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Abstract	
Epigenetic	regulation	via	RNA	interference	(RNAi)	is	an	important	method	for	altering	gene	expression	and	
for	silencing	transposons;	transposable	genetic	elements	which	can	self-insert	into	the	genome	at	various	
locations,	thus	wreaking	havoc	on	the	genome	when	not	kept	in	check.	RNAi	functions	via	proteins	known	as	
Argonautes	 which	 associate	 with	 small	 RNAs,	 using	 these	 to	 direct	 them	 to	 their	 targets	 via	 sequence	
complementarity.	This	thesis	concerns	different	pathways	related	to	RNAi	in	the	nematode	Caenorhabditis	
elegans,	in	which	RNAi	has	long	been	studied,	as	well	as	in	the	ant,	Temnothorax	rugatulus,	in	which	RNAi	
has	not	priorly	been	studied.		
In	Chapter	I,	we	show	how	the	worm-specific	Argonaute	WAGO-3	is	paternally	inherited	via	the	sperm	in	

C. elegans,	where	it	localizes	to	the	newly	found	PEI-granule,	whose	phase-separation	is	controlled	by	the
proteins	PEI-1	and	PEI-2.	We	show	evidence	to	support	the	segregation	into	budding	spermatids	of	PEI-1/2
and	WAGO-3	via	anchoring	to	fibrous	body–membranous	organelles	(FB-MOs).	We	also	show	that	WAGO-3
is	important	for	paternal	inheritance	of	transgenerational	epigenetic	memory	(RNAe).
In	Chapter	II,	we	show	that	T.	rugatulus	expresses	at	least	two	different	classes	of	small	RNAs;	miRNAs	

and	piRNAs.	We	show	that	miRNAs	are	related	to	caste-differentiation	and	that	the	piRNA	pathway,	relevant	
for	transposon	silencing,	is	active	even	in	rudimentary	ovaries	incapable	of	reproducing.	
Finally,	in	Chapter	III,	we	provide	new	insights	into	the	functionalities	of	the	three	germline-expressed,	

worm-specific	Argonautes	WAGO-1,	WAGO-3,	and	WAGO-4	in	C.	elegans.	We	show	evidence	that	WAGO-1	
and	WAGO-4	influence	the	paternal	ALG-3/4	pathway,	possibly	via	interaction	with	the	nuclear	Argonaute	
WAGO-9/HRDE-1.	WAGO-3,	on	 the	other	hand,	we	 find	to	 influence	 the	maternal	ERGO-1	pathway,	most	
likely	also	via	interaction	with	one	or	more	nuclear	Argonautes.	We	find	that	Argonaute	regulation	depends	
on	 the	 lifestage	of	C.	elegans,	and	we	 lastly	show	that	mRNA	misregulation	caused	by	 loss	of	WAGO-4	 is	
remembered	transgenerationally.	
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Zusammenfassung 
Epigenetisches Regulierung durch RNA Interferenz (RNAi) ist eine wichtige Methode um Genexpressionzu 

beeinflussen und um Transposons zu unterdrücken. Transposons sind genetische Elemente die sich selbst 

an verschiedene Orte des Genoms einfügen können, und dabei das Genom zerstören, wenn sie nicht 

kontrolliert werden. RNAi funktioniert durch Proteine, sogenannte Argonauten, der mit Small RNAs 

interagieren und diesen benutzten, um ihre Ziele durch Sequenzkomplementarität zu finden. Dieser 

Dissertation betrifft verschiedene Pathways bezogen auf RNAi in der Nematode Caenorhabditis elegans, bei 

dem RNAi schon lange studiert wurde, sowie in die Ameise Temnothorax rugatulus, bei der RNAi nicht 

zuvorstudiert wurde. 

In Kapitel I zeigen wir wie der wurmspezifischen Argonaut WAGO-3 paternal durch die Spermien in C. 

elegans geerbt wird. Hier lokalisiert es sich auf dem neu entdeckten PEI-Granulum, dessen Phasentrennung 

durch die Proteine PEI-1 und PEI-2 kontrolliert wird. Wir zeigen Beweise, die die Segregation von PEI-1/2 

und WAGO-3 in budding Spermatiden durch Verankerung an Fibrous Body-Membranous Organellen (FB-

MOs) unterstützen. Wir zeigen, dass WAGO-3 wichtig für paternaler Erbe vom transgenerationelles 

epigenetisches Gedächtnis ist. 

In Kapitel II zeigen wir, dass T. rugatulus mindesten zwei verschiedenen Klassen von Small RNAs 

exprimieren; miRNAs und piRNAs. Wir zeigen, dass miRNAs mit der Kastendifferenzierung 

zusammenhängen, und dass das piRNA Pathway, die für Transposon-unterdrückung notwendig ist, sogar in 

rudimentären Eierstöcken, die sich nicht reproduzieren können, aktiv ist. 

Schließlich geben wir in Kapitel III neue Einblicke in die Funktionalitäten der drei in der Keimbahn 

exprimierten wurmspezifischen Argonauten WAGO-1, WAGO-3 und WAGO-4 in C. elegans. Wir zeigen 

Evidenz dafür, dass WAGO-1 und WAGO-4 mit der paternalen ALG-3/4 Pathway interagieren, 

möglicherweise durch Interaktion mit der nuklearen Argonaut WAGO-9/HRDE-1. Anderseits finden wir, 

dass WAGO-3 mit der maternalen ERGO-1 Pathway interagiert, höchstwahrscheinlich auch durch 

Interaktion mit einen oder mehreren nuklearen Argonauten. Wir stellen fest, dass Argonaut-regulierung vom 

Lebensstadium von C. elegans abhängig ist, und zeigen schließlich, dass Fehlregulierung von mRNAs, die 

durch Verlust von WAGO-4 verursacht ist, transgenerationell erinnert wird. 
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Author’s	note	

This	thesis	contains	two	published	papers	(chapters	I	and	II)	and	some	as	of	yet	unpublished	data	(chapter	
III),	whose	generation	has	been	a	collaborative	effort	between	me	and	several	other	scientists.	The	term	“we”	
will	be	generally	used	throughout	the	thesis	with	no	distinction	of	who	carried	out	any	specific	task.		
The	chapters	are	listed	chronologically	in	terms	of	publication,	with	the	unpublished	data	coming	last.	
For	individual	contributions	to	the	two	published	works,	I	will	refer	to	the	papers	themselves.	As	for	my	

own	contribution	to	the	three	chapters,	this	is	outlined	below.	

Chapter	I	–	Membrane-associated	cytoplasmic	granules	carrying	the	Argonaute	
protein	 WAGO-3	 enable	 paternal	 epigenetic	 inheritance	 in	 Caenorhabditis	
elegans	

This	 paper	 was	 first	 published	 in	 Nature	 Cell	 Biology	 in	 February	 2022,	 and	 the	 full	 list	 of	 authors,	 in	
appropriate	order,	is:	

Jan	Schreier,	Sabrina	Dietz,	Mandy	Boermel,	Viola	Oorschot,	Ann-Sophie	Seistrup,	Antonio	
M. de	Jesus	Domingues,	Alfred	W.	Bronkhorst,	Dieu	An	H.	Nguyen,	Stephanie	Phillis,	Elizabeth
J. Gleason,	Steven	W.	L'Hernault,	Carolyn	M.	Phillips,	Falk	Butter,	René	F.	Ketting

My	own	contribution	to	the	paper	was	the	computational	analysis	of	RNA	Immunoprecipitation	Sequencing	
(RIP-Seq)	data.	I	have	generated	Extended	Figure	2	and	Extended	Figure	3.	

Supervisor	confirmation:	______________________________________________________	

Chapter	 II	 –	Age-	 and	 caste-independent	piRNAs	 in	 the	 germline	 and	miRNA	
profiles	linked	to	caste	and	fecundity	in	the	ant	Temnothorax	rugatulus	

This	 paper	 was	 first	 published	 Molecular	 Ecology	 in	 November	 2023,	 and	 the	 full	 list	 of	 authors,	 in	
appropriate	order,	is:	

Ann-Sophie	 Seistrup,	 Marina	 Choppin,	 Shamitha	 Govind,	 Barbara	 Feldmeyer,	 Marion	
Kever,	 Emil	Karaulanov,	Alice	 Séguret,	 Sivarajan	Karunanithi,	Miguel	V.	Almeida,	René	F.	
Ketting,	Susanne	Foitzik	
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I	carried	out	all	sequencing	data	analyses	 in	collaboration	with	coauthors	Emil	Karaulanov	and	Sivarajan	
Karunanithi.	 I	 have	made	 all	 figures	 apart	 from	 Figure	 2	 and	 have	written	 the	 text	 with	 the	 aid	 of	 the	
coauthors.		

Supervisor	confirmation:	______________________________________________________	

Chapter	III	–	Deletion	of	worm-specific	Argonautes	expressed	in	the	germline	
of	Caenorhabditis	elegans	causes	unpredicted	changes	in	mRNA	levels	that	can	
be	remembered	upon	Argonaute	reintroduction	

For	 this	 chapter,	 I	 have	 carried	 out	 all	 computational	 analyses	 with	 the	 aid	 of	 the	 Bioinformatics	 Core	
Facilities	at	the	Institute	of	Molecular	Biology,	Mainz.		
The	experimental	procedures	were	largely	carried	out	by	me,	with	the	following	exceptions:	
i) Library	preparation	and	sequencing	of	all	sequencing	data	has	been	carried	out	by	the	Genomics

Core	Facilities	at	the	Institute	of	Molecular	Biology,	Mainz.
ii) Immunoprecipitation-mass	spectrometry	of	gfp::3xflag::wago-3(xf119)	was	performed	by	

iii) All	other	mass	spectrometry	data	has	been	generated	by	
iv) I	have	been	aided	in	outcrossing,	genotyping,	and	harvesting	of	worms	by	

v) Figure	4I	has	been	generated	by	
It	should	also	be	mentioned	that	 the	project	was	aided	by	the	Media	Lab	at	 the	 Institute	of	Molecular

Biology,	Mainz,	who	cast	all	growth	plates.	
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General	introduction	
Transgenerational	epigenetic	inheritance	
When	the	central	dogma	of	biology	was	first	coined	by	Francis	Crick	in	the	1950s,	it	was	generally	thought	
that	each	gene	would	encode	a	protein	and	that	all	other	DNA	in	an	organism	was	useless,	commonly	referred	
to	as	junk	DNA.	We	have	since	learned	that	this	is	not	true.	While	the	central	dogma	of	biology	adequately	
describes	classical	genetics	–	DNA	is	transcribed	into	messenger	RNA	(mRNA)	which	is	later	translated	into	
a	protein	which	can	exert	one	or	multiple	functions	–	it	fails	to	take	into	account	the	discovery	of	epigenetics.	
In	short,	epigenetics	concerns	all	types	of	genetic	regulation	which	doesn’t	alter	the	sequence	of	the	DNA,	

and,	like	the	DNA	sequence	itself,	these	features	can	often	be	inherited	to	an	offspring	(Fitz-James	&	Cavalli,	
2022).	Furthermore,	epigenetic	changes	caused	by	environmental	factors	can	persist	for	several	generations	
after	exposure,	a	phenomenon	termed	transgenerational	epigenetic	inheritance	(TEI)	(Fitz-James	&	Cavalli,	
2022).	This	is	opposed	to	intergenerational	epigenetic	inheritance,	which	only	lasts	for	one	generation	(Fitz-
James	&	Cavalli,	2022).	
Several	types	of	epigenetic	regulation	exist.	For	one,	DNA	is	wound	around	proteins	called	histones	which	

aid	 in	 organizing	 the	 genome	 (Wolffe	 &	 Guschin,	 2000).	 Several	 different	 types	 of	 post-translational	
modifications	(PTMs)	of	the	histones	can	cause	the	DNA	to	be	wound	tighter	(into	heterochromatin)	or	looser	
(into	euchromatin),	either	disallowing	or	allowing	transcription	(Wolffe	&	Guschin,	2000).	Because	new	DNA	
is	 synthesized	using	existing	DNA	as	a	 template	during	 replication,	Readers	and	Writers	 recognizing	 the	
established	 histone	 PTMs	 can	 ensure	 that	 the	 histones	 associating	with	 the	 newly	 synthesized	DNA	 are	
modified	identically	(Fitz-James	&	Cavalli,	2022).	Even	in	the	case	of	mammals,	where	germ	cells	are	often	
reprogrammed,	secondary	signals	such	as	non-coding	RNAs	(ncRNAs),	genome	organization,	or	changes	to	
intercellular	biophysical	properties,	e.g.	concentration	changes	affecting	the	organization	and	recruitment	of	
biomolecular	condensates,	can	drive	maintenance	and	reestablishment	of	epigenetic	markers	(Fitz-James	&	
Cavalli,	2022).		
The	DNA	itself	can	also	be	methylated,	which	can	both	alter	the	protein	binding	capacity	of	that	region	

(Tate	&	Bird,	1993),	recruit	histone	writers	(Nan	et	al.,	1998),	or	drive	heterochromatin	formation	directly	
(Choy	et	al.,	2010).	DNA	methylation	can	also	be	reestablished	during	replication	and	inherited,	although	the	
transgenerational	 efficacy	of	 this,	 evident	 though	 in	plants,	 has	been	debated	 in	mammals	 (Fitz-James	&	
Cavalli,	2022).		
Once	 a	 mRNA	 has	 been	 transcribed,	 this	 can	 also	 be	 regulated	 epigenetically	 at	 several	 levels.	 It’s	

transport	to	the	nucleus	may	be	impaired	(Suter,	2018),	it	may	be	chemically	altered	(Peixoto	et	al.,	2020)	or	
withheld	 in	 cellular	 locations	 void	 of	 ribosomes,	 the	 protein-RNA	 complexes	 (riboproteins,	 RBPs)	
responsible	for	translating	RNA	into	protein	(Suter,	2018),	or	it	might	be	degraded	altogether	(Suter,	2018).	
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The	protein	itself	may	also	be	regulated	via	folding,	cellular	localization,	or	PTMs	(Peixoto	et	al.,	2020).	While	
mRNA	or	protein	level	regulation	can	be	classified	as	epigenetic	depending	on	the	slightly	varied	definition	
of	the	term,	these	molecules	are	short-lived	and	therefore	not	inherited,	which	is	why	TEI	usually	refers	to	
modifications	in	or	around	the	DNA,	with	one,	important	exception;	RNA	interference	(RNAi).	
RNAi	was	first	discovered	in	1998	(Fire	et	al.,	1998),	and	it	describes	the	observation	that	small	RNAs	

(RNAs	with	lengths	of	20-30	nucleotides	(nt)	(Ha	&	Kim,	2014)1)	can	interact	with	a	family	of	proteins	known	
as	Argonautes	and,	via	sequence	complementarity,	guide	these	proteins	to	mRNA	or	even	to	DNA	where	it	
can	exert	a	variety	of	functions,	generally	leading	to	genetic	repression	(Ketting,	2011).		
This	thesis	aims	to	help	shed	light	on	several	RNAi	pathways,	both	specific	pathways	in	the	established	

model	 organism	 Caenorhabditis	 elegans,	 and	 general	 small	 RNA	 functionalities	 of	 the	 ant	 species	
Temnothorax	rugatulus,	in	which	RNAi-like	pathways	have	not	previously	been	studied.	To	provide	proper	
insight	 into	 these	 topics,	 this	 general	 introduction	will	 delve	 into	 a	more	 specific	 description	of	RNAi	 in	
general	and	its	specifics	in	C.	elegans	and	insects,	respectively,	before	a	more	detailed	description	of	the	two	
model	organisms,	including	their	biology	of	inheritance,	will	be	presented.		

RNA	interference	
While	 the	general	mechanism	of	RNAi	 involves	 an	Argonaute	protein	and	a	 small	RNA	 to	guide	binding,	
several	different	types	of	small	RNAs	exist,	and	they	all	bind	distinct	Argonaute	proteins	(Ketting,	2011).	
Different	 classes	 of	 small	 RNAs	 include	micro	 RNAs	 (miRNAs),	 P-element-induced	wimpy	 testis	 (PIWI)-
interacting	RNAs	(piRNAs),	and	endogenous	small	interfering	RNAs	(endo-siRNAs),	among	others,	and	these	
all	differ	in	their	origin,	biogenesis,	and	structure	(Ketting,	2011).	
This	 section	will	 focus	on	 the	general	 characteristics	of	miRNAs	and	piRNAs	before	moving	on	 to	 the	

general	characteristics	of	the	Argonaute	proteins	which	bind	them.	While	several	differences	exist	between	
species,	these	will	only	briefly	be	touched	upon	in	this	section.	Characteristics	relevant	for	our	two	model	
organisms,	T.	rugatulus,	and	C.	elegans,	will	be	discussed	in	the	following	sections	on	RNAi	in	social	insects	
and	nematodes,	respectively.		

MICRORNAS	
miRNAs	are	generally	21-25	nt	in	length,	differing	slightly	between	organisms,	and	they	are	produced	from	
distinct	loci	in	the	genome,	generally	expressed	somatically	(Ha	&	Kim,	2014).	miRNAs	belong	to	the	family	
of	small	RNAs	defined	by	their	necessity	of	the	RNAse	Dicer	for	their	biogenesis,	although	they	can	also	be	

