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ABSTRACT	9	

Although	 evolutionary	 transitions	 from	 sexual	 to	 asexual	 reproduction	 are	 frequent	 in	10	

eukaryotes,	 the	 genetic	 bases	 of	 these	 shifts	 remain	 largely	 elusive.	 Here,	 we	 used	 classic	11	

quantitative	trait	analysis,	combined	with	genomic	and	transcriptomic	information	to	dissect	the	12	

genetic	basis	of	asexual,	parthenogenetic	reproduction	in	the	brown	alga	Ectocarpus.	We	found	13	

that	parthenogenesis	is	controlled	by	the	sex	locus,	together	with	two	additional	autosomal	loci,	14	

highlight	 the	 key	 role	 of	 the	 sex	 chromosome	 as	 a	 major	 regulator	 of	 asexual	 reproduction.	15	

Importantly,	we	 identify	 several	 negative	 effects	 of	 parthenogenesis	 on	male	 fitness,	 but	 also	16	

different	fitness	effects	between	parthenogenesis	and	life	cycle	generations,	supporting	the	idea	17	

that	parthenogenesis	may	be	under	both	sexual	selection	and	generation/ploidally-antagonistic	18	

selection.	Overall,	our	data	provide	the	first	empirical	illustration,	to	our	knowledge,	of	a	trade-19	

off	between	the	haploid	and	diploid	stages	of	the	life	cycle,	where	distinct	parthenogenesis	alleles	20	

have	opposing	effects	on	sexual	and	asexual	reproduction	and	may	contribute	to	the	maintenance	21	

of	genetic	variation.	These	types	of	fitness	trade-offs	have	profound	evolutionary	implications	in	22	

natural	populations	and	may	structure	life	history	evolution	in	organisms	with	haploid-diploid	life	23	

cycles.	24	

INTRODUCTION	25	

Although	 sexual	 reproduction,	 involving	 fusion	 of	 two	 gametes,	 is	 almost	 ubiquitous	 across	26	

eukaryotes,	 transitions	 to	 asexual	 reproduction	 have	 arisen	 remarkably	 frequently	 [1].	27	

Parthenogenesis,	 which	 is	 widespread	 in	 all	 major	 eukaryotic	 lineages	 [2–7],	 involves	 the	28	

development	of	an	embryo	from	an	unfertilized	gamete,	without	contribution	from	males	[1].	In	29	
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plants,	 parthenogenesis	 is	 a	 component	 of	 apomixis,	 which	 is	 the	 asexual	 formation	 of	 seeds,	30	

resulting	in	progeny	that	are	genetically	identical	to	the	mother	plant.	In	gametophytic	apomixis,	31	

the	 embryo	 sac	 develops	 either	 from	 a	 megaspore	 mother	 cell	 without	 a	 reduction	 in	 ploidy	32	

(diplospory)	or	from	a	nearby	nucellar	cell	(apospory)	in	a	process	termed	apomeiosis.	Apomeiosis	33	

is	then	followed	by	parthenogenesis,	which	leads	to	the	development	of	the	diploid	egg	cell	into	an	34	

embryo,	in	the	absence	of	fertilization	(reviewed	in	[8]).	35	

The	molecular	mechanisms	underlying	parthenogenesis	 in	 plants	 and	 animals	 remain	 largely	36	

elusive,	 although	 the	 factors	 triggering	 the	 transition	 to	 asexual	 reproduction	 have	 been	more	37	

intensively	 studied	 in	 plants	 than	 in	 animals,	 motivated	 by	 the	 potential	 use	 of	 asexual	38	

multiplication	in	the	production	of	crop	plants	for	agriculture	(e.g.[9,10]).	In	some	apomictic	plants,	39	

inheritance	of	parthenogenesis	is	strictly	linked	to	an	apomeiosis	locus	(reviewed	in	[11]).	In	other	40	

species	the	parthenogenesis	locus	segregates	independently	of	apomeiosis	[12–14].	For	example,	41	

apomixis	 in	Hieracium	 is	controlled	by	two	loci	termed	LOSS	OF	APOMEIOSIS	 (LOA)	and	LOSS	OF	42	

PARTHENOGENESIS	 (LOP),	 involved	respectively	 in	apomeiosis	and	parthenogenesis,	respectively	43	

[15].	A	third	locus	(AutE)	involved	in	autonomous	endosperm	formation,	was	shown	to	be	tightly	44	

linked	to	the	LOP	locus	[16].	In	Pennisetum	squamulatum,	apomixis	segregates	as	a	single	dominant	45	

locus,	 the	 apospory-specific	 genomic	 region	 (ASGR),	 and	 recent	work	has	highlighted	 a	 role	 for	46	

PsASGR-BABY	BOOM-like,	a	member	of	the	BBM-like	subgroup	of	APETALA	2	transcription	factors	47	

residing	in	the	ASGR,	in	controlling	parthenogenesis	[17].		48	

Parthenogenesis	 is	 also	 a	 relevant	 reproductive	 process	 in	 the	 brown	 algae,	 a	 group	 of	49	

multicellular	eukaryotes	that	has	been	evolving	independently	from	animals	and	plants	for	more	50	

than	a	billion	years	[18].	Once	released	into	the	surrounding	seawater,	gametes	of	brown	algae	may	51	

fuse	with	 a	 gamete	 of	 the	 opposite	 sex,	 to	 produce	 a	 zygote	which	will	 develop	 into	 a	 diploid	52	

heterozygous	sporophyte.	Alternatively,	in	some	brown	algae,	gametes	that	do	not	find	a	partner	53	

will	develop	parthenogenically,	as	haploid	(partheno-)sporophytes	(e.g.	[19]).	Parthenogenesis	in	54	

brown	algae	can	therefore	be	equated	with	gametophytic	embryogenesis	in	plants,	where	embryos	55	

are	produced	from	gametes	[20],	but	 in	the	case	of	brown	algae	the	parthenogenetic	gamete	is	56	

haploid.	 The	 brown	 algae	 are	 therefore	 excellent	 models	 to	 study	 the	 molecular	 basis	 of	57	

parthenogenesis	because	gametes	are	produced	directly	by	mitosis	from	the	multicellular	haploid	58	

gametophyte,	 allowing	 parthenogenesis	 to	 be	 disentangled	 from	 apomeiosis.	 Although	59	

parthenogenesis	has	been	described	in	several	species	of	brown	algae	(e.g.[21–23]),	the	genetic	60	

basis,	the	underlying	mechanisms	and	the	evolutionary	drivers	and	consequences	of	this	process	61	

remain	obscure.		62	
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The	 haploid-diploid	 life	 cycles	 of	 brown	 algae	 of	 the	 genus	 Ectocarpus	 involve	 alternation	63	

between	 a	 haploid	 gametophyte	 and	 a	 diploid	 sporophyte,	 both	 of	 which	 consist	 of	 branched	64	

multicellular	filaments	(Figure	1A).	Superimposed	on	this	sexual	cycle,	an	asexual,	parthenogenetic	65	

cycle	 has	 been	 described	 for	 some	 Ectocarpus	 strains	 [19,21].	 In	 this	 parthenogenetic	 cycle,	66	

gametes	that	fail	to	meet	a	partner	of	the	opposite	sex	develop	into	haploid	partheno-sporophytes.	67	

These	partheno-sporophytes	are	indistinguishable	morphologically	from	diploid	sporophytes	[21].	68	

Partheno-sporophytes	can	produce	gametophyte	progeny	to	return	to	the	sexual	cycle	through	two	69	

mechanisms:	1)	endoreduplication	during	development	to	produce	diploid	cells	that	can	undergo	70	

meiosis	or	2)	individuals	that	remain	haploid	can	initiate	apomeiosis	[21].	71	

Here,	 we	 used	 a	 quantitative	 trait	 loci	 (QTL)	 approach	 to	 investigate	 the	 genetic	 basis	 of	72	

parthenogenesis	 in	 the	 brown	 alga	 Ectocarpus	 siliculosus.	 We	 show	 that	 parthenogenesis	 is	 a	73	

complex	 genetic	 trait	 under	 the	 control	 of	 three	 QTLs,	 one	 major	 QTL	 located	 on	 the	 sex	74	

chromosome,	another	on	chromosome	18,	with	one	additional	minor	QTL	also	on	chromosome	18.	75	

We	used	genomic	and	transcriptomic	analysis	to	establish	a	list	of	89	candidate	genes	within	the	76	

QTL	 intervals.	 Importantly,	 our	 work	 detected	 significant	 sex	 by	 genotype	 interactions	 for	 the	77	

parthenogenetic	 capacity,	highlighting	 the	critical	 role	of	 the	 sex	 chromosome	 in	 the	 control	of	78	

asexual	reproduction.	Moreover,	we	identify	several	negative	effects	of	parthenogenesis	on	male	79	

fitness	 and	we	 reveal	 strong	 evidence	 for	 trade-offs	 between	 sexual	 and	 asexual	 reproduction	80	

during	the	life	cycle	of	Ectocarpus.	Overall,	our	results	support	the	idea	that	parthenogenesis	is	a	81	

trait	under	sexual	selection	and	ploidally-antagonistic	selection	in	Ectocarpus.	82	

RESULTS	83	

Parthenogenesis	is	controlled	genetically	84	

To	precisely	quantify	the	parthenogenetic	capacity	of	two	strains	of	E.	siliculosus,	clonal	cultures	85	

of	male	(RB1)	and	female	(EA1)	E.	siliculosus	gametophytes,	collected	from	a	field	population	 in	86	

Naples,	were	induced	to	release	gametes	under	strong	light	(see	methods)	and	pools	of	male	and	87	

female	gametes	were	allowed	to	settle	separately,	without	mixing	of	the	two	sexes,	on	coverslips.	88	

Development	of	the	gametes	was	then	followed	for	16	days	(Figure	1B,	Table	S1).	After	5	days,	both	89	

male	and	female	gametes	had	started	to	germinate	and	went	through	the	first	cell	divisions.	After	90	

16	days,	94%	of	the	female	gametes	had	grown	into	>10	cell	filaments,	whereas	96%	of	the	male	91	

gametes	remained	at	the	3-4	cell	stage	and	cell	death	was	observed	after	about	20	days.	Strains	92	

were	 therefore	 scored	 as	 parthenogenetic	 (P+)	 when	 more	 than	 90%	 of	 the	 gametes	 have	93	
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developed	beyond	the	10-cell	stage	at	16-days	post	release	and	as	non-parthenogenic	(P-),	when	94	

less	than	4%	of	the	gametes	had	developed	at	16d	after	release	(Figure	1B,	Table	S1).		95	

