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Abstract	6 

	7 

The	study	of	mutations	that	impact	fertility	has	a	catch-22.	Fertility	mutants	are	often	lost	8 

since	they	cannot	simply	be	propagated	and	maintained.	This	has	hindered	progress	in	9 

understanding	the	genetics	of	fertility.	In	mice,	several	molecules	are	found	to	be	required	10 

for	the	interactions	between	the	sperm	and	egg,	with	JUNO	and	IZUMO1	being	the	only	11 

known	receptor	pair	on	the	egg	and	sperm	surface,	respectively.	In	C.	elegans,	a	total	of	12	12 

proteins	on	the	sperm	or	oocyte	have	been	identified	to	mediate	their	interactions.	13 

Majority	of	these	genes	were	identified	through	mutants	isolated	from	genetic	screens.	In	14 

this	review,	we	summarize	the	several	key	screening	strategies	that	led	to	the	identification	15 

of	fertility	mutants	in	C.	elegans	and	provide	a	perspective	about	future	research	using	16 

genetic	approaches.	Recently,	advancements	in	new	technologies	such	as	high-throughput	17 

sequencing	and	Crispr-based	genome	editing	tools	have	accelerated	the	molecular,	cell	18 

biological,	and	mechanistic	analysis	of	fertility	genes.	We	review	how	these	valuable	tools	19 

advance	our	understanding	of	the	molecular	underpinnings	of	C.	elegans	fertilization	and	20 

complement	fertility	research	in	humans	and	other	species.	21 

	22 

	23 



Introduction	24 

A	fundamental	process	during	sexual	reproduction,	fertilization	involves	species-specific	25 

recognition,	adhesion	and	fusion	between	the	gametes.	These	processes	are	thought	to	be	26 

mediated	by	protein	interactions	between	the	gametes	(KRAUCHUNAS	et	al.	2016;	BHAKTA	et	27 

al.	2019).	In	mammals,	the	egg	coat	(also	called	zona	pellucida)	contains	ZP	proteins	that	28 

are	necessary	and	sufficient	to	support	recognition	(AVELLA	et	al.	2014;	BHAKTA	et	al.	2019).	29 

Following	recognition	and	penetration	of	the	egg	coat,	several	molecules	are	required	for	30 

sperm-egg	binding	and	thus	fusion,	including	the	egg	surface	tetraspanin	CD9	and	the	most	31 

recently	identified	sperm	proteins	FIMP,	SOF1	and	TMEM95	(Table	1).	Among	these	32 

molecules,	the	only	known	receptor-binding	pair	is	the	Immunoglobulin	(Ig)	superfamily	33 

member	IZUMO	in	the	sperm	and	the	GPI-anchored	JUNO	in	the	egg	(INOUE	et	al.	2005;	34 

BIANCHI	et	al.	2014).	In	zebrafish,	a	GPI-anchored	protein	called	Bouncer	is	identified	as	an	35 

egg	surface	receptor	that	is	necessary	for	species-specific	gamete	interactions	(HERBERG	et	36 

al.	2018).	However,	the	binding	partner	for	Bouncer	remains	unknown.	In	C.	elegans,	the	37 

first	molecule	required	for	fertilization	was	discovered	as	SPE-9,	a	transmembrane	protein	38 

with	EGF	repeats,	on	the	sperm	surface.	Mutants	of	spe-9	were	reported	in	a	forward	39 

genetic	screen	in	1988	and	the	gene	was	cloned	in	1998	(L'HERNAULT	et	al.	1988;	SINGSON	et	40 

al.	1998).	To	date,	a	total	of	twelve	C.	elegans	proteins	have	been	found	on	the	sperm	and	41 

oocyte	to	mediate	sperm-oocyte	interactions	(Table	1).	Yet,	among	these	molecules,	no	42 

receptor	pairs	have	been	identified.	What	additional	molecules	are	at	play	and	how	they	43 

interact	with	each	other	is	unknown.	44 

	45 



Forward	genetic	screens	have	been	a	driving	force	in	identifying	the	genetic	regulation	of	a	46 

biological	process	(BRENNER	1974;	NUSSLEIN-VOLHARD	et	al.	1980;	NUSSLEIN-VOLHARD	AND	47 

WIESCHAUS	1980;	MULLINS	et	al.	1994;	DRIEVER	et	al.	1996;	HAFFTER	et	al.	1996).	Starting	with	48 

mutants	with	a	phenotype	of	interest,	one	can	probe	the	underlying	genetic	cause	and	49 

identify	complex	genetic	relationships.	Compared	to	vertebrate	models	in	which	forward	50 

genetic	screens	are	time-,	cost-	and	labor-intensive	(RUSSELL	et	al.	1979;	RUSSELL	et	al.	1982;	51 

HITOTSUMACHI	et	al.	1985),	small	model	organisms	have	been	especially	useful	for	a	forward	52 

genetic	approach	in	developmental	studies	(JORGENSEN	AND	MANGO	2002;	ST	JOHNSTON	2002).	53 

In	fact,	the	majority	of	the	fertilization	molecules	in	C.	elegans	were	identified	through	54 

forward	genetic	screens.	In	this	review,	we	summarize	genetic	screening	strategies	that	led	55 

to	identifying	those	fertility	mutants	and	provide	a	perspective	for	future	research	that	56 

uses	genetic	approaches	in	C.	elegans.	We	also	discuss	how	new	technologies	such	as	next-57 

generation	sequencing	and	genome-editing	tools	help	us	advance	our	understanding	of	the	58 

genetic	regulation	of	fertility.	59 

	60 

C.	elegans	as	a	model	to	study	reproduction		61 

	62 

C.	elegans	is	a	widely	used	model	organism	because	of	its	ease	of	culture,	low	cost,	short	life	63 

cycle	and	the	availability	of	genetic	tools	(BRENNER	1974).	These	advantages	together	with	64 

their	hermaphroditic	mode	of	reproduction	make	it	relatively	convenient	to	isolate	65 

mutants	by	chemical	mutagenesis.	Temperature-sensitive	(ts)	mutations	generally	exist	66 

more	frequently	in	C.	elegans	than	in	other	multicellular	organisms	(O'ROURKE	et	al.	2011).	67 

