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Abstract  

Polyploidization	is	a	major	evolutionary	force	across	Eukaryota.	How	extreme	neopolyploidization	
detriment	(sterility,	gigantism,	gene	dosage	imbalances)	is	modulated	so	downstream	advantage	
(gene	network	and	species	diversification)	can	emerge	is	unknown.	Animal	polyploids	are	rarely	
induced	or	bred	beyond	one	generation,	but	in	Hymenoptera	the	sexes	have	different	ploidies	
(haploid	males,	diploid	females)	and	neopolyploids	(diploid	males,	triploid	females)	often	occur.	
Although	such	polyploids	are	often	sterile,	the	reproductively	capable	polyploids	of	the	parasitoid	
wasp	Nasonia	vitripennis	allow	study	of	polyploid	lineages.	We	examined	an	old	polyploid	line,	the	
Whiting	polyploid	line	(WPL)	and	a	newly	generated	polyploid	line	(tKDL)	for	fitness	traits,	
absolute	gene	expression,	and	cell	size	and	number.	WPL	polyploids	have	high	male	fitness	and	
female	infertility,	but	tKDL	diploid	males	have	poor	mate	competition	ability	and	tKDL	triploid	
females	have	high	fertility.	The	WPL	had	cell	reduction,	a	polyploid	adaptation	against	gigantism,	
but	the	tKDL	line	did	not.	Expression	analyses	of	two	housekeeping	genes	indicated	that	gene	
sdosage	is	linked	to	sex,	a	compensation	mechanism	that	is	conserved	across	different	
backgrounds	and	aberrant	ploidy.	Our	study	is	the	first	empirical	evidence	of	polyploid	phenotypic	
variation	dependent	on	polyploidization	pathway,	an	oft	suggested	but	hitherto	unsubstantiated	
hypothesis	on	why	some	polyploid	lineages	thrive	and	others	die	out.	As	N.	vitripennis	polyploids	
can	easily	be	generated	through	knockdown	of	sex	determination	genes,	the	system	has	rare	
potential	for	experimental	investigation	of	mechanisms	underlying	polyploid	evolution.	
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Introduction 

Polyploidy	is	the	heritable	condition	of	having	more	than	the	typical	number	of	chromosome	sets.	
It	was	long	considered	an	evolutionary	dead	end	because	polyploidization	causes	severe	
developmental	abnormalities.	It	causes	sterility	(Comai,	2005);	larger	cells	with	a	disrupted	surface	
area	to	volume	ratio	that	imbalances	the	stoichiometry	of	cellular	proteins	(Olmo,	1983;	Conlon	&	
Raff,	1999;	Kondorosi,	Roudier,	&	Gendreau,	2000);	gigantism	(Fankhauser,	1945;	Guo	&	Allen,	
1994)	and	disruption	of	epigenetic	mechanisms,	which	is	particularly	harmful	for	sexual	species	
with	dosage	compensation	mechanisms	(Muller,	1925;	Orr,	1990;	Mittelsten	Scheid	et	al.,	1996;	
Wertheim,	Beukeboom,	&	van	de	Zande,	2013).	Perhaps	not	surprisingly,	until	recently	polyploid	
biology	was	primarily	understood	as	stabilization	of	a	rare	and	catastrophic	cellular	event,	with	
negligible	contribution	to	evolution	(Stebbens,	1950,	1971;	Wagner,	1970;	Comai,	2005;	Wertheim	
et	al.,	2013).	

	 Following	the	discovery	of	gene	duplicates	originating	from	polyploidization	(Ohno	et	al.,	
1967)	and	the	recent	genomics	revolution,	there	has	been	a	rapid	and	dynamic	paradigm	shift	in	
which	polyploidy	is	now	recognized	as	one	of	the	most	powerful	and	ubiquitous	evolutionary	
drivers	throughout	Eukaryota.	Ancestral	polyploidization	events	(whole	genome	duplications,	or	
WGDs)	provisioned	numerous	animal,	plant,	and	fungal	groups	a	more	complex	“evolutionary	
toolbox,”	with	novel	gene	copies	undergoing	neofunctionalization	or	subfunctionalization	as	one	
copy	retained	an	essential	original	function	(Adams	et	al.,	2003;	Kellogg,	2003;	Van	de	Peer,	
Maere,	&	Meyer,	2009;	Wertheim	et	al.,	2013;	Soltis	et	al.,	2015).	As	lineages	underwent	“re-
diploidization”	with	genomes	eliminating	nuclear	material	to	revert	to	original	ploidy,	diversified	
gene	networks	remained,	which	conferred	major	evolutionary	advantages	(Soltis	&	Soltis,	1999,	
2000).	This	includes	greater	resistance	to	environmental	stress	and	corresponding	range	
expansions	(Parisod,	Holderegger,	&	Brochmann,	2010;	Soltis,	Soltis,	&	Buggs,	2010;	Ramsey,	
2011),	as	well	as	spurring	mass	speciation	events	(Van	de	Peer	et	al.,	2009;	Wood	et	al.,	2009).		

With	90%	of	plants	(including	most	crop	species)	being	either	ancestral	or	contemporary	
polyploids,	the	prominent	role	of	polyploidy	in	plant	evolution	has	been	well	noted	and	
extensively	studied	(Orr,	1990;	Mable,	2003,	2004;	Wertheim	et	al.,	2013).	In	contrast,	far	less	is	
known	about	animal	polyploidy,	even	though	polyploidy	is	present	in	almost	all	branches	(Bowers	
et	al.,	2003;	Doyle	et	al.,	2006;	Song	et	al.,	2012).	This	includes	the	vertebrates	in	the	form	of	two	
instances	of	WGDs	at	the	base	of	the	tree	(Ohno,	1970,	1999;	Wolfe,	2001)	and	neopolyploids	
being	documented	in	about	200	species	of	fish,	amphibians,	and	insects,	with	more	cases	known	
for	other	invertebrates	(Otto	&	Whitton,	2000;	Comai,	2005;	Otto,	2007).	Polyploidy	being	less	
deleterious	in	plants	is	one	reason	it	has	been	better	studied,	and	in	more	detail.	A	lack	of	sexual	
dioecism	means	that	plants	are	not	subject	to	additional	chromosome	sets	disrupting	gene	dosage	
compensation,	as	in	most	animals	(Mable,	2004;	Wertheim	et	al.,	2013).	They	also	have	more	
plastic	body	plans,	and	are	therefore	less	sensitive	to	gigantism	(Song	et	al.,	2012).	Plant	polyploid	
research	has	also	benefited	from	ease	of	lineage	establishment	via	chemical	treatment,	whereas	
there	are	few	options	for	intentional	polyploid	induction	in	animals	(Muller,	1925;	Mable,	2003,	
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2004).	In	the	rare	cases	this	is	possible,	neopolyploids	are	often	sterile,	limiting	study	to	a	single	
generation	and	preventing	inference	on	lineage	and	by	extension,	evolution.	This	means	for	
animals,	for	which	polyploidization	is	particularly	severe,	little	is	known	about	how	initial	
detriment	and	downstream	advantage	is	bridged	(a	process	that	has	been	called	the	“polyploid	
hop”,	Baduel	et	al.,	2018	).	

The	megadiverse	Hymenoptera	(the	bees,	ants,	wasps,	and	sawflies)	are	of	special	interest	
for	studying	polyploidy	because	they	all	have	haplodiploid	sex	determination	(unfertilized	eggs	
develop	into	haploid	males	and	fertilized	eggs	develop	into	diploid	females).	This	implies	existing	
mechanisms	for	maintaining	biological	consistency	between	males	and	females	across	disparate	
ploidies	(Aron	et	al.,	2005;	Wertheim	et	al.,	2013).	Additionally,	neopolyploids	(diploid	males	and	
triploid	females)	occur	for	many	phylogenetically	distant	species	(van	Wilgenburg,	Driessen,	&	
Beukeboom,	2006;	Heimpel	&	de	Boer,	2008;	Harpur,	Sobhani,	&	Zayed,	2013).	Most	
hymenopteran	polyploid	research	has	focused	on	species	with	Complementary	Sex	Determination	
(CSD),	likely	because	this	was	the	first	hymenopteran	sex	determination	mechanism	described	
(Whiting,	1943)	and	is	easily	detected	with	inbreeding	crosses	(e.g.	Cook,	1993;	Cook	&	Crozier,	
1995;	van	Wilgenburg	et	al.,	2006),	and	is	the	sex	determination	system	of	economically	important	
honeybees	(Mackensen,	1951).	In	CSD	species,	hemizygotes	of	the	CSD	locus	(or	loci)	develop	into	
males,	heterozygotes	develop	into	females,	and	homozygotes	develop	into	sterile	diploid	males.	
The	sterility	of	diploid	males	in	CSD	systems	has	been	known	for	a	long	time,	but	its	cause	has	
never	been	elucidated.	As	a	consequence,	inbreeding	induces	sterile	polyploidy	via	diploid	males	
as	CSD	allele	diversity	is	lost	and	the	population	eventually	goes	extinct	from	a	diploid	male	vortex	
(Zayed	&	Packer,	2005;	Hein,	Poethke,	&	Dorn,	2009;	Fauvergue	et	al.,	2015;	Faria	et	al.,	2016;	
Zaviezo	et	al.,	2018).	This	predominantly	negative	reputation	of	hymenopteran	polyploidy	based	
on	CSD	mechanisms	may	be	why	it	has	been	sparingly	studied	from	an	evolutionary	perspective,	
even	though	the	order	is	enriched	with	both	neo-and	–ancestral	polyploidizations	(Li	et	al.,	2018).	