	96	

In	 several	 brown	 algal	 species,	 unfused	 male	 and	 female	 gametes	 show	 different	97	

parthenogenetic	capacity,	and	it	is	usually	the	female	gametes	that	are	capable	of	parthenogenesis	98	

whereas	male	 gametes	 are	 non-parthenogenic	 (e.g.	 [23,24]).	 To	 investigate	 if	 there	 was	 a	 link	99	

between	parthenogenetic	capacity	and	sex,	we	crossed	the	female	(EA1)	P+	strain	with	the	male	100	

(RB1)	P-	 strain	described	above	 (Figure	S1,	Table	S1).	The	diploid	heterozygous	zygote	 resulting	101	

from	 this	 cross	 (strain	 Ec236)	 was	 used	 to	 generate	 a	 segregating	 family	 of	 272	 haploid	102	

gametophytes.	 These	 272	 siblings	were	 sexed	 using	molecular	markers	 [25]	 and	 their	 gametes	103	

phenotyped	for	parthenogenetic	capacity	(see	above).	The	segregating	population	was	composed	104	

of	144	females	and	128	males,	consistent	with	a	1:1	segregation	pattern	(chi2	test;	p-value=0.33,	105	

Table	S2).	Phenotypic	assessment	of	the	parthenogenetic	capacity	of	the	gametes	released	by	each	106	

gametophyte	revealed	a	significant	bias	in	the	inheritance	pattern,	with	84	individuals	presenting	a	107	

P-	phenotype	and	188	a	P+	phenotype	(Chi2	test;	p-value=2.86x10-10)	(Table	S2,	S3).	Strikingly,	all	108	

female	strains	exhibited	a	P+	phenotype	whereas	30%	of	the	male	strains	were	recombinants,	i.e.	109	

had	a	P+	phenotype	(Table	S2).	This	result	indicated	the	presence	of	a	parthenogenesis	locus	or	loci	110	

that	was	not	fully	linked	to	the	sex	locus,	and	suggested	a	complex	relationship	between	gender	111	

and	parthenogenetic	capacity.		112	

Stability	of	the	parthenogenetic	phenotype	113	

A	subset	of	the	segregating	family	derived	from	the	EA1	x	RB1	cross	was	tested	for	phenotype	114	

stability.	We	cultivated	two	male	P+	gametophytes,	two	male	P-	gametophytes	and	two	female	P+	115	

gametophytes	 under	 different	 environmental	 conditions,	 varying	 light	 levels	 and	 temperature.	116	

After	two	weeks	in	culture,	fertility	was	induced,	and	the	parthenogenetic	capacity	of	the	gametes	117	

was	 scored	 (Table	 S4).	 The	 parthenogenetic	 phenotype	 of	 all	 strains	 was	 stably	 maintained	118	

regardless	the	culture	conditions.		119	

We	also	tested	the	stability	of	the	parthenogenetic	phenotype	across	generations:	gametes	of	120	

each	of	the	three	types	(male	P+,	male	P-	and	female	P+)	were	allowed	to	develop	into	partheno-121	

sporophytes.	Note	that	this	experiment	is	possible	with	P-	males	because	a	small	proportion	of	male	122	

P-	gametes	(less	than	4%)	does	not	exhibit	growth	arrest	and	is	able	to	grow	to	maturity.	After	two	123	

weeks	 in	 culture,	 gamete-derived	 partheno-sporophytes	 produced	 unilocular	 sporangia	 and	124	

released	spores	that	developed	into	gametophytes.	This	second	generation	of	gametophytes	was	125	
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again	phenotyped	for	parthenogenetic	capacity,	and	the	results	showed	without	exception	that	the	126	

parthenogenetic	phenotype	was	stably	maintained	across	generations	(Table	S4).		127	

To	 further	 investigate	 the	 inheritance	of	 parthenogenetic	 capacity,	 a	male	 P+	 individual	was	128	

crossed	with	a	P+	 female	 (Figure	S1).	A	 total	of	23	gametophyte	 lines	were	produced	 from	two	129	

heterozygous	 sporophytes	 resulting	 from	 this	 cross.	 Phenotyping	 for	 sex	 and	 parthenogenesis	130	

revealed	that	all	gametophyte	lines	exhibited	a	P+	phenotype,	regardless	of	the	sex	(Table	S5).	We	131	

concluded	that	parthenogenesis	is	controlled	by	a	genetic	factor(s).	132	

Generation	of	a	genetic	map	for	E.	siliculosus	133	

To	produce	a	genetic	map	based	on	the	EA1	x	RB1	cross,	a	ddRAD-seq	library	was	generated	134	

using	152	lines	of	the	segregating	progeny	(Figure	S1)	and	sequenced	on	an	Illumina	HiSeq	2500	135	

platform.	A	total	of	595	million	raw	reads	were	obtained,	of	which	508	million	reads	passed	the	136	

quality	filters	with	a	Q30	of	74.1%.	A	catalogue	of	8648	SNP	loci	was	generated	using	filtered	reads	137	

from	the	parental	strains	and	the	STACKS	pipeline	(version	1.44)	[26].	Twenty-eight	individuals	were	138	

removed	due	to	excessive	missing	genotypes	(see	Methods)	and	highly	distorted	markers	were	also	139	

removed.	 The	 final	 map	 constructed	 with	 124	 individuals	 contained	 5594	 markers	 distributed	140	

across	 31	 linkage	 groups	 (LGs)	 and	 spanning	 2947.5	 centimorgans	 (cM).	 The	 average	 spacing	141	

between	two	adjacent	markers	was	0.5 cM	and	the	largest	gap	was	17.6	cM	(on	LG23).	The	lengths	142	

of	the	31	LGs	ranged	from	174	cM	with	397	markers	to	13	cM	with	31	markers	(Figure	2A,	Table	143	

S6).	144	

Note	 that	 the	 Peruvian	 Ectocarpus	 strain	 that	 was	 used	 to	 generate	 the	 reference	 genome	145	

sequence	 [27]	 was	 originally	 taxonomically	 classified	 as	 Ectocarpus	 siliculosus	 but	 subsequent	146	

analysis	 has	 demonstrated	 that	 this	 strain	 actually	 belongs	 to	 a	 distinct	 species	 within	 the	147	

Ectocarpus	 siliculosi	 group	 [28].	 The	 genetic	 map	 generated	 here	 using	 bona	 fide	 Ectocarpus	148	

siliculosus	strains	 is	therefore	for	a	novel	species	relative	to	the	genetic	maps	generated	for	the	149	

Peruvian	strain	[29,30].	150	

QTL	mapping	approach	to	identify	loci	involved	in	parthenogenesis	151	

To	decipher	the	genetic	architecture	of	parthenogenesis	in	E.	siliculosus,	we	applied	an	“all-or-152	

none”	phenotyping	and	a	quantitative	trait	loci	(QTL)	mapping	approach,	by	considering	P+	and	P-	153	

as	the	two	most	 ‘extreme’	phenotypes.	We	used	the	high-resolution	genetic	map	to	statistically	154	

associate	markers	with	the	P+	and	P-	phenotypes	in	the	segregating	family	described	above.		155	

QTL	mapping	 and	 association	 analysis	 identified	 three	QTLs	 for	 parthenogenesis:	 two	 large-156	

effect	QTLs	(r2	>	15%)	and	one	smaller-effect	QTL	(r2=11.9%)	(Figure	2A).	Together,	these	three	QTL	157	
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explained	44.8%	of	the	phenotypic	variance.	The	QTLs	were	located	on	two	different	LGs,	LG2	and	158	

LG18	(Figure	2A).	LG2	was	identified	as	the	sex	chromosome	(Figure	2)	and	one	of	the	large	effect	159	

QTLs	(P1)	co-localized	with	the	sex-determining	region	(SDR)	of	the	sex	chromosome.	The	P1	locus	160	

was	detected	at	the	highest	significance	level	(p-value	<0.0001)	with	the	Kruskal-Wallis	statistical	161	

test	(K*=20.392).	The	other	major	effect	locus,	which	we	refer	to	as	the	P2	locus,	was	located	on	162	

LG18,	and	was	also	detected	at	the	highest	significance	level	with	a	Kruskal-Wallis	statistical	test	(p-163	

value<0.0001,K*=19.993)(Table	S7).	A	non-parametric	interval	mapping	(IM)	method	also	detected	164	

both	P1	and	P2	loci,	and	indicated	a	proportion	of	variance	explained	(PVE)	of	16.6%	for	the	P1	and	165	

16.3%	for	the	P2	QTLs.	The	P1	locus	spanned	13.36	cM	from	37.53	to	50.89	cM	with	a	peak	position	166	

at	47.66	cM	whereas	the	P2	locus	spanned	2.82	cM,	from	92.77	to	95.59	cM	with	a	peak	position	167	

at	93.98	cM.		168	

The	 third	 QTL	 (P3)	 was	 detected	 only	 with	 the	 Kruskal-Wallis	 statistical	 test	 (K*=14.634,	 p-169	

value<0.0005)	and	was	also	located	on	LG18.	The	P3	QTL	had	a	smaller	effect	than	P1	and	P2,	and	170	

explained	11.9%	of	the	phenotypic	variance	(Figure	2A,	2B;	Table	S7).		171	

Note	that	the	QTL	mapping	described	above	was	implemented	using	all	152	progeny	(Figure	S1),	172	

which	included	both	male	and	female	strains.	To	investigate	the	contribution	of	the	sex-specific,	173	

non-recombining	region	of	the	sex	chromosome,	we	performed	the	same	analysis	using	a	subset	174	

of	93	male	strains.	The	result	showed	that	when	females	were	excluded,	the	P1	and	the	P3	QTLs	175	

were	not	detected,	and	only	the	QTL	located	on	LG18	(P2)	was	significantly	detected	(Table	S7).	176	

