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Abstract	1	

Background	2	

Rapid	evolution	is	a	hallmark	of	reproductive	genetic	systems	and	arises	through	the	combined	3	

processes	of	sequence	divergence,	gene	gain	and	loss,	and	changes	in	gene	and	protein	expression.	4	

While	studies	aiming	to	disentangle	the	molecular	ramifications	of	these	processes	are	progressing,	we	5	

still	know	little	about	the	genetic	basis	of	evolutionary	transitions	in	reproductive	systems.	Here	we	6	

conduct	the	first	comparative	analysis	of	sperm	proteomes	in	Lepidoptera,	a	group	that	broadly	exhibits	7	

dichotomous	spermatogenesis,	in	which	males	simultaneously	produce	a	functional	fertilization-8	

competent	sperm	(eupyrene)	and	an	incompetent	sperm	morph	lacking	DNA	(apyrene).		Through	the	9	

integrated	application	of	evolutionary	proteomics	and	genomics,	we	characterize	the	genomic	patterns	10	

associated	with	the	origination	of	this	unique	spermatogenic	process	and	assess	the	importance	of	11	

genetic	novelty	in	Lepidoptera	sperm	biology.	12	

	13	

Results	14	

Comparison	of	the	newly	characterized	Monarch	butterfly	(Danaus	plexippus)	sperm	proteome	to	those	15	

of	the	Carolina	sphinx	moth	(Manduca	sexta)	and	the	fruit	fly	(Drosophila	melanogaster)	demonstrated	16	

conservation	at	the	level	of	protein	abundance	and	post-translational	modification	within	Lepidoptera.	17	

In	contrast,	comparative	genomic	analyses	across	insects	reveals	significant	divergence	at	two	levels	18	

that	differentiate	the	genetic	architecture	of	sperm	in	Lepidoptera	from	other	insects.	First,	a	significant	19	

reduction	in	orthology	among	Monarch	sperm	genes	relative	to	the	remainder	of	the	genome	in	non-20	

Lepidopteran	insect	species	was	observed.	Second,	a	substantial	number	of	sperm	proteins	were	found	21	

to	be	specific	to	Lepidoptera,	in	that	they	lack	detectable	homology	to	the	genomes	of	more	distantly	22	

related	insects.	Lastly,	the	functional	importance	of	Lepidoptera	specific	sperm	proteins	is	broadly	23	

supported	by	their	increased	abundance	relative	to	proteins	conserved	across	insects.	24	
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	25	

Conclusions	26	

Our	results	suggest	that	the	origin	of	heteromorphic	spermatogenesis	early	in	Lepidoptera	evolution	27	

was	associated	with	a	burst	of	genetic	novelty.	This	pattern	of	genomic	diversification	is	distinct	from	28	

the	remainder	of	the	genome	and	thus	suggests	that	this	transition	has	had	a	marked	impact	on	29	

Lepidoptera	genome	evolution.	The	identification	of	abundant	sperm	proteins	unique	to	Lepidoptera,	30	

including	proteins	distinct	between	specific	lineages,	will	accelerate	future	functional	studies	aiming	to	31	

understand	the	developmental	origin	of	dichotomous	spermatogenesis	and	the	functional	diversification	32	

of	the	fertilization	incompetent	apyrene	sperm	morph.	 	33	
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Introduction	34	

Spermatozoa	exhibit	an	exceptional	amount	of	diversity	at	both	the	ultrastructure	and	molecular	levels	35	

despite	their	central	role	in	reproduction	[1].		One	of	the	least	understood	peculiarities	in	sperm	36	

variation	is	the	production	of	heteromorphic	sperm	via	dichotomous	spermatogenesis,	the	37	

developmental	process	where	males	produce	multiple	distinct	sperm	morphs	that	differ	in	their	38	

morphology,	DNA	content	and/or	other	characteristics	[2].	Remarkably,	one	sperm	morph	is	usually	39	

fertilization	incompetent	and	often	produced	in	large	numbers;	such	morphs	are	commonly	called	40	

"parasperm",	in	contrast	to	fertilizing	"eusperm"	morphs.	Despite	the	apparent	inefficiencies	of	41	

producing	sperm	morphs	incapable	of	fertilization,	dichotomous	spermatogenesis	has	arisen	42	

independently	across	a	broad	range	of	taxa,	including	insects,	brachiopod	molluscs	and	fish.	This	43	

paradoxical	phenomenon,	where	a	substantial	investment	is	made	into	gametes	that	will	not	pass	on	44	

genetic	material	to	the	following	generation,	has	garnered	substantial	interest,	and	a	variety	of	45	

hypotheses	regarding	parasperm	function	have	been	postulated	[3].	In	broad	terms,	these	can	be	46	

divided	into	three	main	functional	themes:		(1)	facilitation,	where	parasperm	aid	the	capacitation	or	47	

motility	of	eusperm	in	the	female	reproductive	tract,	(2)	provisioning,	where	parasperm	provide	48	

nutrients	or	other	necessary	molecules	to	eusperm,	the	female	or	the	zygote	and	(3)	mediating	49	

postcopulatory	processes,	where	parasperm	may	serve	eusperm	either	defensively	or	offensively	by	50	

delaying	female	remating,	influencing	rival	sperm,	or	biasing	cryptic	female	choice.	Despite	experimental	51	

efforts	in	a	number	of	taxa,	a	robust	determination	of	parasperm	function	has	yet	to	be	attained.		52	

Dichotomous	spermatogenesis	was	first	identified	in	Lepidoptera	[4],	the	insect	order	containing	53	

butterflies	and	moths,	over	a	century	ago	and	is	intriguing	because	the	parasperm	morph	(termed	54	

apyrene	sperm),	is	anucleate	and	therefore	lacks	nuclear	DNA.	Although	it	has	been	suggested	that	55	

apyrene	sperm	are	the	result	of	a	degenerative	evolutionary	process,	several	compelling	observations	56	

suggest	that	dichotomous	spermatogenesis	is	likely	adaptive.	First,	in	some	taxa	it	has	been	clearly	57	
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demonstrated	that	both	sperm	morphs	are	required	for	successful	fertilization,	such	as	in	the	silkworm	58	

moth	(Bombyx	mori)	[5].	Second,	phylogenetic	relationships	indicate	ancestral	origins	of	dichotomous	59	

spermatogenesis	and	continued	maintenance	during	evolution.	For	example,	dichotomous	60	

spermatogenesis	is	present	throughout	Lepidoptera,	with	the	sole	exception	of	two	species	within	the	61	

most	basal	suborder	of	this	group.	Although	multiple	independent	origins	of	sperm	heteromorphism	in	62	

