 reflects	 a	
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non-negligible	impact	of	VCT	on	PCT.	This	is	consistent	with	previous	suggestions	

that	genomic	changes	modifying	the	number	of	copies	of	a	gene	have	a	greater	

impact	 on	 gene	 expression	 than	 sequence	 differences	 (Sudmant,	 et	 al.	 2015;	

Huddleston	and	Eichler	2016).	Though	large	proportion	of	the	variation	in	PCT	is	

not	explained	by	VCT,	which	again	could	be	due	to	the	same	reason	as	for	FCT,	we	

suspect	that	a	subsets	of	CNV	genes	should	contribute	the	expression	divergence	

in	 a	 fashion	 of	 a	 positive	 relationship	 between	 gene	 dosage	 and	 expression,	

especially	 for	 protein-coding	 genes	 (Conrad	 and	Antonarakis	 2007).	We	 found	

that	135	(38.6%)	of	all	CNV	genes	showing	positive	correlations	between	copy	

number	 changes	 and	 expression	 changes,	 referred	 to	 as	 “eCNVs”.	 Similar	

numbers	of	genes	showing	associations	between	expression	changes	and	CNVs	

have	been	reported	in	different	organisms	despite	using	different	approaches	to	

identify	 expression-associated	 CNV	 genes	 (Stranger,	 et	 al.	 2007;	 Schlattl,	 et	 al.	

2011).	 In	 Drosophila,	 about	 half	 of	 gene	 duplications	 are	 associated	 with	

significant	 increases	 in	 expression.	 And	 these	 expression-associated	 gene	

duplications	 are	 enriched	 among	 low-	 and	 high-frequency	 duplications,	

suggesting	 either	 deleterious	 or	 adaptive	 roles	 from	 dosage	 effects	

(Cardoso-Moreira,	 et	 al.	 2016).	 	 Although	 the	 majority	 of	 CNVs	 with	 dosage	

effects	is	predicted	to	be	deleterious	(Veitia	2002,	2005)	and	eventually	purged	

by	selection	(Rice	and	McLysaght	2017),	under	the	right	circumstances	CNVs	can	

facilitate	 adaptation	 via	 dosage	 effects	 on	 gene	 expression	 and	 further	 on	

external	physiological	or	morphological	phenotypes	(Iskow,	et	al.	2012).	 	

	

Previous	studies	have	documented	parallel	evolution	of	CNVs	between	low	and	

high	 latitude	 populations	 in	 Drosophila	 (Schrider,	 et	 al.	 2016)	 and	 between	

marine	 and	 freshwater	 populations	 of	 sticklebacks	 (Hirase,	 et	 al.	 2014),	

suggesting	the	contribution	of	CNVs	in	adaptation	to	different	environments.	In	

this	study	we	 investigated	 the	associations	between	CNVs	and	gene	expression	

changes	 that	 could	 have	 an	 adaptive	 role	 in	 the	 divergence	 between	 lake	 and	

river	stickleback	ecotypes.	The	divergent	signals	both	in	gene	copy	number	(VCT)	

and	 in	 gene	 expression	 (PCT),	 and	 the	 correlation	 between	 copy	 numbers	 and	

gene	 expression	 (eCNV)	 serve	 as	 three	 pillars	 to	 support	 that	 the	 gene	 copy	

number	 changes	 contribute	 to	 adaptation.	 That	 is,	 compelling	 evidence	 for	
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habitat-specific	 selection	 is	 inferred	 when	 a	 gene	 has	 different	 copy	 numbers	

between	ecotypes,	different	gene	expression	between	ecotypes,	 and	has	higher	

expression	 in	 individuals	 with	 higher	 copy	 numbers.	 We	 detected	 two	 genes	

displaying	 all	 of	 these	 three	 signals,	 which	 are	 strong	 candidates	 for	 adaptive	

copy	 number	 changes.	 One	 gene	 is	 cathepsin	 A,	 which	 had	 the	 highest	 VCT	

amongst	all	CNV	genes	and	higher	copy	number	in	river	populations	that	could	

be	 favored	 due	 to	 dosage	 effects.	 This	 gene	 codes	 for	 a	 protein	 that	 plays	 an	

important	role	in	processing	endogenous	bioactive	peptides	(Timur,	et	al.	2016)	