1	The	lengths	defining	small	RNAs	vary	greatly	between	publications.	Some	classes	of	small	RNAs	may	be	short	than	20	
nt	or	longer	than	30	nt;	this	range	is	simply	indicated	as	a	rough	estimate	of	highest	abundance	of	small	RNAs.	
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produced	via	non-canonical	pathways,	including	one	which	is	Dicer-independent	(Ha	&	Kim,	2014),	although	
this	 will	 not	 be	 described	 further	 here.	 Endo-siRNAs	 are	 another	 example	 of	 small	 RNAs	 in	 the	 Dicer-
dependant	pathway;	a	pathway	generally	requiring	the	presence	of	double-stranded	RNA	(dsRNA)	(Ketting,	
2011).	Double-stranded	RNA	can	arise	from	different	sources		(Ketting,	2011),	but	for	miRNAs,	it	is	a	general	
feature	of	 the	sequence	of	 the	pri-miRNA,	which	contains	self-complementarity	and	can	therefore	form	a	
hairpin	structure	(Bartel,	2009).	
The	function	of	miRNAs	 is	 to	regulate	gene	expression,	and	they	have	been	 indicated	 in	many	diverse	

functions	 in	 different	 organisms,	 including	 cell	 differentiation,	 stress	 responses,	 and	 regulation	 of	 DNA	
damage	 pathways	 (Kaufman	 &	 Miska,	 2010).	 Generally,	 this	 is	 obtained	 via	 post-transcriptional	 gene	
silencing,	either	inhibiting	translation	or	degrading	the	mRNA	altogether	(Ha	&	Kim,	2014).	The	Argonautes	
which	 bind	 miRNAs	 can	 cleave	 mRNAs	 when	 the	 miRNA	 and	 mRNA	 bind	 with	 high	 sequence	
complementarity,	although	it	is	more	common	in	animals	that	repression	happens	via	mRNA	destabilisation	
or	inhibition	of	translation	(Bartel,	2009).	Some	Argonautes	binding	other	families	of	small	RNAs	are	fully	
dependent	on	non-cleavage	mechanisms,	as	they	are	not	catalytically	active	(Ketting,	2011).	
The	 biogenesis	 of	 miRNAs	 starts	 with	 RNA	 polymerase	 II,	 the	 same	 polymerase	 responsible	 for	

transcribing	mRNAs.	As	such,	pri-miRNAs	share	the	features	of	mRNAs,	having	a	7-methylguanosine	(m7G)	
cap	structure	and	a	poly(A)	tail	(Ha	&	Kim,	2014).	While	miRNA	genes	can	exist	in	many	different	genetic	
contexts,	both	in	the	introns	and	exons	of	other	genes,	it	is	not	uncommon	for	many	to	exists	close	together	
in	proximity	(Ha	&	Kim,	2014).	This	close	proximity	has	functional	relevance,	with	the	complex	recognising	
a	miRNA	hairpin	for	processing,	the	microprocessor,	being	more	likely	to	recognise	a	suboptimal	hairpin	if	
it	 is	 next	 to	 a	 more	 optimal	 hairpin.	 It	 has	 been	 suggested	 that	 the	 microprocessor	 may	 recruit	 more	
microprocessors	to	the	same	area	(Fang	&	Bartel,	2020).	
On	its	journey	from	pri-miRNA	to	mature	miRNA,	the	miRNA	must	undergo	two	processing	steps,	both	

carried	 out	 by	 RNAse	 type	 III	 endonucleases	 (Ha	 &	 Kim,	 2014).	 The	 first	 processing	 step	 occurs	 in	 the	
nucleus,	and	the	responsible	RNAse	is	called	Drosha,	which	is	aided	by	the	essential	cofactor	Pasha	(DGCR8	
in	humans	and	mice)	(Ha	&	Kim,	2014).	Before	processing	by	Drosha,	pri-miRNA	typically	consist	of	a	cap,	a	
5’-single	stranded	RNA	moiety,	a	stem	of	33-35	nt	and	a	terminal	loop,	as	well	as	a	3’-single	stranded	moiety	
and	the	poly(A)	tail.	After	processing,	the	RNA,	now	termed	pre-miRNA,	consists	solely	of	the	stem-loop	with	
a	3’-overhang	of	2	nt	(Ha	&	Kim,	2014).	
After	processing	by	Drosha,	the	pre-miRNA	is	transported	out	of	the	nucleus	to	the	cytosol,	where	the	2	

nt	3’-overhang	characteristic	of	Drosha-processing	is	recognized	by	the	RNAse	Dicer.	Dicer	cleaves	the	stem	
loop,	completing	the	processing	of	the	mature	miRNA	which	can	then	be	taken	up	by	an	Argonaute	protein	
(Ha	&	Kim,	2014).	Because	the	stem	loop	contains	two	strands	with	partial-to-complete	complementarity,	
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two	miRNAs	are	formed.	These	are	usually	denoted	with	the	suffixes	‘-5p’	or	‘-3p’,	depending	on	whether	
they	were	derived	from	the	5’-end	or	the	3’-end	of	the	pre-miRNA.	Typically,	however,	one	of	the	two	is	much	
more	prevalent	and	more	biologically	active	(Ha	&	Kim,	2014).	
In	 some	 organisms,	 uptake	 of	 the	miRNA	 by	 the	 Argonaute	 is	 highly	 specific,	 with	 some	 Argonautes	

binding	distinct	 subsets	of	miRNAs	and	other	Argonautes	binding	other	 subsets.	 In	yet	other	organisms,	
Argonautes	show	no	such	preferences	(Ha	&	Kim,	2014).	
When	the	mature	miRNA	has	been	formed,	it	associates	with	the	Argonaute	and	other	accessory	proteins	

in	order	to	form	what	is	known	as	the	RNA-induced	silencing	complex	(RISC).	As	described,	and	central	to	
the	concept	of	RNAi,	the	miRNA	guides	the	RISC	to	its	targets.	However,	for	miRNAs,	targets	are	not	defined	
by	complementarity	to	the	whole	sequence	(Bartel,	2009).	While	animal	miRNAs	are	usually	~22	nt	in	length,	
the	nucleotides	at	positions	2-7	show	much	higher	importance	for	target	recognition,	and	this	sequence	is	
called	the	seed	sequence	(Bartel,	2009).	Although	perfect	complementarity	is	not	required	within	the	seed	
sequence,	 seed	matching	 is	 the	most	 reliable	 target	 predictor,	with	 inclusion	 of	 some	 other	 position	 for	
secondary	scoring	common	to	many	available	miRNA	target	prediction	algorithms.	Indeed,	predicting	the	
targets	of	a	miRNA	via	in	silico	methods	is	a	quite	cumbersome	task,	due	to	the	many	allowances	of	infidelity	
within	the	recognition	sites	(Bartel,	2009).	
This	is	slightly	different	in	plants,	however.	While	all	the	mechanisms	described	above	are	common	to	

miRNAs	in	many	different	animals,	several	differences	exist	in	plants.	For	one,	while	Drosha	and	Pasha	are	
highly	conserved	in	animals,	they	do	not	exist	in	plants,	which	rely	only	on	Dicer	for	miRNA	processing	(Ha	
&	Kim,	2014).	Furthermore,	while	animal-like	repression	mechanisms	had	been	found	to	operate	in	plants	
(Fabian	et	al.,	2010),	using	full	sequence	complementarity	as	a	targets	predictor	is	highly	reliable	in	plants	
(Bartel,	2009).	
Generally,	miRNAs	are	also	cooperative,	and	proper	mRNA	repression	often	requires	binding	of	several	

miRNAs,	either	the	same	or	different	ones,	within	the	3’-UTR	of	a	target	gene	(Fabian	et	al.,	2010).	
A	final	remark	to	be	made	for	the	conservation	of	miRNAs	as	a	way	of	controlling	gene	expression,	is	the	

fact	that	not	only	miRNAs	and	their	accessory	proteins	are	highly	conserved,	so	are	the	mRNAs	which	they	
regulate	(Bartel,	2009).	miRNA-RISCs	generally	bind	the	mRNAs	which	they	repress	in	their	3’-untranslated	
regions	(UTRs),	and	conservation	of	these	regions	have	been	observed	(Bartel,	2009).	Simultaneously,	it	has	
been	shown	that	non-conservation	of	3’-UTRs	generally	occurs	in	genes	whose	expression	differ	from	their	
apparent	cognate	miRNA,	i.e.	when	miRNAs	and	mRNAs	are	expressed	in	the	same	tissue,	they	tend	to	co-
evolve,	and	when	they	are	expressed	in	different	tissues,	they	more	frequently	do	not	(Bartel,	2009).	
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PIWI-INTERACTING	RNAS		
While	miRNAs	have	been	shown	to	function	in	silencing	of	protein	coding	genes	and	thus	impact	protein	
homeostasis,	the	function	of	piRNAs	is	largely	focused	on	silencing	of	transposons.	
Transposons,	also	known	as	transposable	elements	or,	more	colloquially,	as	jumping	genes,	are	genetic	

elements	 that	 possess	 the	 ability	 to	 self-insert	 into	 various	 location	 in	 the	 genome,	 effectively	 ‘jumping	
around’	in	the	DNA	(Kumar,	2020).	Many	subtypes	of	transposons	exist,	although	they	are	often	classified	
into	two	major	groups:	type	I	retrotransposons	and	type	II	DNA	transposons,	defined	by	the	way	in	which	
they	self-insert.	The	former	employ	a	reverse	transcriptase	to	transpose	via	an	RNA	intermediate,	while	the	
latter	make	use	of	DNA	as	an	intermediate	(Kumar,	2020).	Although	the	action	of	transposons	can	be	lethal	
when	the	insertion	happens	into	vital	genes	–	and,	indeed,	transposon	activity	has	been	reported	in	human	
cancers	 highlighting	 their	 detrimental	 effects	 even	 in	 somatic	 tissues	 (Kumar,	 2020)	 –	 DNA	 sequences	
derived	 from	 transposon	 activity	 are	 commonly	 found	 in	 all	 genomes.	While	 the	C.	 elegans	genome,	 for	
instance,	is	only	predicted	to	have	12%	DNA	derived	from	transposons	(Bessereau,	2006),	46%	of	the	human	
genome	is	estimated	to	have	been	derived	from	transposons	(Kumar,	2020),	although	this	is	not	to	say	that	
such	a	high	amount	of	either	genome	contains	active	transposons	in	their	current	state.		
Due	 to	 the	 possibly	 detrimental	 effects	 that	 transposon	 activity	 could	 have	 in	 the	 germline,	 it	 is	

unsurprising	that	piRNAs	have	been	shown	to	be	highly	active	in	the	germline	and	during	meiosis	(Ketting,	
2011).	In	fact,	while	it	is	speculated	that	piRNAs	were	once	present	in	both	somatic	cells	and	the	germline,	
many	animals	have	lost	them	from	somatic	tissue	(Czech	et	al.,	2018).	However,	while	inhibiting	the	ability	
of	transposons	to	wreak	havoc	on	the	cells	responsible	for	reproduction	is	certainly	important,	this	is	not	the	
only	reported	function	of	piRNAs	in	the	germline	(Ketting,	2011).		
For	one,	the	piRNA	pathway	has	been	shown	to	be	involved	in	reestablishment	of	DNA	methylation	in	

primordial	germ	cells	(PGCs),	proving	the	function	of	RNAi	as	a	trigger	 for	maintenance	of	epigenetically	
inherited	markers	(Ketting,	2011).	The	piRNA	pathway	has	also	been	shown	to	be	involved	in	de	novo	DNA	
methylation,	showing	that	piRNAs	can	work	in	the	nucleus	to	both	maintain	epigenetic	markers	or	to	regulate	
and	alter	them	in	a	context-dependent	manner	(Czech	&	Hannon,	2016).	Changes	to	the	piRNA	machinery	
has	 also	 been	 shown	 in	 different	 organisms	 to	 impact	 meiosis,	 oocyte	 maturation,	 or	 spermatogenesis,	
although	it	cannot	be	ruled	out	that	these	effects	are	secondary	causes	of	the	role	piRNAs	play	in	transposon	
silencing	(Ketting,	2011).	
Like	miRNAs,	piRNAs	are	transcribed	by	RNA	polymerase	II,	and	they	are	present	in	distinct	genomic	loci,	

commonly	 referred	 to	 as	 piRNA	 clusters	 (Czech	 &	 Hannon,	 2016).	 Unlike	 miRNAs,	 however,	 piRNA	
precursors	 are	 single-stranded	 and	 their	 formation	 is	 not	 dependent	 on	Dicer	 (Czech	&	Hannon,	 2016).	
piRNA	clusters	are	mostly	unistranded,	meaning	that	they	produce	a	piRNA	precursor	from	only	one	of	the	
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two	DNA	strand.	Transcribed	by	RNA	polymerase	II,	these	precursors	are	canonical	transcripts	with	5’-	m7G	
caps	and	poly(A)	tail.	 In	the	germline	of	Drosophila,	however,	most	clusters	are	dual-stranded,	producing	
piRNA	precursors	 from	both	strands.	While	also	 transcribed	by	RNA	polymerase	 II,	 these	 transcripts	are	
noncanonical	and	lack	both	a	5’-cap	structure	and	a	poly(A)	tail	(Czech	et	al.,	2018).	
Because	most	piRNA	precursors	resemble	mRNA	transcripts,	it	is	unclear	exactly	how	they	are	recognized	

for	processing,	although	several	factors	involved	in	the	process	have	been	found	(Czech	&	Hannon,	2016).	
The	 production	 of	mature	 piRNAs	 can	 furthermore	 be	 divided	 into	 two	 distinct	 pathways.	 The	 primary	
pathway	involves	RNA	polymerase	II	and	takes	place	in	the	nucleus,	as	explained	above	(Figure	1A).	The	
secondary	pathway,	known	as	the	ping-pong	cycle,	is	an	amplification	step	which	increases	the	accumulation	
of	piRNAs	targeting	active	transposons	and	it	takes	place	in	specialized	structures	in	the	cytoplasm	(Figure	
1C)	(Czech	&	Hannon,	2016).	
There	 is	 no	 unified	 naming	 convention	 for	 the	 proteins	 involved	 in	 either	 of	 the	 piRNA	 biogenesis	

pathways,	so	for	simplicity,	they	will	be	described	below	using	Drosophila	terminology,	as	also	summarized	
in	Figure	1.	While	many	accessory	proteins	are	known	for	the	mechanisms,	we	will	focus	only	on	the	main	
ones.	As	is	true	for	all	mechanisms	described	in	this	thesis,	differences	exist	between	organisms	and	many	
both	known	and	unknown	factors	help	facilitate	binding,	recognition,	and	function.		
Processing	of	piRNA	precursors	happens	in	subcellular	structures	in	the	cytoplasm.	Such	structures	are	

typically	denser	than	their	surroundings,	rich	in	RNA,	and	capable	of	including	or	excluding	certain	factors	
(Fitz-James	&	Cavalli,	2022).	They	are	also	common	for	different	types	of	RNAi,	with	even	miRNAs	having	
been	found	in	processing	bodies	(P-bodies),	although	they	are	thought	to	be	only	stored	in	these	rather	than	
exacting	any	silencing	process	(Ketting,	2011).	
In	the	case	of	Drosophila	piRNA	processing,	the	subcellular	structures	in	question	are	nuage	in	the	germ	

cells	 and	 Yb-bodies	 in	 follicle	 cells	 (Czech	 &	 Hannon,	 2016).	 The	 piRNA	 precursor,	 which	 may	 be	 a	
readthrough	containing	several	piRNAs,	is	recognized	in	the	nuage	or	Yb-body	by	a	machinery	including	the	
endonuclease	 Zucchini	 (Zuc).	 Zuc	 processes	 the	 5’-end	of	 the	 piRNA	 intermediate,	 usually	 cleaving	 right	
before	an	uracil,	causing	piRNAs	to	have	a	strong	bias	 for	U	at	 the	5’-end	(Figure	1A)	(Czech	&	Hannon,	
2016).		
Some,	 but	 not	 all,	 piRNA	 transcripts	 require	 subsequent	 trimming	 of	 the	 3’-end	 by	 the	 exonuclease	

Trimmer	(Figure	1A).	The	exception	to	this	need	for	trimming	happens	in	the	case	where	Zuc	binds	and	
cleaves	the	piRNA	precursor	in	such	a	way	that	it	simultaneously	generates	the	3’-end	of	one	piRNA	and	the	
5’-end	of	another.	Such	cleavage	products	are	referred	to	as	phased	piRNAs	(Czech	et	al.,	2018).	
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Figure	 1:	 Primary	 and	 secondary	 piRNA	 production	 in	 D.	 melanogaster	 germ	 cells.	 A	 Schematic	
depicting	 the	 key	 proteins	 involved	 in	 primary	 piRNA	 production,	 starting	 with	 an	 RNA	 polymerase	 II-
generated	 transcript	and	ending	with	a	mature	piRNA	bound	 to	 either	of	 the	Argonaute	proteins	PIWI	or	
Aubergine	(Aub).	Zuc	=	Zucchini.	B	Function	of	the	nuclear	Argonaute	protein	PIWI.	C	Schematic	depicting	the	
key	elements	of	the	piRNA	amplification	cycle	known	as	the	ping-pong	cycle	in	Drosophila	melanogaster.	This	
is	located	in	nuage	and	involves	the	two	Argonaute	proteins	Aubergine	(Aub)	and	Ago3.	Nbr	=	Nibbler.	
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Common	to	both	phased	and	non-phased	piRNAs	 is	 the	 final	methylation	of	 the	3’-end	by	the	enzyme	
Hen1,	which	takes	place	after	binding	to	an	Argonaute.	In	Drosophila,	primary	piRNAs	–	i.e.	piRNAs	generated	
by	 the	process	 just	described	–	bind	one	of	 two	Argonautes,	PIWI	or	Aubergine	(Aub).	PIWI	 is	a	nuclear	
Argonaute,	meaning	that	it	must	return	to	the	nucleus	after	piRNA	loading	where	it	can	then	guide	histone	
modifications	or	de	novo	DNA	methylation	(Figure	1B).	Aub,	on	the	other	hand,	is	cytoplasmic	and	remains	
in	the	nuage	or	Yb-body,	where	it	can	silence	active	transposons	and	where	it	partakes	in	the	ping-pong	cycle	
(Czech	&	Hannon,	2016).	
Once	Aub	 is	 loaded	with	 a	piRNA,	 it	 can	bind	 a	 transposon	 transcript	 via	 sequence	 complementarity.	

Rather	than	degrading	the	transposon	directly,	this	dsRNA	complex	is	recognized	by	a	machinery	including	
another	Argonaute,	Ago3.	Zuc	then	cleaves	the	transposon,	forming	a	new	piRNA	intermediate	already	bound	
by	Ago3.	The	exonuclease	Nibbler	can	then	trim	the	3’-end	of	the	Ago3-bound	RNA	after	which	Hen1	can	
methylate	it,	thus	forming	a	mature	piRNA	(Figure	1C)	(Czech	&	Hannon,	2016).	Loaded	Ago3	is	then	free	to	
recognize	a	new	transposon	transcript	which	will	recruit	proteins	including	Aub	to	the	site.	The	action	of	
Zuc,	Trimmer,	and	Hen1	will	complete	the	cycle,	forming	a	new	mature	piRNA	loaded	by	Aub	(Figure	1C)	
(Czech	&	Hannon,	2016).	
Because	piRNAs	loaded	by	Aub	and	Ago3	are	shifted	10	nt	in	relation	to	one	another,	Ago3-bound	piRNAs	

do	not	have	the	5’-U	bias	as	seen	for	Aub-	and	PIWI-bound	piRNAs.	Instead,	Ago-3	piRNAs	are	characterized	
by	a	strong	bias	for	adenine	at	position	10	(Czech	&	Hannon,	2016).	While	the	5’-U	and	10A	biases	observed	
by	 ping-pong	 pairs	 are	 a	 feature	 of	 their	 biogenesis,	 it	 is	 also	 reflected	 in	 the	 binding	 pockets	 of	 their	
respective	Argonautes,	with	both	in	silico	analyses	and	structural	data	supporting	the	preferential	binding	of	
one	or	the	other	in	different	Argonautes	of	the	same	species	(Czech	&	Hannon,	2016).	

ARGONAUTES	
Argonaute	proteins	can	generally	be	divided	into	three	classes;	the	AGO	class,	which	interacts	with	miRNAs	
and	endo-siRNAs,	the	PIWI	class,	which	interacts	with	piRNA,	and	the	WAGO	class,	which	is	worm-specific	
and	will	be	discussed	further	in	the	section	about	RNAi	in	nematodes	(Ha	&	Kim,	2014).	A	fourth	class,	less	
commonly	discussed	and	likewise	not	further	described	here,	is	the	Trypanosoma	AGO	class	found	in	certain	
protozoa	(Wu	et	al.,	2020).	Also	not	discussed	here	are	the	three	classes	of	prokaryotic	Argonautes,	only	one	
of	which	fully	resembles	the	eukaryotic	ones	in	structure,	although	conservation	of	general	architecture	and	
function	is	generally	high	between	all	Argonautes	(Wu	et	al.,	2020).	
The	following	description	of	Argonautes	refers	specifically	to	the	case	in	eukaryotes.	
Argonaute	classification	is	based	on	sequence	homology,	yet	all	classes	share	the	same	general	structure.	