Lepidoptera	has	yet	to	be	formally	ruled	out,	a	single	ancestral	origin	is	by	far	the	most	parsimonious	63	

explanation	[6].		Third,	the	ratio	or	eupyrene	to	apyrene	varies	substantively	across	Lepidoptera	but	is	64	

relatively	constant	within	species,	including	several	cases	where	apyrene	comprise	up	to	99%	of	the	65	

sperm	produced	[7].		While	variation	in	the	relative	production	of	each	sperm	morph	is	not	in	itself	66	

incompatible	with	stochastic	processes,	such	as	drift,	it	is	nearly	impossible	to	reconcile	the	67	

disproportionate	investment	in	apyrene	without	acknowledging	that	they	contribute	in	some	68	

fundamental	way	to	reproductive	fitness.	Although	far	from	definitive,	it	has	also	been	suggested	that	69	

this	marked	variability	across	species	is	consistent	with	ongoing	diversifying	selection	[6].	Arriving	at	an	70	

understanding	of	apyrene	function	may	be	further	complicated	by	the	possibility	that	parasperm	are	71	

generally	more	likely	to	acquire	lineage	specific	functionalities	[8].		72	

To	better	understand	the	molecular	basis	of	dichotomous	spermatogenesis,	we	recently	73	

conducted	a	proteomic	and	genomic	characterization	of	sperm	in	Manduca	sexta	(hereafter	Manduca)	74	

[9].	An	important	component	of	our	analysis	was	to	determine	the	taxonomic	distribution	of	sperm	75	

proteins,	which	revealed	an	unexpectedly	high	number	of	proteins	that	possess	little	or	no	homology	to	76	

proteins	outside	of	Lepidoptera.	Although	the	genetic	mechanisms	responsible	for	this	observation	were	77	

not	specifically	explored,	this	pattern	is	consistent	with	genetic	novelty	associated	with	dichotomous	78	

spermatogenesis	in	Lepidoptera.	Importantly,	Lepidoptera	specific	sperm	proteins	were	also	determined	79	

to	be	significantly	more	abundant	than	other	components	of	the	Manduca	sperm	proteome,	suggesting	80	
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the	function	of	some	of	these	in	apyrene	sperm,	which	are	by	far	the	predominant	morph	in	sperm	81	

samples	in	this	species.		82	

		 To	provide	a	deeper	understanding	of	the	role	of	genetic	novelty	and	genomic	diversification	in	83	

the	evolution	of	dichotomous	spermatogenesis,	we	have	characterized	the	sperm	proteome	of	the	84	

Monarch	butterfly	(Danaus	plexippus;	hereafter	Monarch).	In	addition	to	its	phylogenetic	position	and	85	

its	continued	development	as	a	model	butterfly	species,	we	have	pursued	this	species	because	of	its	86	

distinct	mating	behavior.	Unlike	most	other	Lepidopteran	species,	male	Monarch	butterflies	employ	a	87	

strategy	of	coercive	mating,	resulting	in	female	Monarchs	to	remate	frequently	[10].	In	contrast,	female	88	

remating	is	rare	in	Manduca	sexta	(hereafter	Manduca)	and,	as	in	many	other	Lepidoptera,	females	89	

attract	males	via	attractants	and	calling	behavior	[11].	Interestingly,	cessation	of	calling	appears	to	be	90	

governed	by	molecular	factors	present	in	sperm	or	seminal	fluid	[12]	and,	as	a	consequence,	non-virgin	91	

females	rarely	remate.	Despite	these	behavioral	differences,	the	proportion	of	eupyrene	and	apyrene	92	

produced	is	quite	similar	between	these	two	species	(~95-96%)	[7,13].	Thus,	our	focus	on	Monarch	is	93	

motivated	both	by	their	disparate,	polyandrous	mating	system	and	their	utility	as	a	representative	94	

butterfly	species	for	comparative	analyses	with	Manduca.		Therefore,	the	overarching	aims	of	this	study	95	

were	to	(1)	characterize	the	sperm	proteome	of	the	Monarch	butterfly	and	compare	it	with	the	96	

previously	characterized	sperm	proteome	of	Manduca,	(2)	contrast	patterns	of	orthology	across	diverse	97	

insect	genomes	between	the	sperm	proteome	and	remainder	of	genes	in	the	genome	and	(3)	analyze	98	

genome-wide	homology	to	assess	the	contribution	of	evolutionary	genetic	novelty	to	Lepidopteran	99	

sperm	composition.	100	
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Methods	101	

Butterfly	rearing	and	sperm	purification	102	

Adult	male	Monarch	butterflies,	kindly	provided	by	MonarchWatch	(Lawrence,	Kansas),	were	dissected	103	

between	5	and	10	days	post	eclosion.	The	sperm	contents	of	seminal	vesicles,	including	both	apyrene	104	

and	eupyrene	sperm,	were	dissected	via	a	small	incision	in	the	mid	to	distal	region	of	the	seminal	105	

vesicle.	Samples	were	rinsed	in	phosphate	buffer	solution	and	pelleted	via	centrifugation	(2	minutes	at	106	

15,000	rpm)	three	times	to	produce	a	purified	sperm	sample.	Sperm	samples	from	3-5	males	were	107	

pooled	to	form	three	biological	replicates	[14].		108	

Protein	Preparation	and	1-Dimensional	SDS	Page	109	

Samples	were	solubilized	in	2X	LDS	sample	buffer,	as	per	manufacturers’	instructions	(Invitrogen,	Inc)	110	

before	quantification	via	the	EZA	Protein	Quantitation	Kit	(Invitrogen,	Inc).	Protein	fluorescence	was	111	

measured	using	a	Typhoon	Trio+	(Amersham	Biosciences/GE	Healthcare)	with	488	nm	excitation	and	a	112	

610nm	bandpass	filter.	Fluorescence	data	was	analyzed	using	the	ImageQuant	TL	software.	Three	113	

replicates	of	25ug	of	protein	were	separated	on	a	1	mm	10%	NuPAGE	Novex	Bis-Tris	Mini	Gel	set	up	114	

using	the	XCell	SureLock	Mini-Cell	system	(Invitrogen)	as	per	manufacturer	instructions	for	reduced	115	

samples.	Following	electrophoresis,	the	gel	was	stained	using	SimplyBlue	SafeStain	(Invitrogen,	Inc)	and	116	

destained	as	per	manufacturer	instructions.	Each	lane	on	the	resulting	gel	(containing	sample	form	a	117	

single	replicate)	was	sliced	into	four	comparable	slices,	producing	12	gel	fractions	independent	tandem	118	

mass	spectrometry	analysis.	119	

Tandem	mass	spectrometry	(MS/MS)	120	

Gel	fractions	were	sliced	into	1	mm2	pieces	for	in-gel	trypsin	digestion.	Gel	fractions	were	reduced	(DDT)	121	

and	alkylated	(iodoacetamide)	before	overnight	incubation	with	trypsin	at	37	°C. All	LC-MS/MS	122	

experiments	were	performed	using	a	Dionex	Ultimate	3000	RSLC	nanoUPLC	(Thermo	Fisher	Scientific	123	
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Inc,	Waltham,	MA,	USA)	system	and	a	QExactive	Orbitrap	mass	spectrometer	(Thermo	Fisher	Scientific	124	

Inc,	Waltham,	MA,	USA).	Separation	of	peptides	was	performed	by	reverse-phase	chromatography	at	a	125	

flow	rate	of	300nL/min	and	a	Thermo	Scientific	reverse-phase	nano	Easy-spray	column	(Thermo	126	

Scientific	PepMap	C18,	2μm	particle	size,	100A	pore	size,	75mm	i.d.	x	50cm	length).	Peptides	were	127	

loaded	onto	a	pre-column	(Thermo	Scientific	PepMap	100	C18,	5μm	particle	size,	100A	pore	size,	128	