The	absence	of	detection	of	the	P1	QTL	was	not	due	to	reduced	statistical	power	due	to	the	small	177	

sample	size,	because	the	QTL	was	detected	when	a	sub-sample	of	93	male	and	female	individuals	178	

with	the	same	sex	ratio	as	the	full	124	samples	was	used	(Table	S7).	The	minor	P3	QTL	was	at	the	179	

limit	of	significance	when	the	93	sub-sampled	individuals	were	used,	suggesting	that	the	reduced	180	

sample	size	prevented	the	detection	of	this	minor	QTL.	Taken	together,	our	results	indicate	that	181	

the	P1	QTL	is	linked	to	the	SDR.	182	

To	more	precisely	locate	the	three	QTL	intervals	detected	using	the	whole	dataset,	the	decay	of	183	

pairwise	 linkage	 disequilibrium	 (r2)	 was	 estimated	 for	 each	 linkage	 group	 (Figure	 2C).	 An	 r2	184	

threshold	of	0.2	was	used	to	determine	approximate	windows	at	the	QTL	positions	to	search	for	185	

putative	candidate	genes.	Based	on	these	windows	we	determined	the	number	of	genes	present	186	

in	each	QTL	 interval	using	both	 the	 reference	genome	of	 the	closely	 related	species	Ectocarpus	187	

species	7	(strain	Ec32)	[18,31]	and	an	assembly	of	the	genome	of	the	male	parent	(RB1;	[32]	(Table	188	

S10).	The	two	main	QTL	intervals	contained	between	96	and	98	genes	(depending	on	whether	the	189	

female	 U	 or	 male	 V	 chromosome,	 which	 have	 slightly	 different	 gene	 numbers	 in	 the	 SDR,	 is	190	
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considered,	respectively).	 In	total,	201/203	genes	were	located	in	the	intervals	corresponding	to	191	

the	three	parthenogenesis	QTLs	(Figure	2D,	Table	S7).		192	

Gene	Ontology	enrichment	 tools	were	used	 to	 test	 if	 some	 functional	 categories	were	over-193	

represented	in	QTL	regions.	BLAST2GO	analysis	showed	that	the	genes	in	the	QTL	intervals	were	194	

significantly	enriched	in	processes	related	to	signalling	and	cell	communication	(p-value	<	0.0001)	195	

(Figure	S2,	Table	S8).	196	

Epistasis	analysis	197	

An	 epistasis	 analysis	 was	 carried	 out	 to	 detect	 potential	 interactions	 between	 the	198	

parthenogenesis	QTLs.	Two	analyses	were	performed,	using	either	all	152	male	and	female	progeny	199	

(‘full	dataset’)	or	the	subset	of	all	the	93	male	individuals.		200	

We	observed	significant	sex	by	genotype	interactions	for	parthenogenetic	capacity.	The	analysis	201	

of	the	full	dataset	identified	an	epistatic	interaction	between	the	P2	QTL	and	the	P1	QTL	(Figure	3).	202	

When	 the	 same	analysis	was	 carried	out	with	only	 the	males,	 this	 epistatic	 interaction	was	not	203	

detected	(Table	S9).	This	result	indicated	that	the	epistasis	was	driven	by	the	female-specific	region.	204	

In	Figure	3,	the	B	allele	was	inherited	from	the	female	parent,	and	the	A	allele	from	the	male	parent.	205	

All	 females	 were	 parthenogenetic	 (B	 allele	 on	 the	 P1	 locus	 in	 Figure	 3)	 and	 therefore	 their	206	

parthenogenetic	phenotype	was	independent	of	the	allele	carried	at	the	P2	locus.	In	contrast,	the	207	

phenotype	of	males	depended	on	the	allele	carried	at	the	P2	locus.		208	

An	additional	 interaction	was	detected	between	the	P2	QTL	and	the	P3	QTL.	 In	this	case,	the	209	

frequency	of	P+	individuals	was	higher	when	the	maternal	B	allele	was	present	at	the	P2	locus	and	210	

the	effect	was	strongest	when	the	P3	locus	carried	the	maternal	B	allele	(Figure	3B).		211	

Several	 additional	 interactions	 were	 detected	 between	 the	 P2	 QTL	 and	markers	 on	 several	212	

autosomes	when	the	male-only	dataset	was	analysed	(Table	S9).		213	

Identification	of	candidate	genes	within	the	parthenogenesis	QTL	intervals		214	

We	used	several	approaches	to	identify	candidate	parthenogenesis	genes	within	the	three	QTL	215	

intervals.	First,	we	reasoned	that	genes	involved	in	parthenogenesis	should	be	expressed	at	least	216	

in	one	of	the	gamete	types,	P+	or	P-,	where	parthenogenesis	is	initiated.	Strains	EA1	and	RB1	did	217	

not	produce	enough	gametes	for	RNA	extraction.	We	therefore	generated	RNA-seq	data	from	P+	218	

female	and	P-	male	strains	from	another	species	within	the	E.	siliculosi	group,	Ectocarpus	species	1	219	

[31]	 (see	methods).	We	analysed	 the	abundance	of	 the	 transcripts	of	orthologs	of	 the	201-203	220	

genes	within	the	three	QTL	intervals.	Based	on	this	analysis,	133/139	genes	(depending	on	whether	221	

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted November 9, 2018. ; https://doi.org/10.1101/466862doi: bioRxiv preprint 

https://doi.org/10.1101/466862


	

	
8	

we	consider	the	U	or	the	V,	respectively)	were	classed	as	being	expressed	in	at	 least	one	of	the	222	

gamete	types	(Table	S11).			223	

Second,	we	looked	for	genes	that	were	significantly	differentially	expressed	between	P+	and	P-	224	

gametes,	again	using	the	data	for	Ectocarpus	species	1	orthologues.	Overall,	4902	orthologues	were	225	

differentially	expressed	 in	P+	versus	P-	strains	across	the	genome,	of	which	64	corresponded	to	226	

genes	 located	within	 the	QTL	 intervals	 (Figure	2D,	Table	S10).	The	QTL	 intervals	were	 therefore	227	

significantly	enriched	in	genes	that	we	classed	as	being	differentially	expressed	between	P+	and	P-	228	

strains	(Fisher	exact	test;	p-value=0.0165).		229	

Third,	we	 looked	 for	polymorphisms	with	potential	effects	on	 the	 functions	of	 the	candidate	230	

genes.	Comparison	of	 the	parental	 genomic	 sequences	 identified	10961	 indels	and	32682	SNPs	231	

within	the	three	QTL	intervals	(Table	S11,	S12).	In	total,	67	genes	within	the	QTL	intervals	carried	232	

SNPs	or	indels	that	corresponded	to	non-synonymous	modifications	of	the	coding	sequence	and	233	

were	therefore	predicted	to	affect	protein	function.	The	male	and	female	SDRs	do	not	recombine	234	

[33]	and	have	therefore	diverged	considerably	over	evolutionary	time.	This	has	included	loss	and	235	

gain	of	 genes	but	 also	 strong	divergence	of	 the	 genes	 that	have	been	 retained	 in	both	 regions	236	

(gametologs).	All	SDR	genes	were	therefore	retained	as	candidates	(Table	S11).		237	

We	 then	 combined	 the	 three	 approaches.	 The	 criteria	we	used	were	 that	 genes	 involved	 in	238	

parthenogenesis	must	be	expressed	in	gametes	and	they	should	have	either	differential	expression	239	

in	P+	versus	P-	gametes	or	carry	a	non-synonymous	polymorphism.	This	reduced	the	number	of	240	

candidates	to	17/22	(U/V	chromosome)	genes	in	the	P1,	11	genes	in	the	P2	and	56	genes	in	the	P3	241	

QTL	(Figure	2D,	Table	S11).	Taking	genes	that	were	both	differentially	expressed	 in	P+	versus	P-	242	

gametes	and	that	carried	a	non-synonymous	polymorphism	(Table	S11,	Figure	2D)	further	reduced	243	

the	list	of	candidate	genes	to	9/14	(U/V),	1	and	16	candidates	(in	P1,	P2	and	P3	respectively).		244	

Parthenogenetic	male	gametes	exhibit	reduced	fitness	in	sexual	crosses	245	

It	is	not	clear	why	some	strains	of	Ectocarpus	exhibit	male	gamete	parthenogenesis	whilst	others	246	

do	not.	More	specifically,	bearing	in	mind	that	all	strains	tested	so	far	exhibit	parthenogenesis	of	247	

female	gametes,	why	are	male	gametes	not	parthenogenetic	 in	 some	 lineages?	To	address	 this	248	

question,	we	investigated	if	there	were	differences	in	fitness	between	P-	and	P+	male	gametes	for	249	

parameters	 other	 than	 parthenogenetic	 growth.	 Specifically,	 we	 examined	 fertilisation	 success	250	

(capacity	to	fuse	with	a	female	gamete)	and	growth	of	the	resulting	diploid	sporophyte.		251	

We	tested	several	combinations	of	crosses	between	P-	or	P+	males	and	several	females	(Table	252	

S13).	Overall,	male	P-	gametes	tended	to	fuse	more	efficiently	with	female	gametes	compared	to	253	

P+	male	gametes,	even	if	the	difference	was	not	significant	(Figure	4A,	Student’s	t-test	p=0.059).	254	

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted November 9, 2018. ; https://doi.org/10.1101/466862doi: bioRxiv preprint 

https://doi.org/10.1101/466862


	

	
9	

Importantly,	embryos	arising	from	a	P-	male	gamete	grew	significantly	faster	than	embryos	derived	255	

from	fusion	with	a	male	P+	gamete	(Figure	4B,	4C,	Mann-Whitney	u-test	p<0.05).		256	

The	overall	size	of	zygotes	is	expected	to	be	correlated	with	zygotic	and	diploid	fitness	[34–36].	257	

We	therefore	hypothesised	that	if	P-	male	gametes	are	larger,	fusion	with	a	female	gamete	would	258	

generate	larger	(and	therefore	fitter)	zygotes.	Measurements	of	gamete	size	of	P+	and	P-	strains	259	

revealed	 significant	 differences	 in	 gamete	 size	 between	 different	 strains	 (Kruskal-Wallis	 test,	260	

Chi2=3452.395,	P<2.2e-16,	Table	S14,	Figure	4D,	Figure	S2).	However,	 there	was	no	correlation	261	

between	 the	 parthenogenetic	 capacity	 of	 male	 gametes	 and	 their	 size,	 suggesting	 that	 the	262	

increased	fitness	of	the	zygotes	was	unlikely	to	be	related	to	the	size	of	the	male	gametes.		263	