This	consists	of	an	N-terminal	region	and	the	three	globular	domains,	PAZ,	MID,	and	PIWI,	always	ordered	
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thusly	from	N-terminus	to	C-terminus	(Wu	et	al.,	2020).	The	Argonaute	folds	into	a	bilobed	structure,	with	
one	lobe	comprising	the	N-terminal	region	and	the	PAZ	domain	and	the	other	comprising	the	MID	and	PIWI	
domains.	Two	linkers	exist	within	this	structure,	one	on	either	side	of	the	PAZ	domain.	These	are	essential	
for	the	structure	and	function	of	the	protein,	as	they	can	drive	conformation	changes	upon	small	RNA	binding	
(Wu	et	al.,	2020).	
The	MID	domain	 is	essential	 for	small	RNA	binding	as	 it	contains	a	binding	pocket	 for	 its	5’-end.	This	

interaction	is	driven	by	a	highly	conserved	tyrosine	residue	(Wu	et	al.,	2020).	It	is	also	the	structure	of	the	
MID	domain	which	dictate	the	preference	for	5’-U	or	10A	in	PIWI	class	Argonautes	(Czech	&	Hannon,	2016).	
Less	critical	than	the	MID	domain	interaction,	the	PAZ	domain	anchors	the	3’-end	of	the	small	RNA.	The	N-
terminal	region	plays	a	role	in	unwinding	and	loading	of	the	small	RNA	(Wu	et	al.,	2020).	For	Argonautes	
which	are	catalytically	active,	as	mostly	seen	in	plants,	this	cleavage	activity	resides	in	the	PIWI	domain	(Wu	
et	al.,	2020).	
Argonautes	and	small	RNAs	are	at	the	core	of	the	RISC,	but	both	the	function	hereof	in	silencing	and	the	

loading	of	small	RNAs	into	Argonautes	is	highly	dependent	on	accessory	factors,	with	small	RNA	biogenesis	
and	their	loading	into	Argonautes	often	being	linked	processes	(Wu	et	al.,	2020).		
The	conformation	of	the	Argonaute	itself	is	also	very	important.	In	Drosophila,	two	heat-shock	proteins,	

Hsp70	and	Hsp90,	help	change	the	conformation	of	unloaded	Ago2	from	a	closed	state	to	one	that	is	open	
and	can	accommodate	a	small	RNA	into	its	binding	pocket	(Tsuboyama	et	al.,	2018).	In	the	plant	Arabidopsis	
thaliana,	 conformational	 changes	of	 a	N-terminal	moiety	 termed	 the	N-coil	 driven	by	 small	RNA	 loading	
determines	whether	the	protein	will	be	marked	for	degradation	(Bressendorff	et	al.,	2023).		
The	Argonaute	proteins	are	also	highly	prone	to	PTMs.	They	contain	several	sites	for	phosphorylation,	

hydroxylation,	and	ribosylation,	which	play	a	role	in	stability,	localisation,	and	small	RNA	binding	affinity	(Ha	
&	Kim,	2014;	Wu	et	al.,	2020).	Both	phosphorylation	and	hydroxylation	of	human	AGO2	at	certain	sites	has	
for	instance	been	shown	to	regulate	affinity	for	P-bodies,	effectively	changing	the	propensity	for	silencing	via	
localisation	changes	(Ha	&	Kim,	2014).	Argonautes	are	also	subject	to	ubiquitylation,	and	their	abundance	is	
regulated	via	the	ubiquitin–proteasome	degradation	system	(Wu	et	al.,	2020).	
As	discussed,	 some	Argonautes	bind	 small	RNAs	with	 little	 distinction	 apart	 from	 their	 general	 class,	

whereas	others	bind	subsets	stemming	from	distinct	loci	or	sharing	distinct	features	(Czech	&	Hannon,	2016;	
Ha	&	Kim,	2014).	While	not	all	is	known	about	the	mechanisms	that	drive	and	regulate	proper	RNAi	function,	
it	should	be	clear	that	this	a	highly	complex	system	influenced	by	Argonaute	structure	and	PTMs,	small	RNA	
structure	and	biogenesis,	accessory	proteins,	and	cellular	localisation	of	all	players	in	the	system.		
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Social	insects	and	RNAi	
When	it	comes	to	RNAi	in	insects,	the	fruit	fly	Drosophila	melanogaster	has	been	the	most	studied,	with	many	
of	the	mechanisms	mentioned	in	the	previous	section	having	been	described	in	this	organism.	In	fact,	piRNAs	
were	first	discovered	in	D.	melanogaster	(Czech	&	Hannon,	2016),	as	was	the	ping-pong	amplification	loop	
(Brennecke	et	al.,	2007;	Gunawardane	et	al.,	2007).	
D. melanogaster	has	five	genes	encoding	Argonaute	proteins,	although	the	number	of	Argonautes	varies

greatly	 between	 different	 insect	 species	 (Zhu	&	Palli,	 2020).	 The	 core	RNAi	machinery	 genes	 are	 highly	
conserved	in	insects	(Palli,	2023),	but	they	are	also	found	to	be	highly	subjected	to	duplications,	with	a	type	
of	cockroach	(Blattella	germanica)	thus	far	being	the	only	exception	to	having	duplications	in	RNAi	pathway	
genes	 (Zhu	 &	 Palli,	 2020).	 The	 high	 duplication	 rate	 of	 RNAi-related	 genes	 is	 generally	 thought	 to	 be	
advantageous,	 increasing	RNAi	efficiency	via	newly	acquired	 functionalities	or	sub-functionalities	 (Zhu	&	
Palli,	2020).	In	insects,	the	Argonautes	themselves	have	also	been	found	to	undergo	frequent	evolutionary	
expansions	resulting	in	their	functional	divergence	(Zhu	&	Palli,	2020).	
After	its	discovery	in	D.	melanogaster,	RNAi	was	soon	found	in	many	other	insects	including	several	types	

of	mosquitoes,	beetles,	 a	moth,	 the	German	cockroach,	 the	migratory	 locust,	 and	 the	brown	planthopper	
(Palli,	2023).	The	first	social	insect	–	i.e.	an	insect	living	in	a	colony	and	dividing	labour	between	different	
castes	–	in	which	RNAi	was	described,	was	the	honey	bee	Apis	mellifera	(Palli,	2023).	The	pathways	involving	
miRNAs,	endo-siRNAs	and	piRNAs	have	all	been	found	in	insects,	and	they	have	been	found	to	play	crucial	
roles	in	protection	against	viruses	and	transposons	as	well	as	in	regulation	of	gene	expression,	as	in	other	
organisms	(Zhu	&	Palli,	2020).	
Thus	far,	the	description	of	RNAi	outlined	here	has	been	centred	around	endogenous	pathways.	However,	

exogenous	small	interfering	RNAs	(exo-siRNAs)	also	exists,	and	these	have	been	a	large	focus	in	insect	RNAi	
research	due	to	the	function	these	can	play	in	pest	control	(Palli,	2023).		Generally,	exogenous	RNAi	pathways	
are	a	response	to	protect	an	organism	when	non-self	RNA	enters	the	cell,	which	for	instance	happens	during	
viral	infections.	These	pathways	can	be	triggered	via	dsRNA	feeding.	Nonetheless,	the	efficacy	of	this	varies	
largely	between	insect	species	due	to	large	variations	in	proteins	involved	in	uptake	and	transport	as	well	as	
the	frequent	breakdown	of	dsRNA	via	nucleases	(Palli,	2023).	Injection	rather	than	feeding	has	been	shown	
to	improve	the	RNAi	response	to	dsRNA	in	some	insects,	and	research	is	being	conducted	to	improve	the	
efficacy	via	feeding,	as	low	and	variable	efficiency	have	meant	that	only	few	currently	available	pesticides	
are	based	on	RNAi	 (Palli,	2023).	Pest	 control,	however,	 is	not	a	 subject	of	 interest	 in	 this	 thesis,	nor	are	
exogenous	RNAi	pathways,	and	neither	will	be	discussed	further.	Rather,	this	work	focuses	on	elucidating	
various	aspects	of	endogenous	RNAi	pathways.	
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A. mellifera,	as	the	first	and	most	studied	social	insect	model	organism	for	RNAi,	has	been	shown	to	have
functional	RNAi	pathways	in	both	embryos,	larvae,	pupae,	and	adults	(Brutscher	&	Flenniken,	2015).	Small	
RNAs,	both	miRNAs	and	piRNAs,	have	been	shown	to	be	differentially	expressed	in	the	different	reproductive	
tissue	of	A.	mellifera	(ovaries,	spermatheca,	semen,	fertilised	and	unfertilised	eggs,	and	testes),	with	fewer	
piRNAs	in	semen	than	in	eggs	or	ovaries	(Watson	et	al.,	2022).	Furthermore,	A.	mellifera	sex	is	determined	
in	part	by	certain	genomic	loci,	which	are	partially	targeted	by	piRNAs	(Watson	et	al.,	2022).	In	another	social	
insect,	the	jewel	wasp	Nasonia	vitripennis,	small	RNAs	found	in	the	eggs	are	crucial	for	sex	determination	
(Verhulst	et	al.,	2010).	These	findings	suggest	that	RNAi	plays	a	role	in	sex	determination	in	social	insects.	
The	differences	in	miRNA	and	piRNA	populations	in	male	versus	female	sex	organs	and	reproductive	tissues	
also	 implicate	 RNAi	 in	 the	 parent-of-origin	 effect,	 where	 epigenetic	 factors	 are	 inherited	 differentially	
between	paternal	and	maternal	lineages	(Watson	et	al.,	2022).		
Also	in	A.	mellifera,	miRNAs	have	been	shown	to	be	differentially	expressed	during	ovarian	activation	in	

queens,	and	they	have	been	suggested	to	have	a	function	in	oviposition,	i.e.	the	physical	process	of	laying	
eggs	(Chen	et	al.,	2017).	miRNAs	have	also	been	shown	to	have	a	function	in	ovarian	activation	of	A.	mellifera	
workers,	a	process	only	happening	in	the	absence	of	a	queen	(Macedo	et	al.,	2016).		
Apart	from	their	role	in	sex	determination	and	sex-specific	inheritance,	miRNAs	have	also	been	shown	to	

differ	between	different	castes	of	the	same	social	insect	in	both	termites	and	ants	(R.	Bonasio	et	al.,	2010;	
Matsunami	et	al.,	2019).	 In	termites,	 this	has	also	been	shown	for	piRNAs	(Elsner	et	al.,	2018;	Post	et	al.,	
2023).	
Because	piRNAs	are	more	abundant	and	transposons,	as	a	result,	less	expressed	in	reproductive	termites	

who	can	live	to	be	many	times	the	age	of	non-reproductive	termites,	the	piRNA	pathway	has	been	proposed	
to	be	a	key	factor	in	regulating	caste-specific	longevity	(Elsner	et	al.,	2018).		

Nematodes	and	RNAi	
Nematodes,	 the	 phylum	 of	 worms	 encompassing	 roundworms	 and	 eelworms,	 contain	 machineries	
pertaining	to	the	miRNA,	piRNA,	and	siRNA	(both	exo-siRNA	and	endo-siRNA)	pathways.	More	interestingly,	
the	last	category	of	small	RNAs	thus	far	not	described	here	has	only	been	observed	in	nematodes.	These	small	
RNAs	are	produced	by	secondary	pathway,	amplifying	the	response	of	piRNAs	and	siRNAs	and	they	bind	the	
worm-specific	clade	of	Argonautes,	WAGOs	(Hoogstrate	et	al.,	2014).	WAGO	proteins	and	WAGO-class	small	
RNAs	have	been	found	in	many	different	species	of	nematodes.	Simultaneously,	nematodes	don’t	possess	the	
ability	 to	 amplify	 piRNAs	 via	 the	 ping-pong	 cycle,	 instead	 relying	 only	 on	 the	 WAGO	 pathway	 for	
amplification	(Hoogstrate	et	al.,	2014).		
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C. elegans,	which	was	 the	 first	organism	in	which	RNAi	was	discovered	 (Fire	et	al.,	1998),	 is	 the	most
extensively	 studied	 of	 all	 the	 nematodes.	While	 differences	 have	 been	 reported	 in	 the	 particulars	 of	 the	
nematode	 pathways	 (Hoogstrate	 et	 al.,	 2014),	 C.	 elegans	 is	 most	 commonly	 used	 as	 the	 reference	 for	
nematode	RNAi.	It	is	also	one	of	the	model	organisms	used	in	this	thesis.	For	these	reasons,	this	section	will	
focus	solely	on	C.	elegans	RNAi	pathways.		
While	all	branches	of	RNAi	present	in	C.	elegans	have	been	studied,	miRNAs	and	exo-siRNAs	will	not	be	

described	further	here.	Nonetheless,	it	is	worth	noting	that	the	structure	and	function	of	C.	elegans	miRNAs	
is	similar	to	the	one	described	for	other	animals	and	it	binds	one	of	the	Argonautes	ALG-1,	ALG-2,	or	ALG-5	
in	C.	elegans	(Figure	2	and	Figure	3)	(Ambros	&	Ruvkun,	2018).	Also	worth	mentioning,	is	that	although	
miRNAs	are	not	generally	interconnected	with	other	RNAi	pathways,	it	had	been	reported	that	at	least	one	
miRNA	possesses	the	ability	to	activate	the	secondary	small	RNA	WAGO	pathway	(Corrêa	et	al.,	2010).	
The	 number	 of	 Argonaute	 genes	 differ	 greatly	 between	 species.	 Humans,	 for	 instance,	 encode	 eight	

functional	 Argonaute	 proteins	 and	 fission	 yeast	 encode	 only	 one.	 The	 C.	 elegans	 genome	 codes	 for	 27	
Argonaute	 genes,	 which	 is	 the	 most	 of	 all	 organisms	 thus	 far	 described,	 and	 19	 of	 these	 have	 been	
demonstrated	to	be	expressed	(Figure	2)	(Seroussi	et	al.,	2023).	Most	of	these,	as	indicated	in	Figure	2,	are	
of	 the	WAGO	 family	and,	 although	much	research	has	gone	 into	 these,	 the	 full	 extent	of	how	much	 their	
pathways	interconnect	is	not	yet	fully	understood	(Liu	et	al.,	2023;	Seroussi	et	al.,	2023).	

Figure	2:	Phylogenetics	of	the	C.	elegans	Argonaute	proteins.	A	Phylogenetic	tree	constructed	from	the	full	
DNA	 sequences	 including	UTRs	of	 all	C.	 elegans	 Argonaute	genes.	B	 Phylogenetic	 tree	 constructed	 from	 the	
protein	sequences	of	the	19	Argonaute	proteins	with	proven	expression.	Colours	represent	which	class	of	small	
RNAs	each	Argonaute	binds.	Alternative	names	given	in	parentheses.		
Multiple	sequence	alignments	conducted	using	Clustal	Omega	(Larkin	et	al.,	2007;	Madeira	et	al.,	2024),	trees	
constructed	with	IQ-TREE	(Trifinopoulos	et	al.,	2016)	and	visualised	using	(Letunic	&	Bork,	2024).	

The	C.	elegans	small	RNA	pathways	are	summarized	in	Figure	3.	The	primary	and	secondary	small	RNAs	
are	described	in	more	detail	below.	Apart	from	the	small	RNA	pathways	described	here,	it	has	been	proposed	
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that	C.	elegans	might	express	other	classes	of	less	abundant	RNAs,	although	the	role	of	such	low-abundance	
RNAs	is	unclear	(Knittel	et	al.,	2024).	

Legend	on	next	page	
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Figure	3:	small	RNA	pathways	of	C.	elegans.	Pri-miRNA	are	transcribed	by	DNA	polymerase	II	(Pol	II)	and	
form	a	hairpin	structure.	They	are	processed	by	the	nucleases	DRSH-1	(Drosha	homologue)	and	DCR-1	(Dicer	
homologue)	before	they	are	loaded	into	one	of	the	Argonautes	ALG-1,	-2,	or	-5.	miRNAs	silence	mRNAs	via	
binding	in	the	3’-UTR.	Precursors	to	piRNAs	(21U-RNAs)	are	also	transcribed	by	Pol	II	and	require	processing	
of	 the	complexes	PUCH	and	PETISCO	as	well	as	 the	proteins	PARN-1	and	HENN-1	(Hen1	homologue)	 for	
maturation.	They	bind	the	Argonaute	PRG-1.	26G-RNAs	are	transcribed	from	dsRNA	via	the	ERI	complex	and	
bind	one	of	the	Argonautes	ERGO-1,	ALG-3,	or	ALG-4.	22G-RNAs	are	formed	from	primary	Argonautes	binding	
either	21U-RNAs	or	26G-RNAs	and	they	associate	with	the	WAGO	class	of	Argonautes.		

PRIMARY	SMALL	RNA	PATHWAYS	IN	C.	ELEGANS;	21U-RNAS	AND	26G-RNAS	
Two	 types	 of	 primary	 small	 RNAs	 exist	 in	C.	 elegans.	 The	 first	 are	 piRNAs,	 although	 these	 are	 generally	
referred	to	by	the	name	21U-RNAs	in	C.	elegans	due	to	their	strong	bias	for	uracil	at	the	5’-position	and	their	
distinct	length	of	21	nt	(Almeida,	Andrade-Navarro,	et	al.,	2019).	While	21U-RNAs,	like	the	piRNAs	of	other	
species,	are	transcribed	by	RNA	polymerase	II	and	the	21U-RNA-precursors	have	standard	m7G-caps,	the	cap	
structure	has	been	proposed	as	a	mechanism	for	distinguishing	between	21U-RNAs	and	mRNAs	in	C	elegans	
(Podvalnaya	et	al.,	2023),	a	feat	which	remains	elusive	in	other	organisms.	This	is	due	to	the	fact	that	most	C.	
elegans	mRNAs	undergo	trans-splicing,	where	a	common	sequence	known	as	a	splice	leader	replaces	the	5’-
end	during	splicing.	As	a	result	of	this	process,	most	C.	elegans	mRNAs	have	2,2,7-trimethyl-guanosine	(TMG)	
caps	(Blumenthal,	2012).			
Most	21U-RNAs	are	transcribed	from	a	locus	on	chromosome	IV	with	the	exception	of	a	less	abundant	

type	of	21U-RNAs	–	 termed	type	 II	21U-RNAs	–	which	are	derived	 from	capped	small	RNAs	 in	promoter	
regions	but	are	also	transcribed	by	RNA	polymerase	II	(Almeida,	Andrade-Navarro,	et	al.,	2019).	Notably,	the	
C. elegans	genome	does	not	encode	a	homologue	of	Zuc,	the	endonuclease	responsible	for	processing	the	5’-
ends	 of	 piRNAs	 (Almeida,	 Andrade-Navarro,	 et	 al.,	 2019).	 Instead,	 two	 coupled	 complexes	 have	 been
identified	 as	 essential	 for	 recognising	 and	 processing	 the	 5’-ends;	 PUCH	 (Podvalnaya	 et	 al.,	 2023)	 and
PETISCO	(Cordeiro	Rodrigues	et	al.,	2019).	After	cap	removal	and	5’-end	trimming	by	these	complexes,	21U-
RNAs	 can	 be	 loaded	 by	 the	 Argonaute	 PRG-1	 and	 have	 their	 3’-ends	 processed	 in	 a	 process	 akin	 that
described	for	D.	melanogaster.	Whereas	D.	melanogaster	relies	on	the	exonuclease	Trimmer	(or	Nibbler,	in
the	case	of	secondary	piRNAs)	and	the	RNA	methyltransferase	Hen1,	C.	elegans	makes	use	of	the	homologous
proteins	 PARN-1	 and	 HENN-1	 to	 carry	 out	 the	 functions	 of	 3’-end	 trimming	 and	methylation	 (Almeida,
Andrade-Navarro,	et	al.,	2019).
As	described,	there	is	no	ping-pong	loop	for	21U-RNAs,	but	they	can	trigger	production	of	secondary	small	

RNAs	via	the	mechanism	described	in	the	next	subsection.	Conversely,	direct	targeting	of	mRNAs	by	PRG-1-
21U-RNAs	broadly	follows	miRNA-recognition	rules,	where	matching	to	the	seed	sequence	at	position	2-8	
shows	more	importance	than	matching	at	any	other	position	(Almeida,	Andrade-Navarro,	et	al.,	2019).	
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The	other	type	of	primary	small	RNAs	found	in	C.	elegans	are	endo-siRNAs	known	as	26G-RNAs	because	they	
are	 commonly	 around	 26	 nt	 long	 and	 have	 a	 5’-bias	 for	 guanine.	 26G-RNAs	 are	 not	 produced	 by	 RNA	
polymerase	II,	but	instead	by	an	RNA-dependent	RNA	polymerase	(RdRP)	called	RRF-3	(Almeida,	Andrade-
Navarro,	et	al.,	2019).		
RRF-3	 is	a	part	of	 the	ERI	complex	which	also	 includes	 the	Dicer	homologue	DCR-1.	The	ERI	complex	

recognizes	dsRNA	and	use	the	nuclease	activity	of	DCR-1,	the	polymerase	activity	of	RRF-3	as	well	as	other	
accessory	proteins	to	form	a	mature	26G-RNA	(Almeida,	Andrade-Navarro,	et	al.,	2019).	The	26G-RNAs	can	
then	be	 taken	up	by	one	of	 two	Argonaute	proteins	 in	a	 tissue-specific	manner.	 In	oocytes	and	embryos,	
ERGO-1	is	responsible	for	26G-RNA	uptake;	in	the	spermatogenic	germline,	either	of	the	Argonaute	proteins	
ALG-3	or	ALG-4	will	take	up	the	26G-RNA.	ALG-3	and	ALG-4	are	not	only	highly	homologous,	but	they	also	
appear	to	be	redundant,	usually	referred	to	simply	as	ALG-3/4	(Almeida,	Andrade-Navarro,	et	al.,	2019).		
ALG-3/4-bound	 26G-RNAs	 do	 not	 require	 any	 further	 processing,	 but	 ERGO-1-bound	 26G	 RNAs	 are	

methylated	at	the	3’-end	by	HENN-1,	much	like	21U-RNAs	(Almeida,	Andrade-Navarro,	et	al.,	2019).	The	two	
26G-RNA	pathways	furthermore	diverge	in	the	way	in	which	they	bind	their	target	mRNAs.	Unlike	21U-RNAs,	
26G-RNAs	 bind	 their	 targets	 via	 full	 sequence	 complementarity,	 which	 enables	 an	 easier	 genome-wide	
search	for	the	targets	which	they	bind.	ALG-3/4-bound	26G-RNAs	have	been	shown	to	be	enriched	at	either	
5’-	or	3’-end	of	their	target	mRNAs	(Conine	et	al.,	2010;	Seroussi	et	al.,	2023),	but	specifically	mRNAs	against	
which	 26G-RNAs	 were	 produced	 at	 the	 5’-end	 showed	 high	 upregulation	 upon	 26G-RNA	 accumulation	
(Conine	 et	 al.,	 2010).	 Simultaneously,	 distinct	 subsets	 of	ALG-3/4-bound	26G-RNAs	have	been	 shown	 to	
either	cause	upregulation	of	downregulation	of	target	mRNAs,	dependent	on	the	secondary	Argonaute	with	
which	they	associate	(Conine	et	al.,	2013).	ERGO-1-bound	26G-RNAs,	on	the	other	hand,	specifically	do	not	
map	 to	 the	 5’-end	 of	 their	 target	 genes	 (Vasale	 et	 al.,	 2010)	 and	 they	 are	 generally	 responsible	 for	
downregulation	of	pseudogenes,	repeat	sequences,	long	non-coding	RNAs	and	gene	duplications	(Almeida,	
Andrade-Navarro,	et	al.,	2019).		
Consistent	with	their	appearance	 in	either	male	or	 female	germlines,	 loss	of	ERGO-1	or	ALG-3/4	have	

been	 associated	 with	 defects	 in	 spermatogenesis	 or	 oogenesis	 and	male-	 or	 female-specific	 inheritance	
(Almeida,	Andrade-Navarro,	et	al.,	2019).	