In	species	without	CSD,	inbreeding	does	not	induce	sterile	polyploidy.	In	the	non-CSD	
chalcid	Nasonia	vitripennis,	polyploid	individuals	are	reproductively	capable,	allowing	the	study	of	
polyploid	lineages	over	time.	In	N.	vitripennis	there	exists	a	long-established	polyploid	line,	the	
Whiting	polyploid	line	(WPL),	for	which	polyploidy	appeared	spontaneously	through	an	unknown	
polyploidization	pathway	over	70	years	ago,	and	has	been	maintained	in	an	inbred	state	since	
(Whiting,	1960).	Diploid	males	are	fully	fecund	and	produce	functional	diploid	sperm,	unlike	most	
CSD	diploids	(but	see	El	Agoze	et	al.	1994;	Cowan	&	Stahlhut,	2004;	de	Boer	et	al.,	2007;	Elias	&	
Dorn	2009).	WPL	triploid	females	have	low	fecundity	due	to	high	aneuploidy	(Whiting,	1960).	In	
concordance	with	all	other	hymenopteran	polyploids	studied	(Harpur	et	al.,	2013),	diploid	males	
are	equal	mate	competitors	to	haploid	counterparts	(Leung,	van	de	Zande,	&	Beukeboom,	2019).	

	Neopolyploids	can	be	generated	in	N.	vitripennis	through	RNAi	knockdown	of	single	gene	
targets	in	the	sex	determination	pathway	(transformer,	transformer-2,	and	potentially	other	
genes)	(Verhulst,	2010;	Geuverink	et	al.,	2017,	2018).	Similar	to	WPL,	such	diploid	males	are	fertile	
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and	produce	diploid	sperm,	resulting	in	neotriploid	daughters.	We	generated	a	neopolyploid	line	
from	a	genetically	variable	strain	by	transformer	knockdown,	designated	as	tKDL,	and	compared	it	
to	the	WPL.	We	used	this	rare	opportunity	of	a	long-established	polyploid	line	(WPL)	and	a	newly	
generated	polyploid	line	(tKDL)	to	ask	some	of	the	fundamental	questions	of	polyploidization	
mechanisms	and	evolution	that	have	been	difficult	to	study	in	animals.	To	what	degree	can	
polyploids	be	reproductively	capable,	is	polyploid	cell	size	and	number	regulated	by	ploidy	or	sex	
(or	both),	and	how	is	global	gene	dosage	regulated	in	cases	of	ploidy	differences?	To	do	this,	we	
assayed	polyploids	and	non-polyploid	counterparts	of	either	line	for	several	traits	1)	male	
competitive	ability	for	acquiring	female	mates	2)	female	fecundity,	progeny	sex	ratio,	and	progeny	
polyploid	proportion	3)	whether	cell	reduction	exists	and	4)	gene	dosage	of	housekeeping	genes	
across	sex	and	ploidy.	This	study	is	one	of	the	first	to	investigate	development	and	fitness	as	a	
function	of	ploidy	level	in	hymenopterans.	

Materials and Methods 

	
Nasonia	vitripennis	lines	and	rearing		
	
Nasonia	vitripennis	is	a	globally	distributed	parasitoid	of	blowfly	pupae	used	broadly	in	genetics,	
behavioral,	and	ecological	research	for	decades	(Werren	et	al.,	2010).	It	has	haplodiploid	
reproduction;	unmated	females	produce	exclusively	male	offspring	from	haploid	eggs,	whereas	
mated	females	produce	daughters	from	fertilized	eggs	in	addition	to	a	proportion	of	sons.	All	lines	
were	maintained	under	conditions	with	25°,	16:8	LD	cycle,	~55%	RH,	with	two-week	generation	
cycles	on	Calliphora	sp.	pupae	hosts.	The	Whiting	polyploid	line	(WPL)	was	acquired	from	the	John	
H.	Werren	laboratory	(University	of	Rochester,	Rochester,	New	York,	USA)	and	was	maintained	in	
our	laboratory	for	20	years	using	the	breeding	scheme	in	(Beukeboom	&	Kamping,	2006;	Leung	et	
al.,	2019).	This	strain	is	cured	of	Wolbachia	endosymbiotic	bacteria.	It	carries	two	complementary	
recessive	eye-color	mutations,	scarlet	(st)	and	oyster	(oy).	Virgin	triploid	females	produce	red-eyed	
haploid	and	diploid	purple	(wildtype)-eyed	males.	The	diploid	purple-eyed	males	are	crossed	to	
females	of	the	red	eye	mutant	line	scarlet,	which	are	used	to	recoup	triploid	females	for	another	
breeding	cycle.	The	genetically	variable	HVRx	strain	was	acquired	from	B.A.	Pannebakker	
laboratory	(University	of	Wageningen,	Wageningen,	The	Netherlands).	HVRx	was	founded	by	
mixing	several	Dutch	field	lines	and	genetic	variation	is	maintained	by	re-hosting	four	mass	culture	
tubes	every	generation	and	mixing	hosts	several	days	after	oviposition	(van	de	Zande	et	al.,	2014).	
It	has	not	been	cured	of	Wolbachia.	This	line	was	used	to	generate	the	neopolyploid	tKDL	line.	
Untreated	mated	females	from	this	line	were	also	used	to	generate	control	(no	descent	from	
injection)	individuals	for	assays.	All	crosses	were	done	intraline	to	their	WPL	or	HVRx	background.	

Generation	of	the	neopolyploid	tra	KD	line	(tKDL)		

The	tra	KD	line	(tKDL)	was	created	following	the	ds	tra	RNA	synthesis	and	female	injection	
protocol	of	(Verhulst,	2010).	Maternal	knockdown	of	tra	results	in	sex	reversal	of	diploid	eggs,	i.e.	
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diploid	males	rather	than	females.	Both	polyploid	and	non-polyploid	individuals	are	generated.	To	
account	for	descent	from	the	injected	females	as	an	independent	factor	with	possible	effect	on	
phenotype,	assays	were	conducted	considering	control	non-polyploids	from	the	untreated	HVRx	
population,	non-polyploids	of	the	tKDL,	and	(neo)polyploids	of	the	tKDL.	To	generate	the	tKDL	line,	
HVRx	virgin	females	(N=200)	were	injected	as	white	stage	pupae	with	4μg/μl	ds	tra	mixed	with	red	
dye	(to	confirm	injection)	with	a	FemtoJet	microinjector	(the	F0	generation).	They	were	mated	
with	control	haploid	males	as	adults.	They	were	given	three	hosts,	and	produced	tKDL	diploid	
males	from	fertilized	eggs	and	tKDL	haploid	males	from	unfertilized	eggs	(the	F1	generation).	Every	
generation	was	outcrossed	to	the	untreated	HVRx	population	to	maintain	genetic	variability	(~20	
founders	or	foundresses	and	five	offspring	each	generation).	The	fate	of	the	tKDL	neopolyploid	
line	was	followed	to	generation	F5.	Figure	S1	indicates	individuals	used,	the	crosses	to	obtain	
them,	and	which	assays	were	conducted	for	each	generation.	As	there	were	no	means	to	visually	
distinguish	diploid	and	haploid	males	in	the	tKDL	they	were	typed	for	ploidy	using	a	process	
combining	flow	cytometry	of	heads	and	fecundity	assessment	of	daughters	(diploid	daughters	will	
have	higher	fecundity,	reflecting	a	haploid	father,	and	triploid	daughters	will	have	lower	fecundity,	
reflecting	a	diploid	males).	The	full	ploidy-typing	process	is	described	in	Figure	S2.	

Male	mate	competitions	

In	a	genetically	variable	background	such	as	HVRx,	N.	vitripennis	exhibits	strong	female	
monoandry	(Van	den	Assem,	Gijswijt,	&	Nübel,	1980;	Burton-Chellew	et	al.,	2007;	Grillenberger	et	
al.,	2008).	Females	mate	once	and	all	their	female	offspring	descend	from	a	single	father.	Male	
competition	experiments	were	conducted	by	placing	males	and	females	in	a	single	tube	for	24	
hours.	Females	were	then	removed	and	given	three	hosts.	For	the	tKDL	haploid	and	tKDL	diploid	
competitions,	the	possibility	of	using	two	haploids	or	two	diploids	could	not	be	guaranteed	a	
priori.	Therefore,	post-competition,	males	were	individually	mated	to	single	HVRx	females,	to	
generate	daughters	for	the	daughter-typing	component	of	the	ploidy-typing	process,	and	
subsequently	stored	at	-20°C	for	the	flow	cytometry	step	(Figure	S2).	For	all	competitions,	the	
male	mate	of	female	was	determined	by	typing	the	ploidy	of	daughters	(diploid	daughters	
indicated	a	haploid	father,	triploid	females	a	diploid	father)	(Figure	S2).	For	the	tKDL	diploid	and	
WPL	diploid	competitions,	daughters	were	instead	hosted	as	virgins.	Those	that	had	male	offspring	
with	red	eyes	indicated	that	their	mother	mated	with	the	WPL	male,	and	those	that	did	not	had	
mothers	that	mated	with	the	tKDL	male.	Females	from	competitions	that	produced	all	male	
offspring	were	presumed	to	have	not	mated	and	were	excluded	from	analyses,	as	were	the	tKDL	
competitions	that	were	found	to	have	used	two	males	of	the	same	ploidy.		