Taken	together,	these	analyses	indicate	that	P+	male	gametes	exhibit	overall	reduced	fitness	in	264	

sexual	 crosses,	 both	 at	 the	 level	 of	 success	 of	 fusion	with	 a	 female	 gamete	 and	 growth	 of	 the	265	

resulting	 embryo.	We	 found	 no	 link	 between	 the	 size	 of	 the	male	 gamete	 and	 the	 capacity	 to	266	

perform	parthenogenesis,	which	excludes	the	possibility	that	the	fitness	decrease	is	due	to	the	size	267	

of	the	male	gamete.	268	

DISCUSSION	269	

A	key	role	for	the	sex	chromosome	in	parthenogenesis	270	

In	 this	 study,	 we	 uncover	 the	 genetic	 architecture	 of	 parthenogenesis	 in	 the	 brown	 alga	 E.	271	

siliculosus	and	demonstrate	that	this	trait	is	controlled	by	two	major	and	one	minor	QTL	loci	that,	272	

together,	account	for	44.8%	of	the	phenotypic	variation.	The	two	main	QTL	loci	were	located	in	the	273	

SDR	on	the	sex	chromosome	and	on	LG18	respectively,	and	the	minor	QTL	was	also	located	in	LG18.	274	

Analysis	of	differential	expression	pattern	and	polymorphism	 for	genes	within	 the	QTL	 intervals	275	

allowed	the	establishment	of	a	list	of	a	total	of	89	candidate	parthenogenesis	genes:	17/22	genes	276	

within	the	sex	chromosome	QTL	interval	(in	the	U	and	V	respectively),	11	genes	within	the	P2	locus	277	

and	56	within	the	interval	of	the	minor	P3	 locus.	Interestingly,	within	the	major	P2	QTL	a	strong	278	

candidate	gene	coded	for	a	membrane-localized	ankyrin	repeat-domain	palmitoyltransferase	(Ec-279	

20_004890).	 In	 S.	 cerevisiae,	 genes	 belonging	 to	 the	 same	 family	 are	 involved	 in	 the	 gamete	280	

pheromone	 response	 pathway,	 regulating	 the	 switching	 between	 vegetative	 and	mating	 states	281	

[37,38].		282	

Our	results	reveal	a	critical	role	for	the	sex	chromosome	in	the	control	of	parthenogenesis,	with	283	

a	major	effect	QTL	being	located	within	(or	very	tightly	linked	to)	the	SDR.	Interactions	between	the	284	

SDR	 and	 the	 major	 P2	 QTL	 locus	 were	 detected	 only	 when	 the	 female	 SDR	 was	 present	 and	285	
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parthenogenesis	was	triggered	in	females	regardless	of	the	allele	carried	at	the	P2	or	P3	locus.	The	286	

observed	effects	could	be	due	to	a	conditional	repressor	of	parthenogenesis	in	the	male	V-specific	287	

region	or	an	activator	of	parthenogenesis	in	the	female	U-specific	region.	However,	a	recent	paper	288	

on	another	brown	alga	Undaria	pinnatifida	described	genetically	male	individuals	that	were	capable	289	

of	producing	oogonia	and	whose	eggs	were	parthenogenic	[39].	Similarly,	several	male	L.	pallida	290	

lines	from	a	South	African	population	had	unusual	reproductive	structures	resembling	small	eggs,	291	

which	 are	 also	 capable	 of	 parthenogenesis	 (Ingo	 Maier,	 pers.	 commun.).	 These	 results	 would	292	

therefore	be	consistent	with	a	repressor	of	parthenogenesis	being	present	on	the	V-specific	region	293	

in	 these	 brown	 algae,	 that	 appears	 to	 be	 impaired	 in	 variant	 strains,	 or	 with	 an	 activator	 of	294	

parthenogenesis	downstream	of	the	female	cascade.		295	

Male	fitness	effects	of	parthenogenetic	capacity	296	

Our	results	indicate	that	parthenogenetic	capacity	has	a	dramatic	impact	on	the	fitness	of	male	297	

gametes.	Specifically,	P-	male	gametes	are	fitter	than	P+	male	gametes	for	sexual	reproduction	and	298	

this	is	reflected	in	significantly	higher	fertilisation	success	and	higher	growth	rate	of	the	resulting	299	

zygote.	 Considering	 that	 P+	 males	 would	 be	 expected	 to	 exhibit	 reduced	 fitness	 in	 sexually	300	

reproducing	populations,	and	the	fact	that	females	are	phenotypically	P+	regardless	of	the	allele	at	301	

the	P2	and	P3	QTL,	how	can	the	P+	allele	be	preserved	in	the	population?	In	other	words,	how	is	302	

the	parthenogenesis	polymorphism	maintained?		303	

Heterozygous	advantage	can	maintain	polymorphism	in	diploid	organisms.	For	instance,	most	304	

obligate	 parthenogenetic	 vertebrates	 arise	 from	 hybridization	 between	 closely	 related	 species,	305	

resulting	in	elevated	individual	heterozygosity	relative	to	the	parental	genotypes	[40–42].	This	 is	306	

considered	 adaptive	 for	 colonizing	 new	 areas	 where	 high	 genetic	 diversity	 may	 provide	 the	307	

necessary	genetic	tools	to	adjust	to	new	conditions.	In	the	case	of	Ectocarpus,	fixing	the	P+	allele	in	308	

the	female	SDR	and	the	P-	allele	in	the	male	SDR	would	be	a	way	to	maintain	the	alleles	polymorphic	309	

in	the	sporophyte.	Note	however	that	this	process	would	be	applicable	to	the	SDR	QTL,	and	would	310	

not	necessarily	explain	the	polymorphism	maintained	at	the	autosomal	QTLs.		311	

One	 interesting	 possibility	 is	 that	 parthenogenesis	 is	 a	 sexually	 antagonistic	 trait	 (or	 at	 least	312	

differentially	selected	in	males	versus	females),	i.e.,	P+	alleles	would	be	advantageous	for	females	313	

because	they	would	be	capable	of	reproducing	even	in	absence	of	gametes	of	the	opposite	sex,	so	314	

that	P+	would	be	selected	for	in	females,	whereas	P-	increases	male	fitness	because	sporophytes	315	

sired	 by	 a	 P-	 male	 can	 grow	 more	 rapidly.	 Polymorphism	 could	 therefore	 be	 maintained	 by	316	

balancing	 selection	 [43–45]).	 Although	 we	 could	 not	 measure	 the	 effect	 of	 parthenogenetic	317	

capacity	on	female	gamete	fitness,	because	all	females	were	phenotypically	P+,	sexual	antagonism	318	
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would	be	 consistent	with	 the	pervasiveness	of	 the	 female	P+	phenotype	and	 the	differences	 in	319	

fitness	 between	 P+	 and	 P-	males.	 This	 phenomenon	would	 be	 particularly	 relevant	 in	 spatially	320	

heterogeneous	and/or	unpredictable	environments,	where	 the	P+	or	P-	allele(s)	 in	males	would	321	

alternatively	selected	for,	depending	on	female	density.	In	this	scenario,	parthenogenesis	capacity	322	

could	be	considered	a	bet-hedging	strategy	for	males.	323	

Temporal	or	spatial	changes	in	population	density	are	extremely	common	(e.g.[56–58]),	and	this	324	

will	 probably	 cause	 strong	 fluctuating	 selection	 on	 sex-specific	 traits	 [59,60],	 contributing	 to	325	

maintaining	 genetic	 polymorphism	 in	 populations	 [46].	 A	 polymorphism	 can	 be	maintained	 by	326	

fluctuating	selection	when	selection	varies	in	both	space	and	time	[47]	or	when	some	genotypes	327	

are	shielded	from	selection	as	in	a	seed	bank	[48–50].	This	effect	of	sex	limitation	on	the	stability	328	

of	a	polymorphism	is	caused	by	a	storage	effect	that	automatically	occurs	when	traits	are	expressed	329	

in	only	one	sex.	In	the	other	sex,	these	alleles	are	sheltered	from	selection,	because	they	are	not	330	

expressed	[50].	In	the	specific	case	of	E.	siliculosus,	the	P-	allele	would	be	shielded	from	selection	331	

because	it	is	never	expressed	in	females.	In	other	words,	if	expression	of	P-	allele(s)	is	limited	to	332	

males,	 fluctuating	 selection	 of	 this	 sex-limited	 trait	 could	 therefore	 lead	 to	 the	 existence	 of	 a	333	

protected	polymorphism,	 and	 contribute	 to	explain	 the	maintenance	of	 genetic	 variance	at	 the	334	

autosomal	QTLs.	 The	 P+	 allele	would	 be	maintained	because	 it	 is	 advantageous	 in	males	when	335	

females	are	rare	or	when	populations	have	low	density.	336	

Another	potential	mechanism	 for	 the	maintenance	of	 genetic	 variation	 is	opposing	 selection	337	

during	the	diploid	and	haploid	stages	of	biphasic	 life	cycles,	also	known	as	ploidally-antagonistic	338	

selection	 [51].	 Parthenogenesis	 could	 be	 considered	 an	 example	 of	 a	 trait	 under	339	

ploidally/generation	antagonistic	selection	because	the	P-	allele	transmitted	by	the	male	gamete	is	340	

advantageous	to	the	diploid	(sporophyte)	generation	(because	zygotes	grow	faster	if	the	father	is	341	

a	P-)	but	detrimental	to	the	haploid	(partheno-sporophyte)	generation	(because	if	they	do	not	find	342	

a	 female	 gamete,	 males	 that	 carry	 a	 P-	 allele	 die).	 Ploidally-antagonistic	 selection	 has	 been	343	

proposed	to	have	a	significant	impact	on	major	evolutionary	dynamics,	including	the	maintenance	344	

of	genetic	variation	([51–53]	and	the	rate	of	adaptation	[54].	Moreover,	it	appears	that	P+	and	P-	345	

are	under	differential	selective	pressures	in	males	(when	populations	reproduce	sexually,	P-	should	346	

be	 beneficial	 to	 males	 and	 P+	 detrimental).	 Mathematical	 modelling	 [55]	 predicts	 that	 when	347	

selection	differs	between	the	sexes	(and	in	particular	when	the	gametophyte-deleterious	allele	is	348	

neutral	or	slightly	beneficial	in	one	of	the	sexes),	being	close	or	within	the	SDR	expands	the	range	349	

of	parameters	allowing	generation-antagonistic	mutations	to	spread.	Note	that	conflict	arising	from	350	

generation-antagonism	 or	 from	 differences	 in	 selection	 in	 gametophytes	 versus	 sporophyte	351	

generation	is	best	resolved	by	complete	linkage	to	the	SDR	[55].		352	
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Is	parthenogenesis	adaptive?	353	