WORMS-SPECIFIC	ARGONAUTES	AND	22G-RNAS	
The	secondary	small	RNAs	produced	from	21U-RNAs	or	26G-RNAs	are	around	22	nt	long	and	have	a	5’-bias	
for	guanine	and	are	thusly	called	22G-RNAs.	They	are	transcribed	by	RdRPs	in	the	cytoplasm	and	require	no	
further	5’-end	processing.	For	this	reason,	they	can	be	distinguished	from	21U-RNAs	and	26G-RNAs	in	that	
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they	carry	a	triphosphate	at	the	5’-end,	whereas	the	primary	small	RNAs	carry	monophosphates	as	a	result	
of	the	cleavages	they	must	partake	in	(Ketting,	2011).	
Two	RdRPs	are	responsible	for	22G-RNA	biogenesis	in	response	to	21U-RNAs:	RRF-1	and	EGO-1.	These	

two	 appear	 to	 be	 redundant	 in	 this	 role,	 but	 only	 the	 former,	 RRF-1,	 has	 been	 implicated	 in	 22G-RNA	
biogenesis	driven	by	26G-RNAs	(Almeida,	Andrade-Navarro,	et	al.,	2019).	22G-RNAs	are	transcribed	from	
RNAs	brought	into	distinct	subcellular	locations	known	as	mutator	foci	(Phillips	et	al.,	2012),	presumably	
directed	there	by	their	association	with	a	primary	small	RNA	RISC.	Apart	from	the	RdRPs,	several	proteins	
of	the	mutator	complex	exist	within	the	mutator	foci	and	play	a	role	in	directing	22G-RNA	biogenesis	and	
Argonaute	loading	(Almeida,	Andrade-Navarro,	et	al.,	2019;	Phillips	et	al.,	2012).	At	least	for	the	secondary	
22G-RNA	pathway	initiated	by	exo-siRNA,	this	involves	the	endonuclease	RDE-8,	which	cleaves	the	dsRNA	
formed	by	the	small	RNA	and	the	target	(Tsai	et	al.,	2015)	and	subsequent	addition	of	multiple	non-templates	
uridine-guanosine	dinucleotides	at	the	3’-end	of	the	target	RNA,	known	as	an	poly(UG),	or	pUG,	tail,	by	the	
ribonucleotidyltransferase	MUT-2/RDE-3	(Shukla	et	al.,	2020).	The	pUG	tail	is	recognized	by	RdRPs,	and	its	
addition	 is	necessary	 for	proper	 initiation	of	 the	22G-RNA	 response,	 possibly	 in	 response	 to	 all	 primary	
triggers	(Shukla	et	al.,	2020).	
After	 transcription,	 a	 22G-RNA	 can	 associate	with	 an	 Argonaute	 of	 the	WAGO	 class.	 As	 described,	 C.	

elegans	has	many	functional	WAGOs	(Figure	2),	some	of	them	nuclear	and	some	of	them	cytoplasmic	with	
no	distinction	of	21U-RNA-derived	22G-RNAs	or	26G-RNA-derived	22G-RNAs	doing	only	one	or	the	other	
(Almeida,	 Andrade-Navarro,	 et	 al.,	 2019).	 Central	 to	 all	 of	 the	 WAGOs,	 however,	 is	 that	 they	 are	 not	
catalytically	active	and	most	likely	cannot	cleave	their	targets	(Ketting,	2011).	This	thesis	is	centred	around	
the	cytoplasmic	branch	of	Argonaute	proteins	containing	WAGO-1,	-3,	and	-4,	which	are	all	present	in	the	
germline	 and	 will	 be	 described	 in	 the	 following	 subsection.	 One	 other	 interesting	 WAGO	 to	 point	 out,	
however,	is	CSR-1.		
While	most	WAGOs	are	thought	to	have	a	role	in	silencing	of	genes	and/or	transposons,	another	function	

entirely	 has	 been	 proposed	 for	 CSR-1.	 CSR-1	 is	 present	 in	 the	 germline	 and	 associates	 with	 22G-RNAs	
targeting	germline-expressed	genes,	but	it	is	independent	of	mutator	complex	proteins	(Almeida,	Andrade-
Navarro,	et	al.,	2019).	It	is	also	not	associated	with	gene	repression	–	rather,	CSR-1	targets	expressed	genes	
and	 has	 been	 suggested	 to	 directly	 activate	 their	 expression	 (Seth	 et	 al.,	 2013;	 Wedeles	 et	 al.,	 2013).	
Furthermore,	while	 the	bulk	of	CSR-1	 is	 found	 in	 the	 cytoplasm,	 this	Argonaute	has	 also	been	 shown	 to	
interact	directly	with	chromatin	and	it	has	been	indicated	as	having	a	function	in	chromosome	segregation	
(Claycomb	et	al.,	2009).	The	proper	loading,	and	therefore	the	proper	function,	of	CSR-1	is	dependent	on	the	
nucleotidyltransferase	CDE-1	which	polyuridylates	the	3’-ends	of	CSR-1	22G-RNAs,	destabilizing	the	22G-
RNA	and	thus	keeping	CSR-1	from	being	overly	active	(van	Wolfswinkel	et	al.,	2009).	The	activating	role	of	
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CSR-1	 is	specific	 to	the	germline	and	has	been	proposed	to	only	be	related	to	one	of	 two	isoforms	of	 the	
protein,	CSR-1b	(Charlesworth	et	al.,	2021).	Whereas	the	shorter	isoform	CSR-1b	is	thought	to	be	involved	
in	chromosome	organisation	and	proper	expression	of	germline	genes,	the	full	isoform	CSR-1a	may	silence	
genes	within	immune	response	pathways	and	it	is	present	both	in	somatic	tissues	and	in	the	germline	during	
spermatogenesis	(Charlesworth	et	al.,	2021).	The	longer	isoform	has	been	shown	to	integrate	into	the	26G-
RNA	pathway	(Charlesworth	et	al.,	2021),	with	ALG-3/4	having	been	shown	to	upregulate	target	expression	
via	CSR-1	 (Conine	et	al.,	2013).	However,	whether	 the	 two	 isoforms	of	CSR-1	 indeed	have	such	different	
functions	 is	unclear.	For	 instance,	 fine-tuning	of	 the	expression	of	a	single	microtubule	depolymerase	via	
CSR-1	 during	 embryogenesis	 has	 been	 shown	 to	 affect	 chromosome	 segregation	 (Gerson-Gurwitz	 et	 al.,	
2016),	suggesting	that	the	role	of	CSR-1	in	this	process	may	not	be	direct,	or	at	least	not	entirely	direct.	It	
also	suggests	that	the	two	proposed	role	of	CSR-1a	and	CSR-1b,	chromosome	segregation	and	gene	silencing,	
may	be	directly	linked,	and	thus	cannot	be	contributed	to	one	isoform	over	the	other.	Furthermore,	CSR-1	
has	 been	 shown	 to	 be	 involved	 in	maternal	mRNA	 turnover	 (Quarato	 et	 al.,	 2021),	 and	 failure	 to	 clear	
maternal	transcripts	in	the	zygote	may	cause	a	plethora	of	phenotypes,	making	it	difficult	to	fully	discern	the	
direct	functionalities	of	CSR-1.	
One	other	Argonaute	protein,	VSRA-1,	the	closest	homologue	to	CSR-1	(Figure	2),	has	been	proposed	to	

have	similar	functions	to	CSR-1	(Tabara	et	al.,	2023),	but	no	other	WAGO	has	been	implicated	in	positive	
regulatory	roles	or	in	chromosome	organization.	
One	 final	 note	 about	 WAGOs	 and	 22G-RNAs	 in	 general,	 is	 that	 the	 22G-RNA	 response	 can	 become	

independent	of	the	initial	trigger,	i.e.	functional	in	the	absence	of	21U-RNAs	or	26G-RNAs.	This	phenomenon	
is	termed	RNA-induced	epigenetic	silencing	(RNAe).	As	22G-RNAs	are	transcribed	from	Argonaute-bound	
transcripts,	this	suggests	that	WAGOs	may	be	able	to	trigger	themselves	or	that	certain	pathways	are	in	place,	
where	one	WAGO	will	trigger	another.	The	full	extent	to	which	WAGOs	interact	with	one	another,	however,	
is	not	currently	known.		

GERMLINE-EXPRESSED	CYTOPLASMIC	WAGOS	AND	THEIR	ROLE	IN	INHERITANCE	
This	thesis	is	focused	on	a	germline-expressed	branch	of	cytoplasmic	WAGOs;	the	one	made	up	of	WAGO-1,	
-3,	and	-4	(Figure	2).	Other	Argonaute	proteins,	both	primary	and	secondary,	are	expressed	in	the	germline
of	C.	elegans,	but	this	section	will	focus	on	what	is	known	about	WAGO-1,	-3,	and	-4	and	their	localisation	into
perinuclear	foci	known	as	germ	granules	in	the	germline	of	C.	elegans	(Phillips	&	Updike,	2022).
Germ	granules,	like	structures	such	as	nuage	or	Yb-bodies,	are	RNA-dense	subcellular	locations	that	work	

as	hotspots	for	processes	such	as	those	involved	in	RNAi,	with	most	of	the	proteins	thus	far	found	in	C.	elegans	
germ	granules	having	RNA-binding	domains.	The	germline	WAGOs	are	expressed	in	so-called	P-granules,	
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named	such	after	the	necessity	of	the	scaffolding	proteins	PGL-1	and	PGL-3	to	form.	P-granules	are	phase-
separated	structures	whose	formation	rely	on	PGL-1	and	PGL-3,	although	the	granules	remain	intact	when	
PGL-1	and	PGL-3	are	cleared	from	them,	which	for	instance	happens	during	spermatogenesis.	Apart	from	
proteins	involved	in	RNAi,	P-granules	also	house	a	lot	of	nuclear	pore	complexes	(NPCs),	allowing	transport	
between	the	nucleus	and	the	granules	(Phillips	&	Updike,	2022).	
In	the	early	embryos,	all	germ	granule	components	exist	within	a	single	mixed	granule.	However,	later	in	

development	as	well	as	in	the	adult	germline,	several	separate	germ	granules	take	form	(Figure	4C).	At	this	
point,	WAGO-1	and	WAGO-3	are	still	found	within	the	structure	known	as	the	P-granule,	but	WAGO-4	is	in	Z-
granules,	named	after	the	Z-granule	protein	ZNFX-1	and	always	found	directly	next	to	P-granules	(Wan	et	al.,	
2018).	Other	granules	include	the	mutator	foci	and	the	SIMR-foci,	although	it	has	been	proposed	that	more	
may	exist	and	the	extent	to	which	they	may	share	proteins	and	RNAs	between	them	is	not	well	understood	
(Phillips	&	Updike,	2022).	
Mutator	foci,	as	mentioned,	are	relevant	to	the	biogenesis	of	22G-RNAs,	so	at	least	some	exchange	must	

happen	between	these	foci	and	the	P/Z-granules	in	which	the	WAGOs	exact	their	function.	SIMR-foci	are	the	
least	researched	of	the	known	germ	granules,	but	it	 is	thought	to	play	a	role	in	establishing	a	connection	
between	the	21U-RNA	pathway	or	the	exo-siRNA	pathway	and	the	22G-RNA	pathway	(Phillips	&	Updike,	
2022).		
Consistent	with	the	fact	that	PGL-1	and	PGL-3	are	not	necessary	for	the	stability	of	P-granules,	they	are	

also	not	necessary	for	Argonaute	recruitment,	at	least	in	the	case	of	WAGO-1,	whose	ability	to	silence	mRNA	
remains	in	the	absence	of	PGL-1	and	PGL-3	(Aoki	et	al.,	2021).	Loss	of	WAGO-1	also	does	not	affect	P-granule	
structure,	 but	 it	 does	 significantly	 reduce	 germline	 22G-RNA	 levels	 (Aoki	 et	 al.,	 2021;	 Gu	 et	 al.,	 2009).	
Deletion	of	all	three	WAGOs,	WAGO-1,	-3,	and	-4,		reduces	germline	22G-RNA	levels	to	near	zero,	but	where	
neither	 loss	 of	WAGO-3	or	WAGO-4	 alone	 are	 resistant	 to	 exogenous	 germline	RNAi,	 the	double	mutant	
lacking	both	WAGO-3	and	WAGO-4	 is	(Gu	et	al.,	2009).	This	 indicates	at	 least	some	redundancy	between	
WAGO-3	and	WAGO-4	in	responding	to	exogenous	RNAi	and	a	role	for	both	of	these	proteins	in	maintaining	
a	small	pool	of	germline	22G-RNAs,	the	majority	of	which	are	stabilized	by	WAGO-1.		
WAGO-1	and	WAGO-3	target	the	majority	of	transposons	(Gu	et	al.,	2009;	Liu	et	al.,	2023;	Vastenhouw	et	

al.,	 2003)	 and	 both	 target	 pseudogenes	 (Gu	 et	 al.,	 2009;	 Seroussi	 et	 al.,	 2023).	WAGO-4	may	 also	 target	
pseudogenes	 (Liu	 et	 al.,	 2023),	 but	 it	 has	 mainly	 been	 implicated	 in	 exogenous	 RNAi	 and	 in	 silencing	
germline-expressed	mRNAs,	the	latter	possibly	triggered	by	the	former	(Xu	et	al.,	2018).	All	WAGOs,	not	just	
WAGO-1,	 -3,	and	-4,	are	predicted	to	silence	protein	coding	genes	(Liu	et	al.,	2023;	Seroussi	et	al.,	2023).	
Interestingly,	WAGO-4	targets	the	same	subset	of	genes	as	CSR-1,	although	the	two	have	opposing	actions	
(Xu	et	al.,	2018).	Both	CSR-1-bound	and	WAGO-4-bound	22G-RNAs	are	polyuridylated	at	the	3’-end	by	CDE-
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1,	but	the	action	of	CDE-1	has	been	proposed	to	play	a	role	in	regulating	WAGO-4	versus	CSR-1	binding,	with	
CDE-1	promoting	stability	of	22G-RNA-WAGO-4	binding	and	destabilizing	binding	of	22G-RNAs	to	CSR-1	(Xu	
et	al.,	2018).	Another	study,	however,	suggests	that	CSR-1-bound	22G-RNAs	are	more	often	polyuridylated	
than	 WAGO-4-bound	 22G-RNAs	 and	 that	 even	 22G-RNAs	 bound	 by	 WAGO-3	 or	 WAGO-9	 may	 be	
polyuridylated	(Liu	et	al.,	2023).	The	exact	function	of	22G-polyuridylation	therefore	remains	unknown,	as	
does	the	mechanism	that	distinguishes	22G-RNA	binding	between	Argonautes.	It	is	known,	however,	that	
certain	manipulations	of	an	Argonaute	or	of	their	accessory	proteins	can	cause	an	Argonaute	to	change	the	
22G-RNAs	that	it	binds.	WAGO-1	and	-3,	for	instance,	are	both	processed	at	the	N-terminus	by	the	dipeptidyl	
peptidase	DPF-3	(Gudipati	et	al.,	2021).	Loss	of	DPF-3	causes	changes	to	the	22G-RNAs	taken	up	by	WAGO-
1,	making	it	preferentially	bind	22G-RNAs	targeting	genes	usually	targeted	by	CSR-1	and	WAGO-4	(Gudipati	
et	al.,	2021).	
WAGO-1,	 -3,	 and	 -4	 are	 all	 cytoplasmic	 and	 likely	 have	 no	 catalytic	 function;	 hence	 their	 method	 of	

silencing	is	unknown.	Comparisons	of	protein	and	mRNA	levels	of	a	WAGO-1	target	suggests	that	WAGO-1	
functions	in	mRNA	turnover	(Aoki	et	al.,	2021),	and	the	fact	that	many	WAGO-1-bound	22G-RNAs	exist	within	
predicted	introns	suggest	that	WAGO-1	exerts	its	function	on	non-spliced	mRNA	(Gu	et	al.,	2009).	It	is	both	
possible	 that	all	 three	WAGOs	have	a	 function	 in	mRNA	turnover	prior	 to	splicing,	 that	 they	act	 in	 three	
different	 steps,	 or	 that	 they	 can	 all	 act	 in	 different	 steps	 in	 a	 context-dependent	 manner.	 Nonetheless,	
silencing	via	the	22G-RNA	pathway	in	general	has	been	shown	to	implore	introns	to	distinguish	between	self	
and	non-self	transcripts	(Makeyeva	et	al.,	2021),	suggesting	that	all	WAGOs	may	act	upstream	of	splicing.		
Data	also	suggests	that	at	least	one	WAGO-RNAi	pathway	must	be	related	to	the	nonsense-mediated	decay	

pathway	 (Xu	 et	 al.,	 2018),	 and	 that	WAGO-4	 is	 upregulated	 upon	 apoptosis,	 at	 least	 in	 some	 instances	
(Sendoel	et	al.,	2019).		
Apart	from	WAGO-1,	-3,	and	-4,	the	primary	Argonaute	proteins	as	well	as	CSR-1	exist	in	germ	granules,	

and	the	relationship	between	levels	of	CSR-1	versus	non-CSR-1	WAGO	22G-RNAs	is	thought	to	be	crucial	for	
germline	gene	expression	(Almeida,	Andrade-Navarro,	et	al.,	2019;	Phillips	&	Updike,	2022).	This	may	also	
be	related	to	whether	the	germline	is	spermatogenic	or	oogenic,	since	the	Argonaute	proteins	ALG-3/4	–	the	
Argonautes	 binding	 26G-RNAs	 during	 spermatogenesis	 –	 have	 been	 shown	 to	 interact	 with	 the	 CSR-1	
pathway,	as	mentioned	above	(Conine	et	al.,	2013).	Interestingly,	ALG-3/4	do	not	persist	in	mature	sperm,	
but	are	rather	deposited	in	the	residual	bodies	(Conine	et	al.,	2010).	One	study	found	WAGO-1	in	mature	
sperm	and	therefore	proposed	WAGO-1	as	a	way	of	mediating	paternal	inheritance	of	the	ALG-3/4	response	
(Conine	et	al.,	2010),	However,	in	Chapter	I	here,	we	will	show	that	N-terminally	tagged	WAGO-1	does	not	
localise	to	mature	sperm,	but	instead	is	deposited	in	the	residual	bodies	of	budding	spermatids.	In	Chapter	
I,	we	will	also	show	that	WAGO-3	locates	to	mature	sperm	and	plays	a	role	in	paternal	inheritance	(Schreier	
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et	al.,	2022).	Loss	of	DPF-3,	which	is	necessary	for	WAGO-1	and	-3	function,	also	causes	spermatogenesis	
defects,	 further	 implicating	one	or	both	of	 these	WAGOs	 in	male	 fertility	and	 inheritance	 (Gudipati	et	al.,	
2021),	with	our	findings	in	Chapter	I	confirming	that	WAGO-3	acts	in	this	role.	Contrarily,	WAGO-4	is	not	
significantly	expressed	in	the	male	germline	but	present	in	the	hermaphroditic	germline	and	oocytes	and	its	
expression	pattern	suggests	a	capacity	of	WAGO-4	for	transmitting	an	RNAi	phenotype	to	its	offspring	via	
the	 maternal	 side	 (Xu	 et	 al.,	 2018).	 Nonetheless,	 WAGO-4	 is	 present	 in	 the	 hermaphrodite	 during	
spermatogenesis	(Seroussi	et	al.,	2023),	which	would	allow	it	to	have	a	function	during	this	process	as	well.		

