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ABSTRACT	

Adaptive	radiations	offer	striking	examples	of	biodiversity.	Their	rapid	diversification	is	

facilitated	by	adaptive	traits,	which	allow	co-occurring	species	to	partition	niche	space.	My	

research	is	motivated	by	a	desire	to	understand	how	these	adaptive	phenotypes	evolve	and	

diversify	to	produce	evolutionary	novelty.	Specifically,	I	focus	my	efforts	on	characterizing	

the	genetic	basis	of	adaptive	traits	and	detecting	patterns	of	molecular	evolution.	Predatory	

marine	gastropods	in	the	family	Conidae	–	“cone	snails”	–	are	a	particularly	compelling	

radiation	in	which	to	explore	these	themes.	Since	their	emergence	in	the	fossil	record	some	

55	million	years	ago,	they	have	rapidly	diversified	to	~800	extant	species,	most	of	which	

belong	to	the	genus	Conus.	Cone	snails	often	occur	in	sympatry	with	many	conspecifics,	

including	close	relatives,	frequently	occupying	the	same	microhabitats.	These	attributes	

point	to	several	factors	that	may	contribute	to	the	exceptional	rate	of	diversification	of	

Conus	which	I	explore	in	my	dissertation	research.		

First,	hybridization	among	recently	diverged	species	is	thought	to	contribute	to	

ecological	diversification	by	assembling	novel	combinations	of	genetic	variation.	In	my	first	

chapter,	I	ask	whether	hybridization	and	introgression	are	viable	mechanisms	for	genetic	

exchange	in	Conus.	I	generated	a	phylogenomic	dataset	from	venom	duct	transcriptomes	of	

species	belonging	to	the	Virroconus	subgenus	and	use	it	to	clarify	phylogeny	of	the	group	

and	detect	evidence	of	hybridization	and	introgression.	I	find	strong	evidence	for	
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mitochondrial	and	nuclear	introgression	among	several	species.	These	results	demonstrate	

the	viability	of	hybridization	as	a	mechanism	for	driving	diversification	in	Conidae.	

A	second	factor	that	likely	contributes	to	the	rapid	diversification	of	Conidae	is	the	

evolution	of	adaptive	phenotypes	that	facilitate	resource	partitioning.	Cone	snails	exhibit	

extreme	trophic	specialization,	and	most	research	to	date	focuses	on	the	role	of	venom	in	

facilitating	that	specialization.	In	my	second	two	chapters,	I	expand	our	understanding	of	

the	predatory	phenotype	of	cone	snails	beyond	venom	to	include	olfaction,	the	primary	

sensory	modality	of	gastropods.	In	my	second	chapter,	I	characterize	the	olfactory	receptor	

(OR)	gene	repertoire	of	Conus	ebraeus	using	a	transcriptomic	approach.	I	identify	88	

candidate	OR	genes	and	produce	a	phylogeny	that	illustrates	the	high	diversity	of	this	gene	

family	relative	to	other	gastropods.	I	examine	patterns	of	evolution	throughout	the	tree	and	

estimate	levels	of	gene	expression.	Results	from	these	analyses	suggest	that	one	particular	

clade	of	OR	genes	has	undergone	rapid	diversification	and	that	these	loci.		

In	my	final	chapter,	I	compare	the	OR	repertoire	of	Conus	ebraeus	to	its	sister	

species	Conus	judaeus,	which	exhibits	a	highly	distinct	dietary	specialization.	I	then	

examine	evolutionary	mechanisms	driving	divergence	of	gene	family	composition	and	

function.	I	recover	a	more	diverse	repertoire	of	OR	genes	from	Conus	judaeus,	and	detect	

several	differentially	expressed	loci.	I	identify	eight	orthologous	loci	that	exhibit	evidence	

of	positive	selection.	These	results	suggest	that	divergence	of	a	small	number	of	orthologs	

and	differences	in	gene	expression	contribute	to	the	distinct	prey	specializations	of	these	
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species.	Together,	these	chapters	offer	an	entirely	novel	perspective	on	adaptive	trait	

evolution	in	Conus	and	indicate	that	genes	underlying	olfaction	respond	to	selection	

imposed	by	diet.	

Taken	as	a	whole,	my	dissertation	presents	a	novel	body	of	work	that	reveals	

previously	undiscovered	genetic	drivers	of	diversification	in	Conidae	and	contributes	to	

our	understanding	of	the	genetics	of	adaptive	evolution	more	broadly.
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CHAPTER	1	

Reticulate	evolution	in	Conidae:	Evidence	for	Nuclear	and	Mitochondrial	

Introgression	in	Virroconus	

with	Thomas	F.	Duda	Jr.	

	

	

ABSTRACT	

Conidae	–	“cone	snails”	–	is	a	hyper-diverse	family	of	marine	snails	that	has	many	

hallmarks	of	adaptive	radiation.	Hybridization	and	introgression	may	contribute	to	such	

instances	of	rapid	diversification	by	generating	novel	combinations	of	genetic	variation	

that	facilitate	exploitation	of	novel	ecological	niches.	In	this	study,	we	ask	whether	these	

mechanisms	have	contributed	to	the	evolutionary	history	of	the	subgenus	Virroconus.	

Virroconus	species	frequently	occur	in	sympatry	–	presenting	opportunities	for	

hybridization	–	and	incongruence	between	shell	morphology	and	phylogenies	inferred	

from	mitochondrial	sequences	hints	at	past	introgression	in	the	group.	We	use	a	

phylogenomic	dataset	generated	by	sequencing	venom-duct	RNA	of	Virroconus	species	to	i)	

infer	a	robust	nuclear	phylogeny,	ii)	assess	mitochondrial	and	nuclear	gene	tree	

discordance,	and	iii)	formally	test	for	introgression	of	nuclear	loci	among	Virroconus	

species.	We	find	strong	signals	of	introgression	among	several	members	of	Virroconus,	
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demonstrating	a	history	of	hybridization	in	this	lineage,	and	our	nuclear	phylogeny	

resolves	the	incongruence	between	mitochondrial	data	and	shell	morphologies	from	past	

studies.	In	particular	we	discover	introgression	of	mitochondria	and	nuclear	loci	between	

ancestors	of	Conus	judaeus	and	Conus	coronatus,	and	mitochondrial	introgression	between	

Conus	fulgetrum	and	Conus	abbreviatus.	We	also	find	evidence	for	adaptive	introgression	of	

conotoxin	venom	loci	between	Conus	fulgetrum	and	Conus	miliaris.	Together,	our	results	

demonstrate	the	viability	of	hybridization	and	introgression	as	contributing	evolutionary	

mechanisms	in	the	adaptive	radiation	of	Conidae.	They	also	add	to	a	growing	body	of	

evidence	showing	that	porous	species	boundaries	facilitate	the	assemblage	of	novel	

genotypic	variation	that	can	fuel	adaptive	radiation	and	the	origin	of	biodiversity.	

	

INTRODUCTION	

The	origin	of	biodiversity	may	be	described	simplistically	as	a	series	of	bifurcation	events,	

wherein	small	changes	from	one	generation	to	the	next	accumulate	into	isolating	barriers	

between	populations,	producing	distinct	species.	This	staid	thinking	is	rapidly	giving	way	

to	more	nuanced	consideration	of	porous	species	(Abbott	et	al.	2013).	This	is	due	in	large	

part	to	an	improved	understanding	of	how	reticulate	processes	–	primarily	introgressive	

hybridization	–	enable	the	horizontal	exchange	of	genes	among	otherwise	independently	

evolving	lineages	and	thereby	impart	network-like	qualities	to	evolutionary	histories.	

Lineages	that	diversify	rapidly	and	in	sympatry	–	as	often	happens	during	adaptive	

radiations	–	may	be	especially	prone	to	introgressive	hybridization	(Seehausen	2004).		

Reticulate	processes	produce	genomes	comprised	of	genes	with	discordant	patterns	

of	descent	(Pease	and	Hahn	2015).	Studies	that	generate	phylogenetic	hypotheses	from	few	
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genes	therefore	risk	that	chosen	markers	exhibit	conflicting	histories	of	descent.	This	

problem	is	accentuated	–	especially	in	non-model	systems	lacking	substantial	nuclear	

genomic	resources	–	by	the	sole	use	of	mitochondrial	DNA	in	phylogenetic	reconstructions.	

Introgression	of	mtDNA	is	common,	resulting	in	mito-nuclear	discordance	and	unreliable	

phylogenetic	inference,	which	has	led	the	field	to	favor	multi-locus	data	(Ballard	and	

Whitlock	2004;	Galtier	et	al.	2009;	Toews	and	Brelsford	2012;	Sloan	et	al.	2017).	An	

increasing	number	of	studies	illustrate	how	these	data-rich	methods	can	effectively	parse	

phylogenetic	signal	and	correctly	identify	instances	of	introgressive	hybridization,	helping	

to	adjust	previously	incomplete	or	erroneous	interpretations	of	data,	and	adding	nuance	to	

our	understanding	of	evolutionary	processes.	For	example,	evidence	of	ancient	

introgression	between	human	and	Neanderthal	populations	has	modified	our	

understanding	of	our	own	origins	from	a	strict	out-of-Africa	hypothesis	of	modern	human	

evolution	to	one	that	incorporates	admixture	between	modern	humans	and	archaic	human	

lineages	(Green	et	al.	2010;	Durand	et	al.	2011).	One	of	the	few	stark	illustrations	of	

sympatric	speciation	in	nature	was	supposed	to	be	found	in	the	endemic	radiations	of	

cichlids	in	Cameroon’s	crater	lakes,	where	mitochondrial	phylogenies	recovered	the	

species	assemblage	in	each	lake	as	monophyletic,	suggesting	that	each	was	the	result	of	a	

single	colonization	event	(Schliewen	et	al.	1994).	However,	recent	studies	using	multi-locus	

approaches	detected	post-colonization	gene	flow	among	the	disparate	radiations	and	with	

ancestral	riverine	populations	(Martin	et	al.	2015),	suggesting	some	contribution	of	

allopatric	divergence,	and	casting	doubt	on	assertions	that	these	radiations	occurred	in	

sympatry.	Finally,	Fontaine	et	al	(2015)	utilize	whole-genome	resources	to	clarify	the	

branching	order	of	the	malaria	vector-containing	Anopheles	gambiae	species	complex,	
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revealing	rampant	introgression	between	the	two	most	important	vector	lineages.	This	

finding	provides	medically	relevant	insight	into	disease	vector	evolution	and	demonstrates	

how	different	gene	regions	tell	different	stories.	

Conidae	–	“cone	snails”	–	is	a	species	rich	(>800	species)	(MolluscaBase	2019)	

family	of	predatory	marine	gastropods	that	has	many	hallmarks	of	adaptive	radiation	and	

exhibits	potential	for	reticulate	processes	to	have	contributed	to	its	diversification.	Conidae	

–	of	which	the	genus	Conus	comprises	some	85%	of	described	species	–	has	diversified	

rapidly	over	the	past	55	million	years,	with	the	fastest	diversification	rates	found	in	

gastropods	(Stanley	2007).	Conus	has	a	circumtropical	distribution,	with	a	center	of	

diversity	in	the	Indo-West	pacific,	where	it	is	not	uncommon	to	find	numerous	Conus	

species	coexisting	in	the	same	habitat	–	36	species	were	recorded	on	a	single	reef	platform	

at	Liang	Island,	Papua	New	Guinea	(Kohn	2001)	–	and	the	genus	is	unusual	in	how	

frequently	close	relatives	and	sister	species	occur	in	sympatry	(Röckel	et	al.	1995;	Kohn	

2001;	Vallejo	2005).	Niches	are	partitioned	primarily	by	diet	in	these	situations,	with	co-

occurring	Conus	species	specializing	on	distinct	prey	taxa	(Kohn	1959;	Leviten	1978;	Duda	

et	al.	2009a),	which	they	subdue	with	complex	venom	cocktails	delivered	via	a	modified	

radular	tooth.	Conus	venom	is	comprised	of	small	neurotoxic	peptides	termed	“conotoxins”	

which	exhibit	patterns	of	evolution	and	gene	expression	consistent	with	a	role	in	

facilitating	prey	specialization	and	niche	partitioning	(Duda	2008;	Weese	and	Duda	2019).	

The	Virroconus	clade	comprises	ten	species	that	have	diversified	in	the	past	~10	

million	years	(Duda	and	Kohn	2005),	and	stands	out	as	a	group	in	which	it	would	be	fruitful	

to	examine	the	role	of	reticulate	processes	in	the	diversification	of	Conus.	The	clade	

includes	some	of	the	most	widely	distributed	species	in	the	genus,	and	many	members	can	
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be	found	coexisting	in	the	same	microhabitats	(Röckel	et	al.	1995;	Kohn	2001).	Their	

relatively	recent	divergence	and	frequent	sympatry	suggest	that	opportunities	for	

hybridization	exist.	Moreover,	substantial	incongruence	between	mitochondrial	

phylogenies	and	relationships	inferred	from	shell	color	patterns	raises	suspicions	of	

reticulate	evolution	(Figure	1).	Three	pairs	of	species	are	of	particular	note:	Conus	judaeus	

–	Conus	ebraeus,	Conus	fulgetrum	–	Conus	miliaris,	and	Conus	aristophanes	–	Conus	

coronatus.	Initially	described	by	Rudolph	Bergh	(1895)	from	a	single	specimen	collected	in	

the	Philippines,	C.	judaeus	was	synonymized	with	C.	ebraeus	by	subsequent	taxonomists	

due	to	their	indistinguishable	shell	morphology.	Only	after	a	comprehensive	examination	of	

radular	morphology,	dietary	data,	and	sequence	data,	was	C.	judaeus	again	recognized	as	a	

distinct	species	(Duda	et	al.	2009b).	Strangely,	although	similar	morphology	suggests	close	

phylogenetic	affinity	of	C.	ebraeus	and	C.	judaeus,	mitochondrial	gene	sequences	recovered	

from	the	two	are	quite	divergent	(and	from	C.	chaldaeus,	another	morphologically	similar	

species),	and	phylogenies	produced	from	these	data	recover	C.	judaeus	as	sister	to	C.	

coronatus,	a	markedly	distinct	species	(Remigio	and	Duda	2008;	Puillandre	et	al.	2014).	

This	relationship	is	also	surprising	given	the	morphological	similarity	of	C.	coronatus	and	C.	

aristophanes,	two	species	which	have	also	been	historically	synonymized	(Kohn	1959)	and	

do	not	occur	as	sister	species	in	phylogenies	derived	from	mitochondrial	genes	(Remigio	

and	Duda	2008;	Puillandre	et	al.	2014).	A	similar	mismatch	is	apparent	with	C.	fulgetrum	

and	C.	miliaris,	the	former	having	been	identified	at	times	as	a	subspecies	of	C.	miliaris,	

which	share	remarkably	similar	shell	morphology	and	coloration	(Röckel	et	al.	1995).	Yet	

these	species	do	not	resolve	as	sister	to	one	another	with	mtDNA	(Puillandre	et	al.	2014).	

Closer	inspection	of	similar	mismatches	in	other	systems	has	frequently	revealed	that	



	
	

6	

mitochondrial	introgression	is	responsible	(e.g.	Shaw	2002;	Sota	2002;	Babik	et	al.	2005;	

Renoult	et	al.	2009;	Köhler	and	Deein	2010).		

This	study	leverages	high-throughput	RNA	sequencing	to	formally	test	for	

signatures	of	introgression	among	members	of	the	Virroconus	clade.	Doing	so	clarifies	our	

understanding	of	the	evolutionary	history	of	these	species,	providing	important	taxonomic	

resolution,	but	it	also	offers	insight	into	the	mechanisms	that	played	a	role	more	generally	

in	the	diversification	of	Conus.	Furthermore,	a	broader	understanding	of	when	and	how	

introgression	shapes	evolutionary	trajectories	has	far-reaching	applications,	ranging	from	

academic	questions	such	as	the	origin	of	species	or	invasion	biology	to	exercises	in	applied	

biology	like	improving	crop	yields	(Tester	and	Langridge	2010),	shaping	conservation	

policy	(Hamilton	and	Miller	2016),	or	the	evolution	of	resistance	and	virulence	(Arnold	

2004).	

	

METHODS	

Taxon	sampling	

We	sampled	a	total	38	individuals	from	ten	species:	eight	members	of	the	Virroconus	

subgenus	(Conus	miliaris,	Conus	fulgetrum,	Conus	judaeus,	Conus	ebraeus,	Conus	

aristophanes,	Conus	abbreviatus,	Conus	coronatus,	Conus	chaldaeus),	and	two	outgroup	

species	(Conus	morderiae,	Conus	regonae)	from	the	Cape	Verde	species	flock.	We	lacked	

appropriately	preserved	tissues	from	two	additional	Virroconus	species	(Conus	taeniatus	

and	Conus	doreensis),	and	so	did	not	include	them	in	our	analyses.	For	two	species,	C.	

miliaris	and	C.	coronatus,	we	used	sequencing	data	generated	by	Weese	&	Duda	(2019).	All	

tissues	used	in	this	study	were	retrieved	from	the	University	of	Michigan	Museum	of	
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Zoology	Mollusk	Division	collections,	where	tissues	were	stored	in	-80	C	or	long-term	

liquid	nitrogen	storage.	Specimens	obtained,	collection	locales,	sex,	and	tissue	types	are	

presented	in	Table	1.	

	

RNA	extraction,	library	preparation,	&	sequencing	

We	followed	workflows	used	by	Weese	&	Duda	(2019)	to	generate	transcriptome	data	for	

C.	miliaris	and	C.	coronatus.	Total	RNA	was	extracted	from	whole	venom	ducts	for	all	

specimens	except	C.	chaldaeus,	for	which	the	osphradium	(the	snail’s	olfactory	organ)	was	

utilized.	In	brief,	tissues	were	pestle-homogenized	and	total	RNA	was	extracted	using	

Trizol	(Invitrogen,	Carlsbad,	CA,	USA)	following	the	supplier	instructions.	RNA	was	

submitted	to	the	University	of	Michigan	DNA	Sequencing	Core	for	quality	assessment	using	

a	Bioanalyzer	2100	and	for	library	preparation	and	indexing	(Illumina	Tru-Seq	kit,	San	

Diego,	CA,	USA).	Samples	were	spread	over	three	flowcell	lanes	on	an	Illumina	HiSeq4000.	

	

Read	processing,	transcriptome	assembly,	transcript	filtering	

It	can	be	challenging	to	produce	phylogenomic	datasets	from	transcriptome	data	in	non-

model	systems	that	lack	well-developed	genomic	resources.	Without	these	resources,	

establishing	homology	and	orthology	can	be	unreliable,	so	it	is	wise	to	use	conservative	

read-	and	transcript-filtering	parameters	to	minimize	the	downstream	effects	of	

contaminants	or	errors	during	extraction,	sequencing,	and	assembly.	We	utilized	a	mixed	

approach	in	which	we	built	a	robust	de	novo	transcriptome	for	C.	miliaris,	and	then	used	a	

reference-based	assembly	method	to	produce	transcriptomes	of	the	remaining	species	for	

which	we	have	less	raw	data.	To	generate	a	reliable	set	of	orthologs	for	phylogenomic	
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analyses,	we	adapted	the	phylogenomic	dataset	construction	pipeline	established	by	Yang	

&	Smith	(Yang	and	Smith	2014)	by	modifying	it	to	accommodate	our	reference-based	

assembly	approach.	A	number	of	tools	implemented	in	this	pipeline	are	from	Phyx	(Brown	

et	al.	2017).	All	analyses	were	performed	on	the	University	of	Michigan	Flux	High	

Performance	Computing	core.	

Raw	Illumina	reads	were	filtered	in	the	same	way	for	both	de	novo	and	reference-

based	assemblies.	Potential	sequencing	errors	were	corrected	with	Rcorrector	(Song	and	

Florea	2015),	and	reads	that	could	not	be	corrected	were	removed.	Trimmomatic	v0.36	

(Bolger	et	al.	2014)	was	used	with	default	parameters	to	remove	Illumina	sequencing	

adapters	and	low-quality	sequences.	Reads	were	binned	as	mitochondrial	or	nuclear	DNA	

according	to	whether	or	not	they	mapped	to	a	custom	database	comprised	of	nine	complete	

Conus	mitochondrial	genomes	using	Bowtie2	v2.3.4.3	(Langmead	and	Salzberg	2012).	