300mm	i.d.	x	5mm	length)	from	the	Ultimate	3000	autosampler	with	0.1%	formic	acid	for	3	minutes	at	a	129	

flow	rate	of	10	µL/min.	After	this	period,	the	column	valve	was	switched	to	allow	elution	of	peptides	130	

from	the	pre-column	onto	the	analytical	column.	Solvent	A	was	water	plus	0.1%	formic	acid	and	solvent	131	

B	was	80%	acetonitrile,	20%	water	plus	0.1%	formic	acid.	The	linear	gradient	employed	was	2-40%	B	in	132	

30	minutes.	The	LC	eluant	was	sprayed	into	the	mass	spectrometer	by	means	of	an	Easy-spray	source	133	

(Thermo	Fisher	Scientific	Inc.).	All	m/z	values	of	eluting	ions	were	measured	in	an	Orbitrap	mass	134	

analyzer,	set	at	a	resolution	of	70000.	Data	dependent	scans	(Top	20)	were	employed	to	automatically	135	

isolate	and	generate	fragment	ions	by	higher	energy	collisional	dissociation	(HCD)	in	the	quadrupole	136	

mass	analyzer	and	measurement	of	the	resulting	fragment	ions	was	performed	in	the	Orbitrap	analyzer,	137	

set	at	a	resolution	of	17500.	Peptide	ions	with	charge	states	of	2+	and	above	were	selected	for	138	

fragmentation.	The	mass	spectrometry	proteomics	data	have	been	deposited	to	the	ProteomeXchange	139	

Consortium	via	the	PRIDE	partner	repository	with	the	dataset	identifier	PXD006454	[15].	140	

MS/MS	data	analysis	141	

MS/MS	data	was	analyzed	using	X!Tandem	and	Comet	algorithms	within	the	Trans-Proteomic	Pipeline	(v	142	

4.8.0)	[16].	Spectra	were	matched	against	the	D.	plexippus	official	gene	set	2	(OGS2)	predicted	protein	143	

set	(downloaded	from	http://Monarchbase.umassmed.edu,	last	updated	in	2012)	with	a	fragment	ion	144	

mass	tolerance	of	0.40	Da	and	a	parent	monoisotopic	mass	error	of	±10	ppm.	For	both	X!tandem	and	145	

Comet,	iodoacetamide	derivative	of	cysteine	was	specified	as	a	fixed	modification,	whereas	oxidation	of	146	

methionine	was	specified	as	a	variable	modification.	Two	missed	cleavages	were	allowed	and	non-147	
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specific	cleavages	were	excluded	from	the	analysis.	False	Discovery	Rates	(FDRs)	were	estimated	using	a	148	

decoy	database	of	randomized	sequence	for	each	protein	in	the	annotated	protein	database.	Peptide	149	

identifications	were	filtered	using	a	greater	than	95.0%	probability	based	upon	PeptideProphet	[17]	and	150	

the	combined	probability	information	from	X!Tandem	and	Comet	using	Interprophet.	Protein	151	

assignments	were	accepted	if	greater	than	99.0%,	as	specified	by	the	ProteinProphet	[18]	algorithms	152	

respectively.	Proteins	that	contained	identical	peptides	that	could	not	be	differentiated	based	on	153	

MS/MS	analysis	alone	were	grouped	to	satisfy	the	principles	of	parsimony.	Protein	inclusion	in	the	154	

proteome	was	based	on	the	following	stringent	criteria:	(1)	identification	in	2	or	more	biological	155	

replicates	or	(2)	identification	in	a	single	replicate	by	2	or	more	unique	peptides.	To	identify	post-156	

translation	modifications	(PTMs)	of	proteins,	X!Tandem	and	Comet	were	rerun	allowing	for	variable	157	

phosphorylation	of	serine,	threonine	and	tyrosine	residues	and	acetylation	of	lysine	residues.	PTM	158	

locations	were	identified	using	PTMprophet	in	both	the	Monarch	data	presented	here	and	a	comparable	159	

dataset	in	M.	sexta	[19].		160	

APEX	protein	quantitation	and	analysis	161	

Relative	compositional	protein	abundance	was	quantified	using	the	APEX	Quantitative	Proteomics	Tool	162	

[20].	The	training	dataset	was	constructed	using	fifty	proteins	with	the	highest	number	of	uncorrected	163	

spectral	counts	(ni),	and	identification	probabilities.	All	35	physicochemical	properties	available	in	the	164	

APEX	tool	were	used	to	predict	peptide	detection/non-detection.	Protein	detection	probabilities	(Oi)	165	

were	computed	using	proteins	with	identification	probabilities	over	99%	and	the	Random	Forest	166	

classifier	algorithm.	APEX	protein	abundances	were	calculated	using	a	merged	protXML	file	generated	167	

by	the	ProteinProphet	algorithm.	The	correlation	in	APEX	abundance	estimates	of	orthologous	proteins	168	

in	Monarch	and	Manduca	(abundance	estimates	from	Whittington	et	al.	2015)	were	normalized,	log	169	

transformed	and	assessed	using	linear	regression.	Differential	protein	abundance	was	analyzed	using	170	
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corrected	spectral	counts	and	the	R	(v	3.0.0)	package	EdgeR	[21].	Results	were	corrected	for	multiple	171	

testing	using	the	Benjamini	Hochberg	method	within	EdgeR.		172	

Lift-over	between	D.	plexippus	version	1	and	2	gene	sets	173	

Two	versions	of	gene	models	and	corresponding	proteins	are	currently	available	for	D.	plexippus.	Official	174	

gene	set	one	(OGS1)	was	generated	using	the	genome	assembly	as	initially	published	[22],	while	the	175	

more	recent	official	gene	set	2	(OGS2)	was	generated	along	with	an	updated	genome	assembly	[23].	176	

While	our	proteomic	analysis	employs	the	more	recent	OGS2	gene	models,	at	the	time	of	our	analysis	177	

only	OGS1	gene	models	were	included	in	publicly	available	databases	for	gene	function	and	orthology	178	

(e.g.	Uniprot	and	OrthoDB).	In	order	to	make	use	of	these	public	resources,	we	assigned	OGS2	gene	179	

models	to	corresponding	OGS1	gene	models	by	sequence	alignment.	Specifically,	OGS2	coding	180	

sequences	(CDS)	were	aligned	to	OGS1	CDS	using	BLAT	[24],	requiring	95%	identity;	the	best	aligning	181	

OGS1	gene	model	was	assigned	as	the	match	for	the	OGS2	query.	In	this	way,	we	were	able	to	link	182	

predictions	of	OGS1	gene	function	and	orthology	in	public	databases	to	OGS2	sequences	in	our	analysis.	183	

Of	the	584	OGS2	loci	identified	in	the	sperm	proteome	18	could	not	be	assigned	to	an	OGS1	gene.		184	

Functional	annotation	and	enrichment	analysis	185	

Two	approaches	were	employed	for	functionally	annotating	D.	plexippus	sperm	protein	sequences.	First,	186	

we	obtained	functional	annotations	assigned	by	Uniprot	to	corresponding	D.	plexippus	OGS1	protein	187	

sequences		(Additional	file	1)[25].	Additionally	we	used	the	Blast2GO	software	to	assign	descriptions	of	188	

gene	function	and	also	gene	ontology	categories	[26].	The	entire	set	of	predicted	protein	sequences	189	

from	OGS2	were	BLASTed	against	the	GenBank	non-redundant	protein	database	with	results	filtered	for	190	