In	the	brown	algae,	the	ancestral	state	appears	to	have	been	sexual	reproduction	through	354	

fusion	 of	 strongly	 dimorphic	 gametes	 (oogamy)	 [56],	 that	 were	 incapable	 of	 parthenogenesis	355	

(reviewed	in	[24]).	This	suggests	that	gamete	parthenogenesis	was	superimposed	on	a	sexual	cycle,	356	

having	evolved	secondarily	possibly	to	ensure	reproduction	in	conditions	where	populations	have,	357	

for	instance,	low	population	density.	A	challenge	for	understanding	the	adaptive	nature	of	gamete	358	

parthenogenesis	in	these	organisms	would	be	to	identify	the	conditions	under	which	it	occurs	in	359	

nature.	Brown	algae	exhibit	a	remarkable	degree	of	reproductive	plasticity	during	their	 life	cycle	360	

[21,57]	and	 it	 is	possible	 that	 this	plasticity	 is	 related	to	capacity	 to	adapt	 to	new	conditions,	 in	361	

particular	 low	 population	 density	 or	 very	 fragmented	 habitats	where	 finding	 a	 partner	may	 be	362	

problematic.	It	has	been	predicted	that	in	marginal	populations,	or	other	situations	where	mates	363	

are	limited,	parthenogenesis	could	be	adaptive	and	thus	selectively	favored	[58].	In	animals	(fish,	364	

Drosophila)	rapid	transition	between	reproductive	strategies	were	observed	following	the	removal	365	

of	the	mate,	supporting	the	hypothesis	that	parthenogenesis	has	a	reproductive	advantage	under	366	

conditions	 of	 isolation	 from	 potential	 mates	 [59].	 A	 recent	 study	 of	 Ectocarpus	 siliculosus	367	

populations	 in	NW	of	France	has	shown	that	asexual	populations	are	prevalent	 in	 the	 field,	but	368	

gamete	parthenogenesis	 does	 not	 appear	 to	 play	 a	 critical	 role	 in	 this	 population,	 and	 instead,	369	

asexual	sporophytes	are	produced	mainly	from	the	development	of	diploid,	asexual	spores	[60].	370	

Additional	population	data	are	required,	specifically	for	natural	populations	where	individuals	are	371	

found	 at	 different	 densities,	 for	marginal	 versus	 central	 populations	 and	 for	 different	 types	 of	372	

habitat,	to	further	investigate	whether	there	is	an	adaptive	benefit	to	parthenogenesis.	373	

MATERIAL	AND	METHODS	374	

E.	siliculosus	cultures		375	

Gametophytes	of	E.	 siliculosus	 (Table	S1)	were	maintained	 in	culture	as	previously	described	376	

[61].	 E.	 siliculosus	 strains	 can	 be	 maintained	 in	 the	 gametophyte	 generation	 indefinitely,	 with	377	

weekly	 changes	 in	 culture	media	 [61].	 Clonal	 cultures	 of	male	 and	 female	 gametophytes	were	378	

subjected	to	strong	light	(100	µm	photons/m2/s)	and	low	temperatures	(10°C)	to	 induce	fertility	379	

resulting	in	the	release	of	large	numbers	of	gametes	(>10e5).	Gametes	were	allowed	to	settle	on	380	

coverslips	and	their	development	was	monitored	under	an	inverted	microscope	(Olympus	BX50).	381	

Evaluation	of	parthenogenetic	capacity	and	sex	382	
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The	 sex	 of	 the	 gametophytes	 was	 assessed	 using	 SDR-specific	 PCR	 markers	 [25],	 and	383	

parthenogenetic	capacity	was	evaluated	by	scoring	the	capacity	of	released	gametes	to	develop	384	

into	adult	filaments	of	more	than	10	cells	after	16	days	in	the	absence	of	fusion	with	gametes	of	385	

the	opposite	sex	(single	sex	gamete	cultures).		386	

Cross	design,	culturing	and	phenotyping	387	

A	cross	between	a	parthenogenetic	female	(strain	EA1)	and	a	non-parthenogenetic	male	(strain	388	

RB1)	was	 carried	 out	 using	 a	 standard	 genetic	 cross	 protocols	 [62]	 and	 a	 diploid	 heterozygous	389	

sporophyte	was	 isolated	(Ec236)	(Figure	1;	Table	S1).	At	maturity,	the	sporophyte	(strain	Ec236)	390	

produced	unilocular	sporangia,	i.e,	reproductive	structures	where	meiosis	takes	place	(Figure	1).	A	391	

total	 of	 272	 unilocular	 sporangia	 were	 isolated,	 and	 one	 gametophyte	was	 isolated	 from	 each	392	

unilocular	sporangium.		393	

The	272	strains	of	the	EA1	x	RB1	derived	segregating	population	were	cultivated	in	autoclaved	394	

sea	water	supplemented	with	half	strength	Provasoli	solution	[63]	at	13°C,	with	a	light	dark	cycle	395	

of	12:12	(20	µmol	photon	m-2	s-1)	using	daylight-type	fluorescent	tubes	[61].	All	manipulations	were	396	

performed	 in	 a	 laminar	 flow	 hood	 under	 sterile	 conditions.	 We	 phenotyped	 the	 strains	 for	397	

parthenogenetic	capacity	 (P+	or	P-)	and	 for	 sex	 (male	or	 female).	Parthenogenetic	capacity	was	398	

assessed	 by	 scoring	 the	 capacity	 of	 the	 gametes	 to	 develop	 into	 partheno-sporophytes	 in	 the	399	

absence	of	fertilization.	In	order	to	assess	phenotype	stability,	gametophytes	were	sub-cultivated	400	

in	different	conditions	for	two	weeks	and	then	exposed	to	high	intensity	 light	to	 induce	fertility.	401	

Parthenogenetic	 capacity	was	measured	 using	 the	 released	 gametes	 (Table	 S3).	We	monitored	402	

gamete	germination	every	two	days.	In	P+	strains,	>96%	of	the	gametes	developed	as	partheno-403	

sporophytes	in	the	absence	of	fertilization	whereas	in	P-	strains,	less	than	4%	of	the	gametes	were	404	

capable	of	parthenogenesis.	To	test	the	stability	of	the	phenotype	across	generations,	we	cultivated	405	

partheno-sporophytes	and	induced	them	to	produce	unilocular	sporangia	and	release	meio-spores	406	

to	obtain	a	new	generation	of	gametophytes.	The	parthenogenetic	capacity	of	gametes	derived	407	

from	these	second-generation	gametophytes	was	then	tested	(Table	S3).	Note	that	this	experiment	408	

is	 feasible	 in	 P-	 males	 because	 a	 very	 small	 proportion	 (less	 than	 4%)	 of	 their	 gametes	 are	409	

nevertheless	able	to	develop	into	mature	partheno-sporophytes.		410	

Each	of	the	272	gametophytes	of	the	EA1	x	RB1	segregating	family	was	frozen	in	liquid	nitrogen	411	

in	a	well	of	a	96	well	plate.	After	 lyophilization,	tissues	were	disrupted	by	grinding.	DNA	of	each	412	

gametophyte	was	extracted	using	the	NucleoSpin®	96	Plant	II	kit	(Macherey-Nagel)	according	to	413	

the	manufacturer’s	instructions	and	stored	at	-80°C.	Sexing	of	gametophytes	was	carried	out	using	414	

two	 molecular	 sex	 markers	 for	 each	 sex	 (FeScaf06_ex03	 forward:	 CGTGGTGGACTCATTGACTG;	415	

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted November 9, 2018. ; https://doi.org/10.1101/466862doi: bioRxiv preprint 

https://doi.org/10.1101/466862


	

	
14	

FeScaf06_ex03	 reverse:	 AGCAGGAACATGTCCCAAAC;	 68_56_ex02	 forward:	416	

GGAACACCCTGCTGGAAC;	68_56_ex02	reverse:	CGCTTTGCGCTGCTCTAT)	[33].	PCR	was	performed	417	

with	the	following	reaction	temperatures:	94°C	2min;	30	cycles	of	94°C	40s,	60°C	40s	and	72°C	40s;	418	

72°C	5min,	and	with	the	following	PCR	mixture	2	μL	DNA,	100	nM	of	each	primers,	200	μM	of	dNTP	419	

mix,	1X	of	Go	Taq®	green	buffer,	2	mM	of	MgCl2,	0.2	μL	of	powdered	milk	at	10%	and	0.5	U	of	Taq	420	

polymerase	(Promega).		421	

DNA	extraction	and	library	RAD	sequencing	422	

A	double	digest	RAD	sequencing	(ddRAD-seq)	library	was	generated	using	152	individuals	from	423	

the	EA1	x	RB1	segregating	population.	Parthenogenetic	individuals	were	selected	(37	females	and	424	

36	males)	as	well	as	non-parthenogenetic	males	(79	individuals).	DNA	extraction	was	performed	425	

for	each	individual	(Macherey-Nagel,	NucleoSpin®	Plant	II	kit	(GmbH	&	Co.KG,	Germany)	and	DNA	426	

quantity	was	measured	and	standardized	at	100	ng	using	a	PicoGreen®	(Fischer	Scientific)	method	427	

for	quantification.	The	DNA	quality	was	checked	on	agarose	gels.	428	

The	ddRAD-seq	library	was	constructed	as	in	[64]	using	HhaI	and	SphI	restriction	enzymes	(New	429	

England	 Biolabs,	 https://www.neb.com/).	 Those	 enzymes	 were	 selected	 based	 on	 an	 in	 silico	430	

digestion	simulation	of	the	Ec32	reference	genome	[18]	using	the	R	package	SimRAD	[65].	After	431	

digestion,	samples	were	individually	barcoded	using	unique	adapters	by	ligation	with	T4	DNA	ligase	432	

(New	England	Biolabs,	https://www.neb.com/).	Then,	samples	were	cleaned	with	AMPure	XP	beads	433	

(Beckman	Coulter	Genomics),	and	PCR	was	performed	with	the	Q5®	hot	Start	High-Fidelity	DNA	434	

polymerase	 kit	 (New	 England	 Biolabs,	 https://www.neb.com/)	 to	 increase	 the	 amount	 of	 DNA	435	

available	for	each	individual	and	to	add	Illumina	flowcell	annealing	sequences,	multiplexing	indices	436	

and	sequencing	primer	annealing	regions.	After	pooling	the	barcoded	and	indexed	samples,	PCR	437	

products	of	between	550	and	800	bp	were	selected	using	a	Pippin-Prep	kit	(Sage	Science,	Beverly,	438	