Female	fecundity	and	offspring	ploidy	distribution	

Progeny	size	and	sex	ratio	can	be	affected	by	various	factors,	including	genetic	background	of	the	
mother	(Wylie,	1976;	Orzack,	Parker,	&	Gladstone,	1991;	Shuker,	Pen,	&	West,	2006;	Ivens	et	al.,	
2009;	Pannebakker	et	al.,	2011).	We	scored	progeny	size	for	virgin	and	mated	diploid	control,	F4	
tKDL	diploid	and	triploid	females,	and	WPL	triploid	females	to	assess	the	influence	of	polyploid	
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background	on	fecundity.	For	the	mated	females,	we	also	assessed	progeny	sex	ratio.	In	the	case	
of	the	triploid	females,	progeny	ploidy	distribution	was	also	scored,	as	eggs	of	triploid	females	can	
be	haploid	or	diploid.	Females	of	the	mated	assays	were	given	24	hours	to	mate	with	a	control	
haploid	HVRx	male.	All	females	were	then	given	three	hosts.	All	progeny	were	counted	for	each	
female	14	days	later,	and	in	the	case	of	the	mated	females,	sexed.	For	the	virgin	and	mated	
triploid	F4	tKDL	triploid	females,	entire	families	were	scored	for	ploidy	using	flow	cytometry	
(excluding	larvae,	which	cannot	be	typed	for	ploidy	with	flow	cytometry)	(Figure	S1).		

Wing	cells	and	cell	reduction	mechanisms		

To	investigate	the	possible	existence	of	cell	reduction	mechanisms	in	Nasonia	polyploids	(and	as	a	
case	study	for	cell	reduction	in	invertebrate	and	insect	polyploids),	we	examined	wing	cells	for	
both	sexes	across	all	ploidy	levels	for	both	the	WPL	and	the	tKDL.	We	counted	setae	(wing	hairs),	
as	each	hair	corresponds	to	single	cell	(Loehlin	et	al.,	2010a).	The	adult	right	forewing	was	
removed	for	each	individual	and	mounted	on	a	glass	slide	using	clear	nail	polish.	Using	the	Motic	
Images	Plus	2.0ML	program,	wings	were	imaged	with	a	Moticam	2000	camera	attached	to	a	Car	
Zeiss	SV6	microscope.	In	Photoshop	CS6	(64	bit)	a	0.25	mm2	square	subsection	below	the	cross-
vein	was	consistently	sampled	for	each	specimen	(Figure	2),	and	setae	counted	with	the	count	
tool.	For	the	WPL,	females	of	the	scarlet	line	used	for	maintaining	the	line	represented	control	
diploid	females.	For	the	tKDL	diploid	male	measurement,	≤20%	of	individuals	might	have	actually	
been	haploid	(based	on	typical	male	production	of	mated	N.	vitripennis	females,	66)	because	
haploids	could	not	actually	be	sorted	from	this	class.	However,	significant	differences	among	
groups	could	be	attributed	to	the	majority	presence	of	diploids.	

Gene	dosage	of	housekeeping	genes	Ak3	and	ef1α	

To	assess	the	effect	of	ploidy	and	sex	on	gene	expression,	we	quantified	the	absolute	expression	
of	two	housekeeping	genes	Adenylate	kinase	3	(Ak3)	and	elongation	factor	1	alpha	(ef1α)	for	all	
backgrounds	(N=5	ea),	following	(Benetta,	Beukeboom,	&	van	de	Zande,	2019)	with	the	following	
modifications.	Each	wasp’s	head	and	abdomen	were	individually	placed	into	separate	1.5	ml	
Eppendorf	tubes	(thoraxes	were	discarded	due	to	likely	endopolyploidy,	36)	and	immediately	
frozen	at	-80°	C.	Each	sample	was	extracted	using	TriZol	(Invitrogen,	Carlsbad,	CA,	USA)	according	
to	manufacturer’s	instructions.	qPCRs	for	Ak3	and	ef1α	(primers	in	Table	S2)	were	performed	
using	a	5x	dilution	(Figure2),	and	to	eliminate	the	possibility	of	large	amounts	of	RNAi	producing	
asymptotic	readings	instead	of	accurately	measuring	the	absolute	expression	levels,	with	50x	
dilutions.	Note	that	in	typical	qPCR	reactions	these	two	genes	are	used	as	reference	for	RNA	
quantity,	but	in	this	assay	we	use	the	amplification	amount	as	a	direct	measure	for	gene	
expression	level	as	function	of	ploidy	and	sex.		

Statistical	analyses		

All	data	are	reported	as	means	with	standard	deviation.	Statistics	were	done	in	SPSS	Statistics	25	
(IBM,	2017)	and	R	(R	Core	Team,	2014).	No	datasets	met	normality	or	homogeneity	of	variance	
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(Shapiro-Wilks	Brown-Forsythe	tests),	so	Kruskal-Wallis	rank	sum	tests	were	used	to	compare	
groups.	Post-hoc	Dunn’s	multiple	comparison	tests	with	a	Bonferroni	correction	were	performed	
to	test	for	differences	between	paired	groups.	Binomial	tests	were	used	to	assess	mate	
competitions	with	null	hypotheses	that	competing	male	types	had	equal	mate	competition	ability	
in	every	competition.	An	additional	general	linear	mixed	model	was	used	to	determine	how	likely	
a	female	was	to	mate	with	each	male	type	in	each	competition	type	(Table	S1).	The	qPCR	results	
were	analyzed	using	the	LinReg	PCR	software,	with	absolute	expression	normalized	to	the	
program’s	calculation	for	N0	concentration	(Ramakers	et	al.,	2003;	Ruijter	et	al.,	2009).	A	general	
linear	model	was	also	used	to	analyze	these	results	with	extraction	set,	and	individual	set	as	
random	effects;	and	ploidy,	sex,	and	background	(control,	tKDL,	or	WPL)	set	as	fixed	effects.	A	
Satterthwaite	approximation	and	estimation	of	robust	variance	was	used	to	account	for	low	
sample	size	and	non-normal	distribution.	

Results 

Male	competition	

Like	most	parasitoid	wasps,	Nasonia	have	female	mate	choice	and	females	typically	only	mate	
once	(Van	den	Assem	et	al.,	1980;	Van	Den	Assem,	1986;	Grillenberger	et	al.,	2008).	In	all	other	
hymenopteran	studies,	including	that	on	WPL	(Leung	et	al.,	2019),	diploid	male	mate	competition	
ability	is	equal	to	haploids’.	Male	mate	competition	experiments	were	conducted	between	tKDL	
diploid	males	and	haploid	males,	both	with	brothers	derived	from	the	same	mother	and	control	
unrelated	males	from	the	same	standard	strain.	tKDL	diploid	males	were	also	compared	to	WPL	
diploid	males.	Competition	experiments	used	either	a	single	or	multiple	(N=10)	virgin	females	
from	the	(genetically	variable)	standard	strain.	In	the	single	female	trials	the	winner	was	the	male	
that	copulated	with	the	female,	and	in	the	multiple	female	trials,	the	winner	was	the	male	that	
mated	with	most	females.	Twenty	to	40	trials	were	set	up,	but	some	trials	had	to	be	discarded	
from	analyses	because	females	did	not	mate	in	the	single	competitions	or	because	two	males	of	
the	same	ploidy	were	used	(the	WPL	haploid	and	diploid	males	have	distinct	eye	markers,	but	
there	are	no	visual	means	for	a	priori	distinguishing	haploid	and	diploid	tKDL	males).		

The	tKDL	diploid	males	were	outcompeted	in	almost	every	type	of	competition.	In	
competition	against	control	haploid	males,	the	control	haploid	won	24	out	33	competitions	for	a	
single	female	(P=0.014,	binomial	test),	and	21	out	of	22	competitions	for	multiple	females	
(P<0.001,	binomial	test).	In	competition	against	tKDL	haploid	brothers,	the	diploid	won	7	out	of	21	
competitions	with	a	single	female	(P=0.095,	binomial	test)	and	6	out	of	28	competitions	for	
multiple	females	(P=0.002,	binomial	test).	These	experiments	were	done	in	the	F1	generation	
(immediately	following	RNAi	knockdown),	so	to	exclude	possible	RNAi	carry	over	effects	and	to	
test	for	heritable	effect,	they	were	repeated	in	the	F5	generation.	Although	the	sample	sizes	were	
small,	competition	patterns	of	tKDL	diploid	male	inferiority	held.	The	diploid	males	won	one	out	of	
four	single	competitions	(P=0.313,	binomial	test)	and	two	out	of	ten	multiple	competitions	
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(P=0.001,	binomial	test)	with	haploid	control	males.	In	competitions	with	their	haploid	brothers,	
the	tKDL	diploid	males	won	four	out	of	14	competitions	(P=0.180,	binomial	test)	for	single	females,	
and	one	out	of	ten	of	the	multiple	competitions	(P=0.022,	binomial	test).	To	summarize,	females	
were	2.3-3.3	times	less	likely	to	mate	with	the	diploid	in	the	F1	generation,	and	2.4-22.6	times	to	
mate	with	the	diploid	in	the	F5	generation	(GLMM	Table	S1).	