and	muscle	metabolism	(González-Prendes,	et	al.	2017).	Its	isoforms	CTS	L	and	S	

have	been	shown	to	have	roles	in	MHC	class	II	antigen	presentation	(Hsing	and	

Rudensky	2005),	which	 suggests	 that	 the	 copy	number	divergence	of	 the	 gene	

might	 contribute	 to	 differential	 immune	 response	 in	 the	 two	 ecological	

environments.	 Another	 putatively	 adaptive	 CNV	 gene	 is	GIMAP7,	which	 has	 on	

average	 higher	 copy	 number	 and	 correlated	 higher	 gene	 expression	 in	 lake	

populations.	GIMAP7	is	a	GTPase	gene	and	contains	domain	AIG1-type	G,	which	

has	 immunity-associated	functions	that	 is	conserved	from	plants	to	vertebrates	

(Krücken,	 et	 al.	 2004;	 Schwefel,	 et	 al.	 2010).	 The	 immune-related	 functions	 of	

these	two	genes	add	to	previous	findings	that	CNVs	act	as	an	important	type	of	

genetic	variation	to	maximize	the	host	innate	and	adaptive	response	(Chain,	et	al.	

2014;	 Machado	 and	 Ottolini	 2015).	 An	 increased	 copy	 number	 and	 the	

correspondingly	 increased	 expression	 may	 promote	 the	 defense	 to	 different	

parasite	 communities	 in	 lakes	 and	 rivers,	 facilitating	 adaptation	 to	 different	

environments.	 	

	

By	 combining	 genome	 and	 transcriptome	 data	 from	 the	 same	 individuals,	 we	

brought	 together	 signatures	 at	 the	 genetic	 level	 and	 transcription	 level	 to	

evaluate	the	genome-wide	associations	between	the	two,	and	 identified	genetic	

variants	 underlying	 gene	 expression	 that	 likely	 contribute	 to	 ecological	

adaptation.	 We	 report	 evidence	 of	 CNVs	 acting	 as	 a	 genetic	 mechanism	

underlying	 gene	 expression	 divergence	 between	 ecotypes.	 Though	 CNVs	 are	

mostly	 conceived	 as	 deleterious	 mutations,	 our	 findings	 highlight	 CNVs	 with	

their	possible	contributions	to	adaptive	evolution.	 	
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Figures	
 

 
 

Figure	 1.	 Sequence	 divergence	 in	 5kb	 upstream	 regions	 (FCT),	 copy	 number	

divergence	 (VCT)	 and	 expression	 divergence	 (PCT)	 of	 (a)	 FCT	 outliers,	 (b)	 VCT	

outliers	and	(c)	PCT	outliers	along	chromosome	locations.	For	each	outlier	gene,	

all	different	divergence	estimates	of	the	gene	are	shown	in	yellow	(FCT),	red	(VCT)	

and	blue	(PCT),	when	the	estimates	are	applicable1.	For	PCT	outliers	in	both	tissue	

types	 and	 for	 FCT	 and	 VCT	 outliers	 having	 PCT	 values	 in	 both	 tissue	 types,	 the	

average	 PCT	 are	 shown.	 Twenty	 linkage	 groups	 of	 the	 stickleback	 genome	

																																																								
1	 For	each	gene,	FCT	is	applicable	when	a	gene	compasses	SNPs	in	the	5kb	
upstream	region;	VCT	is	applicable	when	the	gene	is	a	CNV	gene;	PCT	is	applicable	
when	the	gene	is	non	weakly	expressed	in	either	or	both	tissue	types.	
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representing	 autosomes	 together	with	 unplaced	 scaffolds	 (Un)	 are	 shown	 and	

alternated	 in	white	and	grey	backgrounds.	The	 two	dashed	vertical	 lines	 in	 (b)	

and	(c)	indicate	the	two	same	genes	with	both	significant	VCT	and	PCT.	 	
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Figure	 2.	 Gene	 expression	 level	 and	 gene	 copy	 number	 of	 two	 candidate	 DE	

genes	 with	 significant	 VCT	 among	 all	 populations.	 Habitat-specific	 expression	

patterns	of	(a)	cathepsin	A	and	(b)	GIMAP7	across	all	populations.	Y-axes	indicate	

expression	 levels	 in	normalized	 read	 counts.	Green	boxes	 are	 lake	populations	

and	 yellow	 boxes	 are	 river	 populations.	 Habitat	 specific	 patterns	 of	 gene	 copy	

number	of	(c)	cathepsin	A	and	(d)	GIMAP7.	Green	dots	are	 lake	 individuals	and	

yellow	dots	are	river	individuals.	The	association	between	gene	expression	levels	

and	gene	copy	numbers	of	(e)	cathepsin	A	and	(f)	GIMAP7.	 	
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Tables	
	

Table	1.	Genes	with	significant	sequence	divergence	between	lake	and	river	
ecotypes	in	5kb	upstream	regions.	