Additionally,	the	fertility	of	the	animal	is	inherently	ts,	higher	at	permissive	temperatures	68 



and	lower	at	restrictive	temperatures.	These	features	make	it	possible	to	find	and	maintain	69 

homozygous	fertility	mutants.	C.	elegans	are	transparent	and	so	the	whole	reproductive	70 

tract	can	be	observed	in	live	animals.	Unfertilized	oocytes	are	readily	distinguishable	from	71 

unhatched	embryos,	allowing	us	to	tell	fertilization	defects	apart	from	embryonic	lethality	72 

(GELDZILER	et	al.	2011).	Hermaphrodites	can	self-fertilize	to	produce	self-progeny	but	can	73 

also	be	mated	with	males	to	produce	out-cross	progeny.	The	hermaphroditic	mode	of	74 

reproduction	ensures	that	sterility	in	an	unmated	mutant	hermaphrodite	is	likely	due	to	75 

defects	in	the	gametes	and	not	mating	behaviors	or	copulation.	All	these	features	make	C.	76 

elegans	a	good	model	to	study	fertilization.	77 

	78 

C.	elegans	fertilization	takes	place	in	the	spermatheca	in	an	assembly-line	fashion	(WARD	79 

AND	CARREL	1979).		Oocytes	move	from	distal	to	proximal	gonad	as	they	enter	prophase	of	80 

meiosis	I.	When	oocytes	get	close	to	the	spermatheca,	they	receive	maturation	signals	from	81 

the	Major	Sperm	Proteins	(MSP)	secreted	by	the	sperm	(MILLER	et	al.	2001).	Matured	82 

oocytes	are	ovulated	into	the	spermatheca,	fertilized	and	then	pushed	into	the	uterus	83 

where	they	finish	meiosis	and	start	embryogenesis	(Figure	1A-B)(WARD	AND	CARREL	1979).	84 

Before	making	oocytes,	the	germline	of	a	hermaphrodite	makes	spermatids.	The	first	85 

ovulation	pushes	the	spermatids	into	the	spermatheca,	where	spermatids	undergo	a	post-86 

meiotic	differentiation	process	called	sperm	activation	or	spermiogenesis	(ELLIS	AND	87 

STANFIELD	2014).	Activation	transforms	round	and	non-motile	spermatids	into	ameboid	and	88 

motile	spermatozoa	with	pseudopods	(Figure	1C)	(SHAKES	AND	WARD	1989;	GELDZILER	et	al.	89 

2011).	Motility	is	important	for	the	sperm:	some	sperm	can	be	swept	out	of	the	90 

spermatheca	by	passing	oocytes	and	they	rely	on	their	motility	to	crawl	back.	Defects	91 



during	spermatogenesis	cause	sperm	to	lose	the	ability	to	fertilize	the	egg.	Genes	that	show	92 

a	mutant	phenotype	of	spermatogenesis	defects	are	named	“spe”.	Similarly,	genes	with	93 

mutants	showing	egg-sterile	(unfertilizable)	or	egg-activation	defective	phenotypes	are	94 

named	“egg”.		95 

	96 

Screening	for	fertilization	mutants:	strategies	97 

	98 

The	first	report	of	a	forward	mutagenesis	screen	for	fertility	mutants	in	C.	elegans,	by	Hirsh	99 

and	Vanderslice,	came	shortly	after	Sydney	Brenner	first	introduced	C.	elegans	as	an	100 

experimental	model	and	described	its	mutagenesis	and	genetics	(BRENNER	1974;	HIRSH	AND	101 

VANDERSLICE	1976).	Hirsh	and	Vanderslice	looked	for	ts	sterile	mutants	in	a	classic	genetic	102 

screen	(Figure	2A)	(JORGENSEN	AND	MANGO	2002).	Parental	worms	(P0)	were	mutagenized	103 

by	ethyl	methanesulfonate	(EMS)	and	allowed	to	produce	F1	and	F2	generations	of	self-104 

progeny.	Individual	F2	worms	were	singled	out	and	allowed	to	produce	the	F3	generation	105 

at	permissive	temperature	(Table	2).	The	F3	progeny	were	then	split	and	some	siblings	106 

were	moved	to	the	restrictive	temperature	and	examined	by	their	phenotype.	Any	F2	107 

worms	that	carried	a	homozygous	ts	mutation	that	affects	fertility	would	have	all	sterile	108 

F3s.	These	lines	were	identified	and	propagated	from	F3	siblings	at	permissive	109 

temperature.	Out	of	~7700	F2s	screened,	they	identified	223	ts	mutants	encompassing	a	110 

broad	spectrum	of	phenotypes,	ranging	from	embryonic-lethal	and	developmental	111 

mutants,	gonadogenesis	mutants,	to	mutants	that	affect	early	germline	specification.	112 

Twenty-four	of	these	mutants	showed	a	Spe	phenotype.	Some	of	these	genes	were	later	113 



cloned	and	other	mutants	were	lost	to	antiquity.	Importantly,	their	screen	demonstrated	114 

the	possibility	of	isolating	ts	mutants	for	the	study	of	fertility	and	gametogenesis.	115 