MA,	 USA),	 and	 the	 library	 was	 quantified	 using	 both	 an	 Agilent®	 2100	 Bioanalyzer	 (Agilent	439	

Technologies)	and	qPCR.	The	library	was	sequenced	on	two	Illumina	HiSeq	2500	lanes	(Rapid	Run	440	

Mode)	by	UMR	8199	LIGAN-PM	Genomics	platform	(Lille,	France),	with	paired-end	250	bp	reads.		441	

Quality	filtering	and	reference	mapping	442	

The	ddRAD-seq	sequencing	data	was	analysed	with	the	Stacks	pipeline	(version	1.44)	[26].	The	443	

raw	sequence	reads	were	filtered	by	removing	reads	lacking	barcodes	and	restriction	enzyme	sites.	444	

Sequence	quality	was	checked	using	a	sliding	window	of	25%	of	the	length	of	a	read	and	reads	with	445	

<90%	base	call	accuracy	were	discarded.	Using	the	program	PEAR	(version	0.9.10,	[66])	paired-end	446	

sequencing	of	short	fragments	generating	overlapping	reads	were	identified	and	treated	to	build	447	
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single	consensus	sequences.	These	single	consensus	sequences	were	added	to	the	singleton	rem1	448	

and	rem2	sequences	produced	by	Stacks	forming	a	unique	group	of	singleton	sequences.	For	this	449	

study,	paired-end	reads	and	singleton	sequences	were	then	trimmed	to	100	bp	with	the	program	450	

TRIMMOMATIC	[67].	The	genome	of	the	male	parent	of	the	population	(strain	RB1)	was	recently	451	

sequenced	to	generate	an	assembly	 [32]	guided	by	 the	Ectocarpus	 species	7	 reference	genome	452	

published	in	2010	[68].	We	performed	a	de	novo	analysis	running	the	denovo_map.pl	program	of	453	

Stacks.	 Firstly,	 this	 program	 assembles	 loci	 in	 each	 individual	 de	 novo	 and	 calls	 SNPs	 in	 each	454	

assembled	locus.	In	a	second	step,	the	program	builds	a	catalog	with	the	parental	loci	and	in	a	third	455	

step,	loci	from	each	individual	are	matched	against	the	catalogue	to	determine	the	allelic	state	at	456	

each	locus	in	each	individual.	We	then	used	BWA	(Li,	H.	Aligning	sequence	reads,	clone	sequences	457	

and	assembly	 contigs	with	BWA-MEM.arXiv:1303.3997)	 to	 align	 the	 consensus	 sequence	of	 the	458	

catalog	loci	to	the	reference	genome	and	used	the	Python	script	“integrate_alignments.py”	of	the	459	

Stacks	pipeline	to	integrate	alignment	information	back	into	the	original	de	novo	map	output	files	460	

[69].	In	a	final	step,	SNPs	were	re-called	for	all	individuals	at	every	locus	and	exported	as	a	vcf	file.		461	

Genetic	map	construction	and	QTL	mapping	462	

The	vcf	file	obtained	with	the	Stacks	pipeline	was	first	filtered	to	keep	only	loci	with	maximum	463	

of	10%	of	missing	samples	and	samples	with	a	maximum	of	30%	of	missing	data.	The	program	Lep-464	

MAP3	(LP3)	[70]	was	used	to	construct	the	genetic	map.	LP3	is	suitable	to	analyse	low-coverage	465	

datasets	and	its	algorithm	reduces	data	filtering	and	curation	on	the	data,	yielding	more	markers	in	466	

the	final	maps	with	less	manual	work.	In	order	to	obtain	the	expected	AxB	segregation	type	for	this	467	

haploid	 population,	 the	 pedigree	 file	was	 constructed	 by	 setting	 the	 parents	 as	 haploid	 grand-468	

parents	and	two	dummy	individuals	were	introduced	for	parents.	The	module	ParentCall2	of	LP3	469	

took	 as	 input	 the	 pedigree	 and	 the	 vcf	 files	 to	 call	 parental	 genotypes.	 The	 module	470	

SeparateChromosomes2	used	the	genotype	call	 file	 to	assign	markers	 into	 linkage	groups	 (LGs).	471	

Several	LOD	score	limits	were	tested	to	obtain	an	optimal	LOD	score	of	8	giving	a	stable	number	of	472	

LGs.	 The	 module	 JoinSingles2All	 was	 then	 run	 to	 assign	 singular	 markers	 to	 existing	 LGs	 by	473	

computing	LOD	scores	between	each	single	marker	and	markers	from	the	existing	LGs.	The	module	474	

OrderMarkers2	then	ordered	the	markers	within	each	LG	by	maximizing	the	likelihood	of	the	data	475	

given	the	order.	Sex	averaged	map	distances	were	computed	and	10	runs	were	performed	to	select	476	

the	best	order	for	each	LG,	based	on	the	best	likelihood.	This	module	was	run	with	the	parameters	477	

grandparentPhase=1	and	outputPhasedData=1	 in	order	to	obtain	phased	data	for	QTL	mapping.	478	

This	 phased	 data	 was	 converted	 to	 fully	 informative	 genotypic	 data	 using	 the	 script	479	

map2gentypes.awk	distributed	with	the	LP3	program.		480	
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Identification	and	mapping	of	QTL	were	carried	out	using	the	R	package	R/qtl	(version	1.39-5)	481	

[71]	and	MapQTL	version	5.	Because	parthenogenetic	capacity	was	phenotyped	as	a	binary	trait	482	

(either	 non-parthenogenetic	 0	 or	 parthenogenetic	 1)	 non-parametrical	 statistics	 were	 used	 to	483	

identify	loci	involved	in	parthenogenesis.	In	R/qtl,	the	scanone	function	was	used	with	the	“binary”	484	

model	to	perform	a	non-parametrical	interval	mapping	with	the	binary	or	Haley-Knott	regression	485	

methods.	 In	 MapQTL,	 the	 Kruskal-Wallis	 non-parametric	 method	 was	 used.	 To	 determine	 the	486	

statistical	significance	of	 the	major	QTL	signal,	 the	LOD	significant	 threshold	was	determined	by	487	

permutation.		488	

Analysis	of	linkage	disequilibrium	489	

In	order	to	determine	an	approximate	interval	around	the	QTL	peaks	for	the	candidate	genes	490	

search,	linkage	disequilibrium	was	calculated	using	vcftools	[72]	and	the	vcf	file	obtained	from	the	491	

Stacks	pipeline	with	a	minor	allele	frequency	of	0.05.		492	

Transcriptome	data	493	

The	small	number	of	gametes	released	from	Ectocarpus	siliculosus	strains	did	not	allow	RNA-seq	494	

data	 to	be	obtained	 from	this	 species.	To	analyse	gene	expression	 in	P-	 (male)	and	P+	 (female)	495	

gametes,	we	therefore	used	two	Ectocarpus	species	1	strains	belonging	to	the	same	Ectocarpus	496	

siliculosi	 group	 [31],	 a	 P-	 male	 (NZKU1_3)	 and	 a	 P+	 female	 (NZKU32-22-21),	 which	 produce	497	

sufficient	numbers	of	gametes	for	RNA	extraction.		498	

Gametes	of	male	and	female	Ectocarpus	species	1	were	concentrated	after	brief	centrifugation,	499	

flash	frozen	and	stored	at	-80°C	until	RNA	extraction.	RNA	was	extracted	from	duplicate	samples	500	

using	the	Qiagen	RNeasy	plant	mini	kit	(www.qiagen.com)	with	an	on-column	DNase	I	treatment.	501	

Between	69	and	80	million	sequence	reads	were	generated	for	each	sample	using	Illumina	HiSeq	502	

2000	paired-end	technology	with	a	read	length	of	125	bp	(Fasteris,	Switzerland)	(Table	S10).	Read	503	

quality	 was	 assessed	 with	 FastQC	 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc),	504	

and	 low	 quality	 bases	 and	 adapter	 sequences	 were	 trimmed	 using	 Trimmomatic	 (leading	 and	505	

trailing	bases	with	quality	below	3	and	the	first	12	bases	were	removed,	minimum	read	length	50bp)	506	

[67].	High	score	reads	were	used	for	transcriptome	assembly	generated	with	the	Trinity	de	novo	507	

assembler	(ref)	with	default	parameters	and	normalized	mode.	RNA-seq	reads	were	mapped	to	the	508	

assembled	reference	transcriptome	using	the	Bowtie2	aligner	[73]	and	the	counts	of	mapped	reads	509	

were	 obtained	 with	 HTSeq	 [74].	 Expression	 values	 were	 represented	 as	 TPM	 and	 TPM<1	 was	510	

applied	 as	 a	 filter	 to	 remove	 noise	 if	 both	 replicates	 of	 both	 samples	 exhibit	 it.	 Differential	511	

expression	was	analysed	using	the	DESeq2	package	(Bioconductor;	[75])	using	an	adjusted	p-value	512	

cut-off	of	0.05	and	a	minimal	 fold-change	of	two.	The	reference	transcripts	were	blasted	to	the	513	
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reference	 genome	 Ec32	 predicted	 proteins	514	

(http://bioinformatics.psb.ugent.be/orcae/overview/EctsiV2)	 (e-value	 cut-off	 =	 10e-5)	 and	 the	515	

orthology	 relationship	 between	 Ectocarpus	 species	 1	 and	 Ec32	 (Ectocarpus	 species	 7)	 was	516	

established	based	on	the	best	reciprocal	blast	hits.		517	

Identification	of	candidate	genes	in	the	QTL	intervals	518	

We	used	two	methods	to	identify	putative	candidate	genes	located	in	the	QTL	intervals.	First,	a	519	

marker-by-marker	method,	 by	mapping	 the	 sequences	 of	 the	markers	 located	within	 each	QTL	520	

interval	to	the	reference	genome	of	the	closely	reference	species	strain	Ec32	(Cock	et	al.,	2010).	521	