Gene	ID	 Gene	
name	 GO	function	 FCT	

Tot
al	
no.	
of	
SN
Ps	

No.	
of	
sig.	
SN
Ps	

FCT	
for	
sig.	
SNPs	

PCT	*	

HK	 SP	

ENSGACG0000
0000400	

novel	
gene	 unkown	

0.2
40	 5	 2	

0.40,	
0.46	 NA	 NA	

ENSGACG0000
0000842	

novel	
gene	 unkown	

0.1
50	 37	 5	

0.36-
0.61	 NA	 NA	

ENSGACG0000
0000998	

novel	
gene	 unkown	

0.1
50	 8	 2	

0.34,	
0.40	 NA	

0.0
31	

ENSGACG0000
0001347	

novel	
gene	

zinc	ion	
binding,	metal	
ion	binding	

0.0
60	 30	 0	 -	 NA	 NA	

ENSGACG0000
0015690	

novel	
gene	

signal	
transduction,	
3',5'-cyclic-nu
cleotide	

phosphodieste
rase	activity,	
phosphoric	
diester	
hydrolase	
activity,	
hydrolase	

activity,	metal	
ion	binding	

0.2
10	 3	 1	 0.320	 NA	 NA	

ENSGACG0000
0019256	

signal	
recognit
ion	

particle	
68	

(srp68)	

SRP-dependen
t	

cotranslationa
l	protein	

targeting	to	
membrane,	 	
7S	RNA	
binding,	

endoplasmic	
reticulum	

signal	peptide	
binding,	signal	
recognition	
particle	

0.1
40	 31	 4	

0.38-
0.44	

0.0
00	

0.0
00	
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binding	

ENSGACG0000
0019615	

novel	
gene	

Proteolysis,	
serine-type	
endopeptidas
e	activity	

0.1
00	 5	 1	 0.270	

0.0
62	 NA	

ENSGACG0000
0019849	

novel	
gene	 unkown	

0.1
40	 42	 9	

0.34-
0.49	 NA	 NA	

ENSGACG0000
0020534	

novel	
gene	

signal	
transduction,	
G-protein	
coupled	
receptor	
signaling	
pathway,	
sensory	

perception	of	
smell,	

response	to	
stimulus,	
olfactory	
receptor	
activity,	

0.2
00	 43	 5	

0.32-
0.32	 NA	 NA	

ENSGACG0000
0020630	

Rho	
GTPase	
activati
ng	

protein	
42a	

(arhgap
42a)	

signal	
transduction	

0.1
30	 40	 13	

0.23-
0.36	

0.0
87	

0.0
16	

	
	 	 	 	 	 	 	*:	NAs	indicate	non-	or	weak	expression.	 	
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Table	2.	Genes	with	significant	divergence	in	gene	copy	numbers	(VCT)	between	
lake	and	river	ecotypes	

Gen
e	ID	 Gene	name	 GO	function	

VCT	 PCT	 	
*	

All	
**	 G1	 G2	 No	 Ca	 H

K	
S
P	

ENS
GAC
G00
000
000
238	

ST3	
beta-galactos

ide	
alpha-2,3-sial
yltransferase	
1	(ST3GAL1,	
1	of	7)	

transferase	activity,	
transferring	glycosyl	
groups,carbohydrate	

metabolic	process,cellular	
protein	modification	
process,protein	

glycosylation,biosynthetic	
process,molecular_functio

n,sialyltransferase	
activity,biological_process	

0.
16
8	

0.
26
3	

0.
10
5	

0.
41
8	

0.0
18	

N
A	

N
A	

ENS
GAC
G00
000
000
240	

ST3	
beta-galactos

ide	
alpha-2,3-sial
yltransferase	
1	(ST3GAL1,	
2	of	7)	