	116 

To	further	understand	sperm	motility	and	fertilization,	another	screen	was	performed	with	117 

small	variations	from	the	Hirsh	and	Vanderslice	screen	(WARD	AND	MIWA	1978;	ARGON	AND	118 

WARD	1980).	Instead	of	transferring	all	of	the	F3	generations	to	restrictive	temperature,	119 

F1s	were	singled	out	and	the	F2	generation	was	grown	at	restrictive	temperature	(Table	2).	120 

Only	those	F2	populations	showing	an	oocyte-laying	phenotype,	a	sign	that	fertilization	did	121 

not	occur,	were	shifted	to	permissive	temperature.	The	mutations	were	recovered	by	122 

heterozygous	F2	siblings.	Mutants	from	these	two	screens	include	a	class	of	Spe	mutants	123 

(named	Fer,	for	historical	reasons)	in	which	defective	sperm	contact	the	oocytes	but	fail	to	124 

fertilize	them	(WARD	AND	MIWA	1978;	ARGON	AND	WARD	1980;	WARD	et	al.	1981).	Further	125 

analyses	suggested	that	mutant	sperm	had	motility	defects	that	prevented	them	from	126 

crawling	back	to	the	spermatheca	after	being	swept	by	passing	oocytes.	Most	of	the	Fer	127 

mutant	sperm	made	spermatozoa	with	short	or	misshaped	pseudopods	(ACHANZAR	AND	128 

WARD	1997).	Together,	these	Fer	mutants	demonstrated	the	power	of	mutagenesis	screens	129 

in	dissecting	the	process	of	spermatogenesis	and	offered	key	insights	into	fertilization	and	130 

sperm	development.	131 

		132 

	To	characterize	spermatogenesis,	L’Hernault	and	coworkers	designed	a	screen	for	spe	133 

mutants	(L'HERNAULT	et	al.	1988;	WILSON	et	al.	2018).	They	described	two	types	of	134 

strategies.	One	strategy	is	similar	to	the	one	described	above	in	that	they	examined	F2	135 

phenotypes	at	restrictive	temperatures.	What	was	different	was	that	they	allowed	not	just	136 



one	but	several	F1s	to	produce	F2s	on	a	plate.	In	the	other	strategy,	they	used	a	starter	137 

strain	with	one	or	multiple	morphological	markers.	Mutagenized	P0s	were	crossed	with	138 

wild	type	males.	Several	heterozygous	F1s	were	picked,	and	F2s	were	grown	and	examined	139 

at	restrictive	temperatures	(Table	2).	Any	mutations	that	appeared	linked	with	the	140 

morphological	marker	likely	affected	genes	on	the	same	chromosome	as	the	marker.	The	141 

initial	outcross	not	only	helped	with	establishing	linkage	but	also	reduced	the	number	of	142 

extraneous	mutations	thus	lowering	false-positive	rates.	With	these	strategies,	they	143 

concentrated	on	Chromosome	I	and	identified	23	ts	and	non-conditional	mutations	144 

belonging	to	11	complementation	groups.	Poison	analysis	of	mutant	frequency	suggested	145 

that	their	screen	nearly	reached	saturation	for	Chromosome	I	mutations.	The	phenotypes	146 

of	these	mutants	covered	various	stages	of	spermatogenesis	and	sperm	functions,	including	147 

early	spermatogenesis,	sperm	activation,	sperm-oocyte	interactions	and	paternal	148 

contribution	to	embryogenesis	(L'HERNAULT	et	al.	1988).	Among	the	mutants,	the	spe-9	and	149 

spe-13	mutants	make	spermatids	that	are	morphologically	normal,	can	differentiated	into	150 

spermatozoa,	can	migrate,	but	fail	to	fertilize	the	oocytes	(SINGSON	et	al.	1998;	SINGSON	et	al.	151 

1999)	and	Krauchunas	et	al.	in	preparation).	The	gene	spe-9	encodes	a	single-pass	152 

transmembrane	protein	with	multiple	EGF	repeats	and	is	thought	to	mediate	signaling	or	153 

adhesion	with	the	oocytes	(SINGSON	et	al.	1998;	PUTIRI	et	al.	2004).	Since	spe-9	is	the	first	154 

gene	found	to	regulate	sperm-egg	interactions,	it	defines	the	spe-9	class	(SINGSON	2001).		155 

	156 

To	better	understand	sperm-oocyte	interactions,	the	Singson	lab	developed	a	screening	157 

strategy	(Figure	2B)	based	on	screens	that	looked	for	maternal-effect	embryonic	lethal	158 

mutants	(KEMPHUES	et	al.	1988a;	KEMPHUES	et	al.	1988b;	O'CONNELL	et	al.	1998;	GOLDEN	et	al.	159 



2000;	WALLENFANG	AND	SEYDOUX	2000).	The	goal	of	this	screen	is	to	find	ts	mutants	in	which	160 

sterility	results	from	defects	in	sperm-oocyte	interactions.	To	facilitate	mutant	selection,	161 

we	use	a	starter	strain	that	carries	a	sem-2	mutation	and	an	embryonic	gut	marker	162 

(SINGARAVELU	et	al.	2015)	(Figure	2B)	.	The	sem-2	mutation	leads	to	defects	in	muscles	that	163 

control	egg	laying	but	do	not	affect	vulva	opening	(O'CONNELL	et	al.	1998;	TIAN	et	al.	2011).	164 

Fertilized	eggs	hatch	inside	of	the	mother,	causing	her	to	form	a	“bag	of	worms”	and	die	165 