Finally,	FastQC	v0.10.1	(Andrews	2010)	was	used	to	assess	read	quality	and	read-

representation,	and	over-represented	sequences	were	culled.	Cleaned	C.	miliaris	reads	

were	then	assembled	de	novo	using	Trinity	v2.4.0	(Grabherr	et	al.	2011).		

We	then	stringently	filtered	the	C.	miliaris	transcriptome	to	serve	as	a	reference	for	

assembling	transcriptomes	of	other	species.	Assembly	quality	was	assessed	using	

Transrate	v1.0.3	(Smith-Unna	et	al.	2016)	and	poor-quality	transcripts	were	removed	using	

default	settings.	Chimeric	transcripts	were	also	removed	using	the	Yang	&	Smith	(2014)	

pipeline.	Corset	v1.07	(Davidson	and	Oshlack	2014)	was	used	to	cluster	transcripts	

belonging	to	the	same	putative	gene,	and	a	single	representative	transcript	–	the	largest	in	

a	given	cluster	–	was	identified.	Open	reading	frames	(ORFs)	were	predicted	using	

TransDecoder	v5.0.1	(Haas	et	al.	2013)	with	a	BLASTp	homology	search	included	for	ORF	
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retention	criteria.	Candidate	ORFs	were	blasted	against	a	custom	reference	database	that	

included	all	Conus,	Lottia	gigantia,	and	Alpysia	californica	protein	sequences	from	the	NCBI	

non-redundant	database;	ORFs	with	BLASTp	hits	were	retained.	Finally,	redundant	

transcripts	were	removed	using	CD-HIT-EST	(Li	and	Godzik	2006;	Fu	et	al.	2012),	with	a	

sequence	identity	threshold	of	0.99.	

	 To	assemble	transcriptomes	for	the	remaining	nine	species,	we	used	the	read	

mapping	program	Stampy	v1.0.32	(Lunter	and	Goodson	2011)	with	default	settings	to	align	

reads	from	each	species	to	the	filtered	C.	miliaris	reference.	Although	a	wide	variety	of	

read-mapping	tools	are	available,	we	chose	Stampy	for	its	high	sensitivity	and	optimization	

for	aligning	reads	with	sequence	variation	relative	to	the	reference	(Thankaswamy-Kosalai	

et	al.	2017).	Output	SAM	files	were	then	converted	to	coordinate-sorted	BAM	files	using	

samtools	v1.3.1	(Li	et	al.	2009),	and	assembled	using	Trinity	v2.4.0	in	genome-guided	mode	

(Grabherr	et	al.	2011).	To	minimize	potential	cross-contamination	introduced	during	

sample	preparation	or	sequencing,	we	ran	all	assemblies	and	fastq	read	files	(excepting	C.	

miliaris	&	C.	coronatus,	for	which	data	were	generated	separately)	through	CroCo	v1.1	

(Simion	et	al.	2018)	with	default	settings,	which	produces	a	meta-transcriptome	from	all	

samples,	maps	reads	to	it,	and	determines	putative	cross-contamination	based	on	relative	

read-coverage.	We	removed	all	transcripts	identified	as	contaminants.	We	then	ran	the	

remaining	transcripts	through	the	same	filtering	pipeline	used	on	the	C.	miliaris	reference	

transcriptome.	Because	conotoxins	are	central	to	Conidae	feeding	ecology	and	have	likely	

played	a	role	in	the	adaptive	radiation	of	this	family,	we	examined	conotoxin	loci	separately	

from	non-conotoxin	(“housekeeping”)	loci	to	determine	if	they	exhibit	markedly	different	

topologies	or	patterns	of	introgression	suggestive	of	adaptive	introgression.	We	therefore	
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separated	the	final	transcript	set	into	conotoxin	and	non-conotoxin	loci	by	creating	a	local	

BLASTx	database	from	all	conotoxin	sequences	in	the	Conoserver	(Kaas	et	al.	2008,	2012)	

database	and	extracting	those	transcripts	that	hit	with	an	e-value	of	1e-4	or	lower.		

Mitochondrial	genes	were	assembled	for	each	species	from	raw,	unfiltered	reads	

using	NOVOPlasty	(Dierckxsens	et	al.	2017).	As	seed	sequences,	we	used	the	coding	

sequences	of	all	13	protein-coding	mitochondrial	genes	of	Conus	betulinus	and	for	a	

reference	sequence,	we	used	the	complete	C.	betulinus	mitochondrial	genome	(Genbank	

accession:	NC_039922).	We	performed	separate	NOVOPlasty	runs	with	each	of	the	13	

genes	as	a	seed	sequence	for	each	species.	Default	parameters	were	used	except	that	read	

length	was	set	to	151,	insert	size	to	150,	and	K-mer	size	of	23.	The	identity	of	resultant	

contigs	were	confirmed	using	BLASTx,	and	assembled	contigs	were	aligned	to	the	

appropriate	seed	sequence	using	MUSCLE	(Edgar	2004)	and	manually	edited	in	Seqotron	

(Fourment	and	Holmes	2016).		

	

Ortholog	Inference	

Orthology	was	estimated	using	the	pipeline	developed	by	Yang	&	Smith	(2014).	First,	

homology	inference	was	conducted	for	nuclear	loci	using	coding	sequences	obtained	

during	the	transcript	filtering	step.	Transcripts	from	all	species	were	combined	into	a	

single	FASTA	file	and	subjected	to	all-by-all	BLASTn	(Altschul	et	al.	1990)	to	identify	

clusters	of	similar	transcripts	as	candidate	homologs.	Raw	BLASTn	output	was	filtered	

according	to	a	hit	fraction	cutoff	of	50%	coverage	to	produce	tight	clusters	and	high-quality	

alignments.	The	resulting	clusters	were	input	to	MCL	v.14-137	(Enright	et	al.	2002;	van	

Dongen	and	Abreu-Goodger	2012)	to	refine	clusters	using	a	minusLogEvalue	of	one	and	an	
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inflation	value	of	1.5,	with	the	output	filtered	to	retain	only	homolog	clusters	with	at	least	

four	species	represented.	Putative	homolog	clusters	were	then	refined	using	the	iterative	

tree-building	and	deep-paralog	trimming	method	described	by	Yang	&	Smith	(2014).	We	

executed	three	rounds	of	homolog	tree	building	with	internal	branch-length	cutoffs	of	0.5,	

0.25,	and	0.15	before	building	bootstrapped	final	homolog	trees.	Final	orthologs	were	then	

inferred	using	the	Maximum	Inclusion	approach,	set	to	a	minimum	of	four	represented	

taxa.	Final	ortholog	clusters	were	aligned	using	PRANK	v.15080	(Löytynoja	and	Goldman	

2008)	and	trimmed	using	Phyx	(Brown	et	al.	2017)	for	a	minimum	column	occupancy	of	

0.6.	

	

Phylogenetic	analyses	

Mitochondrial	

We	selected	eight	genes	(COI,	ND1,	ND2,	ND3,	ND4,	ND4L,	ND5,	ATP6)	that	were	recovered	

from	all	ten	species	to	use	as	our	final	mitochondrial	dataset,	producing	a	single	

concatenated	sequence	for	each	species.	We	then	aligned	concatenated	sequences	using	

MUSCLE	(Edgar	2004),	and	manually	inspected	and	trimmed	the	alignment	in	Seqotron.	

We	used	ModelFinder	(Kalyaanamoorthy	et	al.	2017)	to	select	the	best	fit	substitution	

model	according	to	BIC	(TPM3u+F+R2),	and	conducted	phylogenetic	inference	using	IQ-

TREE	(Nguyen	et	al.	2015)	with	1000	bootstrap	replicates.	

	

Nuclear	

We	inferred	a	species	tree	from	our	nuclear	loci	using	a	concatenated	supermatrix	of	non-

conotoxin	(“housekeeping”)	orthologs.	Orthologs	were	included	in	the	supermatrix	if	they	
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were	recovered	from	at	least	six	species	and	if	the	trimmed	ortholog	alignment	was	at	least	

100	nucleotides	long.	We	partitioned	the	supermatrix	by	locus,	allowing	each	partition	to	

evolve	under	a	different	substitution	model.	Model	selection	was	done	separately	for	each	

partition	using	ModelFinder	(Kalyaanamoorthy	et	al.	2017);	selected	models	were	then	

assigned	to	each	partition	in	a	NEXUS	partition	file.	We	then	ran	multi-locus	partitioned	

tree	inference	with	IQ-TREE	(Nguyen	et	al.	2015)	with	1000	bootstrap	replicates.	We	

carried	out	two	additional	analyses	to	assess	the	consistency	of	support	across	the	

phylogeny.	First,	we	calculated	gene	concordance	factors	(gCF)	and	site	concordance	

factors	(sCF)	using	IQ-TREE	concordance	analysis	(Minh	et	al.	2018).	These	metrics	offer	

an	alternative	to	bootstrap	values	for	measuring	branch	support	and	provide	a	glimpse	at	

gene	tree	discordance	within	the	species	tree.	The	former	metric	represents	the	proportion	

of	genes	trees	containing	a	given	branch	and	the	latter	the	number	of	individual	sites	

supporting	a	given	branch.	Both	metrics	account	for	variable	taxon	coverage	among	gene	

trees.	Second,	we	randomly	assigned	the	2216	loci	into	8	subsets	of	277	loci	each,	

concatenated	and	partitioned	each	subset,	and	estimated	phylogenies	with	IQ-TREE	in	the	

same	way	that	we	did	for	the	full-concatenation	supermatrix.		By	assessing	several	

subsamples	of	genes,	we	can	determine	how	robust	the	relationships	that	we	recover	in	

our	full	concatenation	tree	are	to	random	effects.	The	number	of	subsets	was	chosen	

arbitrarily.	

	

Concordance	analysis	&	tests	of	introgression	

To	test	for	introgression	we	used	two	analyses:	Bayesian	Concordance	Analysis	(BCA)	and	

Patterson’s	D-statistic.	We	targeted	these	analyses	based	on	patterns	of	discordance	we	
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observed	between	our	mitochondrial	and	nuclear	trees,	as	well	the	IQ-TREE	concordance	

factors.		

Bayesian	Concordance	Analysis	(BCA)	

We	carried	out	BCA	with	BUCKy	v1.4.4	(Ané	et	al.	2007;	Larget	et	al.	2010)	to	more	closely	

examine	the	patterns	of	discordance	suggested	by	the	mitochondrial	tree	and	by	gCFs/sCFs	

calculated	by	IQ-TREE.	By	comparing	the	relative	frequencies	of	topologies	that	are	

discordant	with	the	primary	concordance	tree,	it	is	possible	to	distinguish	patterns	of	

introgression	from	a	null	hypothesis	of	incomplete	lineage	sorting	(ILS).	Under	ILS,	

discordant	topologies	are	expected	with	equal	frequency,	whereas	introgression	should	

cause	one	discordant	topology	to	occur	with	significantly	higher	frequency.	Like	with	IQ-

TREE	concordance	factor	analysis,	BUCKy	uses	individual	locus	trees	as	input	and	produces	

concordance	factors	(CF)	for	the	primary	tree	and	for	common	discordant	topologies,	but	

BUCKy	requires	that	input	loci	share	a	common	set	of	taxa	(i.e.,	a	gene	that	is	represented	

by	only	nine	of	ten	species	will	be	excluded	from	the	analysis).	We	therefore	performed	

BCA	separately	on	different	taxon	subsets	to	maximize	the	number	of	usable	loci	for	each	

analysis.	We	targeted	these	analyses	to	detect	evidence	of	introgression	in	three	areas	of	

discordance:	within	the	‘ebraeus’	clade	(subset:	C.	ebraeus,	C.	judaeus,	and	C.	chaldaeus),	

between	C.	judaeus	and	C.	coronatus	(subset:	C.	chaldaeus,	C.	judaeus,	C.	coronatus),	and	

within	the	‘miliaris’	clade	(C.	miliaris,	C.	fulgetrum,	and	C.	abbreviatus).	We	restricted	subset	

size	to	four	taxa	to	maximize	the	number	of	shared	loci	and	so	we	could	calculate	

Patterson’s	D-statistic	(which	requires	a	four-taxon	phylogeny)	on	the	same	subsets.	C.	

mordeirae	was	used	as	the	outgroup	species	for	all	analyses.	We	analyzed	housekeeping	
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loci	for	all	subsets	and	separately	analyzed	conotoxin	loci	for	those	subsets	with	sufficient	

loci	available	(judaeus-coronatus	subset,	and	miliaris	clade).	

For	each	taxon	subset,	we	extracted	orthologs	with	all	target	taxa	represented	and	

produced	separate	Bayesian	trees	for	each	locus	using	MrBayes	3.2.6	(Huelsenbeck	and	

Ronquist	2001;	Ronquist	and	Huelsenbeck	2003)	with	two	runs	of	four	chains	each,	

10,000,000	generations,	a	sample	frequency	of	1000	and	a	burn-in	fraction	of	0.25.	We	

then	used	BUCKy	1.4.4	(Ané	et	al.	2007;	Larget	et	al.	2010)	to	summarize	the	output	tree	

files	for	each	locus	and	create	input	files	for	the	BCA	analysis.	Concordance	factors	were	

estimated	using	BUCKy	with	four	separate	chains	and	10,000,000	generations	with	the	

alpha	parameter	set	to	one.	

	

Patterson’s	D-statistic	

We	formally	tested	for	introgression	by	calculating	Patterson’s	D-statistic	(Patterson	et	al.	

2012)	with	the	software	package	DFOIL	(Pease	and	Hahn	2015).	Briefly,	this	works	by	

counting	bi-allelic	sites	in	a	set	of	four	taxa,	tallying	the	number	that	support	each	possible	

tree	topology,	and	using	those	counts	calculate	the	D-statistic	and	an	accompanying	p-value	

(Green	et	al.	2010;	Durand	et	al.	2011).	Significantly	higher	counts	of	one	pattern	over	the	

other	indicate	introgression.	We	extracted	ortholog	alignments	and	concatenated	them	into	

a	single	supermatrix	for	each	taxon	subset	using	Phyx	(Brown	et	al.	2017).	Site	counts	were	

performed	on	concatenated	alignments	using	the	script	fasta2dfoil.py,	and	Patterson’s	D-

statistic	analysis	was	run	with	the	script	dfoil.py	in	dstat	mode.	Taxon	subsets	were	the	

same	as	those	used	for	BCA.	
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RESULTS	

Read-filtering,	transcriptome	assemblies,	ortholog	inference	

Our	de	novo	C.	miliaris	reference	transcriptome	assembly	resulted	in	238,284	unfiltered	

transcripts	and	28,631	post-filtering	transcripts.	This	is	similar	to	the	number	of	uniquely-

annotated	transcripts	(25,131)	discovered	by	Weese	&	Duda	(Weese	and	Duda	2019)	with	

the	same	dataset.	The	average	number	of	transcripts	post-filtering	for	the	reference-

assembled	transcriptomes	was	7,007.		

We	identified	a	total	of	2,216	orthologs	with	coding	sequences	of	at	least	100nt	long	

that	were	found	in	a	minimum	of	six	taxa.	On	average,	species	were	represented	by	69.9%	

of	orthologs.	This	was	reduced	by	relatively	low	representation	in	three	species:	C.	judaeus	

(49.7%),	C.	fulgetrum	(48.1%),	and	especially	C.	ebraeus	(13.2%).	

		

Phylogenetic	analyses	

Mitochondrial	phylogeny	

Our	final	mitochondrial	alignment	included	eight	genes	(COI,	ND1,	ND2,	ND3,	ND4,	ND4L,	

ND5,	ATP6)	that	were	recovered	from	all	ten	species,	resulting	in	a	final	alignment	length	

of	7,846	nucleotides.	Our	IQ-TREE	maximum	likelihood	phylogeny	(Figure	1)	hypothesizes	

a	similar	topology	as	Virroconus	mitochondrial	trees	in	prior	studies	(Remigio	and	Duda	

2008;	Puillandre	et	al.	2014),	separating	the	group	into	two	main	clades.	These	groupings	

produce	the	same	incongruence	between	morphology	and	phylogeny	–	most	obvious	in	the	

sister	relationship	between	C.	judaeus	and	C.	coronatus	–	noted	previously.		
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Nuclear	phylogeny		

The	final	nuclear	supermatrix	included	2,216	loci	and	the	concatenated	alignment	is	

1,687,663	characters,	with	overall	site	occupancy	of	63.7%.	The	IQ-TREE	maximum	

likelihood	phylogeny	is	presented	in	Figure	2,	and	separates	Virroconus	into	two	main	

clades:	the	‘ebraeus’	clade	and	the	remaining	Virroconus	species	(the	‘miliaris’	clade	plus	C.	

coronatus	and	C.	aristophanes).	Although	bootstrap	values	indicate	mostly	high	branch	

support	(with	the	exception	of	the	sister	pairing	of	C.	judaeus	and	C.	ebraeus),	gCF	and	sCF	

values	are	less	consistent	and	suggest	reasonably	high	levels	of	gene	tree	discordance	in	

some	areas	of	the	tree,	particularly	within	the	ebraeus	and	miliaris	clades.	These	values	do	

however	provide	robust	support	for	the	branch	splitting	the	ebraeus	clade	from	other	

Virroconus	members.	The	eight	trees	built	with	random	277-locus	subsets	exhibit	

uncertainty	in	the	arrangement	of	the	ebraeus	clade,	but	otherwise	broadly	agree	with	the	

full-concatenation	tree.	Of	the	eight	subsets	four	recover	the	same	topology	as	the	full-

concatenation	tree.	Three	recover	C.	ebraeus	as	sister	to	C.	chaldaeus	(otherwise	identical),	

and	one	places	C.	ebraeus	basal	to	the	rest	of	the	Virroconus.		

In	contrast	to	the	mitochondrial	tree	(Figure	2),	the	nuclear	tree	groups	together	

species	that	are	morphologically	similar.	C.	judaeus	and	C.	ebraeus	are	recovered	as	sisters,	

as	are	C.	coronatus	and	C.	aristophanes,	the	latter	pair	falling	out	adjacent	to	the	clade	

containing	C.	miliaris,	C.	abbreviatus,	and	C.	fulgetrum.		

	

Bayesian	Concordance	Analysis	

We	performed	BCA	to	ask	if	introgression	is	responsible	for	patterns	of	gene	tree	

discordance	(as	opposed	to	ILS)	in	three	subsets	of	Virroconus	species.	We	analyzed	
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housekeeping	loci	for	all	subsets,	and	separately	analyzed	conotoxin	loci	when	possible.	

Results	are	summarized	in	Figure	3.	

Our	BCA	did	not	produce	evidence	of	introgression	among	C.	ebraeus,	C.	chaldaeus,	

and	C.	judaeus	(Figure	3a).	Unlike	our	nuclear	tree	(Figure	2),	the	primary	concordance	tree	

generated	by	BCA	recovers	C.	chaldaeus	as	sister	to	C.	ebraeus	as	in	the	mitochondrial	tree	

(Figure	1).	However,	the	95%	confidence	intervals	of	the	concordance	factors	(CF)	for	all	

three	possible	topologies	were	substantially	overlapping,	suggesting	that	the	analysis	was	

unable	to	resolve	a	confident	primary	concordance	topology	with	the	available	loci.	Due	to	

the	lack	of	venom	duct	tissue	from	C.	chaldaeus,	we	were	unable	to	perform	the	

corresponding	BCA	using	conotoxin	loci.	

We	found	strong	evidence	of	introgression	between	C.	judaeus	and	C.	coronatus	

(Figure	3b)	among	housekeeping	genes.	Unlike	the	ebraeus	clade,	BCA	for	this	taxon	subset	

confidently	resolves	a	primary	concordance	tree	in	agreement	with	our	nuclear	tree	

(Figure	1),	finding	C.	chaldaeus	and	C.	judaeus	to	be	sisters	with	a	high	CF	(0.692)	that	does	

not	overlap	with	discordant	topologies.	Moreover,	the	CF	for	the	discordant	C.	judaeus-C.	

coronatus	sister	pairing	(0.197)	is	higher	than	for	C.	chaldaeus-C.	coronatus	(0.093),	with	

confidence	intervals	that	barely	overlap.	This	suggests	that	introgression	between	C.	

judaeus	and	C.	coronatus	and	not	ILS	is	responsible	for	the	pattern	of	discordance	we	

observe.	When	performed	with	conotoxin	loci,	the	primary	concordance	tree	again	

recovers	C.	chaldaeus	and	C.	judaeus	as	sister	species	with	a	CF	that	does	not	overlap	with	

the	discordant	topology.	Due	likely	to	the	small	number	of	shared	conotoxin	loci,	only	one	

of	the	possible	discordant	topologies	was	recovered,	making	it	impossible	to	directly	

compare	their	frequencies.	However,	this	topology	has	C.	judaeus	and	C.	coronatus	as	sister	
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species,	which	is	consistent	with	the	evidence	for	introgression	observed	with	

housekeeping	loci.	