E<10-5,	and	also	queried	against	the	InterPro	functional	prediction	pipeline	[27].	Functional	enrichment	191	

of	GO	terms	present	in	the	sperm	proteome	relative	to	the	genomic	background	was	performed	using	192	

Blast2GO’s	implementation	of	a	Fisher’s	exact	test	with	a	false	discovery	rate	of	0.01%.	193	
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Orthology	predictions	and	analysis	194	

Two	approaches	were	employed	for	establishing	orthology	among	proteins	from	different	species.	First,	195	

we	used	the	proteinortho	pipeline	[28]	to	assess	3-way	orthology	beween	D.	plexippus	OGS2,	M.	sexta	196	

OGS1	[29],	and	D.	melanogaster	(flybase	r6.12)	gene	sets.	Proteinortho	uses	a	reciprocal	blast	approach	197	

to	cluster	genes	with	significant	sequence	similarities	into	clusters	to	identify	orthologs	and	paralogs.	198	

For	each	species,	genes	with	protein	isoforms	were	represented	by	the	longest	sequence	in	the	199	

proteinortho	analysis.	D.	melanogaster	and	M.	sexta	ortholog	predictions	were	then	cross	referenced	to	200	

the	published	sperm	of	these	two	species	[9,30],	allowing	a	three-way	assessment	of	orthology	in	201	

relation	to	presence	in	the	sperm	proteome.	Using	proteinortho	allowed	the	direct	analysis	of	the	D.	202	

plexippus	OGS2	sequences,	which	were	not	analyzed	for	homology	in	OrthoDB8	[31].		203	

A	taxonomically	broader	set	of	insect	ortholog	relationships	was	obtained	from	OrthoDB8	and	204	

used	to	assess	the	proportion	of	orthologs	among	sperm	proteins	relative	to	the	genomic	background.	A	205	

randomized	sampling	procedure	was	used	to	determine	the	null	expectation	for	the	proportion	of	206	

orthologous	proteins	found	between	D.	plexippus	and	the	queried	species.	A	set	of	584	proteins,	the	207	

number	equal	to	detected	D.	plexippus	sperm	proteins,	was	randomly	sampled	5000	times	from	the	208	

entire	Monarch	OGS2	gene	set.	For	each	sample,	the	proportion	of	genes	with	an	ortholog	reported	in	209	

OrthoDB8	was	calculated,	yielding	a	null	distribution	for	the	proportion	of	orthologs	expected	between	210	

D.	plexippus	and	the	queried	species.	For	each	query	species,	the	observed	proportion	of	orthologs	in	211	

the	sperm	proteome	was	compared	to	this	null	distribution	to	determine	whether	the	sperm	proteome	212	

had	a	different	proportion	of	orthologs	than	expected	and	to	assign	significance.	Comparisons	were	213	

made	to	12	other	insect	species,	reflecting	five	insect	orders:	Lepidoptera	(Heliconius	melpomene,	M.	214	

sexta,	Plutella	xylostella,	Bombyx	mori),	Diptera	(Drosophila	melanogaster,	Anopheles	gambiae),	215	

Hymenoptera	(Apis	mellifera,	Nasonia	vitripennis),	Coleoptera	(Tribolium	castaneum,	Dendroctonus	216	

ponderosae),	and	Hemiptera	(Acyrthosiphon	pisum,	Cimex	lectularius).	217	
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Phylogenetic	distribution	and	homology	of	sperm	proteins	218	

The	taxonomic	distribution	of	sperm	proteins	was	determined	by	BLASTp	analyses	(statistical	cut	off	of	219	

e	<	10−5	and	query	coverage	of	≥50%)	against	the	protein	data	sets	of	the	following	taxa:	butterflies	220	

(Heliconius	melpomene,	Papilio	xuthus,	Lerema	accius),	Lepidoptera	(M.	sexta,	Amyleios	transitella,	221	

Plutella	xylostella),	Diptera	(D.	melanogaster),	Mecopterida	(Tribolium	casteneum),	and	Insecta	(Apis	222	

mellifera,	Pediculus	humanus,	Acyrthosiphon	pisum,	Zootermopsis	nevadensis).	Lepidopteran	species	223	

were	chosen	to	maximize	species	distribution	across	the	full	phylogenetic	breadth	of	Lepidoptera,	while	224	

also	utilizing	the	most	comprehensively	annotated	genomes	based	on	published	CEGMA	scores	225	

(http://lepbase.org,	[32]).	Taxonomically	restricted	proteins	were	defined	as	those	identified	226	

consistently	across	a	given	phylogenetic	range	without	homology	in	any	outgroup	species.	Proteins	227	

exhibiting	discontinuous	phylogenetic	patterns	of	conservation	were	considered	unresolved.	Percentage	228	

identity	information	from	BLAST	searches	between	Monarch	and	Manduca	were	averaged	for	those	229	

proteins	identified	as	Lepidoptera	specific,	those	not	specific	to	the	Lepidoptera	but	with	resolved	230	

taxonomic	distribution,	those	with	identified	Drosophila	orthology,	and	those	without	orthology	in	231	

Drosophila.	Mann-Whitney	U	tests	were	conducted	to	compare	each	average	to	the	average	percentage	232	

identity	of	Lepidoptera	specific	proteins.	Bonferonni	corrections	were	employed	to	cases	of	multiple	233	

testing.			 	234	
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Results	and	Discussion	235	

Monarch	sperm	proteome	236	

Characterization	of	the	Monarch	sperm	proteome	as	part	of	this	study,	in	conjunction	with	our	previous	237	

analysis	in	Manduca	[9],	allowed	us	to	conduct	the	first	comparative	analysis	of	sperm	in	Lepidoptera,	238	

and	in	insects	more	broadly,	to	begin	to	assess	the	origin	and	evolution	of	dichotomous	239	

spermatogenesis	at	the	genomic	level.		Tandem	mass	spectrometry	(MS/MS)	analysis	of	Monarch	240	

sperm,	purified	in	triplicate,	identified	380	proteins	in	two	or	more	replicates	and	553	proteins	identified	241	

by	two	or	more	unique	peptides	in	a	single	replicate.	Together	this	yielded	a	total	of	584	high	confidence	242	

protein	identifications	(Additional	file	2).	Of	these,	41%	were	identified	in	all	three	biological	replicates.	243	

Comparable	with	our	previous	analysis	of	Manduca	sperm,	proteins	were	identified	by	an	average	of	7.9	244	

unique	peptides	and	21.1	peptide	spectral	matches.		This	new	dataset	thus	provides	the	necessary	245	

foundation	to	refine	our	understanding	of	sperm	composition	at	the	molecular	level	in	Lepidoptera.		246	

(Note:	Drosophila	melanogaster	gene	names	will	be	used	throughout	the	text	where	orthologous	247	

relationships	exist	with	named	genes;	otherwise	Monarch	gene	identification	numbers	will	be	used.)	248	