(JORGENSEN	AND	MANGO	2002).	In	this	genetic	background,	any	sterile	F2	worms	would	166 

appear	normal	and	crawl	on	the	plate	whereas	fertile	worms	would	form	a	bag	of	worms	167 

and	die.	The	gut	lineage	marker	Pelt-7::GFP	is	turned	on	early	in	the	embryo	and	helps	168 

select	against	any	mutants	that	are	maternal-effect	embryonic	lethal	(SINGARAVELU	et	al.	169 

2015).	We	grow	the	F2s	at	restrictive	temperature	and	select	candidates	that	are	non-170 

baggers	with	a	GFP-negative	uterus	(Table	2).	At	this	step,	we	exclude	mutants	that	show	171 

obvious	defects	in	gonad	development.	We	then	shift	candidates	to	permissive	172 

temperature,	where	only	the	ts	mutants	recover	fertility.	Compared	to	the	Hirsch	and	173 

Vanderslice	screen,	this	screening	strategy	eliminates	the	labor-intensive	step	of	singling	174 

out	large	numbers	of	F1	or	F2	generations,	allowing	us	to	pick	sterile	worms	from	a	175 

population	of	fertile	ones.	However,	the	use	of	sem-2	mutant	background	precludes	the	176 

possibility	of	only	selecting	mutants	that	lay	oocytes.	177 

	178 

A	version	of	this	screen	was	done	with	the	addition	of	crossing	the	sterile	F2s	with	wild	179 

type	males	when	shifting	them	to	permissive	temperature,	thus	favoring	the	recovery	of	180 

spe	mutations	(SINGARAVELU	et	al.	2015).	This	screen	identified	sperm-sterile	mutants	that	181 

among	others	define	two	key	genes	that	function	during	sperm-egg	interactions.	spe-45	182 



encodes	a	single-pass	transmembrane	protein	with	an	Ig-like	domain,	similar	to	183 

mammalian	Izumo	(NISHIMURA	et	al.	2015;	SINGARAVELU	et	al.	2015).	spe-51	encodes	a	184 

secreted	molecule	with	an	Ig-like	fold	(Mei	et	al,	in	preparation).	Both	mutants	show	the	185 

same	spe-9	class	phenotype:	sperm	show	normal	morphology	and	motility	but	fail	to	186 

fertilize	the	oocytes	despite	direct	contact.	The	discovery	of	spe-45	and	spe-51	added	to	the	187 

collection	of	twelve	sperm-egg	interaction	genes	identified	by	us	and	others	(Table	1).	Two	188 

of	them	are	secreted	(Table	1)	and	the	other	nine	are	transmembrane	proteins.	The	fact	189 

that	these	genes	are	required	non-redundantly,	suggests	that	they	form	a	higher-order	190 

complex	at	the	interface	between	sperm	and	egg,	which	we	refer	to	as	a	fertilization	191 

synapse	(KRAUCHUNAS	et	al.	2016).		192 

	193 

It	is	worth	pointing	out	that	the	directed	fertility	screens	are	not	the	only	ones	that	recover	194 

these	spe	or	egg	mutants.	Screens	that	are	designed	to	catch	maternal-effect	embryonic	195 

lethal	mutants	or	oogenesis	mutants	have	found	sterile	mutants.	Sometimes	sterile	196 

mutants	are	shared	to	us	by	the	community	and	found	to	define	novel	fertility	genes	197 

((KEMPHUES	et	al.	1988a;	KEMPHUES	et	al.	1988b;	O'CONNELL	et	al.	1998;	KROFT	et	al.	2005)	198 

and	our	unpublished	data).	Other	times	sterile	mutants	were	misclassified	as	embryonic	199 

lethal	and	sometimes	discarded.	For	example,	the	spe-49	gene	was	initially	named	let-479	200 

because	the	phenotype	was	thought	to	be	embryonic	lethality	(WILSON	et	al.	2018).	201 

Therefore,	community	mutation	collections	could	be	a	rich	source	of	uncharacterized	202 

fertility	mutants.	203 

	204 



The	screen	in	the	Singson	lab	described	above	is	being	continuously	performed	in	our	lab,	205 

in	the	hope	that	we	come	across	egg	mutants.	Each	time	when	we	perform	the	screen,	206 

instead	of	attempting	to	characterize	every	single	mutant,	we	prioritize	our	207 

characterization	of	mutants	based	on	their	phenotypes.	This	allows	us	to	focus	on	208 

understanding	their	underlying	biology	and	identifying	new	genes.	Meanwhile,	we	209 

continue	the	screen	in	the	lab	so	that	we	keep	adding	new	mutants	that	potentially	define	210 

new	genes.	This	approach	is	a	move	away	from	the	traditional	strategy	of	completing	a	211 

saturation	mutagenesis	before	moving	to	any	molecular	analysis.	212 

	213 

New	perspectives	for	a	forward	genetic	approach	214 

We	have	so	far	discovered	11	proteins	that	are	required	for	sperm	function	during	215 

fertilization.	What	their	binding	partners	are	on	the	oocyte	surface	has	long	been	a	216 

question	in	the	field.	In	C.	elegans,	EGG-1/EGG-2	is	a	semi-redundant	pair	of	LDL	217 

receptor	repeat-containing	proteins	that	are	required	in	the	oocytes	for	fertilization	218 

(KADANDALE	et	al.	2005).	Originally	identified	as	candidate	genes	that	encode	oocyte	219 

surface	proteins	with	ligand-receptor	binding	domains,	EGG-1/2	were	later	shown	to	220 

not	bind	to	SPE-9	in	cultured	cells	(Singson	lab	unpublished	data).	These	observations	221 

support	the	hypothesis	that	additional	molecules	on	the	oocyte	surface	exist	to	222 

mediate	recognition	and	adhesion	with	the	sperm.	Because	forward	genetic	screens	223 

remain	a	productive	method	in	discovering	missing	pieces	of	this	puzzle,	we	are	224 

considering	modifying	our	current	screening	strategy	to	put	more	emphasis	on	egg-225 

sterile	mutants	as	described	above.	226 

	227 



Screening	for	ts	mutants	of	essential	genes	has	been	a	useful	strategy	because	it	allows	for	228 

easy	maintenance	of	mutants	and	sometimes	offers	unique	insights	of	protein	functions	229 