To	specifically	test	for	if	diploids	of	one	polyploidization	background	could	be	superior	to	
another,	we	also	competed	F1	tKDL	diploid	males	against	WPL	diploid	males.	Based	on	the	
competition	experiment	with	haploid	males	and	WPL	diploid	males	being	equal	competitors	
against	haploids	of	their	own	background	(Leung	et	al.,	2019),	we	expected	the	tKDL	diploid	males	
to	be	poor	competitors	to	the	WPL	diploid	males.	Surprisingly,	they	won	11	out	of	15	single	female	
competitions	(P=0.118,	binomial	test),	and	nine	out	of	13	multiple	female	competitions	(P=0.267,	
binomial	test).	Although	sample	sizes	are	small,	females	were	4.5-6.6	times	more	likely	to	mate	
with	the	tKDL	diploid	than	the	WPL	diploid	(GLMM	Table	S1).	In	addition,	fewer	females	mated	in	
the	tKDL	diploid-WPL	diploid	multiple	mate	competitions	(on	average,	4.3	females)	compared	to	
the	tKDL	haploid-tKDL	diploid	competitions	(7.70–9.25	females)	(P<0.05,	Kruskal-Wallis	test	and	
Dunn’s	test).	In	summary,	tKDL	diploid	males	are	inferior	competitors	against	haploids,	but	are	
superior	competitors	to	WPL	diploid	males.	The	degree	of	polyploid	detriment	in	male	mate	
competition	is	thus	background	specific,	even	though	there	is	a	higher	rejection	rate	of	diploid	
males	in	general.	

Female	reproduction	

Sterility	or	impaired	fertility	is	a	major	challenge	to	the	establishment	of	polyploid	lineages.	The	
high	fecundity	of	N.	vitripennis	polyploid	males	is	known	from	the	WPL	(Whiting,	1960),	with	
diploid	males	having	the	same	number	of	offspring	as	haploids	(Leung	et	al.,	2019).	We	assessed	
the	progeny	size	of	virgin	and	mated	WPL	triploid	females,	as	well	as	tKDL	diploid	and	triploid	
females	under	standard	culturing	conditions.	We	further	measured	the	sex	ratio	of	mated	females,	
as	females	vary	in	the	number	of	eggs	they	fertilize	based	on	various	environmental	and	genetic	
factors	(Wylie,	1976;	Orzack	et	al.,	1991;	Shuker	et	al.,	2006;	Ivens	et	al.,	2009;	Pannebakker	et	al.,	
2011).	We	also	assessed	the	proportion	of	progeny	that	were	polyploid	for	virgin	and	mated	
females	for	both	WPL	and	tKDL.	As	tKDL	females	were	low	in	number	in	the	F2	generation,	we	
examined	the	F4	generation	instead.		

The	mean	progeny	size	was	3.64	±	3.32	for	virgin	WPL	triploids	(N=49)	and	2.34	±	2.43	for	
mated	WPL	triploids	(N=50)	WPL,	conforming	to	expectations	of	high	aneuploidy	(in	contrast,	
diploid	scarlet	females	used	to	maintain	the	line	produce	60-90	offspring).	The	mean	progeny	size	
of	virgin	tKDL	triploids	(N=50,	12.40	±	4.94)	was	lower	than	either	the	control	diploid	females	
(N=45,	97.73	±	19.59)	or	the	tKDL	diploids	(N=49,	69.18	±	18.00)	(P<0.001	Kruskal	Wallis	test,	
P<0.001	Dunn’s	test).	The	same	applied	to	mean	mated	female	progeny	size,	with	tKDL	triploids	
(N=47,	20.77	±	8.49)	having	less	offspring	than	the	control	diploids	(N=47,	59.34	±	20.70)	and	the	
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diploid	tKDL	(N=49,	74.78	±	18.24)	(P<0.001	Kruskal-Wallis	test,	P<0.05	Dunn’s	test).	Strikingly,	
these	results	reflect	a	tKDL	triploid	progeny	size	3.4	times	(virgin)	and	8.9	times	(mated)	greater	
than	that	of	WPL	triploids.	What	is	more,	the	tKDL	triploids	have	far	more	offspring	than	1/32	of	
their	tKDL	diploid	counterparts,	as	would	have	been	expected	from	aneuploidy	(Nasonia	has	five	
chromosomes,	so	assuming	random	segregation,	this	would	be	the	odds	of	chromosomes	aligning	
correctly	in	meiosis	for	a	euploid	egg).	

A	typical	Nasonia	progeny	sex	ratio	(male	offspring/total	offspring)	of	about	25%	male	
(Werren	&	Loehlin,	2009c)	was	consistent	among	the	tKDL	triploids	(0.214	±	0.174,	N=47),	control	
diploids	(0.233	±	0.178,	N=47),	and	the	tKDL	diploids	(0.264	±	0.217,	N=49)	(P=	0.448,	Kruskal-
Wallis	test).	In	contrast,	WPL	triploids	(N=50)	skew	heavily	towards	male	offspring,	with	a	mean	
progeny	sex	ratio	of	0.89	±	0.26,	which	is	higher	than	the	tKDL	triploid	female	(P<0.001,	Dunn’s	
test).	This	indicates	that	the	tKDL	triploids	not	only	produce	more	viable	euploid	eggs	than	the	
WPL,	but	that	these	eggs	are	more	amenable	to	fertilization	and	female	production.		

Whole	broods	of	virgin	(N=31)	and	mated	tKDL	(N=47)	triploid	females	were	typed	for	
ploidy	using	flow	cytometry	to	determine	if	this	line	has	higher	polyploid	production	than	WPL.	
The	mean	polyploid	percentage	(polyploid	offspring	/total	offspring	was	31.9	±	22.4,	and	36.6	±	
1.91	for	virgin	and	mated	females	respectively	This	is	not	different	from	the	25%	polyploid	
proportion	reported	for	WPL	(Whiting,	1960;	Beukeboom	&	Kamping,	2006),	but	lower	than	the	
expected	50%	based	on	random	segregation.		

Cell	reduction	

	
Generally,	polyploid	cells	are	larger	due	to	an	increase	in	nuclear	content,	and	can	cause	problems	
of	cell	stochiometry	and	whole	body	gigantism	(Olmo,	1983;	Comai,	2005).	In	vertebrate	
(Fankhauser,	1945;	Henery	&	Kaufman,	1992)	and	some	plant	(Robinson	et	al.,	2018)	polyploids,	
cell	reduction	mechanisms	are	employed	to	retain	normal	size	and	function.	It	is	unclear	whether	
invertebrate	polyploids	are	capable	of	this	adaptation	(Fankhauser,	1945;	Fankhauser	et	al.,	1955;	
Flemming	et	al.,	2000).	We	examined	WPL	and	tKDL	for	evidence	of	cell	reduction	by	counting	
setae	(wing	hairs,	with	each	seta	corresponding	to	a	single	cell	(following	e.g.	Loehlin	et	al.,	
2010a),	on	a	consistently	sampled	0.25	mm2	subsection	of	the	right	forewing	(Figure	1A).	For	WPL	
there	was	a	clear	progression	of	fewer,	larger	cells	as	ploidy	level	increased,	(Figure	1B).	Haploid	
WPL	males	(N=47)	averaged	189.19	±	38.22	cells	compared	to	diploid	WPL	males	(N=25)	averaging	
157.20	±	38.22	cells.	Females	had	fewer	and	larger	cells	than	males,	but	diploid	scarlet	(WPL)	
females	(N=34)	averaged	46.71	±	42.33	cells	and	triploid	WPL	females	(N=32)	averaged	35.63	±	
5.28	cells	(P<0.0001,	Kruskal-Wallis	test;	P<0.001	Dunn’s	test)	(Figure	1B).	In	contrast,	there	was	
no	clear	gradient	of	cell	number	or	size	for	ploidy	level	or	sex	for	tKDL	(Figure	1C).	Mean	setae	
count	was	95.93	±	15.39	for	haploid	control	males	(N=86),	69.73	±	16.83	for	tKDL	haploid	males	
(N=79),	49.25	±	5.41	for	control	diploid	females	(N=20),	54.38	±	5.72	for	tKDL	diploid	females	
(N=21),	and	50.82	±	6.33	(N=55)	for	tKDL	triploid	females	(P<0.0001,	Kruskal-Wallis	test;	P<0.001	
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Dunn’s	test).	It	should	be	noted	there	is	large	overlap	in	values	among	the	groups	(as	is	reflected	
by	the	large	standard	deviations),	indicating	that	even	in	WPL	there	is	no	clear	segregation	in	setae	
count	between	polyploids	and	non-polyploids.	These	data	suggest	cell	size	increase	and	cell	
number	reduction	in	one	polyploid	background	(WPL)	but	not	for	another	(tKDL).	