transferase	activity,	
transferring	glycosyl	
groups,carbohydrate	

metabolic	process,cellular	
protein	modification	
process,protein	

glycosylation,biosynthetic	
process,molecular_functio

n,sialyltransferase	
activity,biological_process	

0.
32
6	

0.
49
5	

0.
00
0	

0.
30
8	

0.3
74	

N
A	

N
A	

ENS
GAC
G00
000
000
408	

novel	gene	 unkown	
0.
21
8	

0.
25
6	

0.
54
6	

0.
04
3	

0.6
13	

N
A	

N
A	

ENS
GAC
G00
000
000
857	

novel	gene	
extracellular	

region,cellular_componen
t	

0.
29
3	

0.
10
2	

0.
00
0	

0.
04
4	

0.7
46	

N
A	

N
A	

ENS
GAC
G00
000
001
537	

novel	gene	 unkown	
0.
39
7	

0.
26
7	

0.
26
6	

0.
70
8	

0.3
86	

N
A	

N
A	

ENS
GAC
G00
000
001

novel	gene	 unkown	
0.
27
8	

0.
04
9	

0.
01
4	

0.
67
6	

0.7
31	

N
A	

N
A	
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645	

ENS
GAC
G00
000
001
748	

novel	gene	

enzyme	regulator	
activity,extracellular	
region,endopeptidase	

inhibitor	
activity,molecular_functio
n,cellular_component	

0.
33
6	

0.
32
3	

0.
16
2	

0.
06
0	

0.4
94	

N
A	

N
A	

ENS
GAC
G00
000
002
209	

novel	gene	

G-protein	coupled	
receptor	

activity,G-protein	coupled	
receptor	signaling	
pathway,signal	

transducer	activity,signal	
transduction,molecular_f
unction,cellular_compone
nt,biological_process,inte

gral	component	of	
membrane	

0.
27
5	

0.
25
9	

0.
20
8	

0.
66
7	

0.0
00	

N
A	

N
A	

ENS
GAC
G00
000
002
473	

novel	gene	 unkown	
0.
20
8	

0.
28
5	

0.
13
6	

0.
44
5	

0.3
89	

N
A	

N
A	

ENS
GAC
G00
000
003
404	

novel	gene	 unkown	
0.
23
7	

0.
73
5	

0.
01
1	

0.
24
2	

0.0
00	

N
A	

N
A	

ENS
GAC
G00
000
003
405	

novel	gene	 unkown	
0.
36
8	

0.
89
2	

0.
56
3	

0.
16
7	

0.8
27	

N
A	

N
A	

ENS
GAC
G00
000
003
407	

novel	gene	 unkown	
0.
38
4	

0.
85
6	

0.
46
1	

0.
12
2	

0.6
93	

N
A	

N
A	

ENS
GAC
G00
000
003
969	

novel	gene	 unkown	
0.
25
0	

0.
31
4	

0.
22
2	

0.
78
5	

0.3
16	

N
A	

N
A	
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ENS
GAC
G00
000
005
317	

novel	gene	 unkown	
0.
16
3	

0.
44
7	

0.
12
3	

0.
00
3	

0.6
50	

N
A	

N
A	

ENS
GAC
G00
000
005
319	

novel	gene	 unkown	
0.
39
7	

0.
73
0	

0.
00
0	

0.
06
8	

0.7
65	

N
A	

N
A	

ENS
GAC
G00
000
005
345	

novel	gene	
cellular_component,integ

ral	component	of	
membrane	

0.
22
0	

0.
77
1	

0.
39
1	

0.
00
0	

0.4
82	

N
A	

N
A	

ENS
GAC
G00
000
006
218	

transient	
receptor	
potential	
cation	
channel,	

subfamily	M,	
member	2	
(trpm2)	

ion	channel	
activity,transport,ion	

transport,transmembrane	
transport,transmembrane	

transporter	
activity,molecular_functio
n,cellular_component,me
mbrane,biological_proces

s	

0.
26
0	

0.
00
0	

0.
00
0	

0.
00
0	

0.8
11	

N
A	

N
A	

ENS
GAC
G00
000
006
431	

novel	gene	

transferase	activity,	
transferring	glycosyl	
groups,carbohydrate	

metabolic	process,cellular	
protein	modification	
process,protein	

glycosylation,biosynthetic	
process,molecular_functio
n,cellular_component,me
mbrane,fucosyltransferas

e	
activity,biological_process	

0.
34
9	

0.
67
4	

0.
13
6	

0.
85
0	

0.0
25	

N
A	

N
A	

ENS
GAC
G00
000
006
432	

novel	gene	

transferase	activity,	
transferring	glycosyl	
groups,carbohydrate	

metabolic	process,cellular	
protein	modification	
process,protein	

glycosylation,biosynthetic	
process,molecular_functio
n,cellular_component,me
mbrane,fucosyltransferas