(PUTIRI	et	al.	2004).	However,	ts	alleles	are	relatively	rare,	with	some	genes	not	mutable	to	230 

a	ts	phenotype	(HARRIS	AND	PRINGLE	1991).	Based	on	our	own	and	others’	observations,	only	231 

5-10%	of	sterile	mutants	are	ts.	Thus,	one	reason	that	we	see	a	lot	more	ts	Spe	mutants	232 

than	egg	mutants	could	be	that	the	egg	genes	do	not	tend	to	mutate	to	a	ts	phenotype.	Thus,	233 

broadening	our	screening	to	include	non-conditional	mutants	might	facilitate	our	search	234 

for	egg-sterile	mutants.	In	this	case,	we	will	need	to	maintain	any	potential	mutants	by	235 

selecting	their	heterozygous	siblings	until	the	mutation	is	mapped	to	a	chromosomal	236 

region	so	we	can	use	a	balancer	chromosome.	Alternatively,	we	could	incorporate	a	237 

balancer	chromosome	into	the	screen	and	only	search	for	egg-sterile	mutants	in	the	region	238 

covered	by	the	balancer.	239 

	240 

Searching	for	the	egg-sterile	mutants	may	be	confounded	by	the	fact	that	sterility	can	241 

be	cause	by	a	broad	spectrum	of	defects	such	as	gonad	and	germline	development	and	242 

gametogenesis.	Among	these	sterile	mutants	are	all	of	the	spe	mutants	that	show	the	243 

same	oocyte-laying	phenotype	as	any	potential	egg-sterile	mutants.	These	spe	244 

mutations	are	carried	at	a	high	frequency	in	the	F1	population	of	mutagenized	parents,	245 

up	to	1	in	30	independent	F1s	(L'HERNAULT	et	al.	1988;	L'HERNAULT	1997).	Thus,	it	is	246 

critical	to	further	improve	our	strategy	of	mutant	selection.		To	avoid	selecting	the	spe	247 

mutants,	we	can	test	for	fertility	rescue	by	mating	the	mutants	with	wildtype	males.	A	248 

recovery	of	fertility	would	suggest	the	mutant	is	a	spe.	Moreover,	molecular	markers	249 

that	label	the	sperm	and	oocytes	can	be	used	to	help	select	sterile	worms	that	have	250 



good-looking	sperm	and	oocytes.	For	example,	a	germline	specific	cell	membrane	251 

marker	and/or	a	histone	marker	will	allow	us	to	observe	the	morphology	of	gametes.	252 

These	markers	together	with	microscopy	will	also	help	filter	out	gametogenesis	and	253 

embryonic	lethal	mutants.			254 

	255 

Limitations	of	forward	genetic	screens	256 

Although	forward	genetic	screens	are	a	powerful	and	unbiased	way	to	identify	genetic	257 

regulation	of	biological	processes,	this	method	has	its	own	limitations.	A	blind	spot	of	258 

forward	genetic	screening	is	functional	redundancy,	where	paralogous	genes	have	259 

overlapping	functions.	Loss	of	one	paralog	often	is	not	sufficient	to	cause	a	phenotype,	due	260 

to	compensation	by	another	paralog.	In	this	case,	these	genes	could	be	identified	only	261 

through	certain	dominant	alleles	(MITENKO	et	al.	1997;	DETWILER	et	al.	2001;	LIN	2003;	STEIN	262 

et	al.	2010;	ATAEIAN	et	al.	2016).		Multiple	examples	of	redundant	genes	exist	in	C.	elegans	263 

spermatogenesis	(CHU	et	al.	2006;	WU	et	al.	2012),	oogenesis	(DETWILER	et	al.	2001;	LIN	264 

2003),	ovulation	(MILLER	et	al.	2001),	fertilization	(KADANDALE	et	al.	2005),	and	oocyte-to-265 

embryo	transition	(CHENG	et	al.	2009;	PARRY	et	al.	2009)	and	these	genes	were	identified	266 

through	reverse	genetic	or	biochemical	approaches.	It	is	estimated	that	30	percent	of	C.	267 

elegans	genome	encode	proteins	with	one	or	more	paralogs	(CONSORTIUM	1998;	GU	et	al.	268 

2002;	CAVALCANTI	et	al.	2003).	Although	it	is	not	known	to	what	extent	these	paralogs	have	269 

redundant	functions,	this	level	of	redundancy	poses	a	challenge	in	gene	discovery	with	270 

forward	genetic	approaches.	271 

		272 



Other	than	redundancy,	pleiotropy	is	another	potential	limitation	of	forward	genetic	273 

screens.	One	gene	product	may	regulate	multiple	processes,	at	different	timing	or	in	274 

different	tissues.	Phenotypes	of	loss	of	function	alleles	may	represent	only	one	specific	275 

function	but	mask	others.	One	example	of	this	redundancy	during	C.	elegans	276 

spermatogenesis	is	spe-6.	Loss-of-function	alleles	showed	that	SPE-6	played	roles	in	277 

completing	meiosis	and	organizing	and	assembling	the	sperm	cytoskeleton	MSPs	278 

during	early	spermatogenesis	(VARKEY	et	al.	1993).	However,	hypomorphic	alleles	of	279 

spe-6	revealed	its	later	role	in	coordinating	sperm	activation	(MUHLRAD	AND	WARD	280 