	 In	the	miliaris	clade,	we	do	not	see	evidence	of	introgression	among	housekeeping	

genes	(Figure	3c).	The	primary	concordance	tree	recovers	C.	miliaris	and	C.	abbreviatus	as	

sister,	consistent	with	our	nuclear	tree	(Figure	1).	Although	the	discordant	topology	pairing	

C.	fulgetrum	with	C.	miliaris	has	a	higher	CF	(0.262)	than	the	topology	pairing	C.	fulgetrum	

with	C.	abbreviatus	(0.211),	the	surrounding	confidence	intervals	overlap	substantially,	

failing	to	reject	ILS	as	an	explanation	for	the	discordance.	Our	BCA	using	conotoxin	loci	for	

this	subset	produces	a	similar	pattern	as	did	the	judaeus-coronatus	taxon	subset,	

recovering	only	one	alternative	topology,	C.	fulgetrum	and	C.	miliaris	as	sister	in	this	case.	

However,	this	topology	is	recovered	as	the	primary	concordance	tree,	with	a	higher	CF	than	

the	tree	pairing	C.	miliaris	and	C.	abbreviatus	as	in	the	nuclear	tree	and	BCA	with	

housekeeping	genes.	Again,	without	the	other	discordant	topology	available,	we	cannot	

directly	determine	if	introgression	is	responsible,	but	these	results	are	consistent	with	the	

pattern	we	see	in	housekeeping	genes	and	hint	at	a	past	history	of	introgression	between	C.	

miliaris	and	C.	fulgetrum.	

	

Patterson’s	D-statistic	

To	further	examine	the	patterns	observed	in	our	concordance	analyses	and	to	formally	test	

for	introgression,	we	calculated	Patterson’s	D-statistic	for	the	same	taxon	subsets	as	for	

BCA.	In	general,	the	results	of	this	test	corroborate	patterns	apparent	from	BCA.	The	results	

are	summarized	in	Figure	4.	
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	 We	do	not	find	evidence	of	introgression	of	housekeeping	genes	among	members	of	

the	ebraeus	clade	(D=0.077;	p-value=0.283)	(Figure	4a).	As	with	BCA,	we	were	unable	to	

calculate	Patterson’s	D-statistic	with	conotoxin	loci	because	we	lacked	venom	duct	tissue	

for	C.	chaldaeus.	We	detected	strong	evidence	for	introgression	in	the	history	of	the	C.	

judaeus	and	C.	coronatus	lineages	(D=0.144;	p-value=8.66E-05)	(Figure	4b)	as	was	

suggested	by	patterns	of	discordance	in	both	our	mitochondrial	tree	and	BCA.	We	

attempted	to	detect	introgression	among	conotoxin	loci	by	substituting	C.	ebraeus	for	C.	

chaldaeus,	but	there	were	too	few	informative	sites	among	the	small	number	of	shared	loci	

to	perform	the	analysis.	We	did	not	find	introgression	of	housekeeping	loci	among	

members	of	the	miliaris	clade	(D=-0.026;	p-value=0.406)	(Figure	4c),	which	is	in	line	with	

the	results	of	our	BCA.	We	did,	however,	find	evidence	for	introgression	of	conotoxin	loci	

between	C.	miliaris	and	C.	fulgetrum	(D=-0.758;	p-value=1.35E-05)	(Figure	4d).	This	finding	

is	also	consistent	with	the	pattern	we	observed	with	conotoxin	loci	in	the	BCA.	

	

DISCUSSION	

Our	results	indicate	that	hybridization	has	played	an	active	role	in	the	evolutionary	history	

of	this	group	and	demonstrate	the	viability	of	introgressive	hybridization	as	a	mechanism	

for	genetic	exchange	among	Virroconus	and	Conidae	more	broadly.	We	used	a	

phylogenomic	dataset	of	2,216	loci	to	clarify	the	Virroconus	phylogeny,	detected	strong	

mito-nuclear	discordance,	and	identified	several	patterns	of	nuclear	introgression,	

including	one	suggestive	of	adaptive	introgression	of	conotoxin	genes.	As	we	discuss	below,	

these	findings	further	inform	our	understanding	of	the	group’s	rapid	diversification.	
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Mito-nuclear	discordance	&	mitochondrial	introgression	

The	phylogeny	of	Virroconus	that	we	inferred	from	a	robust	phylogenomic	dataset	is	

starkly	discordant	with	the	topology	of	trees	produced	from	mitochondrial	loci	(Figure	2),	

both	in	this	study	and	previously	(Remigio	and	Duda	2008;	Puillandre	et	al.	2014).	Similar	

patterns	of	mito-nuclear	discordance	are	clear	when	comparing	these	mitochondrial	

phylogenies	with	the	nuclear	tree	generated	by	Phuong	et	al	(2019).	Most	immediately	

apparent	is	the	rearrangement	of	C.	coronatus	and	C.	judaeus.	While	mitochondrial	data	

recover	these	species	as	sisters	in	a	clade	positioned	next	to	C.	ebraeus	and	C.	chaldaeus,	the	

nuclear	tree	places	C.	coronatus	sister	to	C.	aristophanes,	and	C.	judaeus	sister	to	C.	ebraeus	

and	exhibits	strong	support	at	the	node	separating	the	ebraeus	clade	from	the	other	

Virroconus	species.	This	is	strongly	indicative	of	hybridization	and	subsequent	

introgression	of	mitochondrial	DNA	between	ancestors	of	C.	coronatus	and	C.	judaeus.	We	

also	see	discordance	within	the	miliaris	clade	where	the	mitochondrial	tree	places	C.	

miliaris	outside	sisters	C.	abbreviatus	and	C.	fulgetrum.	In	the	nuclear	tree,	C.	abbreviatus	

switches	sisters,	falling	out	with	C.	miliaris.	Both	areas	of	mito-nuclear	discordance	–	

particularly	C.	coronatus-C	.judaeus	–	suggest	avenues	by	which	other	genetic	variation,	

possibly	adaptive,	could	have	traversed	species	boundaries,	a	question	we	explore	further	

in	our	concordance	analyses.	

Mitochondrial	introgression	is	not	uncommon	across	the	tree	of	life	and	is	

frequently	responsible	for	discordance	between	mitochondrial	and	nuclear	phylogenies	

(Toews	and	Brelsford	2012).	This	process	may	be	driven	by	selection	or	drift,	depending	

on	the	specific	circumstances	of	the	taxa	involved	(Ballard	and	Whitlock	2004).	

Opportunities	for	hybridization	certainly	exist	among	many	members	of	Virroconus.	The	
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range	of	C.	coronatus	overlaps	completely	with	the	much	smaller	range	of	C.	judaeus	and	

the	two	species	are	found	in	similar	microhabitats	where	they	cooccur	(Reichelt	1982;	

Kohn	1983;	Duda	et	al.	2009b).	Indeed,	the	restricted	range	of	C.	judaeus	relative	to	its	

congeners	offers	a	potential	clue	about	what	mechanism	may	be	driving	mitochondrial	

introgression.	If	its	small	geographic	range	corresponds	to	a	smaller	effective	population	

size,	the	C.	judaeus	mitochondrial	genome	may	be	particularly	susceptible	to	Muller’s	

Ratchet	(Muller	1964;	Felsenstein	1974).		This	phenomenon	describes	a	situation	wherein	

deleterious	mutations	accumulate	rapidly	in	nonrecombining	DNA	(such	as	mitochondrial	

genomes),	a	process	that	is	further	accelerated	by	low	effective	population	sizes	where	

selection	is	inefficient	(Lynch	and	Lande	1998;	Gemmell	et	al.	2004).	Under	such	

circumstances,	when	a	mitochondrial	genome	with	lower	mutational	load	is	introduced	via	

hybridization,	it	could	introgress	rapidly,	producing	the	discordance	we	observe.	A	similar	

scenario	is	documented	by	Llopart	et	al	(2014)	who	investigate	mitochondrial	

introgression	between	Drosophila	yakuba	and	Drosophila	santomea,	the	former	having	a	

larger	effective	population	size	than	the	latter.	They	detect	two	distinct	introgression	

events	–	one	past	and	one	ongoing	–	suggestive	of	adaptive	introgression	of	the	D.	yakuba	

mitochondrial	genome	into	D.	santomea.		

To	gauge	the	plausibility	of	this	hypothesis	in	Virroconus,	future	work	should	clarify	

two	areas	of	uncertainty.	First,	the	range	limits	of	C.	judaeus	should	be	established	with	

higher	confidence.	Because	C.	judaeus	was	only	recently	identified	as	a	distinct	species	from	

C.	ebraeus	(Duda	et	al.	2009b)	and	it	is	difficult	to	distinguish	without	close	inspection	of	

radular	tooth	morphology	or	DNA	sequence	data,	currently	reported	collection	locales	

likely	do	not	reflect	the	true	extent	of	its	geographic	distribution.	Thorough	range	
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delimitation	would	certainly	require	fresh	collection	efforts,	but	could	also	follow	the	

example	of	similar	studies	(e.g.	Goldstein	and	Desalle	2003)	by	leveraging	existing	museum	

collections	to	detect	previously	unnoticed	variation	using	DNA-based	methods.	Second,	the	

effective	population	size	and	demographic	history	of	C.	judaeus	should	be	examined	to	

determine	its	past	potential	for	susceptibility	to	mitochondrial	deterioration	via	Mueller’s	

ratchet,	or	to	the	fixation	of	an	introgressed	foreign	mitochondrial	genome	by	random	

chance.	Effective	population	sizes	have	been	estimated	for	a	number	of	Virroconus	species	

(Duda	and	Lessios	2009;	Duda	et	al.	2012),	but	not	C.	judaeus.	

	

Morphology	and	discordance	

As	discussed	above,	our	mitochondrial	data	largely	recapitulate	the	topologies	inferred	by	

previous	studies	that	conflict	with	morphological	variation	present	in	Virroconus.	The	most	

striking	of	these	are	sister	species	relationships	between	C.	judaeus	and	C.	coronatus	and	to	

a	lesser	degree,	C.	fulgetrum	and	C.	abbreviatus	(Figure	1).	Various	aspects	of	shell	

morphology	and	coloration	distinguish	C.	judaeus	from	C.	coronatus	(Figure	1).	Where	the	

former	is	broadly	conical,	has	a	narrow	aperture,	and	has	a	grid-like	pattern	of	roughly	

parallelogram	black	spots,	the	latter	is	more	ovate,	with	a	wider	aperture,	and	an	irregular	

pattern	of	blotches	of	brown-black	pigment	punctuated	with	small	spots	that	resemble	dots	

and	dashes	(Röckel	et	al.	1995).	C.	judaeus	and	C.	ebraeus,	however,	are	indistinguishable	

from	shell	morphology	alone,	requiring	inspection	of	radular	teeth	or	DNA	for	proper	

identification.	Likewise,	C.	fulgetrum	and	C.	abbreviatus	have	quite	distinct	shell	patterning,	

each	bearing	some	characteristics	more	similar	to	C.	miliaris.	
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A	novice	shell	collector	arranging	Virroconus	species	at	a	glance	would	almost	

certainly	arrive	at	a	different	conclusion	than	the	mitochondrial	data,	and	our	nuclear	

dataset	would	likely	confirm	her	intuition,	at	least	in	part.	Our	concatenated	supermatrix	

resolves	the	incongruence	between	mitochondrial	data	and	morphology,	placing	C.	judaeus	

as	sister	to	C.	ebraeus	in	a	clade	with	C.	chaldaeus,	and	pairing	C.	coronatus	with	the	

similarly	patterned	C.	aristophanes	(Figure	2).	It	also	rearranges	the	miliaris	clade,	with	C.	

miliaris	sister	to	C.	abbreviatus,	and	C.	fulgetrum	placed	outside,	although	these	groupings	

are	less	obvious	based	on	shell	pattern	alone.	Although	the	taxon	subsets	are	not	identical,	

these	results	are	concordant	with	the	topology	recovered	by	Phuong	et	al	(2019).	

While	the	most	egregious	morphological	disparity	present	in	the	mitochondrial	tree	

–	the	sister	relationship	between	C.	judaeus	and	C.	coronatus	–	is	reconciled	by	our	nuclear	

data,	the	internal	arrangement	of	the	ebraeus	clade	(C.	chaldaeus,	C.	ebraeus,	and	C.	judaeus)	

remains	somewhat	uncertain.	In	the	BCA	primary	concordance	tree	and	in	three	random-

locus	subset	nuclear	trees,	C.	ebraeus	and	C.	chaldaeus	are	recovered	as	sister	species	while	

our	full-concatenation	nuclear	tree	pairs	C.	ebraeus	and	C.	judaeus.	C.	chaldaeus	is	easily	

distinguished	from	C.	ebraeus	and	C.	judaeus	by	the	black	axial	stripes	on	its	shell.	Based	on	

shell	pattern	alone,	one	would	be	tempted	to	side	with	the	full-concatenation	nuclear	tree,	

but	there	appears	to	be	some	uncertainty	in	the	genetic	data,	perhaps	due	to	past	

hybridization	or	ILS.		

These	findings	provide	a	useful	roadmap	that	can	be	applied	elsewhere	in	the	

Conidae,	which	contains	several	cryptic	species	complexes.	Conus	flavidus,	Conus	frigidus,	

and	Conus	peaseii,	for	example,	exhibit	mito-nuclear	discordance,	and	would	benefit	from	a	

treatment	utilizing	multi-locus	nuclear	data	(Lawler	and	Duda	2017).	More	broadly,	our	
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results	reinforce	the	notion	that	uncritical	acceptance	of	species	relationships	inferred	

from	mitochondrial	data	is	unwise,	as	it	ignores	a	great	deal	of	genetic	complexity.	They	

also	suggest	that	morphological	variation	can	provide	clues	about	the	more	complex	

evolutionary	history	of	lineages.	As	such,	conflict	between	phylogenies	(especially	those	

that	use	limited	genetic	data,	such	as	mitochondrial	genes)	and	morphological	variation	

should	serve	as	a	warning	that	a	richer	genetic	dataset	may	be	required	to	fully	appreciate	

the	evolutionary	history	of	the	group	in	question.	

	

Nuclear	introgression	in	Virroconus	

Our	concordance	analyses	and	Patterson’s	D-statistic	tests	produced	strong	evidence	for	

several	patterns	–	both	expected	and	unexpected	–	of	nuclear	introgression	among	

Virroconus	species.	We	targeted	three	species	subsets	based	on	initial	patterns	of	

discordance	between	our	nuclear	and	mitochondrial	phylogenies.	

Our	analyses	of	nuclear	introgression	between	C.	judaeus	and	C.	coronatus	

reinforced	the	notion	of	introgression	suggested	by	mitochondrial	data.	As	discussed	

previously,	our	curiosity	was	piqued	initially	by	the	morphological	incongruence	of	pairing	

C.	judaeus	and	C.	coronatus	as	sister	species	in	the	mitochondrial	tree	and	was	expanded	

when	we	saw	such	stark	discordance	between	our	mitochondrial	and	nuclear	trees	

suggestive	of	mitochondrial	introgression	in	the	history	of	these	lineages.	Both	our	BCA	

and	D-statistic	test	rejected	ILS	as	an	explanation	for	discordant	topologies	that	pair	C.	

judaeus	and	C.	coronatus	as	sisters.	The	frequency	of	this	topology	is	significantly	higher	

than	discordant	trees	pairing	C.	chaldaeus	with	C.	coronatus.	Inference	of	introgression	

among	conotoxin	loci	in	this	taxon	subset	was	limited	by	the	paucity	of	C.	ebraeus	
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conotoxin	loci,	but	the	results	of	our	BCA	with	this	set	of	loci	are	at	least	consistent	with	the	

pattern	of	introgression	detected	in	housekeeping	loci.	

Such	strong	corroboration	of	the	mitochondrial	pattern	of	introgression	from	

nuclear	loci	indicates	hybridization	between	ancestors	of	these	species.	Instances	of	

nuclear	introgression	occurring	alongside	mitochondrial	introgression	are	sparse	in	the	

literature,	but	not	unprecedented.	In	two	hybridizing	species	of	chipmunk,	for	example,	

Good	et	al	(Good	et	al.	2015)	discover	evidence	for	nuclear	introgression	occurring	at	the	

same	time	as	mitochondrial	introgression.	The	geographic	distribution	of	these	species	

offers	one	possible	explanation	for	this	pattern.	Vallejo	(2005)	suggests	that	Conus	species	

underwent	rapid	speciation	following	the	closure	of	the	Tethys	Sea,	radiating	eastwards	

from	the	Indo-West	Pacific.	C.	chaldaeus,	C.	ebraeus,	and	C.	coronatus	all	have	widespread	

distributions	ranging	from	the	Indian	Ocean	to	the	central	–	and	even	eastern	–	Pacific	

(Röckel	et	al.	1995;	MolluscaBase	2019).	C.	judaeus,	however,	is	restricted	to	the	Indo-West	

Pacific.	Hybridization	and	periods	of	rapid	diversification	are	thought	to	go	hand	in	hand	

(Seehausen	2004),	and	our	results	support	a	scenario	in	which	the	Indian	Ocean	lineage	of	

the	common	ancestor	of	the	ebraeus	clade	hybridized	with	the	ancestral	lineage	of	C.	

coronatus	during	this	period	of	rapid	speciation,	while	no	such	hybridization	occurred	in	

the	eastern	ranges,	initiating	divergence	that	led	to	C.	judaeus	and	C.	ebraeus.	C.	ebraeus	

then	dispersed	back	into	the	Indian	Ocean,	resulting	in	the	present	species	distribution.	

Within	the	miliaris	clade,	our	results	hinted	at	introgression	among	housekeeping	

loci,	but	failed	to	reject	ILS	as	an	explanation	for	patterns	of	gene	tree	discordance.	Our	BCA	

results	strongly	supported	the	topology	of	our	nuclear	species	tree,	pairing	C.	miliaris	with	

C.	abbreviatus	with	high	confidence.	Of	the	two	discordant	topologies,	the	one	pairing	C.	
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miliaris	and	C.	fulgetrum	had	a	higher	CF,	but	its	confidence	intervals	overlap	with	those	of	

the	tree	pairing	C.	abbreviatus	and	C.	fulgetrum.	We	did,	however,	find	evidence	of	

introgression	with	our	conotoxin	locus	set,	calculating	a	highly	significant	D-statistic	

indicating	introgression	between	C.	miliaris	and	C.	fulgetrum.	Unlike	the	judaeus-ebraeus	

taxon	subset,	for	which	nuclear	data	reinforce	the	pattern	of	introgression	suggested	by	

mitochondrial	data,	in	this	clade	the	mitochondrial	data	suggests	introgression	between	

one	species	pair	(C.	abbreviatus	and	C.	fulgetrum)	while	the	nuclear	conotoxin	loci	show	

introgression	between	another	(C.	fulgetrum	and	C.	miliaris).	

Despite	substantial	discordance	within	the	ebraeus	clade,	we	do	not	find	evidence	of	

introgression	of	housekeeping	loci	among	these	three	species.	Interestingly,	the	primary	

concordance	tree	produced	by	our	BCA	for	this	clade	matches	the	topology	inferred	from	

our	mitochondrial	dataset	and	three	of	the	random	locus	subset	trees	we	inferred,	placing	

C.	ebraeus	sister	to	C.	chaldaeus.	Together	with	the	low	IQ-TREE	gCF	values,	these	results	

leave	the	arrangement	of	the	ebraeus	clade	unsettled.	Such	strong	discordance	may	result	

from	incomplete	lineage	sorting.		However,	our	ability	to	confidently	infer	the	relationships	

in	this	clade	was	hindered	by	low	ortholog	recovery	from	the	C.	ebraeus	transcriptome	

(13%	ortholog	representation).	We	would	need	to	rerun	our	analyses	with	a	more	

complete	C.	ebraeus	transcriptome	before	making	a	conclusion	about	the	mechanism	

responsible	for	the	nuclear	discordance	we	observe	in	the	ebraeus	clade.		