0.
18
5	

0.
58
6	

0.
20
4	

0.
39
1	

0.0
58	

N
A	

N
A	
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e	
activity,biological_process	

ENS
GAC
G00
000
007
399	

novel	gene	 unkown	
0.
11
7	

0.
39
6	

0.
00
0	

0.
00
0	

0.0
00	

0
.
0
0
0	

N
A	

ENS
GAC
G00
000
008
264	

novel	gene	 unkown	
0.
24
5	

0.
03
6	

0.
46
0	

0.
68
2	

0.4
30	

0
.
0
0
0	

0
.
0
4
5	

ENS
GAC
G00
000
008
305	

novel	gene	

G-protein	coupled	
receptor	

activity,G-protein	coupled	
receptor	signaling	
pathway,signal	

transducer	activity,signal	
transduction,molecular_f
unction,cellular_compone
nt,biological_process,inte

gral	component	of	
membrane	

0.
20
0	

0.
12
3	

0.
65
0	

0.
02
1	

0.0
00	

0
.
0
0
0	

N
A	

ENS
GAC
G00
000
008
985	

novel	gene	 unkown	
0.
44
8	

0.
00
0	

0.
06
7	

0.
00
0	

0.8
33	

0
.
0
0
4	

0
.
0
0
0	

ENS
GAC
G00
000
009
880	

novel	gene	 unkown	
0.
25
7	

0.
36
8	

0.
12
3	

0.
63
3	

0.0
00	

0
.
0
0
0	

N
A	
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ENS
GAC
G00
000
010
952	

cytochrome	
P450	family	
3	subfamily	A	
member	43	
(CYP3A43)	

oxidation-reduction	
process,oxidoreductase	
activity,	acting	on	paired	

donors,	with	
incorporation	or	

reduction	of	molecular	
oxygen,heme	

binding,oxidoreductase	
activity,ion	

binding,molecular_functio
n,iron	ion	

binding,biological_proces
s	

0.
25
7	

0.
52
1	

0.
01
0	

0.
01
1	

0.6
74	

0
.
0
0
0	

0
.
0
0
0	

ENS
GAC
G00
000
012
073	

novel	gene	 unkown	
0.
27
8	

0.
49
4	

0.
37
1	

0.
00
0	

0.7
83	

N
A	

0
.
0
0
0	

ENS
GAC
G00
000
012
354	

novel	gene	 unkown	
0.
40
6	

0.
16
5	

0.
00
0	

0.
21
7	

0.8
37	

N
A	

N
A	

ENS
GAC
G00
000
015
897	

cathepsin	A	

peptidase	
activity,proteolysis,molec
ular_function,serine-type	

carboxypeptidase	
activity,biological_process	

0.
57
8	

0.
96
2	

0.
51
0	

0.
00
0	

0.0
00	

0
.
1
5
9	

0
.
2
8
9	

ENS
GAC
G00
000
016
770	

novel	gene	

hydrolase	activity,small	
molecule	metabolic	

process,molecular_functio
n,dUTP	metabolic	

process,cellular	nitrogen	
compound	metabolic	

process,dUTP	
diphosphatase	

activity,biological_process	

0.
19
7	

0.
44
5	

0.
28
5	

0.
00
0	

0.0
00	

0
.
1
2
0	

0
.
1
4
8	

ENS
GAC
G00
000
017
259	

novel	gene	 unkown	
0.
24
2	

0.
08
3	

0.
00
2	

0.
18
3	

0.7
07	

N
A	

N
A	
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ENS
GAC
G00
000
018
037	

LON	
peptidase	
N-terminal	
domain	and	
ring	finger	1,	
like	(lonrf1l)	