2002).	Similar	to	redundancy,	these	pleiotropic	genes	could	be	uncovered	during	a	281 

forward	genetic	screen	only	by	rare	and	specific	alleles.		282 

	283 

Technology	advancements	that	facilitate	gene	discovery	284 

Technological	advances	in	recent	years,	such	as	high-throughput	sequencing	and	genome	285 

editing	tools,	have	greatly	facilitated	our	molecular	identification	of	genes	and	286 

characterization	of	gene	functions.	Here	we	describe	how	these	technologies	benefit	our	287 

research	and	open	up	opportunities	to	use	other	methods	to	complement	forward	genetic	288 

approaches.		289 

	290 

Whole-genome	sequencing	(WGS)	has	totally	transformed	the	way	to	identify	a	causative	291 

mutation	in	a	given	mutant.	Before	WGS	was	widely	used,	genes	were	cloned	by	tedious	292 

two-	and	three-	point	mapping	and	SNP	(Single	Nucleotide	Polymorphism)	mapping.	A	293 

mapping-by-sequencing	approach	that	couples	WGS	with	genome-wide	SNP	mapping	294 

(SARIN	et	al.	2008;	DOITSIDOU	et	al.	2010)	has	greatly	facilitated	gene	cloning	(JARAMILLO-295 



LAMBERT	et	al.	2015;	SMITH	et	al.	2016).	In	this	method,	a	mutant	is	crossed	with	a	296 

polymorphic	strain	to	produce	the	F1	and	F2	generation.	F2s	are	selected	for	the	mutant	297 

phenotype	and	subjected	to	WGS.	The	region	where	the	mutation	lies	should	be	enriched	298 

for	polymorphic	markers	from	the	background	strain.	This	method	is	sensitive,	and	quickly	299 

narrows	down	to	a	few	locations	thus	greatly	shortening	the	time	it	takes	to	pinpoint	the	300 

affected	gene.		301 

	302 

Another	advancement	that	brings	changes	to	our	query	into	fertilization	molecules	is	in	303 

transcriptomics.	The	availability	of	transcriptomics	data	has	fueled	reverse	genetic	304 

approaches	that	overcome	some	of	the	limits	of	genetic	screens.	In	C.	elegans,	multiple	305 

RNAi	screens	against	the	whole	genome	or	germline-enriched	genes	have	been	performed	306 

and	uncovered	critical	gene	functions	(examples	in:	(FRASER	et	al.	2000;	MAEDA	et	al.	2001;	307 

PIANO	et	al.	2002;	KAMATH	AND	AHRINGER	2003)).	The	increased	capacity	of	sequencing	and	308 

thus	an	improved	sensitivity	means	that	we	can	look	at	global	transcription	in	a	finer	309 

temporal	and	spatial	scale,	even	at	a	single-cell	level.	In	the	C.	elegans	germline,	gene	chip	310 

and	RNA-seq	based	transcriptome	datasets	are	available	(REINKE	et	al.	2000;	REINKE	et	al.	311 

2004;	ORTIZ	et	al.	2014).	Recently,	RNA-seq	on	sectioned	tissues	has	provided	gene	312 

expression	data	at	a	greater	spatial	resolution	(DIAG	et	al.	2018;	EBBING	et	al.	2018;	TZUR	et	313 

al.	2018).	These	datasets	provide	a	valuable	starting	point	for	a	reverse	genetic	method	in	314 

our	search	of	egg-sterile	genes.	For	example,	we	can	sort	our	candidate	genes	by	their	315 

enriched	expression	in	late-stage	oocytes,	their	protein	domains	and	association	with	the	316 

plasma	membrane.	Paralogous	gene	families	can	be	sorted	out	and	their	functions	can	then	317 



be	tested	by	either	RNAi	and/or	in	a	genetic	mutant.	This	method	may	strengthen	our	318 

ability	to	discover	genes	that	regulate	fertilization	and	egg	activation.			319 

	320 

The	Crispr-based	genome	editing	tools	have	expanded	our	abilities	to	access	protein	321 

functions	by	genetics	(DOUDNA	AND	CHARPENTIER	2014;	HSU	et	al.	2014).	Crispr-based	322 

methods	have	made	it	more	efficient	to	generate	null	and	conditional	alleles,	to	engineer	323 

customized	point	mutations,	and	to	tag	endogenous	proteins	(DICKINSON	AND	GOLDSTEIN	324 

2016;	PAIX	et	al.	2017).	The	mouse	fertilization	molecule	SOF1	was	identified	in	an	effort	to	325 

test	the	functions	of	a	good	number	of	testis-specific	genes	using	Crispr-based	knockout	326 

alleles	(MIYATA	et	al.	2016;	LU	et	al.	2019;	NODA	et	al.	2020).	Access	to	all	these	genetic	tools	327 

and	resources	allows	us	to	evaluate	gene	functions,	genetic	relationships	and	protein	328 

dynamics	at	an	unprecedented	level.		329 

	330 

Although	genetics-based	fertility	gene	discovery	has	been	fruitful,	biochemical	and	331 

proteomic	studies	are	also	viable	approaches.	For	C.	elegans,	both	sperm	and	oocytes	can	332 

be	isolated	as	starting	material	for	biochemical	analysis	(L'HERNAULT	AND	ROBERTS	1995;	333 

MILLER	2006).	In	fact,	the	sperm	MSP	signal	that	induces	meiotic	maturation	and	ovulation	334 

was	purified	from	sperm	and	sperm-conditioned	solutions	(MILLER	et	al.	2001).	Cultured	335 