	

Figure	1.	Cell	reduction	exists	in	the	long	established	Whiting	polyploid	line	(WPL)	but	not	the	neopolyploid	transformer	knockdown	
line	(tKDL).	(A)	0.25	mm2	subsamples	of	the	right	forewing	were	taken	using	the	single	cross	vein	as	a	landmark	to	ensure	
consistency	(specimen	pictured	is	a	3N	WPL	female).	As	each	seta	(wing	hair)	corresponds	to	a	single	cell,	greater	distance	between	
setae	indicates	larger	cells.	(B)	In	the	Whiting	polyploid	line,	cells	become	progressively	larger	with	ploidy	level,	and	as	wings	are	
similarly	sized	within	sex	for	polyploids	and	non-polyploids,	this	suggests	cell	number	reduction	mechanisms	at	work	(C)	In	contrast,	
in	the	tKDL	knockdown	line,	cell	size	remains	the	same	across	sex	and	ploidy	levels,	suggesting	that	cell	number	reduction	
mechanisms	only	evolve	over	time,	or	that	tra	has	a	role	in	cell	and	body	size	regulation	that	has	been	lost	in	these	specimens.	
Dotted	lines	for	(B)	and	(C)	indicate	separation	of	ploidy	levels.	
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Gene	dosage	

For	both	sexes	and	across	all	ploidy	levels	of	WPL	and	tKDL,	we	measured	the	absolute	expression	
of	housekeeping	genes	adenylate	kinase	3	(Ak3)	and	elongation	factor	1	alpha	(ef1α).	These	genes	
are	routinely	used	as	references	in	qPCR	as	they	appear	to	be	constitutively	expressed	throughout	
the	body	and	do	not	have	sex-specific	function	(e.g.	Maroniche	et	al.,2011;	Dalla	Bennetta,	
Beukeboom,	&	van	de	Zande,	2019).	Analyses	were	performed	for	heads	(known	to	have	
consistent	ploidy;	55,	75)	and	abdomens.	Thoraxes	were	discarded	because	of	likely	
endopolyploidy	(Aron	et	al.,	2005).		

Generally,	the	absolute	expression	of	the	housekeeping	genes	Ak3	and	ef1α	for	a	5x	
dilution	of	cDNA	was	lower	in	males	than	females.	This	applied	to	both	the	head	and	abdomen,	
and	for	both	the	WPL	and	the	tKDL	backgrounds	(Figure	2).	Results	for	a	50x	cDNA	dilution	
replicated	all	these	patterns,	demonstrating	that	the	5x	dilution	results	were	not	biased	by	upper	
limits	of	expression	detection.	There	was	no	pattern	of	an	increase	in	expression	correlating	to	
increased	ploidy	level.	For	Ak3	and	ef1α	head	expression,	males	of	almost	all	backgrounds	(WPL	
haploid,	WPL	diploid,	control	haploid	and	tKDL	haploid	males)	resembled	each	other	strongly.	
However,	tKDL	diploid	male	head	expression	was	female-like	(like	the	diploid	and	triploid	
females).	These	males	arose	from	diverted	female	development	through	tra	knockdown,	so	it	is	
possible	they	retained	some	degree	of	female	character.	Overall,	there	was	more	variation	in	
female	head	expression,	which	tended	towards	being	higher	than	the	males.	However,	for	Ak3,	in	
diploid	control,	tKDL	diploid,	diploid	(scarlet)	WPL,	and	triploid	WPL	females	the	expression	was	as	
low	as	the	haploid	WPL	male’s	(Figure	2A).	A	clearer	separation	of	lower	male	values	versus	higher	
female	values	was	observed	for	the	head	expression	of	ef1α	(Figure	2B).	Abdominal	Ak3	and	ef1α	
expression	was	consistently	low	for	WPL	haploid,	WPL	diploid,	tKDL	haploid,	and	tKDL	diploid	
males	(Figure	2C),	and	high	but	variable	for	control	diploid,	WPL	diploid	(scarlet),	WPL	triploid,	
tKDL	diploid,	and	tKDL	triploid	females	(Figure	2D).	These	data	show,	surprisingly,	that	in	two	
polyploid	backgrounds	expression	does	not	scale	to	ploidy,	but	rather	is	conserved	by	sex.	
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Figure	2.	qPCR	results	for	absolute	gene	expression	of	housekeeping	genes	Ak3	and	ef1α.	Absolute	expression	and	standard	error	for	three	replicates	for	5x	dilution	of	cDNA	for	(A)	Ak3	in	heads	
(B)	ef1α	in	heads	(C)	Ak3	in	abdomens	and	(D)	ef1α	in	abdomens.	Blue	indicates	male	background,	and	red	indicates	female	background.	HVRx	control	indicates	non-injected	individuals	of	the	
strain	used	to	generate	the	transformer	knockdown	line	(tDKL).	If	the	prevalent	hypotheses	(expression	scales	to	ploidy	and	sex-linked	dosage	mechanisms	do	not	exist	in	Hymenoptera)	were	true	
expression	would	simply	be	1x,	2x,	and	3x	for	haploids,	diploids,	and	triploids,	respectively.	Instead,	expression	is	consistent	for	1n	and	2n	males	(with	the	exception	for	the	head	expression	of	the	
2n	tra	KD	males,	possibly	because	these	individuals	would	have	normally	developed	into	females	without	deactivation	of	the	feminization	process	through	tra	knockdown).	These	data	suggest	
that	sex-linked	expression	conservation	may	be	a	mechanism	to	modulate	dosage	changes	from	polyploidization.	(These	patterns	are	also	consistent	for	a	50x	dilution,	data	not	shown).
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Discussion 

Although	polyploidy	was	once	thought	of	as	an	evolutionary	dead	end	(Stebbens,	1950,	1971;	
Wagner,	1970),	it	is	now	recognized	as	a	major	force	for	evolutionary	success	by	underlying	gene	
network	diversification,	increased	hardiness,	expanded	geographic	range,	and	accelerated	
speciation	(reviewed	in	Comai	2005;	Otto,	2007;	Van	de	Peer	et	al.,	2009;	Soltis	et	al.,	2010).	These	
downstream	benefits	of	polyploidy	are	manifold,	so	arguably	it	would	be	advantageous	for	all	
lineages	to	undergo	polyploidization.	Despite	an	apparent	evolutionary	advantage,	it	is	unknown	
why	polyploidy	is	prevalent	in	some	animal	groups	and	virtually	absent	in	others.	Furthermore,	
immediate	detriments	of	polyploidization	are	highly	challenging	to	the	organism,	and	little	is	
known	about	the	mechanisms	to	overcome	initial	barriers	to	polyploid	establishment	(Madlung,	
2013;	Spoelhof,	Soltis,	&	Soltis,	2017;	Baduel	et	al.,	2018).	It	is	often	suggested	that	variation	in	
polyploid	mechanisms	must	impact	the	severity	of	initial	phenotypes	and	their	fitness,	and	thus	
determine	an	organism’s	likelihood	of	success	versus	extinction.	However,	the	lack	of	empirical	
evidence	due	to	few	means	to	experimentally	induce	polyploidy,	particularly	in	animals,	has	been	
repeatedly	emphasized	(Van	de	Peer	et	al.,	2009;	Choleva	&	Janko,	2013;	Madlung,	2013;	Spoelhof	
et	al.,	2017).	

We	studied	a	long-maintained	polyploid	line	(WPL)	that	arose	spontaneously	through	an	
unknown	pathway	and	a	neopolyploid	line	generated	through	a	single	gene	target	in	a	genetically	
variable	background	(tKDL)	in	the	parasitoid	wasp	N.	vitripennis.	We	present	the	first	empirical	
evidence	that	there	can	be	major	variation	in	polyploid	phenotypes	within	a	single	animal	species,	
demonstrating	that	specific	polyploidization	pathway	can	correspond	to	different	degrees	of	
polyploid	detriment.	Although	some	outcomes	may	be	specific	to	the	hymenopteran	insect	group,	
it	reflects	how	a	gradient	of	polyploid	phenotypes	can	correspond	to	the	survival	likelihood	of	a	
lineage.	

Male-female	mating	interactions	differ	between	polyploid	backgrounds	

In	our	study,	neopolyploid	males	were	poor	competitors	against	haploids	for	female	mates.	This	
was	observed	for	both	the	F1	and	the	F5	generation,	indicating	a	heritable	phenotype.	Our	results	
diverge	from	the	near-consensus	of	all	other	hymenopteran	studies	including	WPL	(the	only	one	
on	a	non-CSD	species;	55)	that	diploid	males	have	equal	mating	success	to	haploid	counterparts	
(Harpur	et	al.,	2013).	The	tKDL	diploid	males’	lesser	ability	to	compete	for	females	adds	complexity	
to	the	current	hymenopteran	“diploid	male	vortex”	narrative	of	CSD	species.	It	has	been	assumed	
that	monandrous	females	are	incapable	of	recognizing	and	rejecting	diploid	males,	so	accelerating	
extinction	for	species	with	sterile	diploid	males	(Cowan	&	Stahlhut,	2004;	Zayed	&	Packer,	2005;	
Hein	et	al.,	2009;	Thiel,	Weeda,	&	Bussière,	2014;	Zaviezo	et	al.,	2018).	Here,	we	provide	the	first	
example	of	a	hymenopteran	female	clearly	differing	in	their	mating	propensity	with	polyploid	
males.	Additionally,	despite	performing	poorly	against	haploids	of	their	own	background,	the	tKDL	
diploid	males	were	superior	mate	competitors	against	the	WPL	diploids.	It	is	not	clear	if	female	
mate	preference	is	down	to	outbred	(tKDL)	versus	inbred	(WPL)	background,	or	polyploid	
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phenotypes	specific	to	the	diploid	males,	but	this	also	establishes	for	the	first	time	(for	a	CSD	or	
non-CSD	species)	that	diploid	males	of	different	backgrounds	of	a	single	species	can	be	highly	
contrasting	in	their	success	with	females.	