ATP-dependent	peptidase	
activity,cellular	protein	

modification	
process,peptidase	

activity,proteolysis,protei
n	binding,ion	
binding,ATPase	

activity,molecular_functio
n,ubiquitin-protein	

transferase	activity,zinc	
ion	binding,metal	ion	

binding,biological_proces
s,protein	ubiquitination	

0.
47
8	

0.
78
4	

0.
32
4	

0.
00
0	

0.0
00	

0
.
0
0
0	

0
.
0
0
0	

ENS
GAC
G00
000
018
047	

novel	gene	
ion	

binding,molecular_functio
n,calcium	ion	binding	

0.
29
6	

0.
76
4	

0.
26
4	

0.
00
0	

0.0
00	

N
A	

N
A	

ENS
GAC
G00
000
018
877	

GTPase,	
IMAP	family	
member	7	
(GIMAP7)	

ion	binding,GTP	
binding,molecular_functio

n	

0.
34
8	

0.
53
3	

0.
23
3	

0.
63
7	

0.7
01	

0
.
2
4
5	

0
.
1
8
4	

ENS
GAC
G00
000
019
238	

novel	gene	
extracellular	

region,cellular_componen
t	

0.
33
4	

0.
01
4	

0.
26
3	

0.
37
6	

0.8
17	

N
A	

N
A	

ENS
GAC
G00
000
019
508	

neurexophili
n	and	

PC-esterase	
domain	
family,	

member	3	
(nxpe3)	

unkown	
0.
13
4	

0.
00
0	

0.
26
8	

0.
19
4	

0.0
00	

0
.
0
0
0	

0
.
0
0
0	

ENS
GAC
G00
000
020
534	

novel	gene	

G-protein	coupled	
receptor	

activity,G-protein	coupled	
receptor	signaling	
pathway,signal	

transducer	activity,signal	
transduction,molecular_f
unction,cellular_compone
nt,biological_process,inte

gral	component	of	
membrane	

0.
44
8	

0.
57
3	

0.
66
6	

0.
00
0	

0.6
95	

N
A	

N
A	
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*:	PCT	between	ecotypes	from	all	populations.	NAs	in	PCT	columns	indicate	non-	
or	weak	expression.	PCT	in	red	are	significant.	
**:	All	means	VCT	between	ecotypes	from	all	populations	(ANOVA-based).	The	
other	VCT	columns	contain	VCT	between	parapatric	lake	and	river	populations	
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Conclusion	

This	 thesis	 addresses	 genetic	 and	 transcriptional	 parallel	 evolution	 across	 five	

lake	 and	 river	 population	 pairs	 of	 three-spined	 sticklebacks	 spanning	 two	

continents.	 Alongside	with	many	 ecological	 differences	 between	 lake	 and	 river	

environments,	sticklebacks	bear	differential	parasite	pressure	between	lakes	and	

rivers,	a	factor	that	has	a	strong	impact	on	the	fitness.	Lake	sticklebacks	harbor	

higher	 parasite	 loads	 than	 river	 sticklebacks,	 a	 consistent	 pattern	 across	

continents.	 Parasites	 are	 conceived	 as	 an	 important	 selective	 force	 driving	 the	

lake	 and	 river	 sticklebacks	 to	 diverge	 as	 two	 distinct	 ecotypes.	 The	 recurrent	

lake	 and	 river	 ecotypes	 differ	 in	 their	 immune	 competence	 and	 allele	 pools	 of	

major	 histocompatibility	 complex,	 likely	 due	 to	 adaptation	 to	 the	 differential	

parasite	pressures	between	lake	and	river	environments	(Scharsack	et	al.	2007;	

Eizaguirre	 et	 al.	 2011).	 This	 thesis	 focuses	 on	 genetic	 changes	 and	 gene	

expression	 differences	 to	 understand	 the	 genetic	 basis	 of	 parallel	 evolution	 in	

freshwater	sticklebacks.	 	

	

The	genome	scan	approach	detects	little	parallelism	on	the	genetic	level	(Chapter	

I),	 while	 transcriptome	 profiling	 detects	 139	 genes	 with	 habitat-specific	

expression	 patterns	 (Chapter	 II).	 The	 little	 genetic	 parallelism	 detected	 in	

Chapter	 I	 suggests	 that,	 although	 under	 apparently	 similar	 selection	 regimes	

(habitat-associated	selection),	evolution	at	the	genetic	level	follows	idiosyncratic	

trajectories	and	is	infrequently	repeatable	due	to	contingent	events.	This	lack	of	

parallelism	is	 in	contrast	to	139	genes	with	the	habitat-specific	patterns	on	the	

gene	expression	level	in	Chapter	II,	which	represent	parallelism	on	a	phenotypic	

level.	 A	 subset	 of	 the	 habitat-specific	 expression	 genes	 are	 immune	 genes	 or	

involved	in	responses	to	parasite	infection	in	previous	studies	(Lenz	et	al.	2012;	

Haas	et	al.	2014),	reinforcing	the	important	role	of	parasite-mediated	selection	in	

shaping	habitat-specific	adaptation	in	lake	and	river	fish.	It	remains	possible	that	

the	 habitat-specific	 expression	 patterns	 are	 due	 to	 plastic	 response	 of	

sticklebacks	 to	 the	 environment	 differences	 between	 lake	 and	 river	 habitats.	