When	a	sequence	successfully	mapped	to	the	Ec32	genome,	a	coordinate	was	recorded	for	 the	522	

marker,	relative	to	its	position	on	the	physical	map	of	Ec32.	The	linkage	disequilibrium	(see	method	523	

above)	estimated	for	each	linkage	group	was	used	to	refine	the	number	of	genes	non-randomly	524	

associated	with	these	markers,	giving	a	 first	 list	of	candidate	genes	within	each	QTL	region.	The	525	

second	method	used	the	same	approach	but	was	based	on	the	reference	genome	of	the	paternal	526	

strain	of	the	population	(strain	RB1).	There	were	some	differences	between	the	two	lists	obtained	527	

by	the	two	methods,	which	are	due	to	the	following	factors:	(a)	because	the	assembly	of	the	RB1	528	

genome	 was	 guided	 by	 the	 Ec32	 reference	 genome	 and	 its	 annotation	 was	 based	 on	 Ec32	529	

transcriptomic	data,	the	RB1	genome	potentially	lacks	some	genes	that	would	be	due	to	loci	such	530	

as	genes	that	are	unique	to	the	species	E.	siliculosus	(RB1	strain)	being	omitted	during	the	guided	531	

assembly.	Hence	the	list	obtained	with	the	first	method	(using	the	Ec32	genome)	contains	genes	532	

that	are	absent	from	the	RB1	genome;	(b)	while	the	two	species	are	closely	related,	they	are	not	533	

identical,	 and	 the	E.	 siliculosus	 genetic	map	 exhibited	 some	 rearrangements	 compared	 to	 Ec32	534	

which	placed	 some	markers,	 along	with	 associated	genes,	 into	 the	QTL	 intervals	 (these	missing	535	

markers	were	 located	elsewhere	on	the	Ec32	genome).	 In	summary,	the	 list	obtained	with	Ec32	536	

genome	contained	some	genes	that	are	missing	 from	the	RB1	genome	because	of	 its	 imperfect	537	

guided	assembly	and	the	list	obtained	with	the	RB1	genome	contained	some	genes	absent	from	538	

the	 corresponding	 intervals	 on	 Ec32	 because	 of	 rearrangements.	 A	 final,	 conservative	 list	 of	539	

candidate	genes	was	obtained	by	merging	the	two	lists	 in	order	not	to	omit	any	gene	that	were	540	

potentially	located	within	the	intervals	(Table	S11).		541	

SNP	and	indel	detection	method	542	

Draft	genomes	sequences	are	available	for	the	parent	strains	RB1	and	EA1	[32].	Using	Bowtie2,	543	

we	aligned	the	EA1	genome	against	the	RB1	genome	and	generated	an	index	with	sorted	positions.	544	

The	program	samtools	mpileup	[76]	was	used	to	extract	the	QTL	intervals	and	call	variants	between	545	

the	two	genomes.	The	positions	of	variants	between	the	two	genomes	were	identified	and	filtered	546	
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based	on	mapping	and	sequence	quality	using	bcftools	[72].	The	annotation	file	generated	for	the	547	

RB1	genome	was	then	used	to	select	SNPs	and	indels	located	in	exons	of	protein-coding	genes	for	548	

further	study	(bcftool	closest	command).	The	effect	of	polymorphism	on	modification	of	protein	549	

products	was	assessed	manually	using	GenomeView	[77],	the	RB1	genome	annotation	file	(gff3)	550	

and	the	vcf	file	for	each	QTL	region.	551	

GO	term	enrichment	analysis	552	

A	Gene	Ontology	enrichment	analysis	was	performed	using	two	lists	of	genes:	a	predefined	list	553	

that	corresponded	to	genes	from	all	three	QTL	intervals	and	a	reference	list	including	all	putative	554	

genes	 in	 the	mapped	 scaffolds	 based	 on	 the	 Ec32	 reference	 genome	 and	 that	 had	 a	 GO	 term	555	

annotation.	The	analysis	was	carried	out	with	the	package	TopGO	for	R	software	(Adrian	Alexa,	Jörg	556	

Rahnenführer,	2016,	version	2.24.0)	by	comparing	the	two	lists	using	a	Fisher’s	exact	test	based	on	557	

gene	counts.	558	

Epistasis	analysis	559	

Epistasis	analysis	was	carried	out	with	the	R	package	R/qtl	(version	3.3.1).	Two	analyses	were	560	

performed,	one	with	the	full	data	set	(female	and	male	genotypes	generated	with	RAD-seq	method)	561	

and	the	second	with	only	the	male	individuals.	For	both	analyses,	the	scantwo	function	from	R/qtl	562	

were	used	with	the	model	“binary”	as	the	phenotypes	of	the	individuals	is	either	1	(P+)	or	0	(P-).		563	

Fitness	measurements	564	

Reproductive	success	was	assessed	in	the	segregating	population	by	measuring	the	capacity	of	565	

male	 P+	 and	 P-	 gametes	 to	 fuse	 with	 female	 gametes	 and	 by	 measuring	 the	 length	 of	 the	566	

germinating	sporophytes	derived	from	these	crosses.	For	this,	we	crossed	males	and	females	as	567	

described	 in	 [62].	Briefly,	we	mixed	 the	same	amount	of	male	and	 female	gametes	 (app.	1x103	568	

gametes)	 in	 a	 suspending	 drop,	 and	 the	 proportion	 of	 gametes	 that	 succeeded	 in	 fusing	 was	569	

measured	as	in	[78].	Two	different	P+	males	(Ec236-34	and	Ec236-245)	and	two	different	P-	males	570	

(Ec236-10	and	Ec236-298)	were	crossed	with	five	different	females	(Ec236-39;	-203;	-233;	-284	and	571	

Ec560)	(Table	S13).	Between	50	and	150	cells	(zygotes	or	unfertilised	gametes)	were	counted	for	572	

each	cross.	The	length	of	zygotes	derived	from	a	cross	between	the	female	strain	Ec236-105	and	573	

either	the	male	P-	strain	Ec236-191	or	the	male	P+	strain	Ec236-154	was	measured	after	5h,	24h,	574	

48h,	3	days	and	4	days	of	development	using	Image	J	1.46r	[79]	(13	zygotes	for	the	P-	male	parent	575	

and	14	zygotes	for	P+	male	parent).	For	all	datasets,	the	assumption	of	normality	(Shapiro	test)	and	576	

the	homoscedasticity	 (Bartlett’s	 test)	were	 checked.	 The	 latter’s	 assumptions	were	not	met	 for	577	
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zygote	 length,	and	consequently	statistical	significance	differences	at	each	time	of	development	578	

was	tested	with	a	non-parametrical	test	(Mann	Whitney	U-test,	α=5%).			579	

Measurement	of	gamete	size	580	

Gamete	size	was	measured	for	representative	strains	of	each	parthenogenetic	phenotype	found	581	

in	the	segregating	population	(P+	and	P-)	(Table	S3).	Synchronous	release	of	gametes	was	induced	582	

by	transferring	each	gametophyte	to	a	humid	chamber	in	the	dark	for	approximately	14	hours	at	583	

13°C	 followed	 by	 the	 addition	 of	 fresh	 PES-supplemented	 NSW	 medium	 under	 strong	 light	584	

irradiation.	Gametes	were	concentrated	by	phototaxis	using	unidirectional	light,	and	collected	in	585	

Eppendorf	 tubes.	 Gamete	 size	 was	 measured	 by	 impedance-based	 flow	 cytometry	 (Cell	 Lab	586	

QuantaTM	SC	MPL,	Beckman	Coulter®).	A	Kruskal-Wallis	test	(α=5%)	followed	by	a	posthoc	Dunn’s	587	

test	 for	 pairwise	 comparisons	 were	 performed	 using	 R	 software	 to	 compare	 female	 and	male	588	

gamete	size	(Table	S14).		589	
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	808	

Figure	Legends	809	

Figure	 1.	 Life	 cycle	 of	 Ectocarpus	 siliculosus	 and	 phenotypes	 of	 parthenogenetic	 and	 non-810	

parthenogenetic	strains.	A.	Schematic	representation	of	the	life	cycle	of	Ectocarpus	siliculosus.	E.	811	

siliculosus	 alternates	 between	 a	 gametophyte	 (haploid)	 and	 sporophyte	 (diploid	 generation).	812	

Meiosis	is	carried	out	in	unilocular	sporangia	on	the	sporophyte,	producing	male	and	female	meio-813	

spores.	Meio-spores	 develop	 by	mitosis	 into	male	 or	 female	 gametophytes,	 which	 at	 maturity	814	

produce	male	or	female	gametes.	Syngamy	reconstitutes	the	diploid	genome.	The	parthenogenetic	815	

cycle	involves	parthenogenesis	of	a	gamete	when	it	fails	to	encounter	a	gamete	of	the	opposite	sex.	816	

The	parthenogenetic	cycle	can	be	completed	either	via	an	apomeiosis	to	produce	meio-spores	from	817	

a	haploid	partheno-sporophyte	(as	shown)	or	via	endoreduplication	during	partheno-sporophyte	818	

development,	 allowing	 meiosis	 to	 occur	 (not	 shown).	 B.	 Photographs	 of	 the	 parthenogenetic	819	

growth	 of	 gametes	 of	 non-parthenogenetic	male	 (RB1,	 top)	 and	 parthenogenetic	 female	 (EA1,	820	
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bottom)	strains	of	Ectocarpus	siliculosus	after	one	day,	5	days	and	16	days	of	development.	Scale	821	

bar	=	25	µm.	The	right	panel	shows	the	percentage	of	1-5	cell	and	>10	cell	partheno-sporophytes	822	

after	16	days	of	development	for	P-	male	gametes	(Ec08,	Ec398,	Ec400,	Ec409,	Ec414,	n=2632)	and	823	

P+	female	gametes	(Ec399,	Ec402,	Ec404,	Ec406,	Ec410,	Ec412,	Ec415,	n=3950).		824	

Figure	2.	Quantitative	trait	loci	identified	for	parthenogenetic	capacity	in	Ectocarpus	siliculosus.	825	

A.	 The	 31	 Ectocarpus	 siliculosus	 linkage	 groups	 showing	 the	 localization	 of	 QTLs	 for	826	

parthenogenesis.	The	position	of	the	SDR	is	represented	by	a	mauve	arrow.	B.	QTLs	intervals	were	827	

detected	using	 the	Kruskal	Wallis	 test	 (blue).	 C.	 Intra-chromosomal	 Linkage	disequilibrium	 (LD)-828	

decay	between	all	pairs	of	markers	for	the	sex	chromosome	and	LG18.	LD	between	markers	(r2)	is	829	

a	 function	 of	marker	 distances	 (bp).	 D.	 Candidate	 parthenogenesis	 genes	 in	 each	QTL	 interval.	830	