The	disparities	in	tKDL	and	WPL	diploid	male	mate	competition	ability	could	be	due	to	
differences	in	behavior,	reproductive	potential,	mechanical	compatibility	with	females,	or	
chemosensory	profiles.	Although	rigorous	study	is	needed,	tKDL	diploid	males	are	not	deficient	in	
courtship	or	copulatory	behaviors	(pers.	observation),	and	females	do	not	reject	them	when	they	
have	no	other	mate	choice	(data	not	shown).	The	fecundity	of	N.	vitripennis	diploid	males	is	also	
similar	to	haploid	males	for	both	WPL	(Leung	et	al.,	2019)	and	tKDL	(data	not	shown),	so	female	
preference	for	haploids	does	not	seem	to	be	based	on	reproductive	potential.	The	tKDL	diploid	
males	also	have	no	obvious	physical	impairment,	as	in	the	only	other	known	case	of	diploid	male	
mating	failure	(in	one	species,	the	diploid	male	was	too	large	to	copulate;	Smith	&	Wallace,	2014).	
Preliminary	work	also	detected	no	pronounced	differences	between	cuticular	hydrocarbon	(CHC)	
profiles	that	would	clearly	separate	haploid	and	diploid	males	chemically	for	either	background	(F.	
Post	&	J.	Buellesbach,	unpublished	data).	Interestingly,	in	the	multiple	competitions,	female	
mating	rate	was	lower	in	the	tKDL	diploid	and	WPL	diploid	competitions	compared	to	the	tKDL	
diploid	versus	haploid	competitions.	This	suggests	that	even	if	they	themselves	have	impaired	
attractiveness,	diploid	males	may	benefit	from	ambient	haploid	cues	increasing	female	receptivity,	
which	could	also	partially	account	for	the	WPL	diploids’	success	against	their	own	haploids	(in	
Leung	et	al.,	2019).	

Aneuploidy	effects	vary	between	polyploid	backgrounds	

As	is	typical	for	most	polyploids,	triploid	female	hymenopterans	are	sterile	due	to	meiotic	error	
resulting	in	a	high	frequency	of	aneuploid	gametes	(Liebert	et	al.,	2004;	Comai,	2005;	Thiel	et	al.,	
2014)	The	triploid	females	of	the	WPL	have	highly	reduced	fecundity	due	to	aneuploidy,	apparent	
from	the	presence	of	many	shriveled	eggs	in	oviposited	hosts	(Whiting,	1960)	It	was	therefore	
highly	surprising	that	the	neopolyploid	tKDL	triploids	exhibited	3-10x	higher	fecundity	than	the	
long-maintained	WPL	triploid	females.	This	is	only	the	second	example	of	a	fecund	triploid	
hymenopteran	(see	Cowan	&	Stahlhut,	2004),	and	the	first	known	case	of	extreme	variation	in	
triploid	female	fecundity	within	a	single	species.	Thus,	tKDL	triploid	females	seem	to	have	an	
ability	to	circumvent	aneuploidy	that	the	WPL	triploids	lack.		

The	mechanism	for	this	aneuploidy	circumvention	in	tKDL	triploids	is	unknown,	but	one	
hypothesis	is	that	there	is	biased	meiotic	segregation.	Uneven	ploidy	levels	(e.g.	triploid)	are	
harder	to	establish	than	even	ploidies	(e.g.	tetraploid)	because	of	aneuploid	gametes	(Comai,	
2005).	However,	uneven	ploidy	effects	may	be	alleviated	by	a	parent-of-origin	effect	on	
chromosome	segregation,	i.e.	the	two	sets	that	come	from	the	diploid	parent	segregate	more	
often	together	and	seldom	combine	with	the	one	set	from	the	other	parent	during	triploid	
meiosis,	although	this	phenomenon	may	fade	with	progressive	recombination	over	generations.	
There	is	some	supporting	evidence	for	this	in	plants	(Karpechenko,	1924;	Fishman	&	Willis,	2005;	
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Osabe	et	al.,	2012;	Glover,	Redestig,	&	Dessimoz,	2016;	Ferretti,	Ribeca,	&	Ramos-Onsins,	2018).	A	
future	study	with	molecular	or	morphological	markers	can	test	for	whether	there	is	biased	
segregation	for	polyploidized	chromosome	sets.		

Notably,	mated	WPL	triploid	females	had	fewer	offspring	than	virgins	and	produced	few	
daughters,	unlike	the	mated	tKDL	triploid	females	that	produced	larger	and	female-biased	broods	
more	in	line	with	typical	Nasonia	biology	(Werren	&	Loehlin,	2009c).	This	suggests	that	in	the	tKDL	
polyploid	background,	mating	induces	increased	offspring	production	and	egg	fertilization,	which	
it	does	not	in	the	WPL	background.	The	reason	for	this	difference	remains	unknown.	

Cell	reduction	mechanism	vary	between	polyploid	backgrounds	

	 The	WPL	but	not	the	tKDL	appears	to	have	a	sex-linked	cell	reduction	mechanism	wherein	
there	are	fewer,	larger	cells	in	higher-level	ploidy	individuals	(Figure	1,	Dataset	3).	Consistent	with	
most	hymenopterans	(A.	Thiel,	unpublished	data),	polyploids	and	non-polyploids	do	not	differ	
much	from	each	other	in	overall	body	size	for	either	background	(data	not	shown).	Therefore	it	
does	not	seem	that	a	cell	reduction	mechanism	is	required	to	avoid	polyploid	gigantism,	making	its	
functional	justification	in	WPL	unclear.	Nor	does	it	seem	to	confer	any	obvious	phenotypic	
advantage	on	WPL	distinguishing	it	from	tKDL.	It	could	simply	be	that	cell	reduction	is	a	later	stage	
polyploid	phenotype,	and	so	is	present	in	long-maintained	WPL	but	not	the	neopolyploid	tKDL.	
This	is	the	first	example	of	cell	reduction	varying	drastically	within	an	animal	polyploid	species.	
While	polyploid	body	size	and	its	relationship	to	cell	number	and	size	has	been	poorly	studied	
outside	of	vertebrates	(Visger	et	al.	2019;	but	see	references	therein),	these	data	demonstrate	
that	cell	reduction	can	occur	within	the	invertebrates	as	a	possible	means	of	regulating	polyploidy-
driven	organ	and	body	gigantism.		

	 It	should	be	noted	that	these	inferences	are	clouded	by	tra	having	a	known	role	in	body	
size	regulation	(in	Drosophila;	Oldham	et	al.,	2000,	Rideout,	Narsaiya,	&	Grewal,	2015).	The	
absence	of	cell	reduction	in	tKDL	could	be	an	artefactual	result	of	deactivated	tra,	and	not	a	
difference	in	polyploid	phenotype	between	polyploid	backgrounds	per	se.	As	other	genes	that	can	
be	targeted	to	create	N.	vitripennis	neopolyploids	(Verhulst	et	al.,	2013;	Geuverink	et	al.,	2017)	are	
not	known	to	have	a	role	in	body	size,	additional	study	of	knock	down	lines,	and	longer-term	study	
of	neopolyploids	in	general,	will	elucidate	how	general	cell	reduction	mechanisms	are	in	
polyploids,	and	whether	they	evolve	over	time.	

Gene	dosage	is	controlled	by	sex	and	does	not	scale	to	ploidy	

How	a	neopolyploid	organism	copes	with	expression	changes	following	a	sudden	increase	in	
genomic	material	is	one	of	the	biggest	questions	of	polyploid	biology	(Mittelsten	Scheid	et	al.,	
1996;	Yoo	et	al.,	2014;	Baduel	et	al.,	2018;	Visger	et	al.,	2019).	An	intuitive	assumption	would	be	
that	gene	transcript	number	scales	directly	with	ploidy	(e.g.	1x	haploid,	2x	diploid,	3x	triploid)	to	
maintain	balanced	gene	networks	(Comai,	2005).	However,	there	has	been	little	evidence	to	
support	this	(Coate	&	Doyle,	2010;	Visger	et	al.,	2019).	Additionally,	sexual	dosage	compensation	
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mechanisms	vary	between	organismal	groups	(e.g.	mammals	versus	birds	versus	insects,	reviewed	
in	87)	and	it	is	not	clear	whether	dosage	compensation	mechanisms	exist	in	haplodiploids	to	
accommodate	disparate	ploidy	levels	inherent	to	the	sexes,	despite	their	lack	of	sex	chromosomes	
(Rasch,	Cassidy,	&	King,	1977;	Aron	et	al.,	2005;	Koevoets	et	al.,	2012;	Wertheim	et	al.,	2013;	
Glastad	et	al.,	2014).	As	such,	we	examined	WPL	and	tKDL	to	ask	1)	is	absolute	gene	dosage	
directly	related	to	ploidy	2)	do	hymenopterans	have	sexual	dosage	compensation	3)	if	they	do,	are	
they	disrupted	by	polyploidization	and	4)	do	dosage	effects	vary	across	polyploid	backgrounds?	