Alternatively,	 as	 the	 lake	 and	 river	 sticklebacks	 have	 adapted	 to	 their	 local	

environments,	 we	 speculate	 that	 divergent	 selection	 between	 lake	 and	 river	
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habitats	 may	 have	 acted	 upon	 genetic	 changes,	 shaping	 the	 habitat-specific	

expression	patterns.	 	

	

To	 reconcile	 the	 discrepancy	 between	 low	 genetic	 parallelism	 (Chapter	 I)	 and	

habitat-specific	 expression	 patterns	 found	 on	 hundred	 genes	 (Chapter	 II),	 the	

third	chapter	explores	the	association	between	habitat-specific	gene	expression	

patterns	 with	 genetic	 variants.	 Here,	 habitat-specific	 gene	 expression	 patterns	

are	 quantified	 as	 expression	 divergence	 between	 ecotypes.	 Expression	

divergence	on	the	genome-wide	scale	is	not	correlated	with	sequence	divergence	

in	cis-regulatory	region	or	gene	copy	number	divergence,	suggesting	a	complex	

relationship	 between	 genetic	 divergence	 and	 expression	 divergence.	

Nevertheless,	 two	genes	with	habitat-specific	 gene	expression	are	amongst	 the	

genes	with	 highest	 copy	 number	 divergence	 between	 lake	 and	 river	 ecotypes.	

The	analysis	of	covariance	between	gene	expression	and	copy	number	variation	

on	a	gene-by-gene	basis	revealed	these	two	genes	amongst	a	total	of	135	genes	

showing	 dosage	 effects	 of	 gene	 copy	 number	 changes	 on	 gene	 expression,	

strongly	 suggesting	 that	 copy	 number	 of	 these	 two	 genes	 are	 the	 underlying	

genetic	 control	 for	 the	 habitat-specific	 expression.	 These	 two	 genes	 provide	

strong	candidates	that	the	copy	number	variants	being	repeatedly	selected	due	

to	 dosage	 effects	 on	 gene	 expression.	 Given	 these	 findings	 found	 across	

independent	 populations,	we	 propose	 that	 copy	 number	 variation	 as	 a	 genetic	

source	promoting	adaptation	to	novel	environments.	

	

Taken	together,	my	PhD	work	combines	genome	and	transcriptome	analyses	of	

three-spined	 sticklebacks	 from	 replicated	 lake	 and	 river	 population	 pairs	 to	

better	understand	the	genetic	basis	of	parallel	evolution.	We	identify	a	number	of	

genes	 with	 habitat-specific	 expression	 patterns	 representing	 phenotypic	

parallelism,	 while	 a	 lesser	 extent	 of	 parallelism	 is	 found	 at	 the	 genetic	 level.	

These	 results	 suggest	 complex	 genetic	 mechanisms	 underlying	 parallel	

phenotypes,	 with	 plastic	 responses	 to	 environments	 potentially	 also	 playing	 a	

role.	 Nevertheless,	when	 the	 genetic	 basis	 for	 a	 phenotype	 is	 of	 a	 large	 effect,	

such	as	the	dosage	effect	of	copy	number	variations	on	gene	expression	patterns,	

the	parallelism	on	the	genetic	level	is	also	present.	In	this	case,	the	parallelism	on	
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both	 the	 genetic	 level	 and	 the	 phenotypic	 (gene	 expression)	 level	 together	

reinforces	 that	 the	 parallel	 genotypes	 and	 the	 corresponding	 phenotypes	 have	

been	selectively	favored	during	adaptation	to	the	habitats.	Last	but	not	least,	the	

three	 chapters	 identify	 sets	 of	 genes	 with	 parallel	 divergence	 either	 at	 the	

genetic	 level	 or	 at	 the	 expression	 level	 or	 both,	 providing	 candidate	 genes	 for	

follow-up	studies	to	better	understand	the	genetic	basis	of	adaptation.	
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