	 	

Limitations	and	future	directions	

Nearly	all	of	our	analyses	would	be	strengthened	by	two	improvements	to	our	dataset:	a	

more	complete	C.	ebraeus	transcriptome,	and	a	venom	duct	transcriptome	for	C.	chaldaeus.	
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With	these	data	we	would	be	able	to	examine	introgression	of	conotoxin	loci	in	the	ebraeus	

clade	and	do	so	with	more	confidence	in	the	judaeus-coronatus	taxon	subset.	It	would	also	

likely	help	resolve	the	remaining	uncertainty	about	the	relationships	between	C.	chaldaeus,	

C.	ebraeus,	and	C.	judaeus.	

Several	limitations	we	encountered,	however,	are	inherent	to	transcriptomic	

datasets.	First,	genes	with	low	levels	of	expression	or	whose	expression	varies	temporally	

may	be	missed.	For	the	housekeeping	genes	that	form	the	core	of	our	phylogenomic	

dataset,	this	may	not	pose	a	problem,	but	conotoxin	loci,	whose	expression	is	highly	

variable	even	intra-specifically,	may	not	be	captured	reliably.	Second,	it	is	not	possible	to	

identify	specific	loci	or	genomic	regions	that	have	undergone	introgression	using	a	

transcriptomic	approach.	Few	individual	loci	have	sufficient	SNPs	to	evaluate	introgression	

such	as	Patterson’s	D-statistic,	making	it	necessary	to	concatenate	many	loci	scattered	

throughout	the	genome	to	get	a	strong	enough	signal	for	these	analyses.		

For	these	reasons,	whole	genomes	are	a	valuable	asset	when	testing	for	

introgression	(e.g.	Fontaine	et	al.	2015;	Zhang	et	al.	2016),	and	would	be	a	welcome	

addition	to	our	toolkit	for	Conidae.	Not	only	would	they	provide	much	longer	stretches	of	

DNA	with	a	corresponding	increase	in	the	number	of	SNPs	available	to	calculate	the	D-

statistic,	but	such	sites	can	be	mapped	back	to	a	genome,	and	the	genes	where	they	cluster	

can	be	identified,	offering	clues	about	their	biological	significance	(e.g.	Baiz	et	al.	2019).	

Furthermore,	a	genomic	approach	would	allow	us	to	capture	genes	that	may	be	present,	

but	not	expressed	or	expressed	at	a	low	level,	such	as	some	conotoxin	loci	that	are	

differentially	expressed	among	species,	facilitating	more	granular	investigations	into	

adaptive	introgression	and	the	ecological	and	evolutionary	drivers.	Unfortunately,	efforts	
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to	assemble	Conidae	genomes	have	been	stymied	by	highly	fragmented	genomes	and	large	

amounts	of	repetitive	DNA,	making	it	difficult	to	produce	a	reasonable	number	of	scaffolds	

(Hu	et	al.	2011;	Barghi	et	al.	2016).	Researchers	should	consider	applying	promising	new	

technologies	such	as	Hi-C	sequencing	(Belton	et	al.	2012)	to	surmount	these	challenges.	

	

Implications	for	diversification	in	Conidae	

Introgression	provides	avenues	by	which	adaptive	genetic	variation	may	be	exchanged	

among	closely	related	species.	Hybridization	may	therefore	stimulate	diversification	and	

adaptation	to	novel	ecological	niches	by	producing	novel	genetic	combinations.	The	

evolutionary	impact	of	hybridization	and	introgression	is	highly	context-dependent,	

however	(Abbott	et	al.	2013),	and	the	extent	to	which	it	affects	broader	macroevolutionary	

patterns	and	the	generation	of	biodiversity	is	subject	to	debate	(Seehausen	2004;	Mallet	

2007;	Abbott	et	al.	2013).	Empirical	and	theoretical	work	suggest	that	the	novel	

combinations	of	genetic	and	phenotypic	variation	produced	by	these	processes	are	often	

deleterious	(Mayr	1963;	Rieseberg	1995),	but	when	hybrid	offspring	encounter	novel	

ecological	conditions,	such	combinations	may	confer	a	fitness	advantage	or	open	

previously	inaccessible	niches,	thereby	driving	diversification	(Anderson	and	Stebbins	

1954;	Lewontin	and	Birch	1966;	Seehausen	2004;	Mallet	2007).	The	effects	of	this	on	

evolutionary	trajectories	are	increasingly	well-documented	and	range	from	saltatory	to	

incremental.	Between	2%	and	4%	of	angiosperm	speciation	events	are	estimated	to	have	

been	the	direct	result	of	polyploidy	resulting	from	hybridization,	demonstrating	the	near	

instantaneous	diversifying	effects	of	hybridization	(Otto	and	Whitton	2000).	Less	

dramatically,	but	perhaps	more	widespread,	adaptive	introgression	has	been	found	to	
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combine	beneficial	alleles	and	accelerate	diversification	in	a	growing	number	of	systems,	

including	the	Lake	Victoria	Region	Superflock	of	cichlids	(Meier	et	al.	2017),	Caribbean	

pupfishes	(Richards	and	Martin	2017),	and	Heliconius	bufferflies	(Pardo-Diaz	et	al.	2012).		

The	implications	of	introgressive	hybridization	among	Conidae	are	interesting	to	

consider.	Venomous	taxa	are	prime	candidates	in	which	to	examine	how	introgressed	

genes	confer	novel	phenotypes,	especially	because	single	genes,	or	small	cassettes	of	genes,	

may	open	entirely	new	dietary	niches.	In	Mojave	rattlesnakes,	for	example,	the	presence	or	

absence	of	five	genes	dictates	the	difference	between	neurotoxic	or	hemorrhagic	venom,	

with	corresponding	differences	in	prey	(Strickland	et	al.	2018).	Among	the	Conidae,	there	

are	several	interesting	avenues	to	explore.	Piscivory	has	independently	evolved	at	least	

twice	in	the	family,	and	there	are	some	30	extant	fish-eating	species	of	Conus	(Duda	and	

Palumbi	2004).	Aman	et	al	(2015)	examine	the	venom	of	Conus	tessulatus	and	identify	a	

single	conotoxin	with	a	high	degree	of	similarity	to	piscivorous	cone	snail	venom,	arguing	

that	it	could	represent	preadaptation	to	a	piscivorous	life	history.	If	genes	like	those	

described	in	either	the	snake	or	the	snail	were	to	leak	through	porous	species	boundaries,	

they	may	open	new	ecological	niches	to	their	recipients.	This	illustrates	the	potential	for	

introgression	to	contribute	to	the	impressive	adaptive	radiation	of	Conidae,	and	to	the	

origins	of	biodiversity	more	generally,	and	highlights	the	value	of	additional	work	in	this	

field.	
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FIGURES	AND	TABLES	

	
Table	1.1.	Summary	of	Conidae	taxa	sequenced.	
	
Species	 n	 Tissue	 Sex	 Collection	locale(s)	
Conus	miliaris	 22	 Venom	duct	 12♂,	10♀	 Easter	Island;	Guam;	American	Samoa	
Conus	coronatus	 2	 Venom	duct	 2♀	 American	Samoa	
Conus	ebraeus	 2	 Venom	duct	 1♂,	1♀	 Okinawa	
Conus	judaeus	 2	 Venom	duct	 1♂,	1♀	 Okinawa	
Conus	chaldaeus	 1	 Osphradium	 1♀	 Okinawa	
Conus	abbreviatus	 1	 Venom	duct	 1♂	 Hawaii	
Conus	aristophanes	 2	 Venom	duct	 1♂,	1♀	 American	Samoa	
Conus	fulgetrum	 2	 Venom	duct	 2♀	 Okinawa	
Outgroup	species	 		 		 		 		
Conus	morderiae	 2	 Venom	duct	 1♂,	1♀	 Cape	Verde	
Conus	regonae	 2	 Venom	duct	 1♂,	1♀	 Cape	verde	
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Figure	1.1.	Maximum	likelihood	IQ-TREE	phylogeny	constructed	from	eight	concatenated	
mitochondrial	genes.	Bootstrap	support	values	are	presented	at	each	node.	Tree	is	rooted	
using	C.	regonae	and	C.	morderiae	as	outgroups	(not	shown).	Shell	illustrations	by	John	
Megahan.	
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Figure	1.2.	Maximum	likelihood	IQ-TREE	phylogeny	constructed	from	concatenated	
supermatrix	of	2216	nuclear	loci.	Branch	support	values	are	indicated	at	each	node	
(Bootstrap/gene	concordance	factor/site	concordance	factor).	The	mitochondrial	tree	
shown	in	gray	dashed	lines	to	illustrate	discordance	between	mitochondrial	and	nuclear	
topologies.	
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Figure	1.3.	Results	of	Bayesian	concordance	analysis	conducted	with	BUCKy.	Error	bars	
show	95%	confidence	intervals	(CI).	(a)	CFs	of	111	housekeeping	loci	for	the	ebraeus	clade.	
Overlapping	confidence	intervals	for	all	topologies	(including	primary	concordance	tree)	in	
the	ebraeus	clade	show	widespread	discordance	and	no	signal	of	introgression.	(b)	CFs	of	
470	housekeeping	loci	for	the	judaeus-coronatus	taxon	subset.	High	CF	(CF=0.692;	CI:	
0.645-0.738)	for	the	C.	judaeus-C.	chaldaeus	pairing	confirms	the	results	of	the	nuclear	
phylogeny,	and	nearly	non-overlapping	CIs	for	the	C.	judaeus-C.	coronatus	(CF=0.199;	CI:	
0.146-0.255)	and	C.	chaldaeus-C.	coronatus	(CF=0.109;	CI:	0.072-0.149)	pairings	strongly	
suggest	introgression	between	C.	judaeus	and	C.	coronatus.	(c)	CFs	of	669	housekeeping	loci	
for	the	miliaris	clade.	A	distinctly	higher	CF	(CF=0.527;	CI:	0.486-0.568)	for	the	C.	miliaris-C.	
abbreviatus	pairing	confirms	the	results	of	the	nuclear	phylogeny.	The	CF	for	the	C.	miliaris-
C.	fulgetrum	pairing	(CF=0.262;	CI:	0.213-0.313)	is	higher	than	for	the	C.	abbreviatus-C.	
fulgetrum	pairing	(CF=0.211;	CI:	0.176-0.247),	but	their	CIs	overlap	substantially,	and	
therefore	do	not	strongly	indicate	introgression.	All	BCA	used	C.	mordeirae	as	the	outgroup	
species	for	tree-building.	
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Figure	1.4.	D-statistic	tests	of	introgression.	Counts	of	SNPs	with	ABBA-BABA	patterns	are	
shown	for	each	taxon	subset	are	shown.	The	ebraeus	clade	(a)	exhibits	no	evidence	of	
introgression	from	C.	chaldaeus	among	housekeeping	loci	(D=0.077;	p-value=0.283).	In	the	
judaeus-coronatus	subset	(b)	we	recovered	a	significant	D-statistic	(D=0.144;	p-
value=8.66E-05)	revealing	introgression	between	C.	judaeus	and	C.	coronatus.	The	miliaris	
clade	(c)	shows	no	evidence	of	introgression	from	C.	fulgetrum	among	housekeeping	loci	
(D=-0.026;	p-value=0.406).	Among	conotoxin	loci,	the	miliaris	clade	(d)	exhibits	significant	
evidence	of	introgression	between	C.	fulgetrum	and	C.	miliaris	(D=-0.758;	p-value=1.35E-
05).	C.	mordeirae	was	used	as	the	outgroup	species	for	all	D-statistic	calculations.	
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CHAPTER	2	

The	Olfactory	Gene	Repertoire	of	Conus	ebraeus	

with	Thomas	F.	Duda	Jr.	

	

ABSTRACT	

Sensory	biology	is	a	critical	component	of	organismal	fitness,	and	olfaction	is	one	of	the	

most	prominent	sensory	modalities.	Olfaction	plays	an	important	role	in	the	ecological	

specialization	of	many	taxa	and	has	been	identified	as	an	adaptive	trait	contributing	to	

species	divergence.	Such	may	be	the	case	in	predatory	marine	snails	in	the	family	Conidae	–	

“cone	snails”	-	where	olfaction	likely	plays	a	complementary	role	to	venom	in	prey	capture	

and	dietary	specialization	as	part	of	a	broader	predatory	phenotype.	In	this	study	we	

sequence	RNA	from	the	primary	olfactory	organ	of	Conus	ebraeus,	one	of	the	most	widely	

distributed	species	of	cone	snail	to	characterize	genes	underlying	olfaction	and	gain	insight	

into	the	contribution	of	olfaction	to	diversification	of	this	species	rich	group.	We	find	a	

diverse	gene	family	of	88	candidate	olfactory	receptor	genes	organized	in	two	main	

subfamilies.	We	test	several	hypotheses	regarding	rates	of	evolution	throughout	this	gene	

family,	finding	evidence	for	variable	rates	throughout	the	tree.	Finally,	we	characterize	the	

expression	profile	of	the	gene	family,	revealing	a	pattern	of	heterogeneous	gene	expression.	

Our	thorough	characterization	of	olfactory	receptor	genes	in	C.	ebraeus	provides	novel	
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insights	into	adaptive	trait	evolution	and	its	contribution	to	ecological	specialization	of	

cone	snails,	while	laying	a	solid	foundation	for	future	work.
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INTRODUCTION	

An	organism’s	ability	to	detect	and	interpret	information	from	its	environment	to	find	

mates,	secure	food	resources,	identify	suitable	habitat,	and	avoid	predators	is	a	critical	

component	of	fitness.	Of	the	various	sensory	modalities,	chemosensation	–	the	detection	of	

chemical	signals	–	may	encounter	the	most	diverse	information	landscape	since	all	

organisms	must	interact	with	an	extremely	wide	array	of	chemical	compounds	whose	

ecological	relevance	depends	on	their	identity,	concentration,	cooccurrence	with	other	

compounds,	and	any	number	of	other	contextual	cues	(Bargmann	2006).	Chemosensory	

systems	must	sample	these	inputs	and	extract	relevant	information	for	the	organism	to	

react	appropriately	(Firestein	2001).	Chemoreception	is	commonly	subdivided	into	

gustation	(contact	chemoreception)	and,	the	focus	of	this	study,	olfaction	(distance	

chemoreception).	Studies	of	olfaction	not	only	enhance	our	understanding	of	organismal	

ecology	and	life	history,	but	also	inform	our	knowledge	of	broader	concepts	in	ecology	and	

evolutionary	biology.	Olfactory	cues	can	contribute	to	population-	and	community-level	

structuring	as	is	the	case	with	induced	behaviors	caused	by	predator	or	competitor	

chemical	signaling	(Hay	2009;	Haswell	et	al.	2018).	Olfactory	systems	are	also	critical	to	

evolutionary	processes	such	as	speciation,	where	they	often	play	roles	in	conspecific	

recognition	(Rafferty	and	Boughman	2006;	Walderon	et	al.	2011)	or	niche	partitioning	

(Proffit	et	al.	2007;	Tait	et	al.	2016).	And	finally,	they	facilitate	adaptation	to	novel	niches	

thereby	driving	ecological	diversification	(Hayden	et	al.	2010;	Khan	et	al.	2015).	

Anatomical	structures	associated	with	olfaction	have	been	key	to	understanding	its	

function	and	evolution	(Bertmar	1969;	Smith	et	al.	2007),	but	because	the	operative	scale	is	

molecular,	a	granular	understanding	of	olfaction	requires	a	focus	on	olfactory	receptor	
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(OR)	proteins	and	the	genes	that	encode	them.	The	OR	gene	superfamily	was	first	

characterized	by	Buck	&	Axel	(1991)	in	rats,	and	subsequent	studies	quickly	expanded	our	

appreciation	of	the	scale	and	complexity	of	the	superfamily.	OR	genes	are	remarkably	

similar	across	the	tree	of	life,	with	near	universal	reliance	on	7-transmembrane	domain	G-

protein	coupled	receptor	(GPCR)	proteins	that	initiate	signal	cascades	when	odorant	

molecules	bind	to	extracellular	domains	(Hildebrand	and	Shepherd	1997;	Ache	and	Young	

2005).	The	importance	of	OR	genes	was	revealed	by	initial	studies	in	mammals,	where	they	

comprise	~2%	of	protein	coding	genes	in	mammalian	genomes	(Mombaerts	2004).	The	

number	of	OR	genes	can	vary	dramatically	among	vertebrate	taxa,	with	humans	and	mice	

possessing	388	and	1037	functional	genes,	respectively,	likely	reflecting	the	relative	

importance	of	these	ORs	to	the	sensory	ecology	of	the	species	(Niimura	and	Nei	2005).	

Invertebrate	OR	genes	originated	independently	from	those	of	vertebrates,	but	share	many	

structural	and	functional	characteristics	(Bargmann	2006).		

OR	gene	families	exhibit	strong	evidence	of	adaptive	evolution	across	the	tree	of	life.	

Rapid	gene	turnover	and	birth	and	death	gene	family	evolution	are	common,	along	with	

elevated	rates	of	non-synonymous	substitutions	indicative	of	positive	selection	(Gilad	et	al.	

2003;	Gardiner	et	al.	2008;	Dong	et	al.	2009;	Hussain	et	al.	2009;	Ramasamy	et	al.	2016).	

Most	studies	of	invertebrate	OR	genetics	have	been	carried	out	with	Drosophila	and	

Caenorhabditis,	with	arthropods	overall	receiving	the	most	attention	(Robertson	et	al.	

2003;	Hansson	and	Stensmyr	2011).	Large	taxonomic	gaps	remain,	however,	especially	

among	non-model	systems.	With	~75,000	described	species,	Mollusca	is	the	second	most	

diverse	phylum	of	animals	(Rosenberg	2014)	and	relies	heavily	on	chemosensation	(Kohn	

1961)	yet	the	genetic	basis	of	olfaction	in	this	group	is	poorly	studied.	This	is	changing	
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slowly	with	the	application	of	high-throughput	sequencing,	which	has	produced	valuable	

information	about	OR	gene	content	and	gene	family	organization	from	a	few	select	taxa,	

including	the	California	sea	hare,	Aplysia	californica	(Cummins	et	al.	2009).	

Conidae	–	“cone	snails”	–	is	a	hyperdiverse	family	of	marine	gastropods	comprised	

of	~800	species	(MolluscaBase	2019).	Cone	snails	are	predatory,	and	are	well	known	for	

their	use	of	venom	to	subdue	prey	and	potentially	defend	against	predators.	Their	

circumtropical	distribution	has	a	center	of	exceptionally	high	diversity	in	the	reef-rich	

waters	of	the	Indo-West	pacific,	with	most	species	placed	in	the	genus	Conus	(Röckel	et	al.	

1995).	Originating	in	the	vicinity	of	what	is	now	France,	Conidae	has	experienced	several	

bursts	of	diversification	(Kohn	1990),	the	most	dramatic	of	which	may	have	been	triggered	

~15	million	years	ago	by	the	closure	of	the	Tethys	sea,	an	ancient	sea	that	united	the	

Mediterranean	basin	with	the	Indian	ocean	(Vallejo	2005;	Williams	and	Duda	2008).	Cone	

snails	often	occur	with	high	species	richness,	and	in	sympatry	with	close	relatives	(Kohn	

2001;	Vallejo	2005),	and	under	these	conditions	they	finely	partition	prey	resources,	likely	

permitting	coexistence.	Their	rapid	diversification	and	ecological	specialization	make	them	

a	good	example	of	adaptive	radiation	(Givnish	and	Sytsma	2000;	Schluter	2000).	Most	

attention	to	date	has	focused	on	the	role	of	venom	in	facilitating	this	ecological	

specialization.	However,	olfactory	adaptations	that	determine	prey	and	habitat	preference	

are	likely	to	play	equally	important	roles.	Studies	of	the	genetic	basis	of	olfaction	are	

therefore	likely	to	enhance	our	understanding	of	Conus	diversification.			