In	our	study	we	observed	in	both	WPL	and	tKDL	a	strong	pattern	of	sex-linked	dosage	
conserved	against	polyploidy	(Figure	2),	which	has	not	been	previously	observed	in	any	other	
hymenopteran	species.	That	we	studied	absolute	expression	of	two	housekeeping	genes	
tentatively	implies	a	general	mechanism	across	genes	without	sex-specific	function.	Interestingly,	
throughout	Hymenoptera	(except	for	basal-most	Xylidae),	endopolyploidy	(diploidy)	is	high	in	
body	tissues	of	haploid	males,	purportedly	to	match	the	metabolic	and	mechanical	abilities	of	
diploid	females	(Aron	et	al.,	2005).	This	would	imply	that	that	the	haploid	genome	cannot	just	
double	its	expression.	Yet,	in	our	study,	male	diploidy	does	not	increase	expression	(in	the	head	or	
abdomen),	calling	into	question	if	they	differ	fundamentally	from	endopolyploid	(diploid)	body	
cells,	and	if	so,	how	and	why.		

In	the	opposite	pattern	to	our	study,	in	the	ant	Solenopsis	invicta,	the	methylome	(an	
indirect	measure	of	expression	as	a	transcription	regulator)	scaled	directly	to	ploidy	level	rather	
than	sex	(Glastad	et	al.,	2014).	Complicating	this	further,	there	has	been	a	claim	that	gene	
expression	in	this	ant	is	controlled	by	ploidy	in	the	juvenile	stage	and	by	sex	in	the	adult	stage	
(Nipitwattanaphon	et	al.,	2014).	The	authors	suggested	that	widespread	sterility	in	hymenopteran	
diploid	males	is	due	to	this	“female-like”	expression	compromising	early	reproductive	events	e.g.	
spermatogenesis.	Although	we	did	not	evaluate	the	different	life	stages	in	our	study,	both	WPL	
and	tKDL	diploid	males,	which	had	male	(haploid)	like	expression	as	adults,	are	highly	fecund.	Sex-
specific	expression	begins	in	the	pupal	stage	for	N.	vitripennis	(Rago,	Werren,	&	Colbourne,	2020),	
but	how	aberrant	ploidy	affects	this	is	unknown.	Assessing	the	juvenile	expression	for	diploid	
males	would	clarify	whether	“early	female-like”	expression	at	this	stage	truly	underlies	male	
sterility.	Haploid-like	expression	would	affirm	this	hypothesis,	and	diploid-like	expression	would	
counter	it.	

Our	study	is	the	first	study	on	polyploid	hymenopteran	expression	to	consider	triploid	
females.	This	uncovered	consistent	sex-conserved	dosage	for	both	polyploid	backgrounds	despite	
their	many	contrasting	polyploid	phenotypes,	suggesting	an	ingrained	mechanism	that	may	act	as	
a	buffer	against	the	genomic	shock	of	ploidy	changes.	It	may	be	a	factor	in	how	there	are	
additional	forms	of	aberrant	ploidy	in	Nasonia	such	as	haploid	(Beukeboom	et	al.,	2007b)	and	
tetraploid	females	(Whiting,	1960)	that	result	in	individuals	that	are	viable	and	are	not	seriously	
impaired	outside	of	reproductive	function.	While	more	in-depth	studies	are	needed,	particularly	
across	whole	transcriptomes	and	with	rigorous	sampling	standardization	(Visger	et	al.,	2019),	our	
results	point	at	the	existence	of	sex-linked	mechanisms	that	buffer	against	would-be	dosage	
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altering	effects	of	polyploidization.		

Optimal	polyploidization	pathways	and	Nasonia	vitripennis	as	an	experimental	animal	polyploid	
model		

We	synthesize	our	results	to	introduce	the	concept	of	the	optimal	polyploidization	pathway	
(Figure	3).	The	optimal	polyploidization	pathway	operates	diametrically	to	the	CSD	diploid	male	
vortex,	which	fits	within	an	“evolutionary	dead	end”	conceptualization	of	polyploidy	(polyploidy	
drives	inevitable	extinction;	Comai,	2005;	Zayed	&	Packer,	2005).	In	contrast,	the	optimal	
polyploidization	pathway	considers	polyploidy	as	an	advantageous	evolutionary	driver.	It	proposes	
that	neopolyploidization	can	occur	through	many	pathways	with	many	phenotypic	outcomes,	with	
one	theoretically	being	the	most	favorable	(Figure	3).	In	an	evolutionary	context,	the	optimal	
polyploidization	pathway	is	the	one	most	conducive	to	survival	and	downstream	advantage,	which	
may	mean	for	example	the	one	that	least	impacts	fecundity	and	causes	the	fewest	problems	of	
epigenetic	disruption	(Otto	&	Whitton,	2000;	Comai,	2005;	Otto,	2007).	Although	our	study	
concerns	a	system	with	haplodiploidy	(representative	of	20%	of	animal	species;	Evans,	Shearman,	
&	Oldroyd,	2004),	it	lends	possible	insight	in	the	prevalence	of	WGDs	in	the	ancestry	of	many	
eukaryotes.	Rather	than	assuming	neopolyploidization	is	always	catastrophically	detrimental,	so	
necessitating	modulation	through	gradual	re-diploidization,	it	is	possible	that	some	WGDs	reflect	
(probably	rare)	gentler	optimal	polyploidization	pathways	with	less	initial	detriment,	allowing	
lineages	to	persist	and	evolve	further.	

	
Figure	3.	Outcomes	of	hypothetical	alternate	polyploidization	pathways.	An	organism	can	become	neopolyploid	through	multiple	
pathways	representing	a	gradient	of	least	likely	to	result	in	polyploid	lineage	establishment	(an	evolutionary	dead	end)	to	most	to	
likely	(the	hypothetical	optimal	polyploidization	pathway).	However,	one	polyploid	pathway	can	simultaneously	result	in	some	
neopolyploid	phenotypes	that	are	more	conducive	to	survival	and	success,	and	others	that	are	not.	Both	WPL	and	tKDL	serve	as	
examples,	but	for	different	traits.	
	 	

Evolutionary 
dead end 

Pathway 1 Pathway 2 

Polyploidization  

Both sexes infertile1 
Consistent aneuploidy1 

Many epigenetic/dosage problems 
 
 

Low viability 
polyploidization 

pathway 

Optimal 
polyploidization 

pathway 

One sex fertile, one sex infertile2 
High aneuploidy2 

Some epigenetic/dosage problems 
Compromised fitness3 

 
 

Both sexes fertile3 
Low aneuploidy3 

Few epigenetic/dosage problems2,3 

Uncompromised fitness2 
 
 

1Most animal polyploids, including most hymenopterans 
2As in the WPL (a specific example of uncompromised fitness being equal mate competition success between polyploid and non-polyploid males) 
3As in the tKDL (a specific example of compromised fitness being unequal mate competition success between polyploid and non-polyploid males) 
 

Pathway 3 



Different	polyploidization	modes	reveal	major	phenotypic		
variation	in	the	parasitoid	wasp	Nasonia	vitripennis	

	58	

Polyploidization	occurs	more	often	in	invertebrates	than	vertebrates	(Otto	&	Whitton,	
2000;	Comai,	2005;	Otto,	2007),	but	animal	polyploidy	research	has	been	heavily	biased	towards	
fish	and	amphibians	(Fankhauser,	1945;	Mable,	2003,	2004;	Bogart	&	Bi,	2013).	This	is	possibly	due	
to	the	popularity	of	some	of	these	vertebrate	species	as	models,	but	this	ironically	translates	to	a	
striking	dearth	of	knowledge	of	polyploid	evolution	in	the	taxa	for	which	it	is	most	common.	
Furthermore,	just	as	there	has	been	taxonomic	bias	in	favor	of	plants	versus	animals	in	polyploid	
research	due	to	easier	means	of	study	and	a	misconception	about	relative	evolutionary	and	
applied	importance	(Mable,	2003,	2004),	there	has	been	a	parallel	situation	in	hymenopteran	
polyploid	research.	Most	of	this	work	has	been	done	in	CSD	species,	possibly	because	polyploidy	is	
readily	inducible	(i.e.	through	inbreeding)	and	is	readily	detected.	The	CSD	diploid	male	vortex	has	
been	cited	as	a	major	danger	to	small	hymenopteran	populations	such	as	those	used	in	
conservation	and	biological	control	(Zayed	&	Packer,	2005;	Hein	et	al.,	2009;	Zaviezo	et	al.,	2018).	
And	yet,	non-CSD	parasitoid	wasps	comprise	most	of	the	commercially	important	hymenopterans	
(Hassell	&	Waage,	1982;	Beukeboom,	Kamping,	&	van	de	Zande,	2007;	Bale,	van	Lenteren,	&	
Bigler,	2008;	Wajnberg,	Roitberg,	&	Boivin,	2016).	Furthermore,	non-CSD	species	account	for	the	
majority	of	hymenopteran	diversity,	including	the	Nasonia’s	superfamily	Chalcidoidea,	which	may	
comprise	over	6%	of	all	animal	diversity	on	Earth	alone	(Mora	et	al.,	2011;	Heraty	et	al.,	2013).		