Model	organisms	
As	has	been	established,	this	thesis	makes	use	of	two	different	model	organisms,	T.	rugatulus	and	C.	elegans.	
This	section	will	focus	on	describing	the	basics	of	their	biology	and	reproduction,	as	RNAi	and	reproductive	
efficacy	are	linked,	as	described.	A	few	select	notes	on	the	correlation	between	biology	and	RNAi	machineries	
will	also	be	presented.		

THE	ANT	TEMNOTHORAX	RUGATULUS
T. rugatulus	 is	a	 rock	ant	common	to	Northern	America,	which	 lives	 in	colonies	and	make	 their	nests	by
building	walls	within	narrow	gaps	in	rocks	(DiRienzo	&	Dornhaus,	2017).
Social	insects	such	as	ants	generally	function	within	a	caste-system	where	females	can	either	be	queens	

or	workers	(Favreau	et	al.,	2018).	Though	smaller	and	less	common,	ants	can	also	be	male.	The	sex	of	ants,	
and	of	most	insects	within	the	order	of	Hymenoptera,	is	most	commonly	determined	by	a	haploid-diploid	
system	where	the	offspring	of	a	queen	will	be	determined	by	whether	or	not	she	has	bred	(Heimpel	&	de	
Boer,	2008).		
The	haploid-diploid	system	of	sex	determination	works	in	that	fertile,	reproductive	females	–	in	social	

insects,	this	mostly	refers	to	females	of	the	queen	caste	–	produce	eggs	that	do	not	need	fertilization.	Having	
undergone	 meiosis,	 unfertilized	 eggs	 carry	 only	 one	 set	 of	 chromosomes	 and	 are	 thus	 haploid.	 These	
invariably	develop	into	males.	If	the	female	chooses	to	breed,	however,	a	second	set	of	chromosomes	will	be	
supplied	by	the	male,	and	the	fertilized	egg	will	therefore	be	diploid	and	develop	into	a	female	(Heimpel	&	
de	Boer,	2008).	Knockdown	of	certain	sex	determination	genes	in	female	Hymenoptera,	however,	can	turn	
diploid	offspring	male	(Heimpel	&	de	Boer,	2008).	
Female	ants	are	genetically	similar	though	queens	and	workers	differ	in	size	and	reproductive	capability	

(Favreau	et	al.,	2018;	Rüppell	et	al.,	2001).	This	difference	is	determined	by	environmental	factors	during	
larval	development.	Whichever	factors	trigger	caste	differentiation,	it	is	non-reversible	and	triggers	many	
changes	in	gene	expression.	Certain	chromosomes,	referred	to	as	social	chromosomes,	have	been	found	to	
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contain	genes	with	highly	caste-specific	expression	whereas	pleiotropic	genes,	i.e.	genes	influencing	more	
than	one	phenotypic	trait,	are	less	likely	to	differ	in	expression	between	castes	(Favreau	et	al.,	2018).	
T. rugatulus	 live	 in	colonies	with	either	one	or	multiple	queens	which	can	usually	be	divided	into	two

morphs;	macrogynes	and	microgynes.	While	colonies	can	contain	both	morphs,	macrogynes	are	more	prone	
to	founding	new	colonies	whereas	microgynes	more	commonly	stay	in	their	natal	nests	(Rüppell	et	al.,	2001;	
Rüppell	 et	 al.,	 2003).	 Queens	 are	 generally	 larger	 than	 workers,	 but	 macrogynes	 are	 also	 larger	 than	
microgynes.	This	difference	in	size	affects	reproduction,	as	larger	ants	have	been	shown	to	have	a	greater	
reproductive	capacity	(Rüppell	et	al.,	2001).	
Like	 queens	 can	 be	 divided	 into	 different	 categories,	 so	 can	 workers.	 Different	 types	 of	 worker	

differentiation	have	been	reported	in	T.	rugatulus.	One	example	is	the	division	into	active	or	inactive	workers.	
This	distinction	has	also	been	reported	in	a	variety	of	other	social	insect	with	up	to	50%	of	workers	being	
inactive.	The	function	of	inactive	workers,	which	may	seem	disadvantageous,	has	been	proposed	to	be	quick	
adaptability.	 Inactive	 workers	 require	 less	 energy,	 but	 they	 can	 switch	 to	 being	 active	 when	 the	 active	
workers	 are	 removed	 from	 the	 colony,	 which	 is	much	 faster	 and	more	 efficient	 than	 having	 to	 rely	 on	
reproduction	to	replenish	the	work	force	(Charbonneau	et	al.,	2017).	During	colony	emigration,	T.	rugatulus	
workers	have	further	been	divided	into	four	sub-categories,	two	active	and	two	inactive,	depending	on	their	
activity	level	and	mobility	between	colonies,	a	division	promoting	efficient	spread	of	information	(Valentini	
et	al.,	2020).	
Furthermore,	different	T.	rugatulus	workers	may	carry	out	different	tasks.	While	workers	can	switch	task,	

this	has	been	shown	to	be	highly	inefficient,	with	workers	doing	task-switching	requiring	more	time	between	
tasks	than	workers	performing	the	same	task	repeatedly.	This	has	been	proposed	to	be	a	main	mechanism	
for	behavioural	specialization	(Leighton	et	al.,	2017).	However,	workers	responsible	for	either	brood	care	or	
foraging	have	also	been	shown	to	elicit	phenotypic	difference,	with	the	former	being	younger	and	capable	of	
activating	their	ovaries	in	the	absence	of	a	queen	(Kohlmeier	et	al.,	2023).	
Some	 species	 of	 ants	 completely	 lack	 the	 queen	 caste	 and	 may	 have	 both	 reproductive	 and	 non-

reproductive	workers,	the	former	referred	to	as	gamergates,	whereas	other	ants,	such	as	T.	rugatulus,	have	
workers	that	are	non-reproductive	but	can	turn	reproductive	if	the	queen	or	queens	are	removed	from	the	
colony	(Favreau	et	al.,	2018).	The	switch	of	T.	rugatulus	workers	from	non-reproductive	to	reproductive	has	
been	shown	to	involve	histone	acetylation	(Choppin	et	al.,	2021)	and	an	increase	in	DNA	damage	response	
pathway	 genes	 (Negroni	 et	 al.,	 2020).	 Interestingly,	 queens	 with	 experimentally	 induced	 increases	 in	
fecundity	 –	 i.e.	 the	 propensity	 for	 reproduction	 –	 also	 showed	 an	 increase	 in	 innate	 reproduction	 and	
expression	of	body	maintenance	mechanisms	(Negroni	et	al.,	2021),	suggesting	that	fertility	and	the	ability	
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to	self-maintain	 (e.g.	activating	 the	DNA	damage	response	pathways)	are	 interlinked	both	 in	queens	and	
workers.		
Consistent	with	this	idea	is	the	fact	that	queens	generally	live	much	longer	than	workers,	with	queens	

capable	of	living	for	years	as	opposed	to	the	few-months-long	lifespan	of	workers.	Males	live	the	shortest,	
usually	only	for	a	few	weeks	(Favreau	et	al.,	2018).	In	T.	rugatulus,	ageing	queens	have	been	shown	to	alter	
their	gene	expression	profile	and	a	link	has	been	found	between	longevity	and	the	investment	into	immune	
responses	(Negroni	et	al.,	2019).	Similarly,	 fertility	of	workers	affects	 the	ability	 to	respond	to	 immunity	
(Negroni	et	al.,	2020).	In	ants,	lifespan	has	been	shown	to	be	connected	to	expression	of	genes	involved	in	
DNA	 repair	 and	 bacterial	 symbionts,	microbiomes,	 and	 viruses	 have	 all	 been	 proposed	 to	 play	 a	 role	 in	
longevity	and	caste	differences	as	well	(Favreau	et	al.,	2018).	
While	 it	 is	 clear	 that	 longevity,	 fertility,	 and	 caste	 are	 all	 determined	 by	 epigenetics	 –	 environmental	

factors,	gene	expression,	and	histone	acetylation	–	it	has	thus	far	not	been	shown	whether	this	is	connected	
to	small	RNAs	in	T.	rugatulus.	The	current	knowledge	of	the	many	roles	of	RNAi	and	the	evidence	that	miRNAs	
do	 differ	 between	 castes	 in	 two	 other	 species	 of	 ants	 (R.	 Bonasio	 et	 al.,	 2010),	 however,	 does	 provide	
precedence	for	the	validity	of	investigating	such	a	hypothesis.		

THE	NEMATODE	CAENORHABDITIS	ELEGANS	
C. elegans	is	a	roundworm	commonly	found	in	soil	or	rotting	food	which	feeds	on	bacteria.	It	is	transparent
and	 the	 adult	worm	mainly	 consists	 of	 a	 germline	with	 two	 gonadal	 arms	 (depicted	 in	Figure	 4A)	 and
intestines.	C.	elegans	is	hermaphroditic,	meaning	that	the	same	worm	produces	both	sperm	and	oocytes	and
it	can	self-fertilize.	In	C.	elegans,	spermatogenesis	and	oogenesis	happens	in	two	consecutive	steps,	with	the
sperm	 first	being	produced	and	 then	stored	 in	a	 compartment	 called	 the	 spermatheca,	before	 the	gonad
switches	and	starts	producing	oocytes,	which	are	fertilized	as	they	pass	through	the	spermatheca	on	their
way	from	gonad	to	uterus	(Figure	4A	and	C)	(Corsi	et	al.,	2015).
C. elegans	hatch	from	eggs	lain	by	hermaphroditic	parents	after	developing	outside	of	the	uterus	at	which

point	the	newly	hatched	worm	is	characterized	as	being	in	its	first	larval	stage,	L1.	In	the	fourth	and	final	
larval	stage,	L4,	the	worm	will	start	producing	sperm,	with	which	it	will	cease	in	adulthood.	Adult	worms	are	
generally	 divided	 into	 two	 categories:	 young	 adults,	 who	 have	made	 the	 shift	 from	 spermatogenesis	 to	
oogenesis	but	do	not	yet	carry	fertilized	eggs	in	their	ovaries,	and	gravid	adults,	which	encompass	all	gravid	
worms,	regardless	of	whether	they	have	started	laying	eggs	(Corsi	et	al.,	2015).	
Although	the	vast	majority	of	C.	elegans	worms	are	hermaphroditic,	a	small	portion	(<0.2%,	(Corsi	et	al.,	

2015))	of	males	occur	in	a	natural	population.	The	sex	is	determined	via	the	XO	system,	in	which	females	–	
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or,	in	the	case	of	C.	elegans,	hermaphrodites	–	carry	two	sex	chromosomes	(termed	X)	and	males	carry	only	
one	copy	(Portman,	2007).	The	male	C.	elegans	is	depicted	in	Figure	4B,	and	it	has	only	one	gonadal	arm.		
Nematode	sex	is	determined	by	the	number	of	sex	chromosomes	relative	to	autosomes	and	heavily	relies	

on	 dosage	 compensation.	 While	 this	 can	 be	 accomplished	 in	 several	 ways,	 nematodes	 perform	 dosage	
compensation	by	reducing	transcription	from	both	X	chromosomes	in	the	hermaphrodite	(Meyer,	2022).	The	
C. elegans	sex	determination	pathway	ends	with	the	transcription	factor	tra-1,	which	regulates	the	kinase
and	master	sex-determination	switch	gene	xol-1,	which	is	responsible	both	for	sex	determination	and	for
dosage	 compensation	 (Hargitai	 et	 al.,	 2009).	 XOL-1	works	 both	 by	 removing	 repressors	 of	 the	 pathway
leading	to	repression	of	male	sex-determining	genes	and	by	triggering	the	binding	of	a	dosage	compensation
complex	to	 the	X	chromosomes.	Mutations	 in	XOL-1	or	 in	proteins	downstream	of	 the	sex	determination
pathway	 can	 lead	 to	male	worms	becoming	 feminized	or	 female	worms	becoming	masculinized	 (Meyer,
2022).	Even	with	the	adult	male	germline	resembling	that	of	the	hermaphroditic	L4	larvae,	several	genes	are
differentially	 expressed	 between	 the	 sexes,	 and	 several	 sex-specific	 neurons	 are	 necessary	 to	 drive
behaviours	such	as	egg-laying	in	the	hermaphrodite	or	mating	in	the	male	(Portman,	2007).
Interestingly,	while	breeding	provides	the	opportunity	for	renewing	the	gene	pool	and	is	generally	seen	

as	advantageous	in	animals	such	as	ants,	C.	elegans	mating	comes	with	a	loss	for	both	partners.	Breeding	
increases	 brood	 size	 but	 decreases	 the	 health	 of	 both	 male	 and	 hermaphrodite	 with	 hermaphrodites	
becoming	smaller	and	both	sexes	having	reduced	lifespans	(Shi	&	Murphy,	2021).		
The	majority	of	C.	elegans	embryogenesis	happens	outside	the	uterus,	with	eggs	being	laid	around	the	28-

cell	stage	(Corsi	et	al.,	2015).	At	around	this	stage,	PGC	progenitor	cells	will	have	formed,	and	it	is	around	the	
nucleus	of	these	PGC	precursors	that	the	germ	granules	discussed	previously	will	begin	to	demix	and	locate	
in	their	characteristic	perinuclear	manner	(Figure	4C)	(Phillips	&	Updike,	2022).	In	C.	elegans,	the	PGCs	are	
called	Z2	and	Z3,	and	they	belong	to	a	set	of	four	progenitor	cells,	Z1-4,	that	form	the	gonad,	with	Z1	and	Z4	
forming	 the	 somatic	 moiety	 thereof.	 Hermaphrodite	 and	 male	 gonads	 look	 the	 same	 in	 L1	 larvae,	 but	
development	happens	symmetrically	in	the	hermaphrodite	and	asymmetrically	in	the	male,	which	causes	the	
symmetry	of	the	two	hermaphroditic	gonadal	arms	in	the	adult	and	the	presence	of	only	one	gonadal	arm	in	
the	male	(Kimble	&	Hirsh,	1979).		
Both	male	 and	 hermaphroditic	 gonads	 display	 a	 distal-proximal	 axis	with	 the	maturation	 of	 gametes	

occurring	from	the	distal	end,	i.e.	the	one	farthest	from	the	vulva	or	cloaca,	towards	the	proximal	end	(Kimble	
&	Hirsh,	1979).	Also	at	the	distal	end	is	the	distal	tip	cell,	which	has	been	derived	from	Z1/Z4	and	whose	
migration	during	larval	development	help	shape	the	gonadal	arm	(Cecchetelli	&	Cram,	2017).	Next	to	the	
distal	tip	cell	 is	the	mitotic	region	followed	by	the	different	steps	of	meiosis	which	all	can	be	observed	at	
distinct	locations	in	the	C.	elegans	germline	(Figure	4C),	which	makes	it	a	good	organism	for	studying	meiotic	
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progression	(Corsi	et	al.,	2015).	Since	the	germline	RNAi	machineries	are	in	place	throughout	the	germline,	
it	also	enables	the	study	of	these	in	relation	to	meiosis,	and	the	successive	production	of	sperm	and	oocytes	
makes	it	an	interesting	organism	for	studying	sex-dependent	inheritance	of	factors	involved	in	RNAi.		

Figure	4:	Illustrations	of	C.	elegans.	A	Structure	of	a	gravid	adult	hermaphrodite	with	the	germline	
indicated.		B	Structure	of	an	adult	male	with	the	germline	indicated.	C	Detailed	depiction	of	the	adult	
hermaphroditic	germline	and	meiotic	progression	herein.	Germ	granule	structures	indicated	in	zoom-
ins.		
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Small RNAs, most notably short-interfering RNAs (siRNAs) 
and Piwi-interacting RNAs (piRNAs)1,2, have been impli-
cated in epigenetic inheritance. These molecules act as 

sequence-specific guides for Argonaute proteins, which in turn reg-
ulate gene expression3–5. In the nematode C. elegans, the 22G-RNAs 
are siRNAs with an established role in epigenetic inheritance6–11. 
These are generated in a process driven by the Mutator proteins 
MUT-16 and MUT-7 (refs. 12–15), and are bound by members of the 
worm-specific Argonaute (WAGO) family, such as the cytoplasmic 
WAGO-4 and the nuclear HRDE-1 proteins14–17, both of which have 
been implicated in maternal epigenetic inheritance7,10,18. The Piwi 
protein PRG-1 is inherited through the oocyte, and maternal piR-
NAs can initiate WAGO-dependent silencing that can be inherited 
PRG-1-independently for many generations in a process known as 
RNA-induced epigenetic silencing (RNAe)19–21.

Interestingly, a second, Mutator-independent class of 22G-RNAs 
also exists. These are bound by the Argonaute protein CSR-1, and 
are mostly derived from genes that are expressed and required in 
the germline22. CSR-1 22G-RNAs and Mutator 22G-RNAs should 
not become mixed so that important genes are not inappropriately 
silenced, and epigenetic inheritance has an important role in this. 
When embryos have a functional Mutator system, but their parents 
lacked both Mutator 22G-RNAs and piRNAs, the Mutator system 
starts to produce 22G-RNAs that are normally restricted to CSR-1 
(refs. 8,9). As a result, WAGO proteins such as HRDE-1 are loaded 

with CSR-1-type 22G-RNAs, leading to the silencing of CSR-1-target 
genes, which in turn results in sterility8,9. This phenotype, known 
as Mutator-induced sterility (Mis), effectively reveals a prominent 
self-targeting potential of the Mutator 22G-RNAs, and shows that 
parental 22G-RNAs and piRNAs have an essential role in suppress-
ing this dangerous autoimmune-like property of the Mutator system.

Condensates are membraneless compartments that are impor-
tant for subcellular organization23,24. In C. elegans, distinct conden-
sates have been implicated in small RNA pathways and epigenetic 
inheritance—P granules, Z granules and Mutator foci, defined by 
PGL-1, ZNFX-1 and MUT-16, respectively7,15,23. Interestingly, so far, 
evidence of such a germ granule in mature sperm is lacking25 and, in 
fact, P granules disappear during spermatogenesis23. This is possibly 
linked to the massive cytoplasmic reduction during spermatogen-
esis. In C. elegans, during meiosis II, a residual body is formed into 
which, for example, endoplasmic reticulum, Golgi, free ribosomes26 
and the Argonaute protein ALG-3 are discarded27. Thus, it is ques-
tionable whether paternal epigenetic inheritance28–30 can be medi-
ated through the cytoplasm.