Gene	Ontology	analysis	of	molecular	composition	249	

Gene	ontology	(GO)	analyses	were	first	conducted	to	confirm	the	similarity	in	functional	composition	250	

between	the	Monarch	and	other	insect	sperm	proteomes.	Biological	process	analyses	revealed	a	251	

significant	enrichment	for	several	metabolic	processes,	including	the	tricarboxylic	acid	(TCA)	cycle	(p=	252	

2.22E-16),	electron	transport	chain	(p=	9.85E-18),	oxidation	of	organic	compounds	(p=	1.33E-25)	and	253	

generation	of	precursor	metabolites	and	energy	(p=	1.09E-30)	(Fig.	1a).	GO	categories	related	to	the	TCA	254	

cycle	and	electron	transport	have	also	been	identified	to	be	enriched	in	the	Drosophila	and	Manduca	255	

sperm	proteomes	[9].	Generation	of	precursor	metabolites	and	energy,	and	oxidation	of	organic	256	

compounds	are	also	the	two	most	significant	enriched	GO	terms	in	the	Drosophila	sperm	proteome	[30].	257	
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Thus,	broad	metabolic	functional	similarities	exist	between	the	well-characterized	insect	sperm	258	

proteomes.		259	

An	enrichment	of	proteins	involved	in	microtubule-based	processes	was	also	observed,	a	finding	260	

that	is	also	consistent	with	previously	characterized	insect	sperm	proteomes.	Amongst	the	proteins	261	

identified	are	cut	up	(ctp),	a	dynein	light	chain	required	for	spermatogenesis	[33],		actin	5	(Act5),		which	262	

is	involved	in	sperm	individualization	[34],		and	DPOGS212342,	a	member	of	the	recently	expanded	X-263	

linked	tektin	gene	family	in	Drosophila	sperm	[35].	Although	functional	annotations	are	limited	amongst	264	

the	10%	most	abundant	proteins	(see	below),	several	contribute	to	energetic	and	metabolic	pathways.	265	

For	example,	stress-sensitive	B	(sesB)	and	adenine	nucleotide	translocase	2	(Ant2)	are	gene	duplicates	266	

that	have	been	identified	in	the	Drosophila	sperm	proteome	and,	in	the	case	of	Ant2,	function	267	

specifically	in	in	mitochondria	during	spermatogenesis	[36].	Also	identified	was	Bellwether	(blw),	an	ATP	268	

synthetase	alpha	chain	which	is	required	for	spermatid	development	[37].		269	

	 The	widespread	representation	of	proteins	functioning	in	mitochondrial	energetic	pathways	is	270	

consistent	with	the	contribution	of	giant,	fused	mitochondria	(i.e.	nebenkern)	in	flagellum	development	271	

and	presence	of	mitochondrial	derivatives	in	mature	spermatozoa	(Fig	1a-b)	[38].	During	lepidopteran	272	

spermatogenesis,	the	nebenkern	divides	to	form	two	derivatives,	which	flank	the	axoneme	during	273	

elongation;	ultrastructure	and	size	of	these	derivatives	varies	greatly	between	species	and	between	the	274	

two	sperm	morphs	[7].	In	Drosophila,	the	nebenkern	acts	as	both	an	organizing	center	for	microtubule	275	

polymerization	and	a	source	of	ATP	for	axoneme	elongation,	however	it	is	unclear	to	what	extent	these	276	

structures	contribute	to	energy	required	for	sperm	motility.	Of	particular	note	is	the	identification	of	277	

porin,	a	voltage-gated	anion	channel	that	localizes	to	the	nebenkern	and	is	critical	for	sperm	278	

mitochondrion	organization	and	individualization	[39].	Consistent	with	these	patterns,	Cellular	279	

Component	analysis	also	revealed	a	significant	enrichment	of	proteins	in	a	broad	set	of	mitochondrial	280	

structures	and	components,	including	the	respiratory	chain	complex	I	(p	=	7.73E-09),	proton-281	
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transporting	V-type	ATPase	complex	(p	=	9.90E-08)	and	the	NADH	dehydrogenase	complex	(p	=	7.73E-282	

09)	(Fig.	1b).	Aside	from	those	categories	relating	to	mitochondria,	a	significant	enrichment	was	also	283	

observed	amongst	categories	relating	to	flagellum	structure,	including	microtubule	(p	=	5.43E-18)	and	284	

cytoskeleton	part	(p	=	2.54E-12).		The	two	most	abundant	proteins	in	the	proteome	identified	in	both	285	

Monarch	and	Manduca,	beta	tubulin	60D	(βTub60D)	and	alpha	tubulin	84B	(αTub84B),	contributed	to	286	

these	GO	categories.	αTub84B	is	of	particular	interest	as	it	performs	microtubule	functions	in	the	post-287	

mitotic	spermatocyte,	including	the	formation	of	the	meiotic	spindle	and	sperm	tail	elongation	[40].		288	

Molecular	Function	GO	analysis	revealed	an	enrichment	of	oxidoreductase	proteins	acting	on	289	

NAD(P)H	(p	=	7.06E-19),	as	well	as	more	moderate	enrichments	in	several	categories	relating	to	290	

peptidase	activity	or	regulation	of	peptidase	activity	(data	not	shown).	The	broad	representation	of	291	

proteins	involved	in	proteolytic	activity	is	worthy	of	discussion,	not	solely	because	these	classes	of	292	

proteins	are	abundant	in	other	sperm	proteomes,	but	also	because	proteases	are	involved	in	the	293	

breakdown	of	the	fibrous	sheath	surrounding	Lepidoptera	eupyrene	sperm	upon	transfer	to	the	female	294	

[7].	This	process	has	been	attributed	to	a	specific	ejaculatory	duct	trypsin-like	arginine	C-endopeptidase	295	

(initiatorin)	in	the	silkworm	(B.	mori)	[41]	and	a	similar	enzymatic	reaction	is	needed	for	sperm	296	

activation	in	Manduca	[42].	Blast2GO	analyses	identified	three	serine-type	proteases	in	the	top	5%	of	297	

proteins	based	on	abundance,	including	a	chymotrypsin	peptidase	(DPOGS213461)	and	a	trypsin	298	

precursor	(DPOGS205340).	These	highly	abundant	proteases,	particularly	those	that	were	also	identified	299	

in	Manduca	(two	of	the	most	abundant	proteases	and	10	in	total),	are	excellent	candidates	for	a	sperm	300	

activating	factor(s)	in	Lepidoptera.	301	

Conservation	of	Lepidoptera	Sperm	Proteomes	302	

Our	previous	analysis	of	Manduca	was	the	first	foray	into	the	molecular	biology	of	Lepidopteran	sperm	303	

and	was	motivated	by	our	interest	in	the	intriguing	heteromorphic	sperm	system	that	is	found	in	nearly	304	

all	species	in	this	order	[7].	Here	we	have	aimed	to	delineate	the	common	molecular	components	of	305	
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lepidopteran	sperm	through	comparative	analyses.	Orthology	predictions	between	the	two	species	306	

identified	relationships	for	405	(69%)	Monarch	sperm	proteins	and	298	of	these	(73.5%)	were	previously	307	

identified	by	MS/MS	in	the	Manduca	sperm	proteome	[9].	An	identical	analysis	in	Drosophila	identified	308	