Olfaction	is	central	to	the	sensory	ecology	of	Conus.	Cone	snails	likely	do	not	rely	on	

vision	while	foraging,	as	their	eye-structures	are	very	primitive	and	gastropod	vision	

generally	is	thought	to	be	poor	(Audesirk	and	Audesirk	1985).	Furthermore,	Conus	species	
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typically	spend	daylight	hours	buried	under	substrate	with	only	their	siphon	protruding,	

emerging	for	active	hunting	only	at	night	(Kohn	1959).	Indeed,	olfaction	is	typically	the	

foremost	sense	employed	by	marine	invertebrates	to	detect	food	resources	(Kohn	1961;	

Audesirk	1975;	Kamio	and	Derby	2017).	Mating	behavior	is	not	well	understood	in	Conus,	

but	chemosensation	is	critical	to	this	behavior	in	other	gastropods	(Croll	1983;	Clifford	et	

al.	2003;	Painter	et	al.	2004).	Finally,	most	Conidae	species	disperse	during	a	planktonic	

larval	stage,	as	is	common	among	marine	invertebrates,	and	require	appropriate	chemical	

cues	to	settle	out	of	the	water	column	in	a	favorable	habitat	to	undergo	metamorphosis	

(Hadfield	and	Paul	2001;	Hadfield	2011;	Cahill	and	Koury	2016).	To	perform	these	

olfactory	functions	most	gastropods,	including	Conidae,	rely	on	a	highly-enervated	

bipectinate	structure	called	the	osphradium,	first	described	by	Spengel	(1881),	that	is	the	

primary	organ	in	this	group	responsible	for	distance	chemoreception	(Copeland	1918;	

Kohn	1961;	Croll	1983).	Early	studies	by	Copeland	(1918)	of	whelks	in	the	genus	Busycon	

found	evidence	that	cauterizing	the	osphradium	prevented	individuals	from	sensing	prey	

cues	introduced	into	the	siphon	opening.	The	osphradium	in	Conus	is	positioned	in	the	

mantle	cavity	at	the	base	of	the	of	the	siphon	next	to	the	ctenidium	(gill),	directly	in	the	

path	of	the	inhalant	water	flow	(Spengler	and	Kohn	1995).	Conus	osphradium	morphology	

exhibits	substantial	interspecific	variation	correlated	with	habitat	and	diet,	suggesting	

some	degree	of	ecological	adaptation	(Spengler	and	Kohn	1995).	Olfaction	has	long	been	

recognized	to	mediate	cone	snail	predatory	behavior,	which	can	be	initiated	by	introducing	

a	snail	to	water	from	an	aquarium	housing	prey,	without	the	prey	itself	being	present	

(Kohn	1956,	1959,	1961;	Stewart	and	Gilly	2005).	Moreover,	prey	choice	trials	

demonstrate	that	snails	can	distinguish	preferred	prey	items	at	a	distance,	and	do	so	with	
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high	taxonomic	resolution	(Kohn	1959).	No	studies,	however,	have	characterized	the	genes	

encoding	olfactory	receptors	that	are	expressed	in	the	osphradium	and	which	ultimately	

mediate	behavioral	responses	to	chemical	cues	in	the	environment.		

To	understand	the	genetic	basis	of	olfaction	in	Conidae	and	to	evaluate	evolutionary	

mechanisms	that	contribute	to	genetic	diversification	we	characterized	the	olfactory	

receptor	genes	that	underlie	distance	chemoreception	in	one	of	the	most	widely	distributed	

cone	snail	species,	Conus	ebraeus.	Because	olfaction	likely	functions	synergistically	with	

venom	to	facilitate	adaptation	to	novel	ecological	niches	in	Conus,	understanding	the	

genetic	basis	of	this	trait	will	offer	insights	into	the	remarkable	diversification	of	Conidae.	

We	have	three	primary	goals.	First,	we	seek	to	identify	candidate	OR	genes	and	reconstruct	

the	evolutionary	history	of	this	gene	family	in	C.	ebraeus.	Second,	we	aim	to	characterize	

the	expression	profile	of	these	genes,	examine	individual	variation	in	expression,	and	test	

for	the	differential	expression	of	genes	between	males	and	females.	And	third,	we	assess	

patterns	of	nucleotide	substitutions	across	the	gene	family	tree	to	determine	if	Conus	OR	

genes	have	undergone	adaptive	evolution	as	has	been	observed	in	other	taxa.	

	

METHODS	

Taxon	sampling,	RNA-extraction,	and	sequencing	

We	collected	Conus	ebraeus	individuals	in	Okinawa,	Japan	during	the	summer	of	2015.	

Field-collected	snails	were	brought	back	to	the	lab	and	placed	in	cups	with	200mL	

seawater	for	up	to	~48	hours,	at	which	point	they	were	sacrificed	and	dissected.	Osphradia	

were	placed	in	RNAlater	(Invitrogen,	Carlsbad,	CA,	USA)	and	stored	temporarily	in	a	

refrigerator	before	being	stored	long-term	at	-80	C		at	the	University	of	Michigan.	
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Specimens	and	associated	tissues	were	deposited	in	the	Mollusk	Division	collections	at	the	

University	of	Michigan	Museum	of	Zoology.	We	selected	a	mixture	of	adult	males	and	

females	for	this	study	to	evaluate	any	potential	sex-based	differences	in	OR	gene	

expression.	Information	about	C.	ebraeus	individuals	is	presented	in	Table	1.	We	pestle-

homogenized	osphradium	tissue,	and	extracted	total	RNA	using	Trizol	(Invitrogen,	

Carlsbad,	CA,	USA)	following	the	supplier	instructions.	We	then	submitted	RNA	to	the	

University	of	Michigan	DNA	Sequencing	Core	for	quality	assessment	using	a	Bioanalyzer	

2100	and	for	library	preparation	and	indexing	(Illumina	Tru-Seq	kit,	San	Diego,	CA,	USA).	

Samples	were	run	on	a	single	flowcell	lane	on	an	Illumina	HiSeq4000.	

	

Read	processing,	transcriptome	assembly,	and	transcript	filtering	

We	filtered	raw	data	using	the	read	processing	and	transcript	filtering	pipeline	developed	

by	Yang	&	Smith	(2014).	Reads	were	processed	for	each	individual	separately.	Rcorrector	

(Song	and	Florea	2015)	was	used	to	correct	suspected	sequencing	errors,	with	

uncorrectable	reads	removed,	followed	by	Trimmomatic	v0.36	(Bolger	et	al.	2014)	with	

default	parameters	to	remove	Ilumina	sequencing	adapters	and	low-quality	reads.	We	

binned	reads	as	mitochondrial	or	nuclear	DNA	by	mapping	them	to	a	custom	database	of	

nine	complete	Conus	mitochondrial	genomes	with	Bowtie2	v2.3.4.3	(Langmead	and	

Salzberg	2012),	and	used	FastQC	v0.10.1	(Andrews	2010)	to	assess	read-quality	and	read	

representation,	and	to	cull	over-represented	sequences.	We	then	pooled	the	filtered	reads	

from	all	five	individuals	and	assembled	them	de	novo	with	Trinity	v2.4.0	(Grabherr	et	al.	

2011).	
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	 Before	searching	for	candidate	olfactory	receptor	genes,	we	filtered	the	de	novo	

transcriptome	to	remove	low-quality	transcripts	and	transcripts	lacking	open	reading	

frames	(ORF).	We	used	Transrate	v1.0.3	(Smith-Unna	et	al.	2016)	with	default	settings	to	

determine	assembly	quality	and	remove	poor-quality	transcripts	and	applied	custom	

scripts	from	the	Yang	&	Smith	(2014)	pipeline	to	remove	chimeric	transcripts.	We	

produced	clusters	of	transcripts	belonging	to	the	same	putative	gene	using	Corset	v1.07	

(Davidson	and	Oshlack	2014)	and	selected	the	longest	transcript	from	each	cluster	as	the	

representative	transcript	for	that	gene.	We	predicted	ORFs	using	TransDecoder	v5.0.1	

(Haas	et	al.	2013),	setting	minimum	ORF	length	to	100	amino	acids,	and	including	

homology	searches	to	increase	sensitivity	for	ORFs	with	functional	significance.	Two	

homology	searches	were	included:	a	BLASTp	search	(Altschul	et	al.	1990)	against	a	custom	

reference	database	comprised	of	all	Conus,	Lottia	gigantia,	and	Alpysia	californica	protein	

sequences	from	the	NCBI	non-redundant	database,	and	a	search	of	the	PFAM	database	

(Finn	et	al.	2014)	to	identify	homology	with	common	protein	motifs,	including	

transmembrane	domains.	TransDecoder	combines	the	results	of	these	searches	with	ORF	

predictions	to	determine	which	transcripts	should	be	retained.	Finally,	we	reduced	

transcript	redundancy	for	predicted	coding	sequences	with	CD-HIT-EST	and	a	sequence	

identity	cutoff	of	0.99,	and	for	predicted	peptide	sequences	with	CD-HIT	and	a	sequence	

identity	cutoff	of	0.98	(Li	and	Godzik	2006;	Fu	et	al.	2012).	

	

OR	gene	identification	

To	identify	candidate	olfactory	receptor	genes,	we	applied	criteria	similar	to	those	utilized	

by	Cummins	et	al	(2009)	to	identify	OR	genes	from	the	gastropod	Aplysia	californica.	These	
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include,	(i)	limited	predicted	peptide	sequence	similarity	to	previously	characterized	

molluscan	chemosensory	receptor	genes,	(ii)	presence	of	at	least	six	transmembrane	

domains,	and	(iii)	a	full-length	coding	sequence	with	an	initiating	methionine	and	

terminating	stop	codon.	We	first	submitted	the	filtered	transcripts	to	a	BLASTx	search	

(Gish	and	States	1993)	as	queries	against	a	custom	database	of	1,830	putative	molluscan	

OR	protein	sequences	retrieved	from	the	GenBank	RefSeq	database	(O’Leary	et	al.	2016).	

We	used	a	liberal	e-value	of	1e-4	to	ensure	that	we	captured	sequences	with	even	relatively	

low	sequence	identity.	We	then	used	TMHMM	v2.0	(Sonnhammer	1998)	to	predict	the	

number	and	location	of	helical	transmembrane	(TM)	domains	in	the	predicted	peptide	

sequences	of	BLASTx	hits	and	retained	transcripts	with	six	or	more	predicted	TM	domains.	

To	obtain	our	final	set	of	candidate	genes,	we	extracted	transcripts	with	an	initiating	

methionine	codon	and	terminating	stop	codon.	

	

Phylogenetic	inference	

We	examined	the	relationships	of	candidate	OR	genes	by	aligning	their	predicted	peptide	

sequences	and	inferring	a	maximum-likelihood	phylogeny.	To	build	a	phylogeny	of	the	

entire	set	of	genes,	we	aligned	predicted	peptide	sequences,	along	with	sequences	of	three	

Aplysia	californica	candidate	OR	genes	–	one	from	each	subfamily	identified	by	Cummins	

(2009)	–	using	the	aligner	T-COFFEE	in	PSI/TM	mode	(Notredame	et	al.	2000;	Floden	et	al.	

2016).	This	method	utilizes	a	reference	database	of	transmembrane	proteins	to	inform	the	

alignment	of	predicted	transmembrane	proteins.	We	produced	a	matching	nucleotide	

alignment	using	MACSE	v2.03	(Ranwez	et	al.	2011),	which	uses	the	coding	sequence	that	

corresponds	to	a	predicted	peptide	sequence	to	back-translate	a	protein	alignment	to	a	
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nucleotide	alignment.	We	selected	best-fit	substitution	models	for	each	dataset	(nucleotide	

and	protein)	using	ModelFinder	(Kalyaanamoorthy	et	al.	2017)	according	to	BIC,	and	

inferred	phylogenies	using	IQ-TREE	(Nguyen	et	al.	2015)	with	1000	bootstrap	replicates.	

We	produced	both	an	unrooted	star	phylogeny	and	a	rooted	phylogram.	

Substantial	divergence	among	some	C.	ebraeus	candidate	OR	genes	and	from	Aplysia	

outgroup	genes	resulted	in	alignments	with	numerous	gaps	that	necessitated	removal	of	a	

large	number	of	sites,	reducing	the	number	of	phylogenetically	informative	sites	available	

to	resolve	relationships	within	clades	of	more	recently	diverged	OR	genes.	We	therefore	

extracted	sequences	of	genes	comprising	each	of	the	two	main	clades	in	the	full	tree,	

realigned	these	subsets	separately,	and	inferred	trees	for	each	clade	using	the	same	

methodology	as	described	above.	This	combined	method	allowed	us	to	maximize	the	

number	of	informative	sites	while	retaining	the	larger	scale	topological	features	inferred	

from	the	comprehensive	alignment.	

	

Gene	expression	

We	evaluated	gene	expression	patterns	of	candidate	OR	genes	using	transcript	

quantification	scripts	packaged	with	Trinity	(Haas	et	al.	2013).	We	performed	two	separate	

analyses,	one	in	which	we	quantify	expression	with	reads	pooled	from	all	individuals,	and	

one	with	the	reads	from	each	individual	assessed	separately.	We	mapped	filtered	read	fastq	

files	to	the	filtered	C.	ebraeus	transcriptome	using	the	Perl	script	

align_and_estimate_abundance.pl	with	--est_method	set	to	RSEM	(Li	and	Dewey	2011)	and	-

-aln_method	set	to	Bowtie2	(Langmead	and	Salzberg	2012).	We	used	the	R	package	ggtree	

(Yu	et	al.	2017)	to	produce	heatmaps	illustrating	patterns	of	gene	expression	and	link	them	
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to	the	OR	gene	phylogeny.	We	performed	two	differential	expression	analyses,	one	

between	males	and	females,	and	one	between	individuals	from	the	two	different	collection	

sites,	Cape	Bise	and	Sesoko	Station.	We	used	the	Perl	script	run_DE_analysis.pl	(also	

packaged	with	Trinity)	with	the	edgeR	method	(Robinson	et	al.	2010;	McCarthy	et	al.	2012)	

and	individuals	from	different	sexes	or	sites	designated	as	biological	replicates.		

	

Rates	of	evolution	

We	used	the	codeml	program	in	PAML	v4.9	(Yang	2007)	to	evaluate	different	scenarios	of	

C.	ebraeus	OR	gene	family	evolution.	PAML	measures	the	proportion	of	synonymous	

substitutions	per	synonymous	site	(dS)	and	the	proportion	of	nonsynonymous	

substitutions	per	nonsynonymous	site	(dN)	along	branches	of	the	gene	tree	and	then	

calculates	the	ratio	of	dN/dS	(w)	for	a	given	branch.	By	calculating	the	likelihood	of	different	

models	with	w	estimated	for	different	combinations	of	branches,	and	then	performing	

likelihood	ratio	tests	(LRT)	comparing	those	models,	it	is	possible	to	discern	patterns	of	

evolution	experienced	by	different	parts	of	the	gene	family.	We	evaluated	three	sets	of	

models,	which	are	summarized	in	Table	2.	One	set	focuses	on	the	whole	tree,	including	

outgroup	sequences.	The	other	two	interrogate	patterns	of	evolution	within	each	subfamily	

and	were	considered	separately	to	take	advantage	of	higher	quality	sequences	comprised	

of	more	closely	related	sequences.	We	utilized	our	previously	generated	nucleotide	

alignments	for	codeml	analysis,	but	manually	trimmed	them	to	remove	full	codons	that	

were	not	represented	by	most	OR	genes	to	minimize	the	number	of	gaps.	We	used	FigTree	

v1.4.3	(Rambaut	2009)	to	designate	branches	for	which	different	w	values	should	be	

estimated.	
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In	the	whole-tree	model	set,	the	M0	represents	a	null	hypothesis	with	a	uniform	rate	

of	evolution	across	the	tree	by	estimating	a	single	w	for	all	branches.	M1	estimates	two	w	

values,	one	for	Aplysia	sequences,	and	one	for	C.	ebraeus.	M2	estimates	two	additional	w	

values	–	one	each	subfamily.	Comparisons	among	these	models	will	reveal	whether	C.	

ebraeus	genes	are	evolving	at	a	different	rate	from	Aplysia	and	whether	the	two	subfamilies	

are	evolving	at	different	rates	from	one	another.	The	models	for	each	subfamily	test	if	the	

overall	rate	of	evolution	for	each	subfamily	is	consistent	with	positive	or	purifying	

selection,	and	if	different	clades	exhibit	different	rates	of	evolution	.	Subfamily	M0	

estimates	a	single	w	for	all	branches,	M1	fixes	w	at	a	value	of	one	for	all	branches,	and	M2	

estimates	a	different	w	for	each	designated	sub-clade	in	a	subfamily	(four	in	subfamily	one,	

and	three	in	subfamily	2).	

	

RESULTS	

Read	processing,	transcriptome	assembly,	transcript	filtering,	and	OR	gene	prediction	

We	produced	a	high-quality	transcriptome	from	the	osphradia	of	five	C.	ebraeus	

individuals.	The	average	number	of	raw	reads	per	individual	was	15,350,522.	Following	

read-processing	we	were	left	with	an	average	of	7,800,517	reads	per	individual	and	a	total	

of	40,400,587	reads	to	pool	for	our	Trinity	assembly.	Assembled	de	novo,	these	reads	

produced	a	raw	transcriptome	of	429,975	transcripts,	which	was	reduced	by	subsequent	

filtering	steps	to	a	final	dataset	of	35,143	transcripts.	From	this	final	transcript	set	we	

recovered	a	total	of	4,234	with	significant	BLASTx	hits	to	protein	sequences	in	our	

database	of	molluscan	OR	genes.	We	predicted	at	least	six	TM	domains	in	308	transcripts.	
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Of	these,	88	contained	an	initiating	methionine	and	terminating	stop	codon,	thereby	

satisfying	our	criteria	for	inclusion	as	candidate	OR	genes.		

	

Phylogenetic	analyses	

To	evaluate	the	relationships	among	candidate	OR	genes,	we	constructed	maximum	

likelihood	phylogenies	from	predicted	amino	acid	dataset	using	IQ-TREE	(Figure	1).	The	

tree	topology	is	characterized	by	two	major	clades:	subfamily	one	comprising	the	majority	

(57)	of	candidate	loci,	and	subfamily	two	with	the	remainder	(31).	The	concentration	of	

loci	and	short	branch	lengths	observed	in	subfamily	one	suggests	rapid	diversification	

relative	to	subfamily	two,	which	is	sparser	and	has	longer	branch	lengths.	Most	nodes	

exhibit	high	bootstrap	support,	with	one	exception	being	the	first	node	of	subfamily	one.		

	

Gene	Expression	

To	characterize	expression	patterns	of	the	88	candidate	C.	ebraeus	OR	genes,	we	performed	

two	analyses,	one	with	reads	pooled	for	all	individuals	and	one	with	the	individuals	

analyzed	separately	(Figure	3).	The	expression	profile	produced	from	pooled	reads	shows	

heterogeneous	expression	across	the	tree,	with	more	genes	that	are	highly	expressed	

clustering	in	subfamily	one,	particularly	within	its	largest	subclade,	and	fewer	highly	

expressed	genes	in	subfamily	2	(Figure	4).	The	highest	expression	values	calculated	from	

pooled	reads	for	subfamily	one	and	subfamily	two	are	33.37	transcripts	per	million	(TPM)	

and	29.71	TPM	respectively,	and	the	lowest	are	1.13	TPM	and	1.33	TPM.	The	mean	

expression	values	are	7.75	TPM	(stdev:	6.72)	and	6.07	TPM	(stdev:	5.07)	for	subfamilies	

one	and	two	respectively,	with	the	large	standard	deviations	highlighting	wide	variability.	
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Expression	varies	among	individuals,	but	broadly	recapitulates	the	pattern	observed	from	

pooled	reads.	No	qualitative	difference	is	apparent	between	male	and	female	expression	

profiles,	and	differential	expression	analysis	did	not	identify	any	loci	that	were	expressed	

at	significantly	different	levels	between	the	sexes	(no	loci	meet	p<0.05	threshold).	

	

Rates	of	evolution	

The	likelihood	and	omega	values	calculated	from	our	codeml	analysis	for	each	model	are	

reported	in	Table	2,	and	LRT	comparing	models	are	reported	in	Table	3.	For	our	

hypotheses	regarding	the	whole	OR	gene	tree	we	find	that	M1,	which	estimates	separate	w	

values	for	the	C.	ebraeus	OR	gene	family	and	A.	californica	sequences,	is	significantly	better	

at	explaining	the	data	than	the	model	(M0)	estimating	a	single	w	for	the	whole	tree.	

However,	our	model	estimating	separate	w	values	for	subfamilies	one	and	two	(M2)	was	no	

better	at	explaining	the	data	than	M1.	

Our	subfamily	focused	analyses	reveal	heterogeneous	rates	of	evolution	within	each	

gene	family.	For	subfamily	one,	the	model	estimating	a	single	w	value	for	all	branches	(M0)	

does	significantly	worse	than	the	model	estimating	a	separate	w	value	for	each	major	clade	

(M2).	The	model	fixing	w	at	one	for	all	branches	also	does	significantly	worse	than	M2.	We	

see	the	same	overall	pattern	for	subfamily	two,	although	the	comparison	of	M0	and	M2	has	

a	higher	p-value.	