Results
WAGO-3 is required for inheritance. Mutants that are defec-
tive for epigenetic inheritance, such as hrde-1, often show a mor-
tal germline phenotype2, implying that fertility decreases over 
subsequent generations. We found that wago-3 mutants display a  
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mortal germline phenotype (Extended Data Fig. 1a), suggesting a 
role for WAGO-3 in epigenetic inheritance. To test this, we anal-
ysed whether WAGO-3 affects the heritability of a germline-specific 
mCherry::H2B transgene silenced by RNAe19–21,31. The RNAe sta-
tus implies that the silencing was induced by PRG-1, but after-
wards maintained in a prg-1-mutant background31–33. We therefore 
assessed the RNAe-associated silencing in prg-1-mutant strains. 
We found that wago-3;prg-1 double mutants, but not prg-1 single 
mutants, stochastically lost silencing (Extended Data Fig. 1b,c). As 
expected32,33, mut-7;prg-1 double mutants directly lost all silencing 
(Extended Data Fig. 1b,c). These data show that WAGO-3 has a role 
specifically in the inheritance of RNAe-related silencing.

WAGO-3 associates with paternal 22G-RNAs. To enable immuno-
precipitation (IP) experiments, we endogenously tagged WAGO-3 
with GFP::3×FLAG at its N terminus. We note that this may affect 
the function of WAGO-3, as its N terminus is processed34. However, 
disruption of N-terminal WAGO-3 processing does not result in 
phenotypes in WAGO-1-wild-type animals34, as is the case in our 
experiments. We used this tag to IP WAGO-3 from adult hermaph-
rodites, containing mature sperm and oogenic gonads, and adult 
males, and sequenced WAGO-3-bound 22G-RNAs (Extended 
Data Fig. 2a–d) to identify targets of WAGO-3 (Extended Data  
Fig. 3a–c). Many of these are protein-coding transcripts that are 
known Mutator targets15, while their overlap with CSR-1 targets 
is small22 (Extended Data Fig. 3d). In both sexes, many transpos-
able elements were targeted by WAGO-3 (Extended Data Fig. 3c,e), 
including Tc1, consistent with the role of WAGO-3 in Tc1 silenc-
ing35,36. Interestingly, Tc3-derived 22G-RNAs were consistently 
depleted from WAGO-3 in males (Extended Data Fig. 3c), sug-
gesting sex-specific regulation of this element. Finally, we found a 
substantial overlap between WAGO-3 targets and previously deter-
mined sperm-derived 22G-RNA targets37 (Extended Data Fig. 3f), 
suggesting that WAGO-3 is present in sperm.

WAGO-3 is guided into sperm by PEI granules. Confocal micros-
copy analysis of GFP::3×FLAG::WAGO-3 (hereafter, WAGO-3) 
revealed expression throughout the germline at all stages, with 
localization to P granules in mitotic, meiotic and primordial germ 
cells (Extended Data Fig. 4a,b). Notably, we found strong WAGO-3 
signals within the sperm-containing spermatheca (Extended Data  
Fig. 4a). The presence of WAGO-3 in sperm was confirmed by ana-
lysing isolated, male-derived germ cells at different stages of sper-
matogenesis, which also revealed a punctate subcellular localization 
(Fig. 1a and Extended Data Fig. 4c). We next performed IP analysis of 

WAGO-3 from late fourth larval stage (L4) hermaphrodites, a stage 
during which spermatogenesis is ongoing, followed by label-free 
quantitative mass spectrometry (IP–MS/MS). Besides known P 
granule components such as DEPS-1, PRG-1 and WAGO-1 (ref. 38; 
Fig. 1b), we identified F27C8.5 (PEI-1). We confirmed the inter-
action (Extended Data Fig. 4d), and found that PEI-1::mTagRFP-T 
(hereafter, PEI-1) was exclusively expressed during the later stages 
of spermatogenesis, both in L4 hermaphrodites (Extended Data  
Fig. 4e) and in males (Extended Data Fig. 4f).

We analysed late-L4-stage hermaphrodites to examine PEI-1 
and WAGO-3 expression in relation to P granules. In naive germ 
cells, which are PEI-1 negative, WAGO-3 localized to peri-nuclear P 
granules, marked by PGL-1 (Fig. 1c,d; region of interest 1 (ROI1)). 
Starting at the primary spermatocyte stage, WAGO-3 accumulated 
in non-peri-nuclear, cytoplasmic foci and, as previously described23, 
P granules began to disappear (Fig. 1c,d; ROI2–3). Moreover, PEI-1 
started to be expressed and co-localized with WAGO-3 (Fig. 1e,f; 
ROI2). PEI-1 did not co-localize with the P granule marker DEPS-1 
(Extended Data Fig. 4g,k).

WAGO-3 still co-localized with PGL-1 in pei-1 mutants, but was 
absent from spermatozoa and instead was found in the residual 
body (Fig. 1g–i). Thereby, WAGO-3 followed the same fate as the 
Argonaute proteins WAGO-1, ALG-3 and CSR-1 in wild-type ani-
mals (Extended Data Fig. 4h–j,l–n).

Finally, we tested whether PEI-1 foci depend on known germ 
granules by removing MUT-16 (Mutator foci) or DEPS-1 (P gran-
ules)15,39, or on its resident Argonaute protein WAGO-3. None of 
these proteins were required for PEI-1 foci (Extended Data Fig. 5a).

We conclude that PEI-1 defines a spermatogenesis-specific germ 
granule—the PEI granule—that recruits WAGO-3 and enables its 
segregation into mature sperm.

Paternal epigenetic inheritance requires WAGO-3 and PEI-1. 
The Mis phenotype8,9 (described above) enables us to examine the 
relevance and mechanisms of epigenetic inheritance. The precise 
set-up that we used in the experiment is shown in Fig. 2a. Note 
that the mut-7 and mut-16 mutants can be used interchangeably in 
both sexes, as they both result in Mutator system dysfunction8,9,14. 
This set-up generates embryos that can make Mutator 22G-RNAs. 
Depending on the specific cross, the mother, the father or neither 
parent can make Mutator 22G-RNAs. All strains carry a prg-1 
mutation to remove the partially redundant activity of inherited 
piRNAs in this system8,9. Using this set-up, we found that maternal 
or paternal 22G-RNAs were sufficient to prevent the Mis pheno-
type (Fig. 2b,c (top three bars)), enabling us to dissect male- and 

Fig. 1 | WAGO-3 is guided into sperm by PEI-1. a, Schematic of spermatogenesis in C. elegans. Corresponding confocal images of male-derived cells 
expressing GFP::3xFLAG::WAGO-3 are shown below. Scale bars, 4!μm. b, Label-free proteomic quantification of quadruplicate GFP::3xFLAG::WAGO-3 
IP experiments from late-L4 stage hermaphrodite extracts. The x axis indicates the mean fold enrichment of individual proteins in the control versus the 
genome-edited strain. The y axis represents the −log10P of observed enrichments. The dashed lines show thresholds at P!=!0.05 and twofold enrichment. 
The blue and green data points represent above and below the threshold, respectively. WAGO-3 and PEI-1 are highlighted by red data points. c, Confocal 
micrograph showing spermatogenesis of late-L4 stage hermaphrodites expressing the indicated proteins. PGL-1::mTagRFP-T was used as a P granule 
marker. Germ cell development progresses from left to right. The areas indicated by dashed yellow boxes (i and ii) are magnified on the right. ROI1: PGL-
1::mTagRFP-T and GFP::3xFLAG::WAGO-3 co-localize; ROI2: GFP::3xFLAG::WAGO-3 leaves P granules; ROI3: PGL-1::mTagRFP-T signal is not detectable 
anymore. rb, residual body; sc, spermatocyte; st, spermatid. Scale bars, 10!μm (proximal gonad) and 4!μm (magnified images). d, Co-localization analysis 
between GFP::3xFLAG::WAGO-3 and PGL-1::mTagRFP-T based on the image shown in c. Signals from ROI1–ROI3 are plotted in orange, blue and green, 
respectively. The x and y axes indicate fluorescence intensity. PC, Pearson’s correlation coefficient. e, Confocal micrograph as in c for PEI-1::mTagRFP-T 
instead of PGL-1::mTagRFP-T. ROI1: no PEI-1::mTagRFP-T expression. ROI2: PEI-1::mTagRFP-T is expressed. The areas indicated by dashed yellow boxes (i 
and ii) are magnified on the right. Scale bars, 10!μm (proximal gonad) and 4!μm (magnified images). f, Co-localization analysis as in d for PEI-1::mTagRFP-T 
instead of PGL-1::mTagRFP-T. g, Confocal maximum intensity projections of male-derived budding spermatids expressing GFP::3xFLAG::WAGO-3 in 
the presence and absence of PEI-1. Scale bars, 4!μm. h, Confocal micrograph showing spermatogenesis of late-L4 stage hermaphrodites expressing 
GFP::3xFLAG::WAGO-3 and PGL-1::mTagRFP-T in the pei-1(ok1050) mutant background. Germ cell development progresses from left to right. The areas 
indicated by dashed yellow boxes (i and ii) are magnified on the right. ROI1: PGL-1::mTagRFP-T is expressed; ROI2: no PGL-1::mTagRFP-T expression is 
detectable. Scale bars, 10!μm (proximal gonad) and 4!μm (magnified images). i, Co-localization analysis as in d in the pei-1(ok1050) mutant background 
based on the image shown in h. The images in c, e, g and h represent three biologically independent experiments. Source data are available online.
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female-specific contributions to the Mis phenotype. We next exam-
ined the roles of WAGO-3 and PEI-1 in this process, and found 
that both PEI-1 and WAGO-3 are specifically required in the male  
(Fig. 2b), but not in the female (Fig. 2c). We conclude that PEI-1 
and WAGO-3 have critical roles in paternal epigenetic inheritance.

PEI-1 recruits WAGO-3 to PEI granules through its IDR. The 
N-terminal region of PEI-1 is predicted to adopt a BTB fold fol-
lowed by a BACK domain40,41, whereas the C-terminal part of
PEI-1 is predicted to be an intrinsically disordered region (IDR)
(Fig. 3a). Following these predictions, we edited the endogenous
PEI-1::mTagRFP-T locus to generate five different PEI-1 variants
(Fig. 3b), and analysed their effects on PEI-1 and WAGO-3 expres-
sion in primary spermatocytes (Fig. 3c–k) and budding sperma-
tids (Fig. 4a–n). As a control, free GFP was expressed from the
wago-3 locus (Figs. 3b,l,m and 4h). This revealed that the BTB and
BACK domains primarily affected granule number and intensity
(Figs. 3j and 4i,j,n), but had a very small effect on co-localization
between PEI-1 and WAGO-3 (Figs. 3k and 4k). By contrast, dele-
tion of the PEI-1 IDR resulted in WAGO-3 that mostly localized
to the residual body (Fig. 4e,f,l,m). WAGO-3 signal was diffuse, as
quantified by a loss of high-intensity pixels (Fig. 4i,j). The PEI-1
signal itself was weaker, but remained in foci that segregated into
the spermatids (Fig. 4e,f). Deletion of both the BACK and IDR
domains did not further affect WAGO-3, but did result in a diffuse
PEI-1 signal that accumulated in the residual body, together with
WAGO-3 (Fig. 4g,k).

Residual PEI-1 signal was always detected in spermatozoa within 
the spermatheca, even when both the BACK and IDR domains were 
deleted (Extended Data Fig. 5b–g). We observed the same for free 
GFP (Extended Data Fig. 5h). However, WAGO-3 is undetectable in 
mature sperm when PEI-1 misses its IDR (Extended Data Fig. 5f,g), 
indicating that WAGO-3 cannot be stably maintained in sperm 
without PEI-1 interaction.

We conclude that the IDR of PEI-1 is essential to recruit and 
stabilize WAGO-3, whereas the BTB, BACK and IDR domains 
have important roles in forming and stabilizing PEI-1 foci during 
spermatogenesis.

Characteristics of PEI granules. WAGO-3 was found to be highly 
sensitive to 1,6-hexanediol, a compound that is often used to 
probe condensates42, as no foci remained in the presence of only 
1.25% (Extended Data Fig. 6a,b). By contrast, PEI-1 foci were 
more resistant, especially in budding spermatids in which even 5% 
1,6-hexanediol treatment did not cause complete disassembly of PEI 
granules (Extended Data Fig. 6b). This resistance to 1,6-hexanediol 
possibly derives from additional interactions between the folded 
BTB and BACK domains, which have been shown to drive 
oligomerization41,43.

We also compared WAGO-3 mobility between PEI granules and 
P granules by measuring fluorescence recovery after photobleach-
ing (FRAP) (Extended Data Fig. 6c,d). Proteins localizing to the liq-
uid phase of P granules have been reported to exhibit high recovery 
rates44,45. Consistently, we found that WAGO-3 showed relatively 
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rapid FRAP in P granules (t1/2 = 4.9 s). In PEI granules of budding 
spermatids, WAGO-3 exhibited much slower exchange dynam-
ics (t1/2 = 42.2 s). Moreover, we found that the mobile fraction of 
WAGO-3 was reduced in PEI granules compared with in P granules.

The prevalence of certain amino acids has been shown to 
modulate the material properties of condensates46. In particular, 
glycine residues maintain liquidity, whereas serine and glutamine 
residues promote hardening. We analysed the amino acid compo-
sition of the PEI-1 IDR, and compared it with the IDRs of PGL-1 
and PGL-3, which are both known to localize to the liquid phase of 
P granules47–49, and MEG-3 and MEG-4, which are both reported 
to form gel-like assemblies45 (Extended Data Fig. 7a–h). This 
revealed that the PGL-1 and PGL-3 IDRs were strongly enriched 
for glycine, due to a glycine-rich C-terminal domain (Extended 
Data Fig. 7b,e,f), whereas such enrichment was absent from PEI-
1, MEG-3 and MEG-4 (Extended Data Fig. 7c,g,h). Introduction 
of this PGL-1-derived glycine-rich stretch into PEI-1::mTagRFP-T 
rendered the glycine enrichment of the PEI-1 IDR similar to that 
of PGL-1 (Extended Data Fig. 7d), and enhanced WAGO-3 recov-
ery (Extended Data Fig. 7i–k), indicating that the PEI-1 IDR com-
position affects WAGO-3 mobility. Note that the mTagRFP-T tag 
reduced WAGO-3 recovery compared with untagged PEI-1 (com-
pare Extended Data Fig. 6c with Extended Data Fig. 7k), indicating 
that the tags that we introduced affected PEI granule properties.

Finally, fusion and fission of individual foci is a strong indication 
for liquid-like properties of condensates. We therefore performed 
live imaging of PEI granules by monitoring WAGO-3. However, 
we found that they were rather static; we did not observe any major 
movements, and we therefore observed no fission or fusion events in 
a period of 1 h (Extended Data Fig. 6e and Supplementary Video 1).

PEI granules associate with membranous organelles. In our dele-
tion analysis of PEI-1, we generated deletions that removed all of 
PEI-1, or all but a few amino acids at the N and C termini (Fig. 5a).  
Although the full deletion produced a diffuse signal that segregated 
significantly into the residual body, the remaining PEI-1 peptides 
guided the mTagRFP-T signal to discrete structures that were main-
tained in spermatids (Fig. 5b,c and Extended Data Fig. 8a–c), and 
that were distinct from PEI granules (Extended Data Fig. 8d,e). 
Besides the nucleus, only two organelles are sorted into sperma-
tids—mitochondria and FB-MOs26. The latter are sperm-specific 
membranous organelles that help to sort major sperm protein (MSP) 
and other proteins into spermatids. They consist of a membranous 
part (MO) and a fibrous body (FB) made of MSP. The PEI-1-marked 
structures did not overlap with mitochondria (Extended Data  
Fig. 8f,g), and their numbers approximately match that of FB-MOs 

(Fig. 5d), suggesting that the large PEI-1 deletion possibly marks 
FB-MOs. Furthermore, the sorting of PEI granules depends on the 
myosin VI motor protein SPE-15 (Fig. 5e), a protein that is known to 
drive FB-MO, but also mitochondria localization in sperm50.

To resolve PEI granule localization at a high resolution, we 
used correlative light and electron microscopy (CLEM) (Fig. 6a–e  
and Extended Data Fig. 9a–c; see the BigDataViewer at https://
doi.org/10.17632/dgb8d7h2hz.1, further details about the BigData 
Viewer are provided in the Supplementary Information). In early 
primary spermatocytes, when the MOs are just starting to form 
from the Golgi, and no FBs are associated yet26, PEI granules were 
found close to and overlapping with MOs (Fig. 6a). This situa-
tion remained in the later stages of spermatogenesis: when the FB 
showed its typical fibrous structure and was enwrapped by the MO 
(Fig. 6b,c); when the MO started to retract from the FB (Fig. 6d); 
and when FBs were fully released from the MOs (Fig. 6e). From a 
total of 10 precise CLEM overlays, we found that 18 out of 18 and 17 
out of 17 foci in spermatocytes and spermatids, respectively, were 
positioned immediately next to, or overlapping with, an MO. In 
both stages, only three of these foci were found to also contact a 
mitochondrion. We conclude that PEI granules associate with MOs.

PEI granule segregation affects epigenetic inheritance. We iden-
tified R09A1.2, or PEI-2, as a PEI-1-interacting protein (Fig. 7a and 
Extended Data Fig. 10a) and revealed spermatogenesis-specific 
expression of PEI-2 (Fig. 7b,c), with strong co-localization to PEI-1 
(Fig. 7d–f). Similar to PEI-1, PEI-2 has a BTB and BACK domain 
(Fig. 7g), and through co-IP experiments in a heterologous cell cul-
ture system, we showed that the BTB and BACK domains of PEI-2 
interact with PEI-1 (Extended Data Fig. 10b).

In pei-2 mutants, FB-MOs, as visualized by the ΔH15–Q558 
PEI-1 deletion (Fig. 5a,b), segregated normally into spermatids 
(Extended Data Fig. 10c,d). Moreover, PEI granules still formed 
(Extended Data Fig. 10e) and still recruited WAGO-3 (Fig. 7h,i 
and Extended Data Fig. 10e–g). However, in budding spermatids, 
these PEI granules did not properly segregate and were often lost in 
the residual bodies (Fig. 7h–l), similar to spe-15 mutants (Fig. 5e). 
Mutants lacking SPE-15 are sterile, making it impossible to test the 
relevance of PEI-granule segregation in paternal epigenetic inheri-
tance using the Mis phenotype. However, pei-2 mutants are fertile, 
enabling us to reveal that effective PEI-granule segregation is also 
required for epigenetic inheritance by sperm (Fig. 7m).

Segregation of PEI granules requires S-palmitoylation. 
S-palmitoylation can guide proteins to membranes and typically
occurs on Golgi-related membranes51. The palmitoyltransferase

Fig. 4 | The IDR of PEI-1 is required for WAGO-3 segregation into spermatids. a–h, Confocal maximum intensity projections of isolated, male-derived 
budding spermatids expressing GFP::3xFLAG::WAGO-3 (a–h) PEI-1::mTagRFP-T (a), PEI-1(ΔBTB)::mTagRFP-T (b), PEI-1(ΔBACK)::mTagRFP-T (c), 
PEI-1(ΔBTB!+!BACK)::mTagRFP-T (d), PEI-1(ΔIDR)::mTagRFP-T (e and f), PEI-1(ΔBACK!+!IDR)::mTagRFP-T (g) and a GFP reporter (h). For a–g, 
GFP::3xFLAG::WAGO-3 appears in green and PEI-1::mTagRFP-T variants appear in magenta. Residual bodies are indicated by dashed circles. For a–h, 
scale bars, 4!μm. The image in f was acquired with higher gain compared with the image in e to visualize the remaining PEI-1::mTagRFP-T signal within the 
budding spermatids. h, Free GFP was expressed from the wago-3 locus. i,j, The fluorescence intensity (x axis) versus the mean of relative pixel count (y 
axis) of GFP::3xFLAG::WAGO-3 signal in budding spermatids (i) and residual bodies (j) expressing the indicated PEI-1::mTagRFP-T variants. n!=!10 cells 
pooled from two independent experiments for each condition. The relative pixel count is the number of pixels with a given intensity within a selected 
region, divided by the total number of pixels in that region. In each plot, the curve derived from full-length PEI-1::mTagRFP-T is also shown in blue. The 
width of the curves reflects the s.d. of the mean. k–n, Quantification of the co-localization of GFP::3xFLAG::WAGO-3 and PEI-1::mTagRFP-T in budding 
spermatids + residual bodies (k), the fraction of GFP::3xFLAG::WAGO-3 foci in residual bodies (l), total GFP::3xFLAG::WAGO-3 signal in residual bodies 
(m) and GFP::3xFLAG::WAGO-3 foci number in budding spermatids + residual bodies (n) of male-derived cells expressing indicated PEI-1::mTagRFP-T 
variants. n!=!10 cells pooled from two independent experiments for each condition. Statistically significant differences were determined using one-way 
ANOVA (P!≤!0.001) followed by Tukey’s honest significant difference post hoc test (P!≤!0.05). Different letters represent significant differences. The exact 
P values are provided as source data. The box plots show the median (centre line), 25th or 75th percentiles (box edges), and the whiskers indicate the 
median!±!1.5!×!interquartile range. Note that the full-length data in k, l, m and n are the same as the wild-type data shown in Fig. 7i, Fig. 7k, Fig. 7l,j and 
Extended Data Fig. 4c (budding spermatid), respectively. Representative images from two biologically independent experiments are shown in a–h. Source 
data are available online.