203	(35%)	Monarch	proteins	with	orthology	relationships,	including	107	(52.7%)	that	were	previously	309	

characterized	as	components	of	the	Drosophila	sperm	proteome	[30,43].	Thus,	and	as	would	be	310	

expected	given	the	taxonomic	relationship	of	these	species,	there	is	a	significantly	greater	overlap	in	311	

sperm	components	between	the	two	Lepidopteran	species	(two	tailed	Chi-square	=	25.55,	d.f.	=	1,	p	<	312	

0.001).	313	

	 Recent	comparative	analyses	of	sperm	composition	across	mammalian	orders	successfully	314	

identified	a	conserved	“core”	sperm	proteome	comprised	of	more	slowly	evolving	proteins,	including	a	315	

variety	of	essential	structural	and	metabolic	components	[61].	To	characterize	the	“core”	proteome	in	316	

insects,	we	conducted	a	GO	analysis	using	Drosophila	orthology,	ontology	and	enrichment	data	to	assess	317	

the	molecular	functionality	of	proteins	identified	in	the	proteome	of	all	three	insect	species.	This	318	

revealed	a	significant	enrichment	for	proteins	involved	in	cellular	respiration	(p=	4.41e-21),	categories	319	

associated	with	energy	metabolism,	including	ATP	metabolic	process	(p=	1.64e-15),	generation	of	320	

precursor	metabolites	and	energy	(p=	9.77e-21),	and	multiple	nucleoside	and	ribonucleoside	metabolic	321	

processes.	Analysis	of	cellular	component	GO	terms	revealed	a	significant	enrichment	for	mitochondrion	322	

related	proteins	(p=	3.72e-22),	respiratory	chain	complexes	(p=	8.25e-12),	dynein	complexes	(p=	1.37e-323	

5),	and	axoneme	(p=3.31e-6).	These	GO	category	enrichments	are	consistent	with	a	core	set	of	324	

metabolic,	energetic,	and	structural	proteins	required	for	general	sperm	function.	Similar	sets	core	325	

sperm	proteins	have	been	identified	in	previous	sperm	proteome	comparisons	[9,30,43,44].	Among	this	326	

conserved	set	are	several	with	established	reproductive	phenotypes	in	Drosophila.	This	includes	327	

proteins	associated	with	sperm	individualization,	including	cullin3	(Cul3)	and	SKP1-related	A	(SkpA),	328	

which	acts	in	cullin-dependent	E3	ubiquitin	ligase	complex	required	for	caspase	activity	in	sperm	329	
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individualization	[45],	gudu,	an	Armadillo	repeat	containing	protein	[46],	and	porin	(mentioned	330	

previously)	[39].	Two	proteins	involved	in	sperm	motility	were	also	identified:	dynein	axonemal	heavy	331	

chain	3	(dnah3)	[47]	and	an	associated	microtubule-binding	protein	growth	arrest	specific	protein	8	332	

(Gas8)	[48].		333	

Comparative	analysis	of	protein	abundance	334	

Despite	the	more	proximate	link	between	proteome	composition	and	molecular	phenotypes,	335	

transcriptomic	analyses	far	outnumber	similar	research	using	proteomic	approaches.		Nonetheless,	336	

recent	work	confirms	the	utility	of	comparative	evolutionary	proteomic	studies	in	identifying	both	337	

conserved	[49]	and	diversifying	proteomic	characteristics	[50].	We	have	previously	demonstrated	a	338	

significant	correlation	in	protein	abundance	between	Manduca	and	Drosophila	sperm,	although	this	339	

analysis	was	limited	by	the	extent	of	orthology	between	these	taxa		[9].		To	further	investigate	the	340	

evolutionary	conservation	of	protein	abundance	in	sperm,	a	comparison	of	normalized	abundance	341	

estimates	between	Monarch	and	Manduca	revealed	a	highly	significant	correlation	(R2=	0.43,	p=<1x10-342	

15)	(Fig.	2A).	We	note	that	this	correlation	is	based	on	semi-quantitative	estimates	[20]	and	would	most	343	

likely	be	stronger	if	more	refined	absolute	quantitative	data	were	available.	Several	proteins	identified	344	

as	highly	abundant	in	both	species	are	worthy	of	further	mention.		Sperm	leucyl	aminopeptidase	7	(S-345	

Lap7)	is	a	member	of	gene	family	first	characterized	in	Drosophila	that	has	recently	undergone	a	346	

dramatic	expansion,	is	testis-specific	in	expression	and	encodes	the	most	abundant	proteins	in	the	D.	347	

melanogaster	sperm	proteome	[51].	As	would	be	expected,	several	microtubule	structural	components	348	

were	also	amongst	the	most	abundant	proteins	(top	20),	including	αTub84B	and	tubulin	beta	4b	chain-349	

like	protein,	as	well	as	succinate	dehydrogenase	subunits	A	and	B	(SdhA	and	SdhB),	porin,	and	350	

DPOGS202417,	a	trypsin	precursor	that	undergoes	conserved	post	translational	modification	(see	351	

below).		352	
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We	next	sought	to	identify	proteins	exhibiting	differential	abundance	between	the	two	species.	353	

As	discussed	earlier,	Monarch	and	Manduca	have	distinct	mating	systems;	female	Monarch	butterflies	354	

remate	considerably	more	frequently	than	Manduca	females,	increasing	the	potential	for	sperm	355	

competition	[10].	These	differences	may	be	reflected	in	molecular	diversification	in	sperm	composition	356	

between	species.	An	analysis	of	differential	protein	abundance	identified	45	proteins	with	significant	357	

differences	(P<0.05;	Fig.	2B),	representing	7%	of	the	proteins	shared	between	species	(Additional	file	3).		358	

No	directional	bias	was	observed	in	the	number	of	differentially	abundant	proteins	(one-tail	Binomial	359	

test;	p	value	=	0.2757).	Several	of	these	proteins	are	worthy	of	further	discussion	given	their	role	in	360	

sperm	development,	function	or	competitive	ability.		Proteins	identified	as	more	abundant	in	the	361	

Monarch	sperm	proteome	were	heavily	dominated	by	mitochondrial	NADH	dehydrogenase	subunits	362	

(subunits	ND-23,	ND-24,	ND-39,	and	ND-51)	and	other	mitochondria-related	proteins,	including	363	

ubiquinol-cytochrome	c	reductase	core	protein	2	(UQCR-C2),	cytochrome	C1	(Cyt-C1),	and	glutamate	364	

oxaloacetate	transaminase	2	(Got2).	Additionally,	two	proteins	with	established	sperm	phenotypes	were	365	

identified	as	more	abundant	in	Manduca.	These	included	dynein	light	chain	90F	(Dlc90F),	which	is	366	

required	for	proper	nuclear	localization	and	attachment	during	sperm	differentiation	[52],	and	cut	up	367	