Genes	in	QTL	intervals	were	selected	based	on	differential	expression	of	their	orthologs	in	P+	versus	831	

P-	 in	 gametes,	 their	 differential	 expression	 between	 generation	 (gametophyte/partheno-832	

sporophyte)	and	polymorphisms	exhibited	in	exons	and	predicted	to	modify	the	protein	product.	833	

*SDR	gametologue;	X,	sex-specific	gene.	834	

Figure	3.	Epistatic	interactions	between	parthenogenetic	loci.	A.	Epistatic	interactions	detected	835	

between	the	sex-determining	region	(SDR)	and	the	P2	QTL.	Females	can	undergo	parthenogenesis	836	

independently	of	the	allele	carried	at	the	P2	locus	whereas	males	are	only	parthenogenetic	if	they	837	

carried	 the	 B	 allele	 at	 the	 P2	 locus.	 B.	 Epistatic	 interaction	 between	 the	 P3	 and	 P2	 loci.	 The	838	

combination	of	the	B	allele	at	both	P2	and	P3	loci	increases	the	parthenogenetic	frequency.	839	

Figure	4.	Fitness	of	parthenogenetic	 (P+)	and	non-parthenogenetic	 (P-)	males.	A.	Fertilisation	840	

success	 was	 assessed	 by	 counting	 the	 proportion	 of	 zygotes	 obtained	 after	 crossing	 either	841	

parthenogenetic	(Ec236-34,	Ec236-245)	or	non-parthenogenetic	(Ec236-10,	Ec236-298)	males	with	842	

parthenogenetic	 females	 (Ec236-284,	 Ec236-39,	 Ec236-203,	 Ec560)	 (n=1252).	 Fusion	 success	843	

tended	to	be	higher	when	the	male	parent	was	P-	(Mann	Whitney	P=0.058;	represented	by	grey	844	

letters).	B.	Growth	of	zygotes	(from	5	hours	to	4	days	after	fertilisation,	AF)	derived	from	crosses	845	

performed	between	female	P+	and	male	P+	or	male	P-	strains	(*p-value<0.01;***p-value<0.0001).	846	

Thirteen	 to	 fourteen	 zygotes	 were	 scored	 per	 cross	 at	 each	 time	 point.	 The	 experiment	 is	847	

representative	of	three	independent	experiments	performed	with	several	parental	lines	(see	also	848	

Figure	S2).		C.	Representative	images	of	zygotes	at	different	developmental	stages,	from	a	male	P-	849	

(RB1)	x	female	P+	(Ec236-105)	cross	and	from	a	male	P+	(Ec236-154)	x	female	P+	(Ec236-105)	cross.	850	

Scale	bar=10	µm.	D.	Sizes	of	gametes	from	a	parthenogenetic	female,	a	parthenogenetic	male	and	851	

non-parthenogenetic	 male.	 The	 mean	 diameter	 of	 female	 P+	 (Ec236-203,	 n=1066),	 a	 male	 P+	852	

(Ec236-210,	 n=9755)	 and	 two	 P-	 males	 (Ec236-276,	 n=45294	 and	 Ec236-10	 n=361)	 lines	 were	853	
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measured	 by	 cytometry.	 The	 values	 of	 gamete	 size	 shown	 represent	 the	mean	 ±	 s.e.	 for	 each	854	

individual.		855	

Figure	S1.	Pedigree	of	the	strains	used	in	this	study	indicating	all	the	crosses	performed.	856	

Figure	S2.	Fitness	evaluation	of	several	sporophytes	derived	from	different	P-	and	P+	male	lines	857	

crossed	with	several	female	lines,	at	different	times	after	fertilisation	(from	5	hours	to	4	days	after	858	

fertilisation).	A.	Zygotes	were	derived	from	crosses	performed	between	female	Ec560	P+	and	male	859	

Ec236-34	P+	or	male	Ec236-10	P-	strains.	B.	Zygotes	derived	from	the	cross	between	female	Ec236-860	

65	P+	and	male	Ec236-245	P+	or	male	Ec236-10	P-	strains.	Between	4-13	zygotes	were	scored	per	861	

cross	 in	each	of	the	time	series.	Significant	differences	(Wilcox	rank	sum	test)	are	 indicated	(*p-862	

value<0.01;	**p-value<0.001).	863	

	864	

Table	legends	865	

Table	S1.	Summary	of	the	strains	used	for	this	study.	SP:	sporophyte;	GA:	gametophyte.	866	

Table	S2.	Contingency	table	for	parthenogenetic	capacity	and	sex.	P+:	positive	parthenogenetic	867	

capacity;	P-	negative	parthenogenetic	capacity.		868	

Table	S3.	Parthenogenetic	capacity	and	sex	of	the	272	individuals	of	the	segregating	population.	869	

Strains	used	for	the	RAD-seq,	gamete	size	measurements,	fitness	measurements	are	marked	with	870	

a	cross.	871	

Table	 S4.	 Summary	 of	 the	 phenotyping	 and	 sexing	 of	 strains	 grown	 under	 different	 culture	872	

conditions	and	after	several	generations.		873	

Table	 S5.	 Phenotypes	 of	 the	 progeny	 derived	 from	 two	 different	 heterozygous	 sporophytes	874	

obtained	by	crossing	a	male	P+	strain	and	a	female	P+	strain.	875	

Table	S6.	Statistics	for	the	genetic	map.	876	

Table	S7.	QTL	analysis	results.	For	each	QTL,	the	name,	the	linkage	disequilibrium	(LD)	within	the	877	

chromosome,	the	significance	obtained	with	the	Kruskal-Wallis	test	and	the	percentage	of	variance	878	

explained	(PVE)	determined	using	the	Interval	Mapping	method	(IM)	is	given.	The	number	of	genes	879	

found	in	each	QTL	interval	is	also	indicated.	*female	or	male	SDR.	880	

Table	 S8.	 List	 of	 the	 top	 GO	 terms	 identified	 (TopGO)	 by	 GO	 enrichment	 analysis	 for	 genes	881	

located	within	the	QTL	intervals.		882	

Table	S9.	Epistatic	 interactions	detected	for	parthenogenesis	 loci	using	the	full	dataset	 (male	883	

and	female	individuals	genotyped	with	the	ddRAD-seq	method,	first	table)	and	using	a	subset	with	884	
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only	 male	 individuals	 (second	 table).	 The	 column	 "interaction"	 indicates	 the	 the	 chromosomal	885	

locations	of	the	pairs	of	loci	that	were	found	to	interact,	with	"Pos1f"	and	"Pos2f"	referring	to	the	886	

estimated	positions	of	the	QTL	in	cM.	"Lod.full"	indicates	the	improvement	in	the	fit	of	the	full	2-887	

locus	 model	 over	 the	 null	 model.	 This	 measurement	 indicates	 evidence	 for	 at	 least	 one	 QTL,	888	

allowing	 for	 interaction.	 "Lod.fv1"	 measures	 the	 increase	 when	 the	 full	 model	 with	 QTLs	 on	889	

chromosomes	j	and	k	is	compared	to	a	single	QTL	on	either	chromosome	j	or	k.	This	measurement	890	

indicates	evidence	for	a	second	QTL	allowing	for	the	possibility	of	epistasis.	"Lod	int"	measures	the	891	

improvement	in	the	fit	of	the	full	model	over	that	of	the	additive	model	and	so	indicates	evidence	892	

for	 interaction.	 "Pos1a"	 and	 "pos2a"	 are	 the	 estimated	 positions	 (in	 cM)	 of	 the	QTL	 under	 the	893	

additive	model.	 "Lod.add"	measures	 the	 improvement	 comparing	with	 the	additive	model.	 This	894	

measurement	indicates	evidence	for	at	least	one	QTL	assuming	no	interaction.	"Lod.av1"	measures	895	

the	increase	when	the	additive	model	with	QTLs	on	chromosomes	j	and	k	is	compared	to	the	single	896	

QTL	model	with	a	single	QTL	on	chromosome	j	and	k.	This	measurement	indicates	evidence	for	a	897	

second	QTL	assuming	no	epistasis.		898	

Table	S10.	Summary	of	the	sequencing	methods	and	raw	data	obtained.	899	

Table	 S11.	 Predicted	 functions,	 expression	 patterns	 and	 polymorphisms	 of	 genes	 in	 the	QTL	900	

intervals.	Expression	data	in	transcript	per	million	(TPM)	for	P-	(male)	versus	P+	(female)	gametes	901	

were	 obtained	 from	 strains	 belonging	 to	 the	Ectocarpus	 siliculosi	group	 (Ectocarpus	 species	 1).	902	

Information	about	 the	 type	of	polymorphism	 in	 the	parental	 strains	of	E.	 siliculosus	 segregating	903	

population	 (EA1	 female	 and	 RB1	 male)	 is	 also	 included.	 Genes	 represented	 in	 Figure	 2	 are	904	

highlighted	in	bold.	"-"	means	that	there	is	no	best	reciprocal	ortholog	with	detectable	expression	905	

in	Ectocarpus	species	1.	Pseudogenes	in	the	sex-determining	region	were	removed	except	for	those	906	

which	have	a	gametologue	in	the	opposite	SDR,	and	these	are	italicised.		907	

Table	 S12.	 List	 of	 polymorphisms	 in	 coding	 sequence	 of	 genes	 located	 within	 the	 three	908	

parthenogenesis	QTL	intervals.	909	

Table	S13.	Fusion	success	of	male	P-	versus	P+	gametes	with	gametes	of	the	opposite	sex.	The	910	

total	 number	 of	 individuals	 corresponds	 to	 the	 total	 number	 of	 scored	 individuals	 (developing	911	

either	by	parthenogenesis	or	derived	from	fusion	of	gametes).	912	

Table	S14.	Pairwise	comparison	statistical	tests	carried	out	to	determine	significantly	differences	913	

between	P+	female,	P+	male	and	P-	male	gametes.	Two	P-	male	strains	(Ec236-10	and	Ec236-276),	914	

one	P+	female	strain	(Ec236-203)	and	one	P+	male	strain	(Ec236-210)	were	used.	The	Kruskal-Wallis	915	

test	 indicated	 significant	difference	 in	gamete	 size.	A	posthoc	Dunn's	 test	 revealed,	by	pairwise	916	
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comparison	of	groups,	that	sizes	gametes	of	each	group	(female	P+,	male	P+	and	males	P-)	were	917	

significantly	different.	918	
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