Drosophila	S2	cells	can	be	used	as	a	system	to	express	worm	proteins	for	other	biochemical	336 

assays.	Many	C.	elegans	biologists	have	a	preference	for	genetic	analysis.	However,	it	should	337 

be	remembered	that	many	well-worn	and	newly	developed	biochemical	and	proteomic	338 

methodologies	will	be	important	for	both	additional	gene	discovery	and	gaining	molecular	339 

mechanistic	insights	into	fertilization.	340 



	341 

The	SPE	molecules	at	the	fertilization	synapse	discovered	thus	far,	likely	represent	only	342 

part	of	the	picture.	Mechanistically,	how	they	interact	with	each	other	and	with	potential	343 

partners	on	the	oocyte	surface	is	still	elusive.	Protein	interaction	studies	can	help	us	344 

identify	these	interactions.	As	a	community	resource,	our	lab	has	established	the	SPE	345 

interactome	using	a	membrane	yeast	two	hybrid	system	(MARCELLO	et	al.	2018).	This	346 

interactome	offers	some	insights	into	the	landscape	of	the	sperm	surface.	For	example,	347 

SPE-38	is	a	four-pass	transmembrane	protein	of	the	SPE-9	class	and	is	required	for	the	348 

correct	localization	of	another	component	SPE-41	at	the	sperm	surface	(CHATTERJEE	et	al.	349 

2005;	SINGARAVELU	et	al.	2012).	We	hypothesize	that	it	may	play	a	similar	role	as	the	350 

tetraspanin	CD9	on	the	mammalian	egg	surface,	serving	as	a	molecular	raft	organizing	351 

other	molecules	(LE	NAOUR	et	al.	2000;	MIYADO	et	al.	2000).	Consistent	with	this	hypothesis,	352 

SPE-38	has	been	shown	to	interact	with	multiple	SPE	proteins	in	our	interactome	353 

(MARCELLO	et	al.	2018).	As	more	mutants	are	discovered	and	the	molecular	identities	of	the	354 

genes	become	known,	the	interactome	will	continue	to	grow	and	give	us	the	opportunity	to	355 

generate	new	hypotheses.		356 

	357 

Conclusions	358 

Our	ongoing	journey	using	C.	elegans	as	a	paradigm	to	understand	the	fertilization	process	359 

has	complemented	our	understanding	of	mammalian	fertilization.	The	complexity	of	the	360 

fertilization	synapse	on	the	sperm	side	in	C.	elegans	implies	that	a	great	deal	of	information	361 

is	still	unknown	for	all	species,	which	may	be	even	more	complex	(KRAUCHUNAS	et	al.	2016).	362 

Recent	identification	of	four	sperm	surface	proteins,	SOF1,	SPACA6,	TMEM95	and	FIMP1	in	363 



mice	supports	the	complexity	of	the	mouse	fertilization	synapse	(BARBAUX	et	al.	2020;	364 

FUJIHARA	et	al.	2020;	LAMAS-TORANZO	et	al.	2020;	NODA	et	al.	2020).	Loss	of	functions	for	each	365 

of	these	molecules	does	not	affect	the	level	or	localization	of	IZUMO1,	suggesting	a	366 

hierarchy	in	the	assembly	and	dynamics	of	the	fertilization	synapse.	In	mice,	the	JUNO-367 

IZUMO1	interaction	is	not	sufficient	for	sperm-egg	fusion,	as	shown	by	cell	binding	assays	368 

and	structural	analyses,	suggesting	additional	molecules	are	involved	(INOUE	et	al.	2013;	369 

CHALBI	et	al.	2014;	AYDIN	et	al.	2016;	NISHIMURA	et	al.	2016;	OHTO	et	al.	2016).	We	argue	that	370 

robust	efforts	in	a	variety	of	model	systems	will	be	the	most	effective	way	to	understand	371 

nature’s	mysteries	of	conception.	Forward	and	reverse	genetic	approaches	to	study	372 

reproductive	processes	have	been	reported	for	fruit	fly	(WAKIMOTO	et	al.	2004),	zebrafish	373 

(SAITO	et	al.	2011)	and	mice	(LESSARD	et	al.	2004;	FURNES	AND	SCHIMENTI	2007;	IKAWA	et	al.	374 

2008).	Although	these	efforts	in	these	diverse	model	systems	have	identified	interesting	375 

mutants	that	impact	stem	cell	biology,	meiosis	and	gametogenesis,	we	hope	that	they	376 

continue	to	identify	key	molecules	of	fertilization.	With	the	advancement	of	new	377 

technologies,	our	forward	screens,	complemented	by	a	reverse	genetic	and	biochemical	378 

approaches,	will	give	us	a	better	understanding	of	the	protein	interactions	at	the	379 

fertilization	synapse,	and	a	better	picture	about	fertilization	and	fertility	in	C.	elegans	and	380 

other	animals	including	humans.		381 
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Gene	 species/gamete	 protein	domains/	features	 reference	

Izumo	 mouse/sperm	 Single-pass	TM	protein	with	Ig-like	
domain	

(INOUE	et	al.	2005)	

Spaca6	 mouse/sperm	 Single-pass	TM	protein	with	Ig-like	
domain	

(LORENZETTI	et	al.	2014;	
BARBAUX	et	al.	2020;	NODA	
et	al.	2020)	

Tmem95	 mouse/sperm	 Single-pass	TM	protein	with	
secondary	structures	similar	to	the	
“IZUMO1”	domain	

(LAMAS-TORANZO	et	al.	
2020;	NODA	et	al.	2020)		

Fimp1	 mouse/sperm	 Single-pass	TM	protein	*†	 (FUJIHARA	et	al.	2020)	