(ctp),	a	dynein	complex	subunit	involved	in	nucleus	elongation	during	spermiogenesis	[33].	Serine	368	

protease	immune	response	integrator	(spirit)	is	also	of	interest	considering	the	proposed	role	of	369	

endopeptidases	in	Lepidoptera	sperm	activation	[41,42].	Although	it	would	be	premature	to	draw	any	370	

specific	conclusions,	some	of	these	proteins	play	important	mechanistic	roles	in	sperm	development	and	371	

function	and	will	be	of	interest	for	more	targeted	functional	studies.		372	

Post-translational	modification	of	sperm	proteins	373	

During	spermatogenesis,	the	genome	is	repackaged	and	condensed	on	protamines	and	the	cellular	374	

machinery	required	for	protein	synthesis	are	expelled.	Consequently,	mature	sperm	cells	are	considered	375	

primarily	quiescent	[53].	Nonetheless,	sperm	undergo	dynamic	molecular	transformations	after	they	376	
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leave	the	testis	and	during	their	passage	through	the	male	and	female	reproductive	tract	[54].	One	377	

mechanism	by	which	these	modifications	occur	is	via	post	translational	modification	(PTM),	which	can	378	

play	an	integral	part	in	the	activation	of	sperm	motility	and	fertilization	capacity	[55,56].	Analysis	of	379	

PTMs	in	Monarch	identified	438	acetylated	peptides	within	133	proteins.	Most	notable	among	these	are	380	

microtubule	proteins,	including	alpha	tubulin	84B	(alphaTub84B),	beta	tubulin	60D	(betaTub60D)	and	381	

dyneins	kl-3	and	kl-5.	Tubulin	is	a	well-known	substrate	for	acetylation,	including	the	highly-conserved	382	

acetylation	of	N-terminus	Lysine	40	of	alphaTub84B.	This	modification	is	essential	for	normal	sperm	383	

development,	morphology	and	motility	in	mice	[57].	A	similar	analysis	in	Manduca	identified	111	384	

acetylated	peptides	within	63	proteins.	We	found	evidence	for	conserved	PTMs	within	Lepidoptera	in	19	385	

proteins	(36%	of	those	identified	in	Monarch),	including	Lys40	of	alphaTub84B.		386	

	 In	contrast	to	acetylation,	only	75	Monarch	sperm	proteins	showed	evidence	of	387	

phosphorylation,	53	of	which	were	also	modified	in	Manduca	(36%).		This	included	the	ortholog	of	the	Y-388	

linked	Drosophila	gene	WDY.	Although	a	specific	function	for	WDY	in	spermatogenesis	has	yet	to	be	389	

determined,	WDY	is	expressed	in	a	testis-specific	manner	and	under	positive	selection	in	the	D.	390	

melanogaster	group	[58].	The	relative	paucity	of	phosphorylation	PTMs	may	reflect	the	fact	that	391	

phosphorylation	is	one	of	the	more	difficult	PTMs	to	identify	with	certainty	via	mass	spectrometry	based	392	

proteomics	[59].	However,	it	is	also	noteworthy	that	sperm	samples	in	this	study	were	purified	from	the	393	

male	seminal	vesicle,	and	thus,	before	transfer	to	the	female	reproductive	tract.	Although	far	less	is	394	

known	about	the	existence	of	capacitation-like	processes	in	insects,	dynamic	changes	in	the	mammalian	395	

sperm	phosphoproteome	are	associated	with	sperm	capacitation	and	analogous	biochemical	alterations	396	

might	occur	within	the	female	reproductive	tract	of	insects	[56].	We	note	that	a	similar	extent	of	protein	397	

phosphorylation	has	been	detected	from	Drosophila	sperm	samples	purified	in	a	similar	manner	398	

(unpublished	data;	Whittington	and	Dorus).	Lastly,	identical	acetylation	and	phosphorylation	PTM	399	

patterns	were	identified	for	Monarch	and	Manduca	HACP012	(DPOGS213379),	a	putative	seminal	fluid	400	
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protein	of	unknown	function	previously	identified	in	the	Postman	butterfly	(Heliconius	401	

melpomene)	[60,61].	The	identification	of	HACP012	in	sperm,	in	the	absence	of	other	seminal	fluid	402	

components,	is	unexpected	but	its	identification	was	unambiguous	as	it	was	amongst	the	most	403	

abundant	10%	of	identified	Monarch	proteins.		Seminal	protein	HACP020	(DPOGS203866),	which	404	

exhibits	signatures	of	recent	adaptive	evolution	[61],	was	also	identified	as	highly	abundant	(5th	405	

percentile	overall);	this	suggests	that	some	seminal	fluid	proteins	may	also	be	co-expressed	in	the	testis	406	

and	establish	an	association	with	sperm	during	spermatogenesis.	407	

Rapid	evolution	of	genetic	architecture	408	

Rapid	gene	evolution	[62]	and	gene	creation/loss	[63],	including	de	novo	gene	creation	[64],	are	409	

predominant	processes	that	contribute	to	the	diversification	of	male	reproductive	systems.		Our	410	

previous	study	identified	an	enrichment	in	the	number	of	Lepidoptera	specific	proteins	(i.e.	those	411	

without	homology	outside	of	Lepidoptera)	in	the	sperm	proteome	relative	to	other	reproductive	412	

proteins.	We	were	unable,	however,	to	determine	from	a	single	species	whether	novel	genes	413	

contributed	to	sperm	biology	more	broadly	across	all	Lepidoptera.	Here	we	employed	two	comparative	414	

genomic	approaches	to	confirm	and	expand	upon	our	original	observation.	First,	we	obtained	whole-415	

genome	orthology	relationships	between	Monarch	and	nine	species,	representing	five	insect	orders,	and	416	

compared	the	proportion	of	the	sperm	proteome	with	orthologs	to	the	whole	genome	using	a	random	417	

subsampling	approach.	No	significant	differences	were	observed	for	three	of	the	four	Lepidoptera	418	

species	analyzed	and	an	excess	of	orthology	amongst	sperm	proteins	was	identified	in	the	Postman	419	

butterfly	(p	<	0.05;	Fig.	3).	In	contrast,	we	identified	a	significant	deficit	of	sperm	orthologs	in	all	420	

comparisons	with	non-Lepidopteran	genomes	(all	p	<	0.01).	Orthology	relationships	in	OrthoDB	are	421	

established	by	a	multi-step	procedure	involving	reciprocal	best	match	relationships	between	species	and	422	

identity	within	species	to	account	for	gene	duplication	events	since	the	last	common	ancestor.	As	such,	423	

the	underrepresentation	of	orthology	relationships	is	unlikely	to	be	accounted	for	by	lineage-specific	424	
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gene	duplication.		Therefore,	rapid	evolution	of	sperm	genes	appears	to	be	the	most	reasonable	425	

explanation	for	the	breakdown	of	reciprocal	relationships	(see	below).	This	conclusion	is	consistent	with	426	

a	diverse	body	of	evidence	that	supports	the	influence	of	positive	selection	on	male	reproductive	genes	427	

[62,65],	including	those	functioning	in	sperm	[43,66–68].	We	note	that	we	cannot	rule	out	the	influence	428	

of	de	novo	creation	but	it	is	currently	difficult	to	assess	the	contribution	of	this	mechanism	to	the	overall	429	

pattern.	430	

The	second	analysis	aimed	to	characterize	the	distribution	of	taxonomically	restricted	Monarch	431	

sperm	proteins	using	BLAST	searches	across	12	insect	species.	Based	on	the	analysis	above,	our	a	priori	432	

expectation	was	that	a	substantial	number	of	proteins	with	identifiable	homology	amongst	Lepidoptera	433	

would	be	absent	from	more	divergent	insect	species.		This	analysis	identified	a	total	of	45	proteins	434	

unique	to	Monarch,	140	proteins	(23.9%	of	the	sperm	proteome)	with	no	homology	to	proteins	in	non-435	