Nasonia	vitripennis	has	high	potential	as	a	model	for	filling	some	of	the	most	prominent	
existing	gaps	in	animal	polyploid	knowledge.	Neopolyploidy	can	easily	be	induced	through	
transformer	(Verhulst	2010),	transformer-2	(Geuverink	et	al.,	2017)	and	potentially	other	sex	
determination	genes	(Verhulst	et	al.,	2013),	which	have	distinct	knockdown	phenotypes.	This	
allows	for	study	of	different	downstream	polyploid	phenotypes	and	correspondingly	different	
evolutionary	trajectories.	Surveying	the	full	range	of	polyploid	biology	for	the	long-established	
WPL,	the	neopolyploid	single	gene	knockdown	lines,	and	possibly	induced	WGD	lines	(e.g.	
adapting	the	methods	of	Kawamura,	1994)	would	further	refine	what	constitutes	an	optimal	
polyploidization	pathway.	The	ability	to	create	long-term	polyploid	lineages	through	these	various	
means,	in	conjunction	with	many	existing	resources	for	advanced	genetic	study	of	N.	vitripennis,	
including	fully	sequenced	genome	and	transcriptome	(Werren	et	al.,	2010)	and	RNAi	for	gene	
knockdowns	(Lynch	&	Desplan,	2006)	and	CRISPR	for	gene	knockouts	(Li	et	al.,	2017)	make	N.	
vitripennis	a	good	candidate	to	be	developed	into	a	comprehensive	experimental	model	for	animal	
polyploid	research.	
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Figure	S1.	Individuals	used	for	crosses	and	assays.	Horizontal	lines	indicate	a	cross	and	vertical	lines	indicate	descent.	Gray-filled	
symbols	represent	individuals	that	were	used	in	assays.	The	untreated	HVRx	strain	was	used	to	generate	control	individuals	for	
each	generation	and	to	continue	breeding	in	the	injected	line.	This	background	is	represented	with	dashed	lines.	The	transformer	
knockdown	line	(tKDL)	was	founded	with	F0	females	injected	with	ds	tra	RNA.	tKDL	polyploids	individuals	from	the	F2	(female)	and	
F3	(male)	generations	were	not	used	for	assays	but	were	used	to	continue	the	line.	The	Whiting	polyploid	line	(WPL)	was	used	to	
produce	inbred	individuals	of	a	long-established	polyploid	background	to	compare	against	outbred	tKDL	counterparts	and	is	
indicated	by	dotted	lines.	Individuals	that	were	used	for	qPCR	analysis	of	reference	housekeeping	genes	Ak3	and	ef1α	are	marked	
with	an	asterisk	(*).		
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Figure	S2.	The	ploidy	typing	process.	Horizontal	lines	indicate	a	cross	and	vertical	lines	indicate	descent.	Gray-filled	symbols	
indicate	individuals	that	were	used	in	assays.	The	HVRx	stock	population	background	is	denoted	by	dashed	lines.	The	tKDL	
background	is	represented	by	solid	lines.	Ploidy	was	known	a	priori	for	WPL	and	control	(HVRx)	individuals.	Typing	for	ploidy	took	
place	for	tKDL	haploid	and	diploid	males	as	they	have	no	distinguishing	morphological	markers.	Ploidy	typing	of	F1,	F3,	and	F5	
males	used	a	two-step	daughter-typing	and	flow	cytometry	approach.	Ploidy	could	be	inferred	for	F2	and	F4	females	through	the	
ploidy	of	their	corresponding	fathers	from	the	previous	generation.	The	daughter-typing	step	is	based	on	the	lesser	fecundity	of	
triploid	females.	In	a	pilot	study,	control	diploid	HVRx	females	were	capable	of	producing	60-90	offspring	on	three	Calliphora	sp.	
hosts.	In	contrast,	triploid	females	of	the	WPL	typically	only	produce	four	offspring	(this	paper).	Hence,	male	ploidy	can	be	partially	
determined	from	the	fecundity	of	their	daughters.	For	ploidy	typing	of	the	males,	each	male	was	mated	to	a	virgin	diploid	HVRx	
female	from	the	stock	population.	If	the	male	was	haploid,	it	produced	diploid	female	offspring.	If	the	male	was	diploid,	it	produced	
triploid	female	offspring.	Three	daughters	of	each	male	were	hosted	on	three	hosts	each	(to	account	for	poor	reproduction	of	
random	females),	and	the	offspring	allowed	to	develop	under	standard	conditions.	For	each	male,	if	at	least	two	of	the	three	
daughters	produced	over	50	offspring	each,	they	were	scored	as	diploid	females,	and	their	father	assigned	corresponding	haploid	
status.	If	all	three	daughters	produced	0-50	offspring,	this	possibly	reflected	lower	fecundity	of	triploid	daughters.	If	the	daughters	
of	a	male	were	scored	as	possible	triploids,	either	the	males	themselves	or	one	of	their	representative	daughters	were	processed	
with	flow	cytometry.	Flow	cytometry	samples	were	prepared	by	removing	the	head	from	the	body,	placing	it	in	a	1.5	ml	Eppendorf	
tube,	and	freezing	at	-20°C.	Heads	were	then	stained	with	propidium	iodide	(PI)	using	the	protocol	of	(1)	with	the	modification	of	
using	a	MACSQuant®	Analyzer	10	(Wageningen	University,	Laboratory	of	Genetics	and	University	Medical	Center	Groningen,	
Central	Flow	Cytometry	Unit)	using	the	manufacturer’s	settings	for	PI:	Blue	488	nm	laser,	filter	655-730	nm,	channel	B3,	and	PerCP-
Vio680	dye.	Specimen	ploidy	was	assigned	based	on	match	to	reference	specimens	of	known	ploidy	i.e.	a	haploid	HVRx	control	
male,	a	diploid	HVRx	control	female,	and	a	triploid	WPL	female	(Whiting,	1960;	Leung	et	al.,	2019).	If	daughters	were	being	
examined	to	infer	father	ploidy,	a	diploid	daughter	indicated	a	haploid	father	and	triploid	daughter	indicated	a	diploid	father.	
Samples	with	an	unclear	signal	(<10%	of	samples)	were	discarded	from	analyses.	
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Table	S1.	General	linearized	mixed	models	(GLMM)	to	test	whether	females	were	more	likely	to	mate	with	one	type	of	male	in	
mate	competition	experiments.	Trial	number	was	set	as	a	random	effect.	A	multinomial	logistic	regression	with	a	generalized	logit	
link	and	a	Satterthwaite	approximation	and	estimation	of	robust	variance	were	used	to	account	for	low	sample	size	and	non-
normal	distributions.	The	exponential	coefficient	gives	the	number	of	times	females	are	more	likely	to	mate	with	the	superior	mate	
competitor	type	(the	haploid	in	every	competition,	or	tKDL	in	the	diploid-diploid	competitions).	Significant	results	are	indicated	
with	an	asterisk	(*)	

Competition	
BIC	 Co-efficient	 Exp.	

Coefficient	
P-value	

Intercept	 	 	 	 	
control	haploid	vs.	F1	tKDL	diploid	(single)*	 149,662	 0.982	 2.669	 0.019	
control	haploid	vs.	F1	tKDL	diploid	(multiple)*	 10,358	 1.188	 3.282	 <0.001	
F1	tKDL	haploid	vs.	F1	tKDL	diploid	(single)	 93,689	 0.818	 2.265	 0.271	
F1	tKDL	haploid	vs.	F1	tKDL	diploid	(multiple)*	 1,160,746	 0.881	 2.414	 <0.001	
control	haploid	vs.	F5	tKDL	diploid	(single)	 16,804	 1.186	 3.723	 0.463	
control	haploid	vs.	F5	tKDL	diploid	(multiple)*1	 470,536	 3.119	 22.625	 <0.001	
F5	tKDL	haploid	vs.	F5	tKDL	diploid	(single)	 63,424	 0.854	 2.384	 0.284	
F5	tKDL	haploid	vs.	F5	tKDL	diploid	(multiple)*	 459,686	 2.997	 20.030	 0.002	
F1	tKDL	diploid	vs	WPL	diploid	(single)	 65,507	 1.889	 6.613	 0.076	
F1	tKDL	diploid	vs	WPL	diploid	(multiple)*	 276,730	 1.502	 4.490	 0.038	
1Trial	number	was	removed	as	a	random	effect	because	a	lack	of	variation	prevented	a	positive	definite	Hessian	matrix		
	
	
	
Table	S2.	Primers	used	for	qPCR	of	genes	Ak3	and	ef1α		
	
Gene	 NCBI	ref.	seq	 Forward	primer	 Reverse	primer	

Ak3	 XM_016986045	 5’-AATTCAATCG	
GGTTCTGCTC-3’	

5’-CAGCATCTCATC	
TAACTTCTCTCTG-3’	

ef1α	 XM_008209960	 5’-CACTTGA	TCT	
ACAAATGCGGTG-3’	

5’-CCTTCAGTTTGT	
CCAAGACC-3’	
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