Sof1	 mouse/sperm	 protein	with	conserved	“LLLL	and	
CFNLAS”	motif	

(NODA	et	al.	2020)	

Juno	 mouse/egg	 GPI-anchored,	folate	receptor	family		 (BIANCHI	et	al.	2014)	

Cd9	 mouse/egg	 tetraspanin	†	 (KAJI	et	al.	2000;	LE	NAOUR	
et	al.	2000;	MIYADO	et	al.	
2000)	

Bouncer	 zebrafish/egg	 GPI-anchored,	Ly6/uPAR	superfamily	(HERBERG	et	al.	2018)	

spe-9	 worm/sperm	 single-pass	TM	protein	with	EGF	
repeats	

(SINGSON	et	al.	1998;	
PUTIRI	et	al.	2004)	

spe-13	 worm/sperm	 single-pass	TM	protein	 (L'HERNAULT	et	al.	1988);	
Singson	lab	unpublished	

spe-38	 worm/sperm	 novel	four-pass	TM	protein	 (CHATTERJEE	et	al.	2005)	
spe-41/trp-3	 worm/sperm	 TRP	channel	 (XU	AND	STERNBERG	2003;	

SINGARAVELU	et	al.	2012)	
spe-42	 worm/sperm	 six-pass	TM	protein	with	DCSTAMP	

and	Ring-finger	domains	
(KROFT	et	al.	2005)	
(WILSON	et	al.	2011)		

spe-49	 worm/sperm	 six-pass	TM	protein	with	DCSTAMP	
and	Ring-finger	domains	

(WILSON	et	al.	2018)		

spe-45	 worm/sperm	 Single-pass	TM	protein	with	Ig-like	
domain	

(NISHIMURA	et	al.	2015;	
SINGARAVELU	et	al.	2015)		

spe-51	 worm/sperm	 secreted	protein	with	an	Ig-like	fold	 Mei	et	al.	unpublished	

spe-36	 worm/sperm	 secreted	protein	with	an	EGF	motif		 Krauchunas	et	al.	
unpublished	

fer-14	 worm/sperm	 TM	protein		 (NISHIMURA	AND	
L'HERNAULT	2010)	
Kroft	et	al.	unpublished	

egg-1	 worm/oocyte	 single-pass	TM	protein	with	LDL	
receptor	repeats	

(KADANDALE	et	al.	2005)		

egg-2	 worm/oocyte	 single-pass	TM	protein	with	LDL	
receptor	repeats	

(KADANDALE	et	al.	2005)	
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Table	1.	Fertilization	molecules	in	vertebrates	and	worms		653 
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*,	FIMP1	also	exist	as	a	secreted	form	but	only	the	transmembrane	form	seems	to	be	655 
responsible	for	fertility	656 
†,	Knockout	mice	show	a	severely	reduced	fertility	instead	of	complete	sterility	657 
TM,	transmembrane	658 
TRP,	transient	receptor	potential	659 
LDL,	low	density	lipoprotein	 	660 
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Figure	1.	Hermaphrodite	reproductive	tract	and	sperm.	A.	DIC	image	of	a	live	worm.	The	696 
Middle	section	of	the	worm	is	shown	here.	Arrow	is	pointing	at	sperm	in	the	spermatheca.	697 
B.	A	diagram	illustrating	the	middle	section	of	the	reproductive	tract.	Arrow	is	pointing	the	698 
direction	at	which	oocytes	move.	C.	Images	of	spermatids	(left)	and	spermatozoa	(right).	699 
Scale	bar	is	10um.	700 
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Figure	2.	Screening	strategies.	A.	A	classic	genetic	screen	looking	for	recessive	mutations	739 
that	impact	fertility.	P0	refers	to	the	generation	that	receives	mutagen	treatment.	F1	and	F2	740 
are	the	first	and	second	generation	of	progeny.	Genotypes	of	different	generations	are	741 
listed	as	+/+,	+/m,	or	m/m	and	their	frequencies	are	also	shown.	Here	“m”	represents	any	742 
mutation	in	a	given	locus.	Dark	squiggly	lines	represent	progeny	whereas	brown	ovals	743 
represent	unfertilized	oocytes.	B.	Strategy	of	the	screen	in	the	Singson	lab.	The	starter	744 
strain	carries	the	sem-2	mutation	that	causes	larvae	to	hatch	inside	of	the	mother	(green	745 
squiggly	lines).	Candidate	sterile	F2s	(m/m)	are	grown	at	25°C	(restrictive	temperature)	746 
and	shifted	to	16°C	(permissive	temperature)	to	recover	fertility.	747 
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Screening	
(reference)	

Progeny	of	
mutagenized	P0	

Growth	
temperature*		

Treatment	(singled	out	
of	not)	

(HIRSH	AND	
VANDERSLICE	
1976)	

F1	 N/A	 no	

F2	 16°C	 singled	

F3	 25°C	 split	(replicated	to	25°C)	

(ARGON	AND	
WARD	1980)	

F1	 N/A	 singled	

F2	 25°C	 identified	by	oocyte-laying	
phenotype	

F3	 16°C	 N/A	

(L'HERNAULT	
et	al.	1988)	

F1	 N/A	 no	

F2	 25°C	
no,	picked	by	marker	and	
phenotype,	mated	with	

wildtype	males	

F3	 N/A	 N/A	

(SINGARAVELU	
et	al.	2015)	

F1	 N/A	 no	

F2	 25°C	 only	potential	sterile	
mutants	are	singled	out	

F3	 16°C	 N/A	
	752 
	753 
Table	2.	Comparisons	of	different	screening	strategies.	754 
*16°C	is	permissive	whereas	25°C	is	restrictive	temperature.		755 
	756 