46  |  Chapter I

https://doi.org/10.17632/dgb8d7h2hz.1
https://doi.org/10.17632/dgb8d7h2hz.1


ARTICLESNATURE CELL BIOLOGY

GFP::3×FLAG::WAGO-3
PEI-1(ΔIDR)::mTagRFP-T Higher gain

f

GFP::3×FLAG::WAGO-3
PEI-1::mTagRFP-T

a b
GFP::3×FLAG::WAGO-3
PEI-1(ΔBTB)::mTagRFP-T

c
GFP::3×FLAG::WAGO-3
PEI-1(ΔBACK)::mTagRFP-T

d
GFP::3×FLAG::WAGO-3
PEI-1(ΔBTB + BACK)::mTagRFP-T

e
GFP::3×FLAG::WAGO-3
PEI-1(ΔIDR)::mTagRFP-T

g
GFP::3×FLAG::WAGO-3
PEI-1(ΔBACK + IDR)::mTagRFP-T

h

GFP reporter

l Fraction of GFP::3×FLAG::WAGO-3 foci
in residual bodies

0

PEI-1:

a a

b

b

c c c

0.2

0.4

0.6

0.8

1.0

pe
i-1

(o
k1

05
0)

F
ra

ct
io

n 
of

 fo
ci

 in
re

si
du

al
 b

od
ie

s

m

0

PEI-1:

a
b

bc
c

d d d
e

0.2

0.4

0.6

0.8

1.0

F
ra

ct
io

n 
of

 G
F

P
flu

or
es

ce
nc

e 
in

re
si

du
al

 b
od

ie
s

GFPGFP::3×FLAG::WAGO-3

n Number of GFP::3×FLAG::WAGO-3 foci
in budding spermatids + residual bodies

0

PEI-1:

a
a

b
a

c c c

20

40

60

80

100

N
um

be
r 

of
 fo

ci
 p

er
 c

el
l

k
Co-localization of GFP::3×FLAG::WAGO-3

and PEI-1::mTagRFP-T in
budding spermatids + residual bodies

0

PEI-1:

a ab a
c

d

bc

0.2

0.4

0.6

0.8

1.0

FL
ΔBTB

ΔBACK

ΔBTB +
 B

ACK
ΔID

R

P
ea

rs
on

’s
 c

or
re

la
tio

n
co

ef
fic

ie
nt

j

0

0.06

0.12

0.18

M
ea

n 
of

 r
el

at
iv

e
co

un
t

PEI-1:

i

0

0.04

0.08

0.12

M
ea

n 
of

 r
el

at
iv

e
co

un
t

Fluorescence intensities of GFP::3×FLAG::WAGO-3 in budding spermatids
PEI-1:

0 255
Value

0 255
Value

0 255
Value

0 255
Value

0 255
Value

0 255
Value

Fluorescence intensities of GFP::3×FLAG::WAGO-3 in residual bodies

ΔBTB
FL

ΔBACK
FL

ΔBTB + BACK
FL

ΔIDR
FL

ΔBACK + IDR
FL

pei-1(ok1050)
FL

0 255
Value

0 255
Value

0 255
Value

0 255
Value

0 255
Value

0 255
Value

ΔBTB
FL

ΔBACK
FL

ΔBTB + BACK
FL

ΔIDR
FL

ΔBACK + IDR
FL

pei-1(ok1050)
FL

ΔBACK +
 ID

R

FL
ΔBTB

ΔBACK

ΔBTB +
 B

ACK
ΔID

R
ΔBACK +

 ID
R

pe
i-1

(o
k1

05
0)FL FL

ΔBTB
ΔBACK

ΔBTB +
 B

ACK
ΔID

R
ΔBACK +

 ID
R

pe
i-1

(o
k1

05
0)FL

ΔBTB
ΔBACK

ΔBTB +
 B

ACK
ΔID

R
ΔBACK +

 ID
R

Fraction of GFP fluorescence in residual body

Chapter I  |  47



ARTICLES NATURE CELL BIOLOGY

SPE-10 localizes to MOs, and is required for their stable interaction 
with FBs52. We found that PEI granules were severely defective in 
spe-10 mutants. Large and irregularly shaped PEI granules formed 
along the cell periphery in spe-10 spermatocytes (Fig. 8a). Similar 
to the much smaller wild-type PEI granules, these structures were 
static and did not show signs of fusion or fission (Extended Data 
Movie 2). At the later stages, large PEI-1 aggregates were detected 
in the residual body (Fig. 8a). WAGO-3 and PEI-1 still co-localized 
in the absence of SPE-10 (Fig. 8a), indicating that S-palmitoylation 
affects the subcellular localization of PEI granules, but not their 
recruitment of WAGO-3.

Western blotting showed a clear doublet band for PEI-2 (Fig. 8b),  
compatible with palmitoylation53,54. Interestingly, the top band of 
PEI-2 disappeared in spe-10 mutants (Fig. 8b), suggesting PEI-2 is 

a substrate of the SPE-10 enzyme. Our western blot analysis also 
revealed evidence for PEI-1 modification, although this appears 
more as a smear than as a discrete band (Fig. 8c). PEI-1 modifica-
tion did not depend on SPE-10 (Fig. 8c), suggesting that PEI-1 may 
carry a different kind of modification, or that another palmitoyl-
transferase may act on PEI-1. Strikingly, PEI-1 and PEI-2 affected 
each other’s modification status—although PEI-2 was required for 
PEI-1 modification (Fig. 8c), PEI-1 inhibited PEI-2 modification 
(Fig. 8b). In a heterologous expression system, PEI-1 and PEI-2 also 
appeared as doublets, and showed decreased stability after palmi-
toylation inhibition (Extended Data Fig. 10h,i), similar to what has 
been reported for the palmitoylated protein PD-L1 (ref. 55). We con-
clude that PEI-2 is a potential direct substrate of SPE-10, and that 
PEI-1 can also be modified, but only in the presence of PEI-2.
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which were pooled from multiple experiments for each condition. Note that the ΔH15–Q558 data are the same as the those displayed in Extended Data  
Fig. 10c (wild type). d, Quantification of mTagRFP-T structures in isolated, male-derived primary spermatocytes expressing the indicated proteins. 
n!=!10 cells pooled from two independent experiments for each condition. Right, extrapolated number of FB-MOs in primary spermatocytes based on 
LysoSensor Blue DND-192 staining in spermatids. n!=!36 cells pooled from two independent experiments. For c and d, statistically significant differences 
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shown in b. e, Confocal maximum intensity projections and optical sections of isolated, male-derived spermatocytes and budding spermatids expressing 
GFP::3xFLAG::WAGO-3 and PEI-1::mTagRFP-T in the spe-15(ok153) mutant background. The strain contained a him mutation to increase the frequency of 
males in the cultures. Residual bodies are indicated by the dashed circles. The images represent two biologically independent experiments. MIP, maximum 
intensity projection; OS, optical section. Scale bars, 4!μm. Source data are available online.
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Discussion
We identified a previously undescribed, sperm-specific compart-
ment—the PEI granule—and define its role in sperm-borne cyto-
plasmic inheritance of a specific Argonaute protein, WAGO-3  
(Fig. 8d). PEI granules are made by PEI-1 and PEI-2 proteins, which 
contain a BTB–BACK domain, followed by an IDR. Interestingly, 
BTB and BACK domains can mediate homo- and heteromeric oligo-
merization40,43, providing multivalency, a property that is known to 
drive phase separation24. As has been found in other condensates56, 
our data are consistent with the idea that BTB–BACK domain inter-
actions help to stabilize IDR–IDR interactions, together driving 
PEI granule formation. As such, we consider PEI-1 and PEI-2 as 
scaffold proteins24 of PEI granules. Note that the material state of 
the PEI granules has not been clarified. To examine whether PEI 
granules have a liquid character, are more gel-like or represent some 
other form of complex, experiments with purified proteins will  
be required.

The PEI-1 IDR also recruits WAGO-3, which we propose is a cli-
ent24 of PEI granules. Even though WAGO-1 and CSR-1 have been 
proposed to be also present in sperm27,57, we found that N-terminally 
tagged versions of these proteins expressed from their endogenous 
loci accumulated in the residual bodies. We speculate that the PEI-1 
IDR may create a condensate that is selective for some feature of the 
WAGO-3 protein, or possibly non-permissive for characteristics of 
depleted proteins, such as WAGO-1 and CSR-1. Such features could 
be sequence intrinsic, but could also relate to post-translational mod-
ifications. Further experiments will be required to test these ideas.

PEI granules interact with MOs through S-palmitoylation and 
PEI-2 is probably palmitoylated by SPE-10, providing an exam-
ple of how acylation of germ granule components may promote 
their membrane-affinity. S-palmitoylation is reversible51, raising 
the possibility that PEI granules as a whole may be released from 
the MOs after fertilization by depalmitoylation. However, other  
processes that may affect PEI granules and their cargo in the zygote 
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are the effect of dilution, which could directly affect PEI granule 
stability, and potential post-translational modification of PEI gran-
ules by maternal factors. We note that environmental cues, such as 
temperature, could also affect PEI granule behaviour and therefore 
paternal epigenetic inheritance.

When domain organization is considered, PEI-1-related proteins 
can be easily identified within nematodes (Fig. 8e) and in humans 

(such as BTBD7; Fig. 8f). Interestingly BTBD7 carries a predicted 
myristylation site close to its N terminus, suggesting that it might be 
membrane-associated like PEI-2. The other human proteins shown 
in Fig. 8f are also known to be expressed in the testis and, for two 
of these, functions during spermatogenesis have been described 
previously58,59. BTBD18 forms nuclear foci58, and GMCL1 interacts 
with IDRs found in primate-specific GAGE proteins, and affects 
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their localization60. Thus, the mechanism that we revealed may be 
broadly conserved.
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Fig. 7 | PEI-2 affects PEI granule segregation. a, Label-free proteomic quantification of PEI-1::3xMYC IP experiments from late-L4 stage hermaphrodite 
extracts. See Fig. 1b for further information. b, Confocal micrograph of an L4 hermaphrodite expressing PEI-2::GFP. The dashed line indicates the gonad. 
Scale bar, 20!μm. c, Confocal maximum intensity projection of spermatozoa within the spermatheca of an adult hermaphrodite expressing PEI-2::GFP. The 
dashed line encloses the spermatheca. Scale bar, 10!μm. d,e, Confocal maximum intensity projection of an isolated male-derived primary spermatocyte (d) 
and budding spermatids (e) expressing PEI-1::mTagRFP-T and PEI-2::GFP. The dashed lines in e indicate the residual body. Scale bars, 4!μm. f, Co-localization 
analysis between PEI-1::mTagRFP-T and PEI-2::GFP in isolated male-derived primary spermatocytes. n!=!9 cells pooled from two independent experiments. 
g, PEI-2 domain organization. Features are as described in Fig. 3a. h, Confocal maximum intensity projections of isolated male-derived budding spermatids 
expressing GFP::3xFLAG::WAGO-3 and PEI-1::mTagRFP-T in the pei-2(xf270)-mutant background. The dashed circles indicate cells. Scale bar, 4!μm.  
i–l, Quantification of GFP::3xFLAG::WAGO-3 and PEI-1::mTagRFP-T expression in wild-type and pei-2(xf270)-mutant, male-derived budding spermatids. 
n!=!10 cells pooled from two independent experiments for each condition. i, Co-localization of GFP::3xFLAG::WAGO-3 and PEI-1::mTagRFP-T. j, The total 
number of GFP::3xFLAG::WAGO-3 foci. k, The fraction of GFP::3xFLAG::WAGO-3 foci within the residual body. l, The fraction of total GFP::3xFLAG::WAGO-3 
signal within the residual body. The wild-type (i–l) and free GFP (l) data are the same as those shown as full-length data in Fig. 4k–n. Statistically significant 
differences were determined using one-way ANOVA (P!≤!0.001) followed by Tukey’s honest significant difference post hoc test (P!≤!0.05). Different letters 
in l represent significant differences. m, The percentage of fertile F1 animals generated by crosses between males and hermaphrodites with the indicated 
genotypes. See Fig. 2 for further information. Statistical significance was tested using a Pearson’s χ2 test with Yates continuity correction. For f and i–l, The 
box plots show the median (centre line), 25th or 75th percentiles (box edges), and the whiskers indicate the median ± 1.5 × interquartile range. The images 
in b–e and h represent two biologically independent experiments. Exact P values (l) and source data are available online.
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Methods
C. elegans culture and strains. Unless otherwise stated, all worm strains were 
cultured according to standard laboratory conditions at 20 °C on nematode growth 
medium (NGM) plates seeded with Escherichia coli OP50 (ref. 61). Animals for 
IP–MS/MS experiments were grown on egg plates (diameter, 90 mm)62 for one 
generation, synchronized by bleaching, and then grown on standard NGM plates 
(diameter, 90 mm) for one generation before collection. Egg plates were generated 
by thoroughly mixing egg yolk with 50 ml LB medium/egg. After incubation 
at 65 °C for 2–3 h, the mixture was allowed to cool to room temperature before 
adding 10 ml OP50 culture per egg. About 10 ml was put on top of standard NGM 
plates (diameter, 90 mm) and incubated at room temperature. The next day, excess 
liquid was decanted and egg plates were incubated at room temperature for another 
2 d. All of the strains are in the N2 Bristol background. A list of the strains used in 
this study is provided in Supplementary Table 1.

Mortal germline assay. All of the mutant strains were out-crossed four times with 
wild-type animals before starting the experiment, to clean the genetic background 
from potential mutations that occurred during culturing. For each strain, 90 L2 
or L3 animals were distributed to 15 NGM plates (diameter, 90 mm), resulting in 
six larvae per plate. Animals were grown at 25 °C. Worms were picked onto fresh 
plates every second generation. The experiment was stopped after 17 generations.

RNAe reporter reactivation. A mCherry::H2B (RNAe) transgene (mjSi22) from 
the prg-1(n4357)-mutant background was crossed into wago-3(pk1673)- and 
mut-7(xf125)-mutant backgrounds to generate prg-1(n4357);wago-3(pk1673/+) 
and prg-1(n4357);mut-7(xf125/+) animals that also were homozygous for the 
integrated mjSi22 transgene. From the offspring of these animals, we identified 
homozygous mutant and homozygous wild-type animals using PCR. From these, 
ten offspring were singled, and 50 of their offspring were analysed by microscopy 
for mjSi22 expression. If not all animals were expressing the mjSi22 transgene, 
again 10 non-expressing animals were singled, of which the offspring were scored 
by microscopy.

Mutator-induced sterility crosses. All strains were confirmed and out-crossed 
twice before setting up crosses. Note that out-crossing ensured comparable results 
as an enhanced Mis phenotype was observed when using non-out-crossed animals. 
The transgenic allele otIs45[unc-119p::gfp] V was always present in paternal strains 
and served as mating control to avoid picking self-fertilized offspring. Only L2-stage 
F1 animals were picked onto individual plates to avoid any biased selection. After 
3 d, male or dead F1 animals were excluded from the analysis. The fertility of F1 
animals was determined by the presence of F2 animals after another 2–4 d.

CRISPR–Cas9-mediated genome editing. All protospacer sequences were 
chosen using CRISPOR (http://crispor.tefor.net)63 and, unless otherwise stated, 
cloned in either pRK2411 (plasmid expressing Cas9 + sgRNA(F+E)64; derived 
from pDD162) or pRK2412 (plasmid expressing sgRNA(F+E)64 with Cas9 
deleted; derived from pRK2411) by site-directed, ligase-independent mutagenesis 
(SLIM)65,66. pDD162 (Peft-3::Cas9 + empty sgRNA) was a gift from B. Goldstein 
(Addgene plasmid, 47549)67. SLIM reactions were transformed in subcloning 
efficiency DH5α competent cells (18265017, Invitrogen) and plated on LB agar 
plates supplemented with 100 µg ml−1 ampicillin. A list of all of the protospacer 
sequences is provided in Supplementary Table 2.

Insertions of a gfp::3flag sequence were based on plasmid DNA donor 
templates containing a self-excising drug selection cassette (SEC), which were 
designed and cloned as previously described68. pDD282 was a gift from B. 
Goldstein (Addgene plasmid, 66823)68. pJW1259 was used as Cas9 plasmid and 
was a gift from J. Ward (Addgene plasmid, 61251)69. pGH8, pCFJ90 and pCFJ104 
served as co-injection markers and were gifts from E. Jorgensen (Addgene plasmid, 
19359; Addgene plasmid, 19327; Addgene plasmid, 19328)70. All plasmids were 
purified from 4 ml bacterial culture using either NucleoSpin Plasmid (740588.50, 
Macherey-Nagel) or the PureLink HiPure Plasmid Miniprep Kit (K210011, 
Invitrogen), eluted in sterile water and confirmed by enzymatic digestion  
and sequencing.

PCR products served as linear, double-stranded DNA donor templates for 
the insertion of mTagRfp-t and gfp sequences. The mTagRfp-t coding sequence, 
including three introns and flanking homology regions, was amplified from 
pDD286, which was a gift from B. Goldstein (Addgene plasmid, 70684). The gfp 
coding sequence, including three introns and flanking homology regions, was 
amplified from pDD282. All PCR products were purified using the QIAquick 
PCR Purification Kit (28106, Qiagen), eluted in sterile water and confirmed by 
agarose gel electrophoresis. For all epitope tag insertions, co-conversions and 
precise deletions, we ordered 4 nmol Ultramer DNA oligodeoxynucleotides 
from Integrated DNA Technologies, which serves as linear, single-stranded 
DNA (ssODN) donor templates. All Ultramer DNA oligodeoxynucleotides were 
resuspended in sterile water. All linear DNA donor templates contained ~35 bp 
homology regions71,72. A list of all of the DNA donor templates is provided in 
Supplementary Table 3.

To generate the mut-16-, mut-7- and pei-2-deletion alleles, we injected 
animals with 50 ng µl−1 pJW1259, 30 ng µl−1 of each sgRNA(F+E), 10 ng µl−1 

pGH8, 5 ng µl−1 pCFJ104 and 2.5 ng µl−1 pCFJ90. F1 animals expressing all three 
co-injection markers were selected for subsequent screening of deletion alleles. 
To insert gfp::3×Flag sequences, injection mixes included 50 ng µl−1 pJW1259, 
50 ng µl−1 sgRNA(F+E), 10 ng µl−1 SEC donor plasmid, 10 ng µl−1 pGH8, 5 ng µl−1 
pCFJ104 and 2.5 ng µl−1 pCFJ90. Screening of F1 animals was performed as 
previously described68. All other CRISPR–Cas9-mediated genome editing was 
performed using either dpy-10(cn64) or unc-58(e665) co-conversion strategies73. 
To insert epitope tag or protospacer sequences, we injected 50 ng µl−1 Cas9 + 
sgRNA(F+E) (co-conversion), 50 ng µl−1 sgRNA(F+E) (gene of interest), 750 nM 
ssODN donor 1 (co-conversion) and 750 nM ssODN donor 2 (gene of interest). 
To insert a mTagRfp-t sequence in pei-1 and pgl-1, we first transplanted the 
protospacer sequence used for the dpy-10 co-conversion directly upstream of 
the respective stop codon to generate d10-entry strains74. These strains served as 
reference strains for the insertion of a mTagRfp-t sequence by injecting 50 ng µl−1 
Cas9 + sgRNA(F+E) (dpy-10 co-conversion), 1,000 nM ssODN donor (dpy-10 
co-conversion) and 300 ng µl−1 linear, double-stranded DNA donor. Similarly, a 
gfp sequence was inserted in pei-2. Precise deletions in pei-1 and wago-3 were 
generated by injecting 50 ng µl−1 Cas9 + sgRNA(F+E) (co-conversion), 50 ng µl−1 
of each sgRNA(F+E) (gene of interest), 750 nM ssODN donor 1 (co-conversion) 
and 750 nM ssODN donor 2 (gene of interest). Unless otherwise stated, DNA 
injection mixes were injected in both gonad arms of five to 20 young adult N2 
hermaphrodites maintained at 20 °C. Selected F1 progeny were screened for 
insertion or deletion by PCR. Successful editing events were confirmed by Sanger 
sequencing. All generated mutant strains were out-crossed at least twice before any 
further cross or analysis.