Lepidopteran	insect	taxa	and	173	proteins	conserved	across	all	species	surveyed	(Fig.	4a).	Proteins	with	436	

discontinuous	taxonomic	matches	(n	=	171)	were	considered	“unresolved”.	Although	the	number	of	437	

Monarch-specific	proteins	is	considerably	higher	than	the	eight	Manduca-specific	proteins	found	in	our	438	

previous	study,	the	number	of	Lepidoptera	specific	is	comparable	to	our	previous	estimate	in	Manduca	439	

(n	=	126).	These	observations	support	the	hypothesis	that	a	substantial	subset	of	lepidopteran	sperm	440	

proteins	are	likely	to	be	rapidly	evolving	and	thus	exhibit	little	detectable	similarity.	To	pursue	this	441	

possibility,	we	estimated	Lepidoptera	specific	protein	divergence	between	Monarch	and	Manduca	and	442	

compared	the	distribution	of	amino	acid	divergence	to	those	proteins	identified	in	other	insect	species	443	

(Fig.	4B).	The	average	percentage	identity	of	Lepidoptera	specific	proteins	(55.1%	±	17.6)	was	444	

significantly	lower	than	all	non-Lepidopteran	specific	proteins	(74.6%	±	13.4,	W=3074.5,	p=3.35e-16),	445	

those	with	Drosophila	orthology	(75.5%	±	13.6,	W=8285.5,	p=<1x10-15),	and	those	non-Lepidopteran	446	

specific	proteins	without	Drosophila	orthology	(62.4%	±	18.4,	W=2980,	p=1.16e-5).	Therefore,	we	can	447	

conclude	that	Lepidoptera	specific	proteins	evolve	more	rapidly	than	other	sperm	proteins	and	that	448	
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proteins	with	resolved	orthology	relationships	in	Drosophila	experience	higher	levels	of	conservation	449	

than	those	that	do	not.		To	assess	their	potential	contribution	to	sperm	function,	we	used	protein	450	

abundance	as	a	general	proxy	in	the	absence	of	functional	annotation	for	nearly	all	of	these	proteins.	As	451	

was	observed	in	Whittington	et	al	[9],	Lepidopteran	specific	proteins	were	found	to	be	significantly	more	452	

abundant	than	the	remainder	of	the	sperm	proteome	(D=0.2,	p=0.0009,	Fig.	4c).	453	

Conclusion	454	

This	comparative	proteomic	analysis	of	heteromorphic	sperm,	a	first	of	its	kind,	provides	important	455	

perspective	and	insights	regarding	the	functional	and	evolutionary	significance	of	this	enigmatic	456	

reproductive	phenotype.	Our	analyses	indicate	that	a	substantial	number	of	novel	sperm	genes	are	457	

shared	amongst	Lepidoptera,	thus	distinguishing	them	from	other	insect	species	without	dichotomous	458	

spermatogenesis,	and	suggest	they	are	associated	with	heteromorphic	spermatogenesis	and	the	459	

diversification	of	apyrene	and	eupyrene	sperm.	Our	comparative	and	quantitative	analyses,	based	on	460	

protein	abundance	measurements	in	both	species,	further	suggests	that	some	of	these	proteins	461	

contribute	to	apyrene	sperm	function	and	evolution.	Given	that	apyrene	sperm	constitute	the	vast	462	

majority	of	cells	in	our	co-mixed	samples,	it	is	reasonable	to	speculate	that	higher	abundance	proteins	463	

are	either	present	in	both	sperm	morphs	or	specific	to	apyrene	cells	and	thus	good	candidates	for	464	

further	study	in	relation	to	apyrene	sperm	functionality.		 	465	
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Figure	legends	466	

Figure	1.	Functional	enrichment	within	the	Monarch	sperm	proteome.	Biological	Process	and	Cellular	467	

Component	Gene	Ontology	enrichments	in	the	sperm	proteome	relative	to	the	whole	genome	were	468	

conducted	using	Blast2GO’s	Fisher’s	exact	test	with	a	false	discovery	rate	of	0.01%.	All	categories	469	

displayed	achieved	significance.	Functional	categories	directly	relevant	to	sperm	biology	are	indicated:		470	

metabolism	(green),	structural	(blue)	and	mitochondria	associated	components	(red).		471	

Figure	2.	Conservation	of	Monarch	and	Manduca	sperm	composition.	(A)	Linear	regression	analysis	of	472	

protein	abundance	estimates	for	proteins	identified	in	both	species	reveals	a	significant	correlation.	(B)	473	

Differential	abundance	analysis	using	EdgeR	revealed	45	significant	proteins	after	Benjamini	Hochberg	474	

multiple	testing	correction.	Proteins	significantly	different	in	abundance	between	species	are	shown	in	475	

red,	nonsignificant	proteins	are	shown	in	green.	Proteins	with	negative	values	are	more	abundant	in	476	

Manduca	whereas	positive	values	are	more	abundant	in	Monarch.				477	

Figure	3.		Sperm	proteome	orthology	relationships	in	insects.	Orthology	relationships	were	curated	478	

from	OrthoDB8	in	12	species,	reflecting	five	insect	orders:	Lepidoptera,	Diptera,	Hymenoptera,	479	

Coleoptera,	and	Hemiptera.	The	distribution	of	expected	orthology	relationships	for	each	species	was	480	

determined	by	5,000	randomized	subsamples	of	Monarch	genes	not	identified	in	the	sperm	proteome	481	

(green	bars).	The	observed	proportion	of	orthologs	for	the	Monarch	proteome	are	indicated	(red	line).		482	

Figure	4.		Taxonomic	distribution	of	Monarch	sperm	protein	homology	in	insects.	(A)	Pie	chart	483	

displaying	the	taxonomical	distribution	of	proteins	homologous	to	the	Monarch	sperm	proteome	and	484	

those	unique	to	Monarch.	BLAST	searches	were	conducted	beginning	with	closely	related	butterfly	485	

species	and	sequentially	through	more	divergent	species	in	Mercopterida,	Diptera	and	Insecta.	In	order	486	

to	be	considered	Lepidoptera	specific,	a	protein	was	required	to	be	present	in	at	least	at	least	one	487	
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butterfly	other	than	Monarch	and	at	least	one	moth	species.	Proteins	with	discontinuous	taxonomic	488	

patterns	of	homology	are	included	in	the	category	“unresolved”.	(B)	Box	plot	showing	percentage	489	

identity	for	BLAST	hits	between	Monarch	and	Manduca.	Percentage	identities	for	proteins	identified	as	490	

specific	to	Lepidoptera,	non-specific	but	with	resolved	taxonomic	distribution,	with	identified	orthology	491	

in	Drosophila,	and	without	orthology	in	Drosophila	are	shown.		(C)	Box	plot	displaying	the	distribution	of	492	

protein	abundance	estimates	for	proteins	present	only	in	Lepidoptera	and	those	with	homology	in	other	493	

insects.	494	
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