	

DISCUSSION	

In	this	study,	we	characterize	the	OR	gene	repertoire	of	Conus	ebraeus	by	sequencing	

osphradium	RNA	from	five	individuals,	revealing	a	diverse	set	of	loci.	We	document	
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heterogeneous	patterns	of	gene	expression	across	this	newly	characterized	gene	family,	

and	examine	several	evolutionary	scenarios	across	the	tree,	finding	varying	rates	of	

evolution	in	different	regions.	Olfaction	plays	a	central	role	in	cone	snail	ecology,	ranging	

from	conspecific	recognition,	habitat	selection,	and	prey	specialization,	and	this	study	

provides	a	much-needed	genetic	perspective,	offering	rich	opportunities	to	explore	

adaptive	trait	evolution	in	Conidae	and	the	contributions	of	olfaction	to	its	remarkable	

diversification.	

	

OR	genes	of	Conus	ebraeus	

The	OR	gene	family	of	C.	ebraeus	is	organized	into	two	main	subfamilies,	one	representing	

the	majority	of	candidate	loci	(57)	and	exhibiting	signs	of	rapid	diversification	(subfamily	

one),	and	the	other	comprised	of	the	remaining	31	loci	with	much	longer	branch	lengths.	

The	number	of	candidate	loci	(88)	that	we	identified	is	comparable	to	that	found	for	the	

gastropod	Aplysia	californica	(90)	(Cummins	et	al.	2009).	When	we	performed	a	BLASTx	

search	using	only	these	A.	californica	genes	as	a	reference	database,	we	recovered	only	

about	half	of	the	88	loci	that	we	identified	when	using	a	database	of	all	molluscan	OR	genes	

retrieved	from	Genbank.	The	three	Aplysia	genes	that	we	include	in	our	phylogeny	remain	

separate	from	the	C.	ebraeus	candidate	OR	genes,	forming	their	own	distinct	clade	(Figure	

1a).	Due	to	the	rapid	evolution	of	these	genes	and	the	age	of	the	most	recent	common	

ancestor	of	A.	californica	and	C.	ebraeus,	any	signal	of	sequence	similarity	may	simply	have	

been	lost.	Birth	and	death	dynamics	of	gene	family	evolution	common	to	OR	gene	families	

may	have	also	reorganized	the	OR	gene	diversity	to	produce	the	tree	structure	we	observe.	

The	OR	gene	families	of	vertebrates,	insects,	and	nematodes	were	recruited	independently	
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from	other	membrane-bound	signaling	proteins	(Bargmann	2006),	but	subsequent	

divergence	of	gene	family	composition	and	organization	is	likely	due	to	processes	such	as	

gene	duplication	and	loss.	As	such,	it	is	unlikely	the	relationship	between	C.	ebraeus	and	A.	

californica	OR	gene	families	is	the	result	of	an	independent	origin	of	these	genes	in	either	

taxon,	but	rather	the	outcome	of	millions	of	years	of	separate	–	probably	rapid	–	gene	

family	evolution.	

		

OR	gene	family	evolution	

A	qualitative	examination	of	the	gene	family	suggests	that	C.	ebraeus	OR	genes	are	

diversifying	most	rapidly	in	subfamily	one.	This	clade	not	only	contains	the	majority	of	

candidate	loci,	but	the	branch	lengths	are	much	shorter	than	in	subfamily	two.	

Heterogeneous	patterns	of	diversification	are	expected	in	a	gene	family	that	performs	a	

variety	of	functions,	from	mate	and	prey	recognition	to	detection	of	settlement	cues.	Genes	

that	facilitate	adaptation	to	novel	ecological	conditions	may	undergo	bursts	of	

diversification	and	strong	selection,	while	more	genes	with	more	conserved	functions	

evolving	more	slowly.	The	rapid	diversification	apparent	in	subfamily	one	suggests	these	

genes	as	potential	candidates	for	ecological	adaptation.	Our	quantitative	analysis	of	rates	of	

evolution	did	not	support	different	rates	of	evolution	for	subfamily	one	and	two,	nor	did	

they	show	evidence	of	positive	selection	among	any	subclade	within	these	subfamilies	

(Tables	2	&	3).	We	do	see	evidence	in	both	subfamilies	of	variable	rates	of	evolution	among	

their	respective	subclades,	particularly	in	subfamily	one,	consistent	with	the	notion	that	

subfamily	one	is	the	more	evolutionarily	dynamic	region	of	the	tree.	
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Our	analyses	using	codeml	were	likely	limited	in	power	due	to	the	large	and	

divergent	sets	of	genes	we	tested.	Under	such	circumstances,	alignment	quality	can	be	

compromised	by	numerous	gaps	and	signals	of	selection	can	become	swamped	by	long	

periods	of	divergence	as	has	been	observed	in	other	studies	of	OR	gene	family	evolution	

(Hussain	et	al.	2009).	Furthermore,	unlike	conotoxin	genes	which	are	short	and	exhibit	

rapid	substitution	rates	across	the	majority	of	the	coding	sequence(Duda	2008),	OR	genes	

may	only	experience	strong	positive	selection	in	small	regions,	such	as	extracellular	

domains	(Spielman	and	Wilke	2013).	

Because	a	transcriptomic	approach	will	inevitably	miss	unexpressed	and	some	low-

expression	loci,	there	are	likely	genes	in	the	C.	ebraeus	OR	repertoire	that	we	did	not	detect.	

In	addition	to	incomplete	sampling	of	OR	gene	diversity,	this	also	has	implications	for	our	

ability	to	detect	patterns	of	selection	that	may	be	apparent	from	comparisons	of	recently	

duplicated	genes.	Duplicated	genes	can	undergo	rapid	expression	divergence,	especially	in	

response	to	selection	imposed	by	ecological	factors	(Ha	et	al.	2007),	and	if	one	paralog	

experiences	dramatic	down-regulation,	it	may	go	undetected.	Without	sequences	of	

recently	diverged	loci	for	which	there	has	not	been	a	saturation	of	nonsynonymous	

substitutions,	signals	of	positive	selection	may	be	missed.	For	these	reasons,	a	genome	is	

critical	tool	for	the	study	of	gene	family	evolution	(Hahn	et	al.	2005),	and	one	that	we	

currently	lack	for	C.	ebraeus.	Cummins	et	al	(2009),	for	example,	find	differential	

expression	of	OR	genes	among	Aplysia	californica	chemosensory	organs,	and	likely	would	

not	have	recovered	the	full	complement	of	genes	without	their	genomic	approach.	The	

certainty	offered	by	a	genome	–	with	regard	to	both	the	presence/absence	of	genes	and	

their	relative	physical	location	in	the	genome	–	provides	opportunities	to	detect	gene	copy	
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number,	pseudogenes,	rates	of	gene	turnover,	and	birth-and-death	gene	family	evolution.	

Such	dynamics	are	commonly	observed	in	OR	gene	families	in	other	taxa	(Ramasamy	et	al.	

2016)	and	have	been	documented	among	conotoxin	genes	in	Conus,	where	they	facilitate	

rapid	evolution,	and	presumably	ecological	adaptation	(Chang	and	Duda	2012).	

	

Expression	levels	

We	measured	expression	levels	of	candidate	OR	genes	using	both	pooled	reads	and	reads	

from	each	individual	separately	(Figure	2).	The	OR	expression	profile	derived	from	the	

pooled-read	dataset	reveals	a	cluster	of	genes	with	higher	expression	relative	to	the	rest	of	

the	tree	located	in	subfamily	one,	the	clade	undergoing	rapid	diversification.	Although	the	

mean	expression	values	are	similar	between	subfamilies,	subfamily	two	has	fewer	loci	that	

exhibit	unusually	high	expression	(Figure	3).	Individual	profiles	exhibit	some	variability	in	

gene	expression,	but	all	five	reproduce	the	same	general	pattern	observed	from	pooled	

reads.	We	do	not	detect	any	differentially	expressed	loci	between	male	and	female	C.	

ebraeus,	but	this	may	be	due	to	the	small	number	of	individuals	sampled	and	a	follow-up	

study	using	more	individuals	would	increase	confidence	in	these	results.	

Changes	in	gene	expression	can	produce	major	shifts	in	phenotype	and	likely	

contribute	to	adaptive	evolution	(Gilad	et	al.	2006;	Holloway	et	al.	2007;	Fay	and	Wittkopp	

2008).	For	a	trait	such	as	olfaction,	where	the	phenotype	is	comprised	of	direct	gene	

products	(i.e.	membrane-bound	olfactory	receptor	proteins)	and	tightly	linked	to	

organismal	ecology,	small	changes	in	expression	may	have	dramatic	fitness	effects.	Deeper	

studies	of	OR	gene	expression	are	therefore	likely	to	yield	valuable	insights	into	the	

diversification	of	Conus.	For	example,	Chang	and	Duda	(2016)	detected	age-related	shifts	in	
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conotoxin	gene	expression	in	C.	ebraeus	using	qPCR.	A	similar	study	focused	on	OR	gene	

expression	at	different	life	stages	would	reveal	whether	their	expression	shifts	in	parallel	

with	conotoxin	genes,	lending	support	to	the	hypothesis	that	these	two	traits	play	a	

concerted	role	in	predation.	Studies	of	OR	gene	expression	in	the	planktonic	life	stage	of	

Conus	species	could	provide	clues	about	which	genes	are	important	for	detecting	

settlement	cues,	knowledge	with	applications	not	only	to	the	biogeography	of	Conidae,	but	

many	other	marine	taxa	that	disperse	in	the	plankton.	

	

Implications	for	ecological	adaptation	in	Conus	

Our	results	provide	a	scaffold	for	future	work	investigating	the	role	of	olfaction	in	

ecological	diversification	of	Conidae.	The	pipeline	we	developed	can	be	easily	and	fruitfully	

applied	to	other	Conus	species	for	comparative	studies	of	OR	gene	diversity,	evolution	and	

expression,	and	our	expression	and	selection	analyses	point	to	candidate	loci	that	warrant	

closer	inspection	in	a	comparative	context.	Because	selection	imposed	by	diet	is	known	to	

impact	venom	composition	and	evolution	in	cone	snails	(Remigio	and	Duda	2008;	Duda	

and	Lee	2009;	Chang	et	al.	2015),	it	would	be	particularly	instructive	to	compare	the	OR	

gene	repertoires	of	close	Conus	relatives	with	distinct	diets	to	see	if	similar	patterns	are	

apparent	in	olfaction.	Differences	in	OR	gene	composition,	gene	expression,	or	patterns	of	

selection	would	reinforce	the	notion	that	olfaction	plays	a	complementary	role	to	venom	in	

ecological	adaptation.		

It	would	also	be	useful	to	examine	candidate	OR	gene	expression	in	other	putative	

chemosensory	organs	in	Conus	similar	to	Cummins	et	al	(2009);	the	tip	of	the	proboscis	is	

one	such	structure.	Microscopy	reveals	sensory	papillae	at	the	tip	of	the	proboscis	whose	
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morphology	appear	to	differ	based	on	prey	preferences	(James	et	al.	2014).	Because	the	

proboscis	is	deployed	late	in	the	chronology	of	prey	capture,	chemosensory	receptor	genes	

expressed	there	may	differ	from	those	we	characterized	in	the	osphradium,	which	detects	

chemical	signals	at	a	distance.		

	

Until	now	researchers	have	focused	almost	exclusively	on	venom	as	the	adaptive	trait	

facilitating	niche	partitioning	among	cone	snails.	This	study	provides	an	entirely	new	

perspective	on	adaptive	trait	evolution	in	Conidae	by	evaluating	the	genetic	basis	of	

another	trait	that	likely	contributes	to	dietary	specialization	in	cone	snails.	We	reveal	the	

phylogenetic	organization	of	the	OR	gene	family	in	conus	and	interrogate	patterns	of	gene	

family	evolution	and	gene	expression.	In	addition	to	the	novel	results	generated,	this	study	

offers	a	new	framework	on	which	further	comparative	and	experimental	work	exploring	

the	broader	predatory	phenotype	in	Conidae	may	be	built.	
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FIGURES	AND	TABLES	

	
Table	2.1.	Conus	ebraeus	individuals	sequenced	for	this	study.	
	
Individual	 UMMZ	Accession	#	 Sex	 Collection	Locale	 Collection	Date	

ebr_1	 304691	 ♂	 Sesoko	Station,	Okinawa,	Japan	 2015-07-24	
ebr_2	 304690	 ♀	 Sesoko	Station,	Okinawa,	Japan	 2015-07-24	
ebr_3	 304692	 ♀	 Sesoko	Station,	Okinawa,	Japan	 2015-07-24	
ebr_4	 304699	 ♂	 Cape	Bise,	Okinawa,	Japan	 2015-07-24	
ebr_5	 304701	 ♀	 Cape	Bise,	Okinawa,	Japan	 2015-07-24	

	
	
Table	2.2.	Models	used	to	test	hypotheses	regarding	rates	of	evolution	for	candidate	C.	
ebraeus	OR	genes.	
	
Whole	tree	 -lnL	 wAplysia	 wConus	 wSub_1	 wSub_2	

M0:	Single	w	for	all	branches	 60301.12	 0.218	 0.218	 0.218	 0.218	
M1:	Separate	w,	Aplysia	&	Conus:	wAplysia	≠	wConus	 60289.40	 0.008	 0.219	 0.219	 0.219	
M2:	Separate	w,	subfamilies:	wSub_1	≠	wSub_2	 60288.66	 	 	 	 	
Subfamily	one	 -lnL	 wClade_1	 wClade_2	 wClade_3	 wClade_4	
M0:	Single	w	estimated	for	all	branches	 37234.53	 0.216	 0.216	 0.216	 0.216	
M1:	w	=	1	for	all	branches	 38827.32	 [1]	 [1]	 [1]	 [1]	
M2:	Separate	w	estimated	for	subclades	 37224.43	 0.281	 0.134	 0.205	 0.218	
Subfamily	two	 -lnL	 wClade_1	 wClade_2	 wClade_3	 -	

M0:	Single	w	estimated	for	all	branches	 25749.63	 0.216	 0.216	 0.216	 -	
M1:	w	=	1	for	all	branches	 26328.57	 [1]	 [1]	 [1]	 -	
M2:	Separate	w	estimated	for	subclades	 25744.68	 0.009	 0.211	 0.221	 -	
	
	
Table	2.3.	Hypothesis	testing	and	LRT	model	comparison.	
	
Hypothesis	 Model	comparison	 LRT	statistic	 p-value	

Whole	tree	 	 	 	
wAplysia	=	wConus	 M0	vs.	M1	 23.44	 1.3	´	10-6	
wSub_1	=	wSub_2	 M1	vs.	M2	 1.48	 0.477	
Subfamily	one	 	 	 	
wClade1	=	wClade2	=	wClade3	=	wClade4	 M0	vs.	M2	 20.19	 4.58	´	10-4	
1	=	wClade1	=	wClade2	=	wClade3	=	wClade4	 M1	vs.	M2	 3205.77	 ~	0	
Subfamily	two	 	 	 	
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wClade1	=	wClade2	=	wClade3	 M0	vs.	M2	 9.91	 0.0194	
1	=	wClade1	=	wClade2	=	wClade3	 M1	vs.	M2	 1167.79	 ~	0	
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Figure	2.1.	IQ-TREE	maximum	likelihood	phylogeny	of	all	C.	ebraeus	candidate	OR	genes.	
Subfamily	one	branches	shown	in	red,	subfamily	two	in	blue.	(a)	Unrooted	star	phylogeny	
with	A.	californica	OR	genes	(black)	shown.	(b)	Rooted,	with	A.	californica	OR	genes	hidden	
and	nodes	labeled	with	bootstrap	support	values.	

	

	
Figure	2.2.	Gene	expression	profiles	of	candidate	C.	ebraeus	OR	genes.	OR	gene	family	tree	
is	overlaid	to	the	left,	with	subfamily	one	colored	red	and	subfamily	two	colored	blue.	Dark	
blue	cells	represent	lower	relative	expression	values	and	dark	red	represents	higher,	
spanning	approximately	two	orders	of	magnitude.	
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Figure	2.3.	Histogram	comparing	expression	values	of	transcripts	between	subfamily	one	
and	subfamily	two	in	transcripts	per	million	(TPM).
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CHAPTER	3	

Expanding	the	Predatory	Phenotype:	Olfactory	Receptor	Gene	Evolution	in	Conus	

judaeus	and	Conus	ebraeus	

With	Thomas	F.	Duda	Jr.	

	

ABSTRACT	

Olfaction	is	a	critical	sensory	modality	for	many	taxa	that	contributes	to	ecological	

specialization	and	diversification.	Predatory	marine	gastropods	in	the	family	Conidae	–	

“cone	snails”	–	rely	on	olfaction	to	navigate	their	environments	and	discriminate	between	

prey	items.	It	is	therefore	likely	that	olfaction	contributes	to	the	ecological	specialization	of	

these	snails	and	plays	a	complementary	role	to	venom	in	a	broader	adaptive	predatory	

phenotype.	In	this	study	we	compare	the	OR	repertoires	of	the	sister	species	Conus	ebraeus	

and	Conus	judaeus,	which	co-occur	frequently	and	exhibit	highly	distinct	dietary	

specializations.	We	find	broad	scale	differences	in	OR	gene	family	composition	of	these	

species.	To	better	understand	mechanisms	driving	diversification	of	these	genes,	we	

compare	rates	of	evolution	among	paralogs	and	orthologs,	and	test	for	positive	selection	

among	33	pairs	of	orthologous	loci.	We	find	evidence	that	OR	paralogs	and	orthologs	

evolve	at	similar	rates	and	generally	experience	purifying	selection,	but	we	identify	eight	

orthologs	that	exhibit	evidence	of	positive	selection.	We	also	characterize	the	expression	

profiles	of	putative	OR	orthologs	and	identify	four	loci	differentially	
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expressed	between	C.	ebraeus	and	C.	judaeus	orthologs.	These	novel	insights	into	the	

composition	and	evolution	of	OR	gene	families	in	Conus	expand	our	understanding	of	

factors	that	contribute	to	the	stunning	adaptive	radiation	of	this	group.	

	

INTRODUCTION	

Conidae	–	“cone	snails”	–	is	a	species	rich	(~800	species)	family	of	predatory	marine	

gastropods	with	many	hallmarks	of	adaptive	radiation	(Röckel	et	al.	1995;	Puillandre	et	al.	

2014).	Approximately	85%	of	the	diversity	in	Conidae	is	represented	by	the	genus	Conus,	

which	originated	some	55	MYA	and	boasts	a	rate	of	diversification	double	most	marine	

gastropod	genera	(Kohn	1990,	2014).	This	breakneck	pace	highlights	the	rich	potential	for	

studies	of	Conus	to	contribute	to	our	understanding	of	the	origins	of	biodiversity,	and	has	

stimulated	researchers	to	investigate	aspects	of	Conus	ecology	and	biology	that	facilitate	

such	rapid	diversification.	Because	adaptive	radiations	are	characterized	by	adaptation	to	

novel	ecological	niches,	it	is	useful	to	understand	how	niches	are	differentiated	among	

Conus.	Members	of	the	genus	frequently	occur	in	sympatry	–	often	alongside	close	relatives	

–	and	as	many	as	36	species	have	been	observed	occupying	the	same	reef	in	Papua	New	

Guinea	(Kohn	2001;	Vallejo	2005).	Niches	are	partitioned	according	to	prey	type	and	not	

microhabitat,	a	conclusion	reinforced	by	both	previous	and	subsequent	findings	indicating	

narrow	dietary	breadth	in	many	conus	species,	especially	those	that	prey	on	marine	worms	

(Kohn	1959;	Kohn	and	Nybakken	1975;	Duda	et	al.	2009a).	In	Okinawa,	for	example,	sister	

species	Conus	ebraeus	and	Conus	judaeus	occupy	the	same	marine	bench	habitat,	but	adult	

dietary	compositions	are	markedly	distinct,	with	C.	ebraeus	preying	almost	exclusively	on	

errant	polychaetes	in	the	family	Eunicidae	and	C.	judaeus	on	sedentary	polychaetes	in	the	
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family	Capitellidae	(Duda	et	al.	2009b).	The	outlier	nature	of	C.	judaeus’s	diet	is	reinforced	

when	compared	to	additional	members	of	the	subgenus	Virroconus,	all	of	which	share	the	

errant	polychaete	preference	exhibited	by	C.	ebraeus	(Duda	2001;	Duda	et	al.	2009b).	Such	

fine-scale	interspecific	partitioning	of	prey	resources	requires	some	trait	or	traits	to	

facilitate	differentiation.		

The	primary	sensory	modality	for	gastropods	is	chemosensation,	which	plays	a	

central	role	in	all	aspects	of	gastropod	life	history,	from	habitat	choice	to	mate	choice	

(Kohn	1961;	Croll	1983).	Indeed,	chemosensation	has	been	recognized	as	the	instigator	of	

predatory	behavior	in	Conus	for	many	years	(Kohn	1959,	1961).	Predatory	behavior	can	be	

initiated	by	introducing	the	snail	to	water	from	an	aquarium	containing	prey,	without	the	

prey	itself	being	present	(Kohn	1956;	Stewart	and	Gilly	2005).	Also,	prey	choice	

experiments	indicate	that	snails	differentiate	their	preferred	prey	from	other	prey	choices	

using	chemical	cues	detected	at	a	distance,	and	do	so	at	fairly	high	taxonomic	resolution	

(Kohn	1959).	All	neogastropods	possess	a	prominent	olfactory	organ	called	an	osphradium,	

which	has	attracted	attention	among	malacologists	since	it	was	first	investigated	in	detail	

by	Spengel	(1881),	and	is	likely	the	most	important	sensory	structure	for	this	group	of	

snails	(Copeland	1918;	Kohn	1961;	Croll	1983).	It	is	a	highly	enervated,	bipectinate	

structure	located	adjacent	to	the	ctenidium	in	the	mantle	cavity	at	the	base	of	the	siphon,	

sitting	directly	in	the	inhalant	current	of	water	(Spengler	and	Kohn	1995).	Among	Conus,	it	

exhibits	a	high	degree	of	interspecific	morphological	divergence,	which	varies	significantly	

with	habitat	type	and	food	type	(Spengler	and	Kohn	1995).		

The	genetic	basis	of	olfaction	in	cone	snails	has	only	recently	been	investigated,	and	

does	not	yet	include	comparative	studies	of	species	with	distinct	ecological	specializations.	
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Our	own	results	from	characterizing	the	OR	gene	repertoire	of	C.	ebraeus	reveal	a	diverse	

gene	family	organized	into	two	main	subfamilies	(see	Chapter	2)	whose	members	share	

many	of	the	same	general	characteristics	of	OR	genes	that	have	been	reported	from	

extensive	studies	of	other	taxa	and	which	are	highly	conserved	across	metazoans	

(Hildebrand	and	Shepherd	1997;	Ache	and	Young	2005).	Broadly	speaking,	chemical	cues	

are	detected	by	a	diverse	suite	of	chemosensory	receptor	proteins,	both	at	a	distance	

(olfaction)	and	in	contact	(gustation),	and	signals	are	transduced	and	interpreted	by	the	

nervous	system.	These	receptor	proteins	are	primarily	G-protein	coupled	receptors	

(GPCRs)	with	seven	transmembrane	domains	(Buck	and	Axel	1991;	Bargmann	2006),	and	

the	gene	families	to	which	they	belong	are	among	the	richest	found	in	many	taxa,	

highlighting	the	central	importance	of	chemosensory	traits	to	organismal	fitness	

(Mombaerts	2004).	Indeed,	olfaction	plays	well-documented	roles	at	a	range	of	biological	

scales,	and	has	been	found	to	contribute	to	species	diversification	via	mechanisms	such	as	

mate	recognition	(Rafferty	and	Boughman	2006;	Eltz	et	al.	2008)	and	ecological	

specialization	(Linn	et	al.	2003;	Ramasamy	et	al.	2016;	Brand	and	Ramírez	2017).	

Extensively	studied	in	vertebrates	and	some	invertebrate	groups	such	as	insects,	OR	genes	

are	not	well	characterized	in	mollusks.	Cummins	et	al	(	2009),	however,	provided	a	

foundation	for	OR	gene	work	in	gastropods	by	identifying	90	putative	OR	genes	organized	

into	three	distinct	subfamilies	in	Aplysia	californica.	

Because	the	functional	units	of	olfaction	are	direct	gene	products	(i.e.	olfactory	

receptor	proteins),	the	link	between	phenotype	and	genotype	is	much	less	convoluted	than	

it	is	for	many	other	adaptive	traits.	A	single	nonsynonymous	substitution	or	shifts	in	gene	

expression	may	dramatically	alter	trait	function,	with	potentially	severe	fitness	
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consequences	for	the	organism.	Sometimes,	however,	such	changes	may	confer	novel	

function	that	permits	their	carrier	to	exploit	new	prey	and/or	occupy	previously	

inaccessible	niches.	By	studying	the	molecular	evolution	and	expression	of	genes	

underlying	olfaction	we	can	therefore	learn	how	selection	imposed	by	shifts	in	ecology	

contributes	to	differentiation	of	adaptive	traits	and	to	the	diversification	of	species.	Such	

studies	of	the	adaptive	evolution	of	cone	snail	venoms	reveal	markedly	distinct	venom	

compositions	between	even	close	species	(Olivera	et	al.	1999)	and	implicate	several	

processes	driving	their	diversification.	Conotoxins	evolve	extremely	quickly	under	strong	

positive	selection,	in	some	cases	making	it	difficult	to	align	sequences	from	even	closely	

related	species	(Duda	and	Palumbi	1999;	Duda	and	Palumbi	2000).	Evidence	suggests	that	

predator-prey	interactions	are	the	source	of	this	strong	selection,	and	numerous	

relationships	have	been	documented	between	shifts	in	diet	and	feeding	specialization	and	

conotoxin	evolution	(Duda	and	Palumbi	2004;	Duda	and	Lee	2009;	Duda	et	al.	2009a;	

Dutertre	et	al.	2014).	These	patterns	of	evolution	are	mirrored	by	changes	in	conotoxin	

gene	expression	between	species	and	populations	that	encounter	distinct	prey	

assemblages	(Chang	and	Duda	2016;	Weese	and	Duda	2019).	In	addition	to	strong	positive	

selection,	conotoxin	gene	families	are	constantly	restructured	by	extensive	gene	

duplication	and	birth-and-death	dynamics	(Chang	and	Duda	2012;	Wong	and	Belov	2012).	

If	olfaction	plays	a	complementary	role	to	venom	in	ecological	specialization	as	part	of	a	

broader	predatory	phenotype,	we	may	observe	similar	patterns	of	molecular	evolution	in	

Conus	OR	genes.	

In	this	study,	we	use	a	transcriptomic	approach	to	characterize	the	OR	gene	

repertoires	of	Conus	ebraeus	and	Conus	judaeus	–	a	pair	of	closely	related	and	co-occurring	
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species	that	exhibit	highly	distinct	dietary	preferences	–	and	examine	differences	and	

similarities	in	OR	gene	composition	to	better	understand	the	role	of	olfaction	in	ecological	

specialization	of	Conus.	We	then	examine	several	factors	to	determine	what	mechanisms	

contribute	to	the	diversification	of	the	OR	gene	family	and	to	the	evolution	of	ecological	

adaptation	in	Conus	more	broadly.	First,	we	interrogate	patterns	of	evolution	between	

paralogous	and	orthologous	loci	to	understand	whether	gene	family	diversification	occurs	

within	species	or	is	driven	by	divergence	between	species.	Next,	we	compare	rates	of	

evolution	between	orthologous	pairs	of	loci	to	identify	any	genes	that	may	be	experiencing	

different	selective	pressure	in	the	two	species.	Last,	we	test	for	differential	expression	of	

orthologs	to	assess	how	gene	expression	contributes	to	differences	in	OR	repertoires	in	C.	

ebraeus	and	C.	judaeus.		

	

METHODS	

Taxon	sampling,	RNA	extraction,	and	sequencing	

We	collected	C.	ebraeus	and	C.	judaeus	individuals	on	an	expedition	to	Okinawa,	Japan	

during	the	summer	of	2015.	Upon	collection,	snails	were	brought	back	to	Sesoko	Station	

marine	lab	(University	of	the	Ryukyus),	placed	in	separate	plastic	vessels	with	200	mL	of	

seawater	for	up	to	48	hours,	and	then	sacrificed	and	dissected.	Osphradium	tissue	was	

placed	in	cryovials	with	RNALater	(Invitrogen,	Carlsbad,	CA,	USA)	and	stored	temporarily	

at	4°C	in	the	field	prior	to	transport	and	permanent	storage	at	-80°C	at	the	University	of	

Michigan.	Snails	and	their	associated	tissues	were	deposited	with	the	Mollusk	Division	of	

the	University	of	Michigan	Museum	of	Zoology.	We	selected	osphradia	from	five	adult	

individuals	of	each	species	to	sequence	for	this	study;	individual	information	is	presented	
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in	Table	1.	Osphradium	tissue	was	pestle-homogenized.	Total	RNA	extracted	with	Trizol	

(Invitrogen,	Carlsbad,	CA,	USA)	according	to	manufacturer	protocol	and	submitted	to	the	

University	of	Michigan	DNA	Sequencing	Core	for	quality	assessment	with	a	Bioanalyzer	

2100,	followed	by	library	preparation	and	indexing	(Illumina	Tru-Seq	kit,	San	Diego,	CA,	

USA).	Libraries	were	sequenced	with	a	larger	batch	of	samples	across	two	flowcell	on	an	

Illumina	HiSeq4000.	

	

Read	processing,	transcriptome	assembly/filtering	

To	generate	osphradium	transcriptomes	and	identify	candidate	OR	genes	from	C.	judaeus,	

we	utilized	the	same	procedures	that	we	already	applied	successfully	to	C.	ebraeus	(see	

Chapter	2).	These	procedures	are	described	below.	We	followed	the	pipeline	developed	by	

Yang	&	Smith	(	2014)	to	process	raw	sequencing	reads	for	each	individual	and	filter	raw	

transcriptomes.	Reads	were	processed	separately	for	each	individual.	We	first	used	

Rcorrector	(Song	and	Florea	2015)	to	correct	suspected	sequencing	errors	and	removed	

uncorrectable	reads,	and	then	ran	Trimmomatic	v0.36	(Bolger	et	al.	2014)	with	default	

parameters	to	remove	Illumina	sequencing	adapters	and	low-quality	reads.	Reads	were	

binned	as	mitochondrial	or	nuclear	DNA	by	mapping	them	to	a	custom	database	of	nine	

complete	Conus	mitochondrial	genomes	with	Bowtie2	v2.3.4.3	(Langmead	and	Salzberg	

2012).	We	used	FastQC	v0.10.1	(Andrews	2010)	to	assess	read-quality	and	read	

representation,	and	to	cull	over-represented	sequences.	We	then	pooled	the	filtered	reads	

of	individuals	from	each	species	and	assembled	separate	de	novo	transcriptomes	for	C.	

ebraeus	and	C.	judaeus	with	Trinity	v2.4.0	(Grabherr	et	al.	2011).	
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We	filtered	the	de	novo	transcriptome	to	remove	low-quality	transcripts	and	

transcripts	lacking	open	reading	frames	(ORF).	First,	we	ran	Transrate	v1.0.3	(Smith-Unna	

et	al.	2016)	with	default	settings	to	determine	assembly	quality	and	remove	poor-quality	

transcripts,	and	then	applied	custom	scripts	from	the	Yang	&	Smith	(2014)	pipeline	to	

remove	chimeric	transcripts.	We	produced	clusters	of	transcripts	belonging	to	the	same	

putative	gene	using	Corset	v1.07	(Davidson	and	Oshlack	2014),	selecting	the	longest	

transcript	from	each	cluster	to	represent	that	gene.	We	predicted	ORFs	using	

TransDecoder	v5.0.1	(Haas	et	al.	2013),	setting	minimum	ORF	length	to	100	amino	acids,	

and	included	homology	searches	to	increase	sensitivity	for	ORFs	with	functional	

significance.	Two	homology	searches	were	included:	a	BLASTp	search	(Altschul	et	al.	1990)	

against	a	custom	reference	database	comprised	of	all	Conus,	Lottia	gigantia,	and	Alpysia	

californica	protein	sequences	from	the	NCBI	non-redundant	database,	and	a	search	of	the	

PFAM	database	(Finn	et	al.	2014)	to	identify	homology	with	common	protein	motifs,	

including	transmembrane	domains.	TransDecoder	combines	the	results	of	these	searches	

with	ORF	predictions	to	determine	which	transcripts	should	be	retained.	Finally,	we	

reduced	transcript	redundancy	for	predicted	coding	sequences	with	CD-HIT-EST	and	a	

sequence	identity	cutoff	of	0.99,	and	for	predicted	peptide	sequences	with	CD-HIT	and	a	

sequence	identity	cutoff	of	0.98	(Li	and	Godzik	2006;	Fu	et	al.	2012).	

	

Candidate	OR	gene	prediction	

We	applied	the	same	criteria	used	by	Cummins	et	al	(2009)	to	extract	candidate	OR	genes	

from	the	filtered	transcriptomes	of	each	species.	These	include,	(i)	limited	predicted	

peptide	sequence	similarity	to	previously	characterized	molluscan	chemosensory	receptor	
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genes,	(ii)	at	least	six	predicted	transmembrane	domains,	and	(iii)	a	full-length	coding	

sequence.	We	used	the	filtered	transcriptomes	of	each	species	as	queries	in	a	BLASTx	(Gish	

and	States	1993)	search	(e-4)	against	a	custom	database	of	1,830	predicted	molluscan	OR	

protein	sequences	gathered	from	the	GenBank	RefSeq	database	(O’Leary	et	al.	2016).	We	

then	predicted	the	number	and	location	of	helical	transmembrane	(TM)	domains	in	the	

predicted	peptide	sequences	of	BLASTx	hits	using	TMHMM	v2.0	(Sonnhammer	1998),	

keeping	those	with	six	or	more	predicted	TM	domains.	Finally,	we	extracted	those	loci	

containing	both	an	initiating	methionine	and	terminating	stop	codon.	

	

Phylogenetics	and	ortholog	inference	

To	compare	the	overall	OR	gene	diversity	of	C.	ebraeus	and	C.	judaeus	in	a	phylogenetic	

context,	we	combined	the	predicted	peptide	sequences	of	candidate	OR	genes	from	each	

species	with	sequences	of	three	Aplysia	californica	OR	genes	identified	by	Cummins	et	al	

(2009)	and	aligned	them	using	T-COFFEE	in	PSI/TM	mode	(Notredame	et	al.	2000;	Floden	

et	al.	2016).	This	program	uses	a	reference	database	of	TM	proteins	to	inform	the	

alignment	of	proteins	with	predicted	TM	domains.	The	best-fit	model	of	substitution	was	

selected	using	ModelFinder	(Kalyaanamoorthy	et	al.	2017),	and	we	inferred	a	phylogeny	of	

all	OR	loci	using	IQ-TREE	(Nguyen	et	al.	2015)	with	1000	bootstrap	replicates.	Orthologous	

and	paralogous	loci	were	distinguished	based	on	relative	phylogenetic	position.	

Because	highly	divergent	sequences	can	limit	our	ability	to	successfully	estimate	

rates	of	evolution,	we	used	a	transcript	clustering	approach	to	remove	candidate	OR	genes	

lacking	a	clear	paralog	or	ortholog	for	subsequent	analyses.	We	first	concatenated	

candidate	OR	genes	from	both	species	into	a	single	FASTA	file	and	performed	an	all-by-all	
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BLASTn	(Altschul	et	al.	1990)	search	with	an	e-value	of	e-10.	Then,	we	applied	the	Markov	

clustering	algorithm	to	cluster	sequences	into	groups	based	on	BLASTn	results	(Enright	et	

al.	2002;	van	Dongen	and	Abreu-Goodger	2012).	Remaining	loci	were	used	to	produce	

three	datasets:	(i)	loci	belonging	to	subfamily	one,	(ii)	loci	belonging	to	subfamily	two,	and	

(iii)	putative	orthologous	loci	represented	by	both	species.	By	separating	loci	into	their	

respective	subfamilies,	we	were	able	to	produce	alignments	with	fewer	gaps,	increasing	the	

number	of	informative	sites	available	for	downstream	analyses	of	evolutionary	rates	within	

each	subfamily.	For	each	of	these	three	datasets,	we	used	the	same	procedure	described	

above	to	align	and	infer	phylogenies.		

	

Testing	rates	of	evolution	

To	assess	rates	of	evolution	of	paralogous	and	orthologous	OR	genes,	we	used	the	codeml	

program	in	the	PAML	v4.9	software	package	(Yang	2007)	to	calculate	rates	of	

nonsynonymous	substitutions	per	nonsynonymous	site	(dN)	and	synonymous	

substitutions	per	synonymous	site	(dS)	and	their	ratio	(w)	across	branches	of	the	tree.	

Because	tests	of	selection	require	nucleotide	alignments	that	preserve	codon	position,	we	

reverse-translated	our	peptide	alignments	using	MACSE	v2.03	(Ranwez	et	al.	2011)	and	the	

original	nucleotide	transcript	sequences.	We	implemented	several	different	models	(Table	

2)	and	compared	their	log-likelihood	values	using	likelihood	ratio	tests	(LRT)	to	determine	

which	were	more	likely	given	the	data.	We	performed	all	analyses	separately	for	the	two	

OR	gene	subfamilies	to	utilize	more	complete	alignments	for	each.	Our	first	model	fixes	w	at	

a	value	of	one	for	all	branches	of	the	tree	(Model	A).	Next,	we	estimate	a	single	w	value	for	

all	branches	of	the	tree	(Model	B).	Comparing	these	two	models	allowed	us	to	determine	
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whether	OR	genes	(both	paralogs	and	orthologs)	are	generally	evolving	under	purifying	or	

positive	selection.	Our	third	model	(Model	C)	estimates	three	separate	w	values:	one	for	

branches	connecting	paralogous	loci,	one	for	branches	connecting	putative	orthologs,	and	

one	for	the	remainder	of	the	tree.	Comparing	these	models	allowed	us	to	determine	if	

paralogs	and	orthologs	are	evolving	at	different	rates.	The	fourth	model	(Model	D)	

estimates	one	w	for	branches	connecting	paralogs,	fixes	the	w	for	branches	connecting	

orthologs	to	one,	and	estimates	a	third	omega	for	the	remaining	branches.	Comparison	of	

models	C	and	D	allowed	us	to	determine	if	orthologs	are	evolving	under	purifying	or	

positive	selection.	Model	E	estimates	a	separate	w	for	each	branch	on	the	tree,	which	allows	

us	to	compare	the	lineage-specific	branches	leading	to	each	ortholog	for	each	species	and	

identify	those	that	may	be	evolving	at	different	rates	in	C.	ebraeus	and	C.	judaeus.	

	

Expression	analysis	

To	identify	differentially	expressed	loci	between	C.	ebraeus	and	C.	judaeus	and	reveal	any	

relationship	between	the	rate	of	OR	ortholog	evolution	and	gene	expression,	we	estimated	

transcript	abundance	for	each	putative	ortholog	for	both	species	and	performed	

differential	expression	analysis	using	scripts	packaged	with	Trinity	(Haas	et	al.	2013).	We	

mapped	the	processed-read	fastq	files	from	each	individual	to	their	respective	species’	

filtered	transcriptome	using	the	Perl	script	align_and_estimate_abundance.pl	with	--

est_method	set	to	RSEM	(Li	and	Dewey	2011)	and	--aln_method	set	to	Bowtie2	(Langmead	

and	Salzberg	2012).	We	then	used	the	script	abundance_estimates_to_matrix.pl	to	produce	

a	cross-sample	normalized	abundance	matrix	for	each	species	and	extracted	expression	

values	for	transcripts	representing	putative	orthologs.	We	then	used	the	R	function	
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heatmap	to	produce	heatmaps	illustrating	patterns	of	gene	expression	alongside	a	

phylogeny	of	putative	orthologs.	

To	detect	orthologs	differentially	expressed	between	C.	ebraeus	and	C.	judaeus,	we	

extracted	the	raw	RNAseq	fragment	counts	of	putative	orthologous	transcripts,	and	

assigned	individuals	of	each	species	as	biological	replicates	(i.e.	five	each).	We	then	

performed	differential	expression	analyses	using	the	Perl	script	run_DE_analysis.pl	(also	

packaged	with	Trinity)	with	the	edgeR	method	(Robinson	et	al.	2010;	McCarthy	et	al.	

2012),	and	a	p-value	cutoff	of	0.05	to	establish	significance.	

	

RESULTS	

Read	processing,	transcriptome	assembly/filtering,	and	OR	prediction	

The	results	of	our	read	processing,	transcript	filtering	and	OR	prediction	pipeline,	including	

the	number	of	reads	and	transcripts	remaining	after	various	filtering	steps,	are	

summarized	in	Table	3.	Starting	from	unfiltered	transcriptomes	of	429,975	transcripts	for	

C.	ebraeus	and	370,330	for	C.	judaeus,	we	identified	a	total	of	88	candidate	OR	genes	from	

the	former,	and	118	from	the	latter	after	transcript	filtering	and	OR	gene	prediction.	

	

Phylogenetics	and	ortholog	inference	

The	phylogeny	of	unfiltered	candidate	OR	genes	from	both	species	is	presented	in	Figure	1.	

As	reported	previously	for	C.	ebraeus	alone	(see	Chapter	2),	the	gene	families	of	both	

species	are	organized	into	two	well-resolved	clades	that	we	identify	as	subfamily	one	and	

subfamily	two.	C.	ebraeus	and	C.	judaeus	are	represented	roughly	equally	in	subfamily	one	

with	52	and	54	loci,	respectively,	whereas	C.	judaeus	has	nearly	double	the	number	of	
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subfamily	two	loci	(64)	compared	to	C.	ebraeus	(36).	Within	each	subfamily,	loci	are	

intermixed,	and	there	are	no	distinct	large	clades	comprised	entirely	of	one	species.	

After	filtering	sequences	lacking	obvious	paralogs	or	orthologs,	we	were	left	with	49	

loci	from	C.	ebraeus	and	43	loci	from	C.	judaeus	for	a	total	of	92.	Subfamily	one	is	composed	

of	68	genes	with	25	putative	ortholog	pairs,	and	subfamily	two	is	composed	of	24	genes	

with	8	putative	ortholog	pairs.	A	tree	of	only	putative	orthologous	loci	is	presented	in	

Figure	2.	The	subfamilies	are	roughly	even	in	representation	of	the	two	species	with	37	C.	

ebraeus	and	31	C.	judaeus	genes	in	subfamily	one,	and	12	C.	ebraeus	and	12	C.	judaeus	genes	

in	subfamily	two.	The	richness	and	shorter	branch	lengths	observed	in	subfamily	one	

indicates	more	recent	and	rapid	divergence	relative	to	subfamily	two.	

	

Rates	of	evolution	

Our	tree-wide	codeml	analyses	suggest	that	both	OR	orthologs	and	paralogs	are	evolving	

under	purifying	selection.	Model	likelihood	and	estimated	w	values	for	each	subfamily	are	

reported	in	Table	2	and	model	comparisons	with	LRT	results	in	Table	4.	Our	second	model	

estimates	a	single	w	value	of	0.25	and	0.26	in	subfamily	one	and	two	respectively,	and	is	

significantly	better	than	model	A	in	both	cases,	suggesting	that	loci	are	evolving	under	

purifying	selection.	Our	third	model,	which	estimates	separate	w	values	for	branches	

connecting	orthologs	and	those	connecting	paralogs	explains	the	data	slightly	better	than	

model	B,	suggesting	different	rates	of	evolution	for	these	classes	of	loci,	although	the	

estimated	w	values	are	very	similar	(Table	1).	

	 The	lineage-specific	dN	and	dS	values	calculated	separately	for	each	branch	in	

model	E	are	reported	in	Table	5	for	the	eight	out	of	33	orthologous	loci	that	exhibited	an	
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estimated	w	>	1.	Five	of	these	are	in	subfamily	one	and	three	in	subfamily	two;	no	ortholog	

under	positive	selection	was	recovered	from	both	species,	and	we	recovered	four	orthologs	

under	positive	selection	each	from	C.	judaeus	and	C.	ebraeus.	

	

Expression	analysis	

A	heatmap	illustrating	the	expression	profiles	of	orthologous	loci	in	each	species	and	

individual	are	presented	in	Figure	3.	Overall	expression	patterns	were	similar	between	C.	

ebraeus	and	C.	judaeus,	with	more	highly	expressed	genes	clustering	in	subfamily	one.	We	

recovered	a	total	of	four	orthologs	that	were	significantly	differentially	expressed	between	

the	two	species,	two	from	each	subfamily.	Both	loci	from	subfamily	two	are	characterized	

by	extremely	short	branch	lengths	in	both	species.	The	differentially	expressed	orthologs	in	

subfamily	have	longer	branches	leading	to	C.	ebraeus	than	to	C.	judaeus.	None	of	these	four	

putative	orthologs	show	evidence	of	positive	selection,	nor	is	there	a	consistent	pattern	of	

larger	w	values	in	one	versus	the	other	species.	

	

DISCUSSION	

Comparisons	of	OR	gene	family	composition	can	reveal	evidence	of	adaptive	trait	evolution	

and	point	to	genes	that	contribute	to	ecological	specialization.	Humans	and	chimpanzees,	

for	example,	have	similar	overall	numbers	of	OR	genes	in	their	genomes	but	in	humans	

only	~40%	of	these	are	functional	due	to	accelerated	pseudogenization	while	chimpanzees	

retain	a	much	higher	proportion	of	their	OR	genes	intact,	a	difference	due	likely	to	a	shift	in	

lifestyle	that	altered	the	selective	regime	experience	by	humans	(Gilad	et	al.	2003).	

Drosophila	suzukii	offers	another	example	wherein	small	differences	in	OR	gene	family	
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composition	are	linked	with	a	unique	shift	in	dietary	preference	from	fermenting	

substrates	to	fresh	fruit	(Ramasamy	et	al.	2016).		

The	OR	gene	families	that	we	characterize	from	C.	ebraeus	and	C.	judaeus	osphradia	

exhibit	substantial	similarities,	both	in	terms	of	their	broad	structural	organization	and	

overall	numbers	of	candidate	genes.	There	are	no	large	sub-clades	consisting	entirely	of	

sequences	from	one	species,	and	approximately	32%	of	all	candidate	OR	genes	belong	to	a	

putative	ortholog	pair.	The	most	glaring	difference	is	the	asymmetric	representation	of	

species	in	subfamily	two	where	we	recover	nearly	twice	as	many	genes	from	C.	judaeus	

than	C.	ebraeus.	This	points	to	elevated	diversification	of	subfamily	two	in	C.	judaeus,	which	

could	be	associated	with	aspects	of	organismal	ecology	that	are	divergent	from	C.	ebraeus.	

Smaller	differences	than	this	(e.g.	single	gene	gain	or	loss)	can	still	have	significant	impacts	

on	ecological	specialization	as	is	demonstrated	by	other	adaptive	traits	such	as	venom.	For	

example,	the	presence	or	absence	of	a	small	venom	gene	cassette	in	Mojave	rattlesnakes	

results	in	radically	different	hemorrhagic	or	neurotoxic	venom	types	associated	with	

distinct	prey,	and	may	represent	the	early	stages	of	ecological	speciation	(Strickland	et	al.	

2018).	Definitively	linking	the	observed	differences	in	OR	gene	family	composition	

between	C.	ebraeus	and	C.	judaeus	with	unique	aspects	of	their	ecology	will	require	

additional	work	and	an	understanding	of	OR	protein	function	in	Conus.	Furthermore,	a	

comparative	genomic	approach	will	be	necessary	to	confirm	these	differences	and	to	make	

granular	inferences	of	gene	gain	and	loss	since	transcriptomes	can	miss	unexpressed	or	

low-expression	loci.	

	 Gene	family	diversification	may	be	driven	by	a	number	of	processes	that	operate	in	

isolation	and	in	concert.	Extensive	work	with	OR	gene	families	has	documented	
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mechanisms	ranging	from	strong	positive	selection	to	rapid	birth	and	death	dynamics	

(Hansson	and	Stensmyr	2011;	Bear	et	al.	2016).	Neofunctionalization	of	paralogs	and	

divergence	of	orthologous	loci	between	species	are	both	capable	of	driving	gene	family	

divergence	and	diversification.	By	estimating	rates	of	synonymous	and	nonsynonymous	

substitutions	along	branches	leading	to	both	paralogous	and	orthologous	loci,	we	can	

determine	if	they	are	evolving	at	different	rates,	and	what	their	relative	contribution	to	

gene	family	divergence	may	be.	Our	results	from	performing	this	comparison	on	our	

filtered	subset	of	92	C.	ebraeus	and	C.	judaeus	OR	genes	show	that	paralogous	and	

orthologous	loci	exhibit	slightly	different	rates	of	evolution,	although	both	generally	evolve	

under	purifying	selection	(Table	3	&	4).	Our	model	estimating	separate	w	values	for	

orthologous	and	paralogous	branches	(Model	C)	does	a	significantly	better	job	explaining	

our	data	than	the	model	estimating	a	single	w	value	for	all	branches	(Model	B)	for	both	

subfamily	one	and	subfamily	two.	Estimated	w	values	are	very	similar	in	subfamily	one,	

however,	at	0.24	and	0.23	for	paralogs	and	orthologs	respectively.	The	rates	estimated	for	

subfamily	two	are	more	divergent	with	wparalog	=	0.22	and	wortholog	=	0.31,	which	suggests	

more	rapid	divergence	of	orthologs	than	paralogs	in	subfamily	two.		

	 These	results	comport	with	studies	of	conotoxins	that	find	no	significant	difference	

in	rates	of	evolution	of	orthologs	and	paralogs.	In	a	comparison	of	conotoxin	evolution	

between	Conus	miliaris	and	Conus	abbreviatus	(close	relatives	of	C.	ebraeus	and	C.	judaeus)	

Duda	(2008)	found	that	both	classes	of	loci	experience	strong	positive	selection.	Despite	

our	finding	of	purifying	selection	across	the	OR	gene	family,	it	is	possible	our	analyses	were	

not	calibrated	to	detect	signals	of	positive	selection	that	may	exist.	First,	estimates	of	dN	

and	dS	for	long	branches	and	deep	nodes	can	lose	accuracy,	and	even	when	subdividing	
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candidate	OR	genes	according	to	subfamilies	and	removing	genes	without	obvious	

orthologs	or	paralogs,	our	final	alignments	still	included	some	highly	divergent	sequences.	

Second,	the	candidate	OR	proteins	that	we	recovered	are	much	larger	(~300	amino	acids)	

than	conotoxin	peptides	(~10-30	amino	acids)	(Myers	et	al.	1993),	and	may	experience	

strong	selection	only	in	particular	regions	(e.g.	extracellular	domains)	or	a	handful	sites	

(Spielman	and	Wilke	2013).	The	ligand	binding	sites,	for	example,	are	good	candidates	for	

regions	of	strong	selection	and	may	exhibit	substantial	variation	among	species	based	on	

the	odorant	molecules	emitted	by	different	preferred	prey	items.	Such	heterogeneous	

patterns	of	selection	have	been	documented	in	an	OR	gene	family	in	teleost	fishes	where	

purifying	selection	experienced	by	most	of	the	gene	swamped	signals	of	positive	selection	

from	a	small	handful	of	sites	scattered	associated	with	specific	regions	of	the	coding	

sequence	(Hussain	et	al.	2009).	

	 We	also	estimated	the	lineage-specific	rates	of	evolution	for	each	of	the	33	pairs	of	

putative	orthologs	we	inferred.	Although	our	results	show	the	majority	these	loci	evolving	

under	purifying	selection,	we	found	a	total	of	eight	branches	exhibiting	an	w	>	1	–	four	

leading	to	C.	ebraeus	and	four	to	C.	judaeus,	none	of	them	shared	–	indicating	positive	

selection	(Table	5).	Because	these	eight	orthologs	are	inferred	to	experience	positive	

selection	in	one	species	and	not	the	other,	they	represent	promising	candidates	for	further	

study	to	determine	if	they	play	a	role	in	ecological	specialization	for	either	species.	

Differential	rates	of	evolution	in	orthologs	has	frequently	been	linked	to	ecological	

adaptation	and	divergence	(McBride	2007;	Brand	and	Ramírez	2017).	

	 Finally,	differences	in	gene	expression	can	point	to	genes	that	play	a	more	important	

role	in	one	species	than	another.	Such	differences	can	be	the	result	of	phenotypic	plasticity,	
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but	in	many	cases	they	are	the	product	of	evolution	and	are	an	important	aspect	of	

adaptive	diversification	(Brawand	et	al.	2011).	We	estimated	the	abundance	of	all	33	

orthologs	for	both	C.	ebraeus	and	C.	judaeus	and	find	a	pattern	of	heterogeneous	expression	

across	the	tree	(Figure	3)	with	a	larger	number	of	highly	expressed	orthologs	found	in	

subfamily	one	for	both	species.	Furthermore,	differences	in	overall	gene	family	

composition	between	C.	judaeus	and	C.	ebraeus	suggest	that	some	genes	are	expressed	in	

one	species	and	not	expressed	at	all	in	the	other.	This	is	particularly	noticeable	in	subfamily	

two,	which	is	represented	by	nearly	twice	as	many	genes	in	C.	judaeus	than	in	C.	ebraeus.	

We	also	performed	differential	expression	analysis	and	identified	four	orthologs	that	were	

differentially	expressed	(Figure	3,	green	arrows).	One	ortholog	was	more	highly	expressed	

in	C.	judaeus	and	three	were	more	highly	expressed	in	C.	ebraeus.	None	of	these	orthologs	

were	among	those	we	inferred	to	experience	positive	selection.	These	genes	represent	

ideal	candidates	for	future	studies	to	determine	what	role	they	play	in	Conus	ecology.	Shifts	

in	conotoxin	gene	expression	have	been	linked	to	changes	in	prey	assemblage	in	Conus	

miliaris,	whose	Easter	Island	population	encounters	a	distinct	prey	assemblage	from	

populations	in	the	western	Pacific	(Weese	and	Duda	2019).	A	parallel	study	of	population-

level	differences	in	OR	gene	expression	could	reveal	a	similar	linkage	with	diet.	Although	

we	were	able	to	identify	four	differentially	expressed	loci	with	our	dataset,	future	studies	

comparing	a	larger	number	of	individuals	from	each	species	may	achieve	higher	resolution	

and	capture	more	subtle	variation.	Differences	in	gene	expression	can	stem	from	dosage	

effects	resulting	from	multiple	gene	copies	or	from	differences	in	regulatory	regions	

upstream	of	gene	coding	sequences.	As	such,	this	is	another	area	of	inquiry	where	a	

genome	would	be	a	useful	tool	for	understanding	causality.	
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In	this	study,	we	present	the	first	comparative	study	of	OR	gene	families	in	cone	

snails.	We	illustrate	differences	between	gene	family	composition	between	C.	ebraeus	and	

C.	judaeus	and	investigate	mechanisms	that	contribute	to	these	differences	and	to	the	

diversification	of	OR	genes	more	broadly.	Our	results	add	a	valuable	new	perspective	to	

adaptive	trait	evolution	in	Conidae	and	contribute	to	a	better	understanding	of	their	

remarkable	diversification.	
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FIGURES	AND	TABLES	

Table	3.1.	Individuals	of	Conus	judaeus	and	Conus	ebraeus	sequenced	for	this	study.	

Individual	 UMMZ	Accession	#	 Sex	 Collection	Locale	 Collection	Date	

jud_1	 304700	 ♀	 Cape	Bise,	Okinawa,	Japan	 2015-07-24	
jud_2	 304704	 ♀	 Cape	Bise,	Okinawa,	Japan	 2015-07-24	
jud_3	 304718	 ♀	 Cape	Bise,	Okinawa,	Japan	 2015-07-24	
jud_4	 304721	 ♀	 Cape	Bise,	Okinawa,	Japan	 2015-07-24	
jud_5	 304720	 ♂	 Cape	Bise,	Okinawa,	Japan	 2015-07-24	
ebr_1	 304690	 ♀	 Sesoko	Station,	Okinawa,	Japan	 2015-07-24	
ebr_2	 304692	 ♀	 Sesoko	Station,	Okinawa,	Japan	 2015-07-24	
ebr_5	 304701	 ♀	 Cape	Bise,	Okinawa,	Japan	 2015-07-24	
ebr_4	 304699	 ♂	 Cape	Bise,	Okinawa,	Japan	 2015-07-24	
ebr_5	 304691	 ♂	 Sesoko	Station,	Okinawa,	Japan	 2015-07-24	

	
	

Table	3.2.	Descriptions	of	models	used	to	test	evolution	of	evolution	for	orthologous	and	

paralogous	OR	loci	in	C.	ebraeus	and	C.	judaeus.	Model	likelihoods	and	estimated	omega	

values	are	provided	to	the	right.			

	 Subfamily	one	 Subfamily	two	

Model	description	 -lnL	 wpara	 wortho	 -lnL	 wpara	 wortho	

Model	A:	Fix	w	=	1,	all	branches	 36175.3	 [1]	 [1]	 14804.9	 [1]	 [1]	

Model	B:	Estimate	single	w	for	all	branches	 34862.0	 0.25	 0.25	 14548.5	 0.26	 0.26	

Model	C:	Estimate	separate	wparalog	and	wortholog	 34858.0	 0.24	 0.23	 14544.7	 0.22	 0.31	

Model	D:	Estimate	wparalog		and	fix	wortholog	=	1	 35208.6	 0.23	 [1]	 14574.1	 0.21	 [1]	

Model	E:	Estimate	separate	w	for	each	branch	 34725.0	 -	 -	 14489.3	 -	 -	

	

Table	3.3.	Summary	of	read-processing	and	transcript-filtering	steps.		

Species	 Raw	reads	
(pooled)	

Cleaned	reads	
(pooled)	

Unfiltered	
transcripts	

Filtered	
transcripts	

Candidate	
OR	genes	

C.	ebraeus	 76,752,610	 40,400,587	 429,975	 35,143	 88	

C.	judaeus	 75,022,298	 43,104,341	 370,330	 37,944	 118	
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Table	3.4.	Hypothesis	testing	and	LRT	model	comparisons.	

	 	 Subfamily	one	 Subfamily	two	

Hypothesis	 Model	
comparison	 LRT	 p-value	 LRT	 p-value	

wparalog	=	wortholog	=	1	 A	&	B	 2626.6	 <0.001	 512.8	 <0.001	
wparalog	≠	wortholog	 B	&	C	 1.48	 <0.05	 7.6	 <0.05	
wparalog	≠	wortholog	=	1	 C	&	D	 701.28	 <0.001	 58.8	 <0.001	
	

Table	3.5.	Lineage	specific	estimates	of	dN	and	dS	for	orthologous	loci	with	w	>	1.	

Gene_ID	 Ortholog_ID	 Subfamily	 dN	 dS	

jud_allo@32688	 sub1_1	 one	 0.005448	 0.003684	

jud_allo@13162	 sub1_15	 one	 0.007424	 0.000091	

ebr_allo@15026	 sub1_12	 one	 0.001605	 0.000008	

ebr_allo@1692	 sub1_20	 one	 0.005019	 0.000008	

ebr_allo@36942	 sub1_2	 one	 0.013254	 0.000013	

ebr_allo@5493	 sub2_8	 two	 0.003016	 0.000003	

jud_allo@14879	 sub2_4	 two	 0.012092	 0.000012	

jud_allo@50661	 sub2_3	 two	 0.001399	 0.000001	
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Figure	3.1.	Circle	cladogram	of	all	candidate	OR	genes	identified	from	C.	ebraeus	and	C.	
judaeus.	Maximum	likelihood	tree	inferred	using	IQ-TREE	and	rooted	to	Aplysia	californica	
OR	gene	sequences.	Branches	and	tip	labels	are	colored	according	to	species	(green	=	C.	
ebraeus,	magenta	=	C.	judaeus).	Subfamilies	are	indicated	by	colored	arcs	around	the	tree	
circumference	(red	=	subfamily	one,	blue	=	subfamily	two).	
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Figure	3.2.	IQ-TREE	maximum	likelihood	phylogeny	of	putative	OR	orthologs.	Branches	
are	colored	according	to	subfamily	(red	=	one,	blue	=	two).	Tips	labels	colored	according	to	
species	(green	=	C.	ebraeus,	magenta	=	C.	judaeus).	Branches	exhibiting	w	>	1	indicated	with	
arrows	on	the	right.		
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Figure	3.3.	Expression	heatmap	of	33	orthologous	loci.	Cells	are	colored	according	to	raw	
RNA	fragment	counts,	with	dark	blue	representing	the	lowest	and	dark	red	the	highest	
expression	levels.	Each	row	of	cells	represents	a	single	ortholog	pair	and	is	aligned	to	its	
respective	tree	position.	Branches	of	the	tree	are	colored	by	subfamily	(one	=	red,	blue	=	
two).	Ortholog	identifiers	are	provided	to	the	right,	and	green	arrows	indicate	differentially	
expressed	orthologs.	
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