Immunoprecipitation experiments. Unless otherwise stated, synchronized 
animals were cultured at 20 °C until late-L4 stage, collected with M9 buffer and 
frozen on dry ice in sterile water and 200 µl aliquots. Aliquots were thawed on 
ice, mixed with same volume of 2× lysis buffer (50 mM Tris HCl pH 7.5, 300 mM 
NaCl, 3 mM MgCl2, 2 mM dithiothreitol (DTT), 0.2% Triton X-100, cOmplete 
Mini EDTA-free Protease Inhibitor Cocktail (11836170001, Roche)) and sonicated 
using a Bioruptor Plus device (B01020001, Diagenode) (4 °C, 10 cycles, 30 s on 
and 30 s off). After centrifugation for 10 min at 4 °C and 21,000g, supernatants 
were carefully transferred into a fresh tube without taking any material from the 
pellet or lipid phase. Pellet fractions were washed three times in 1× lysis buffer 
and resuspended in 1× Novex NuPAGE LDS sample buffer (NP0007, Invitrogen) 
supplemented with 100 mM DTT. Total protein concentrations of soluble worm 
extracts were determined using the Pierce BCA Protein-Assay (23225, Thermo 
Fisher Scientific) and an Infinite M200 Pro plate reader (Tecan). Extracts were 
diluted with 1× lysis buffer to reach 550 µl and a total protein concentration 
of 3 µg µl−1. For each sample, 50 µl of this extract was added to 50 µl 1× Novex 
NuPAGE LDS sample buffer supplemented with 100 mM DTT and served as input 
control sample. For each IP experiment, 30 µl Novex DYNAL Dynabeads Protein 
G (10004D, Invitrogen) were washed three times with 500 µl 1× wash buffer 
(25 mM Tris HCl pH 7.5, 150 mM NaCl, 1.5 mM MgCl2, 1 mM DTT, cOmplete 
Mini EDTA-free Protease Inhibitor Cocktail), combined with the remaining 
500 µl extract and incubated with rotation for 1 h at 4 °C. In the meantime, 8 µg 
antibody (monoclonal anti-Flag M2, F3165, Sigma-Aldrich; anti-Myc (9B11) 
mouse monoclonal antibodies, 2276, Cell Signaling Technology; monoclonal 
anti-HA (12CA5) mouse antibody, in-house production) was conjugated to 
another 30 µl Novex DYNAL Dynabeads Protein G according to the manufacturer’s 
instructions. Extracts were separated from non-conjugated Dynabeads, combined 
with antibody-conjugated Dynabeads and incubated with rotation for 2 h at 
4 °C. Following three washes with 500 µl 1× wash buffer, antibody-conjugated 
Dynabeads were resuspended in 25 µl 1.2× Novex NuPAGE LDS sample buffer 
supplemented with 120 mM DTT.

For RNA immunoprecipitation experiments, IPs were performed as described 
above with the following modifications: (1) adult animals were collected; (2) 
soluble worm extracts were diluted to 650 µl and a total protein concentration of 
7 µg µl−1, of which 150 µl served as input sample for later RNA extraction; and (3) 
antibody-conjugated Dynabeads were resuspended in 50 µl nuclease-free water.

For RIP experiments on males, synchronized wago-3(xf119) I;him-5(1490) V 
animals were cultured at 20 °C until adulthood. Adults were collected in M9 buffer 
and filtered through a 35 µm mesh using CellMicroSieves (35 µm pore size; N35R, 
BioDesign)75. Animals at the bottom of the mesh (>98% males) were collected and 
frozen on dry ice in sterile water and 200 µl aliquots.

Immunoprecipitation experiments associated with MS and small RNA 
sequencing were performed in quadruplicates and triplicates, respectively.

Western blot. Equal amounts of input samples (2%) and IP samples (10%) were 
adjusted to same volume with 1× Novex NuPAGE LDS sample buffer (NP0007, 
Invitrogen) supplemented with 100 mM DTT and incubated for 10 min at 
95 °C. Together with PageRuler Prestained Protein Ladder (10–180 kDa, 26616, 
Thermo Fisher Scientific) or Color Prestained Protein Standard (10–250 kDa, 
P7719S, New England BioLabs), samples were separated on a Novex NuPAGE 
4–12% Bis-Tris Mini Protein Gel (NP0323, Invitrogen) in 1× Novex NuPAGE 
MOPS SDS Running Buffer (NP0001, Invitrogen) at 50 mA. Proteins were next 
transferred on an Immobilon-P Membrane (PVDF, 0.45 µm, IPVH00010, Merck 
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Millipore) for 16 h at 15 V using a Mini Trans-Blot Cell (1703930, Bio-Rad) 
and 1× NuPAGE Transfer Buffer (NP0006, Invitrogen) supplemented with 
20% methanol. After incubation in 1× PBS supplemented with 5% skimmed 
milk and 0.05% Tween-20 for 1 h, the PVDF membrane was cut according 
to the molecular mass of the proteins of interest. Each part was incubated 
in 1× PBS supplemented with 0.5% skimmed milk, 0.05% Tween-20 and the 
primary antibodies (1:5,000 monoclonal anti-Flag M2, F3165, Sigma-Aldrich; 
1:1,000 anti-Myc-Tag (9B11) mouse monoclonal antibodies, 2276, Cell 
Signaling Technology; 1:5,000 anti-histone H3, H0164, Sigma-Aldrich; 1:1,000 
polyclonal anti-Flag antibodies produced in rabbit, F7425, 086M4803V, 
Sigma-Aldrich; 1:1,000 Myc-Tag (71D10) Rabbit monoclonal antibodies, 
2278, Cell Signaling Technology; 1:1,000 polyclonal anti-HA-Tag antibodies 
produced in rabbit, SAB4300603, 5117T501, Sigma-Aldrich; 1:1,000 β-actin 
(D6A8) rabbit monoclonal antibodies, 8457, Cell Signaling Technology; 1:2,500 
monoclonal anti-α-tubulin antibodies produced in mouse, B-5-1-2, T6074, 
Sigma-Aldrich; 1:1,000 monoclonal anti-GFP antibodies (B-2), Santa Cruz, 
sc-9996, K1115; 1:1,000 polyclonal anti-RFP antibody pre-adsorbed, produced 
in rabbit, 33754, 600-4001-379, Rockland) for 1 h, followed by three washes 
with 1× PBS supplemented with 0.05% Tween-20 (hereafter, 0.05% PBS-T) for 
10 min each, 1 h incubation in 0.05% PBS-T supplemented with the secondary 
antibody (1:10,000 anti-mouse IgG, HRP-linked antibodies, 7076, Cell Signaling 
Technology; 1:10,000 anti-rabbit IgG, HRP-linked antibodies, 7074,  
Cell Signaling Technology) and three final washes with 0.05% PBS-T for  
10 min each. Chemiluminescence detection was performed using the Amersham 
ECL Select Western Blotting Detection Reagent (RPN2235, GE Healthcare)  
and a ChemiDoc XRS+ System (1708265, Bio-Rad). The samples shown in 
Fig. 8b–c were separated on a Novex NuPAGE 10% Bis-Tris Mini Protein Gel 
(NP0301, Invitrogen).

MS and proteome comparison. IP was performed in quadruplicate. After 
resuspending the precipitates in Novex NuPAGE LDS sample buffer (NP0007, 
Invitrogen), samples were incubated at 70 °C for 10 min and separated on a 
Novex NuPAGE 4–12% Bis-Tris Mini Protein Gel (NP0321, Invitrogen) in 1× 
Novex NuPAGE MOPS SDS Running Buffer (NP0001, Invitrogen) at 180 V for 
10 min. After separation the samples were processed by in-gel digest as previously 
described76,77. After protein digest, the peptides were desalted using a C18 
StageTip78. For measurement, the digested peptides were separated on a 25 cm 
reverse-phase capillary (inner diameter, 75 µm) packed with Reprosil C18 material 
(Dr. Maisch). Elution was carried out along a 2 h gradient of 2–40% of a mixture 
of 80% acetonitrile/0.5% formic acid using the EASY-nLC 1000 system (LC120, 
Thermo Fisher Scientific). A Q Exactive Plus mass spectrometer (Thermo Fisher 
Scientific) operated with a Top10 data-dependent MS/MS acquisition method 
per full scan was used for measurement79. Processing of the obtained results was 
performed with the MaxQuant software (v.1.5.2.8) against the Wormbase protein 
database (version WS263) for quantification80. The processed data were visualized 
with R and R-Studio using in-house scripts.

RNA extraction, library preparation and sequencing. RNA of input and 
GFP::3×Flag::WAGO-3 IP samples was extracted using TRIzol LS Reagenz 
(10296010, Invitrogen) according to the manufacturer’s instructions, and 
resuspended in nuclease-free water. RNA quality and quantity was assessed using 
the Bioanalyzer RNA 6000 Nano Kit (5067-1511, Agilent Technologies) and the 
Qubit RNA BR Assay Kit (Q10210, Invitrogen), respectively.

RNA 5′ pyrophosphohydrolase (RppH) (M0356S, New England BioLabs) 
treatment was performed with a starting amount of 690 ng RNA. After purification, 
samples were quantified using the Qubit RNA HS Assay Kit (Q32852, Invitrogen). 
Next-generation sequencing library preparation was performed using the 
NEXTFLEX Small RNA-Seq Kit v3 (Bioo Scientific) following step A to step 
G of the manufacturer’s standard protocol (v.16.06). Libraries were prepared 
with a starting amount ranging between 426 ng and 896 ng and amplified in 16 
PCR cycles. Amplified libraries were purified by running an 8% TBE gel and 
size-selected for 15–50 bp. Libraries were profiled in a High Sensitivity DNA Chip 
on a 2100 Bioanalyzer Instrument (Agilent Technologies) and quantified using 
the Qubit dsDNA HS Assay Kit (Q32851, Invitrogen), in a Qubit 2.0 Fluorometer 
(Invitrogen). All of the samples were pooled at an equimolar ratio and sequenced 
on one NextSeq 500/550 flow cell, single read for 1 × 84 cycles plus seven cycles for 
the index read.

Read processing and mapping. Raw sequenced reads from high-quality libraries, 
as assessed by FastQC, were processed using Cutadapt81 for adapter removal (-a 
TGGAATTCTCGGGTGCCAAGG -O 5 -m 26 -M 48) and low-quality reads were 
filtered out using the FASTX-Toolkit (fastq_quality_filter, -q 20 -p 100 -Q 33). 
Unique molecule identifiers were used to remove PCR duplicates using a custom 
script and were subsequently removed using seqtk (trimfq-l 4 – b 4). Finally, reads 
shorter than 15 nucleotides were removed using seqtk (seq -L 15).

A custom GTF file was created by adding transposons retrieved from 
Wormbase (PRJNA13758.WS264) to the Ensembl reference WBcel235.84 and 
reads were aligned using bowtie (v.1.2.2)82 (--phred33-quals --tryhard --best 
--strata --chunkmbs 256 -v 2 -M 1).

Small RNA classification and target identification. All mapped reads were 
divided into sense and antisense reads using BEDTools intersect83, and reads of 
differing lengths and 5′ nucleotides were counted using a custom Python script.

Small RNA classes were then extracted from the mapped reads with the 
different classes defined as: 21U-RNAs, 21-nucleotide-long mapped reads that 
map sense to annotated piRNA loci; 22G-RNAs, mapped reads of lengths 20–23 
nucleotides with a G at the 5′ position that map antisense to protein-coding genes/
ncRNAs/pseudogenes; 26G-RNAs, mapped reads 26 nucleotides long that map 
antisense to annotated protein-coding genes/ncRNAs/pseudogenes; miRNAs 
are 20–24 nucleotide reads that map sense to annotated miRNA loci; finally all 
mapped reads longer than 26 nucleotides were classed in a separate group. ncRNAs 
were defined to include not only annotated ncRNAs but also RNAs annotated as 
lincRNAs, snRNAs, snoRNAs, tRNAs and rRNAs. Read filtering was performed 
using a Python script based on pysam (v.0.15)84 in combination with BEDTools 
intersect to extract miRNA and piRNA information83.

All mapped reads from sequences of 20–23 nucleotides in length, regardless of 
5′-nucleotide and mapping direction, were counted using htseq-count (v.0.11.1)85 
(-s no -m intersection-nonempty). Reads per kb of transcript per million mapped 
reads (RPKM) values were calculated for 22G-RNAs mapping to protein-coding 
genes/ncRNA/pseduogenes relative to all mapped reads. Targets were defined 
as genes that were positive in at least two out of three replicates, with positive 
meaning that the 22G-RNA RPKM was (1) above 4 in the IP; (2) at least twice as 
high in the IP relative to the input; and (3) non-zero in the input.

For 22G-RNAs mapping to transposons, RPKM values were calculated relative 
to the predicted number and length of insertions in the custom annotation file and 
positives were defined using only requirements 2 and 3 above with no minimal 
RPKM requirement in the IP.

Protein-coding target genes of WAGO-3 were compared to (1) protein-coding 
target genes of CSR-1 (ref. 22); (2) protein-coding target genes of siRNAs 
downregulated in mut-16-mutant animals86; and (3) protein-coding target genes 
of sperm-derived 22G-RNAs37. To determine germline expression, protein-coding 
target genes of WAGO-3 were compared to lists of genes expressed in the C. elegans 
germline of either fem-3- or fog-2-mutant animals87.

22G-RNA coverage on protein-coding genes. Coverage of 22G-RNA 
along targeted protein-coding genes was visualized by (1) creating 
bigwig tracks normalized to mapped non-structural reads (rRNA/tRNA/
snoRNA/snRNA) × 1 million (RPM) using a combination of BEDTools 
(genomeCoverageBed -bg -scale -split)83 followed by bedGraphToBigWig; 
(2) log2[IP/input]-normalized tracks were created using deepTools (v.3.4.1)88 
(bigwigCompare --binSize 10 --ratio log2); (3) coverage for each gene 
was determine with deepTools (computeMatrix scale-regions --metagene 
--missingDataAsZero -b 250 -a 250 --regionBodyLength 2000 --binSize 50 
--averageTypeBins median) with the male samples only being compared to targets 
found in males and hermaphrodite samples only being compared to targets found 
in hermaphrodites; and plots were generated with plotProfile (--plotType se 
--averageType mean --perGroup) to scale and visualize 22G-RNA abundance along 
targeted genes.

Reads mapping to intronic, exonic or untranslated regions were counted using 
a custom Python script with reads mapping at exon–intron junctions counted as 
0.5 intronic and 0.5 exonic regardless of the spanned region.

Microscopy. For L4 larvae, adults and males, 20–30 animals were washed in a 
drop of 100 µl M9 buffer and subsequently transferred to a drop of 50 µl M9 buffer 
supplemented with 40 mM sodium azide on a coverslip. After 15–30 min, excess 
buffer was removed and a glass slide containing a freshly made agarose pad (2% 
(w/v) in water) was placed on top of the coverslip. For imaging embryos, adult 
hermaphrodites were washed and dissected in M9 buffer before mounting. To 
image sperm, L4 males were singled from hermaphrodites, grown over night, 
washed and dissected in SMG buffer (50 mM HEPES pH 7.5, 50 mM NaCl, 
25 mM KCl, 5 mM CaCl2, 1 mM MgSO4, 10 mM glucose) by cutting near the vas 
deferens. Animals and sperm were immediately imaged using a TCS SP5 Leica 
confocal microscope equipped with the HCX PL APO ×63 water-immersion 
objective (NA, 1.2) or the HCX PL APO CS ×40 oil-immersion objective (NA, 
1.3). Fluorescence emission was detected by either photomultiplier tubes or 
hybrid detectors. Depending on the experiment, SMG buffer was supplemented 
with 1:2,000 Hoechst 33342 (H1399, Invitrogen), 200 nM MitoTracker Green FM 
(M7514, Invitrogen) or 1,6-hexanediol (240117, Sigma-Aldrich), and sperm were 
imaged after 30 min incubation. To score the expression of a germline-specific 
mCherry::H2B transgene, we used a Leica DM6000 B research microscope 
equipped with a HC PL Fluotar ×20 dry objective (NA, 0.5). Images were 
processed using ImageJ v.1.53i. The following figures were deconvolved using 
the Huygens Remote Manager v3.6: Figs. 1c,e,h and 7b and Extended Data Figs. 
4a,b,e–j, 5a and 8c.

Time series of spermatocytes expressing GFP::3×Flag::WAGO-3 were 
acquired using a fluorescence spinning-disk confocal microscope from Visitron 
Systems (VisiSope 5Elements) based on a Nikon Ti-2E stand and a spinning disk 
from Yokogawa (CSU-W, 50 µm pinhole) controlled by the VisiView software. 
The microscope was equipped with a ×60 plan apochromatic water-immersion 
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objective (CFI Plan Apo VC; NA,1.2), a twofold magnification lens in front of 
the sCMOS camera (BSI, Photometrics), and a stage-top incubation chamber for 
live imaging (20 °C, ambient CO2). The sample was excited by an argon laser at 
λex = 488 nm (200 mW, power set to 20%) and the emission was detected in a range 
of λem = 500–550 nm (ET525/50m, Chroma).

Image quantification. Co-localization analyses of confocal micrographs of 
C. elegans gonads were performed using ImageJ v.1.53i and the JACoP plugin. 
Foci quantification and co-localization analyses of confocal z stacks of isolated, 
male-derived germ cells were performed using IMARIS 9.7.2. The distribution 
of fluorescence intensities between budding spermatids and residual bodies, as 
well as quantification of pixel counts per fluorescence intensity (grey value) were 
determined using ImageJ v.1.53i. The relative pixel count is the number of pixels 
with a given fluorescence intensity within a selected region of interest (either 
spermatid or residual body), divided by the total number of pixels in that region. 
Every other data distribution is represented as a box plot, with the whiskers 
defining the median ± 1.5 × interquartile range, a rectangle marking the first and 
third quartile, and the centre line showing the median.

FRAP. FRAP measurements were performed on a TCS SP5 Leica confocal 
microscope equipped with a FRAP-booster and a HCX PL APO ×63 
water-immersion objective (NA, 1.2). An entire granule was bleached in a fixed 
region of interest (diameter, 0.9 µm), while two additional control ROIs of same 
size were used to detect fluorescence emission of an unbleached granule and 
background signal, respectively. Five prebleach frames were recorded (5 × 0.374 s 
per frame), followed by two bleach frames (2 × 0.374 s per frame), and 3 sets of 
post-bleach frames (10 × 0.5 s per frame, 10 × 5 s per frame, 15 × 10 s per frame). 
Data analysis, including full-scale normalization and curve fitting using a double 
term exponential equation, was performed using EasyFRAP-web89.

MO counting. The LysoSensor Blue DND-192 stained MOs90 within living 
spermatids were viewed using an Olympus BX60 with a ×100/1.35 NA 
oil-immersion objective lens. Epi-fluorescence of stained MOs was imaged using a 
DAPI filter pack and captured using a SensiCam digital camera (Cooke) controlled 
by SlideBook software (Intelligent Imaging Innovations). SlideBook software 
was used to collect z-axis stacks of 11–30, and 12-bit images were captured 
every 0.44–0.88 μm. The majority of images within the z stacks was collected 
approximately every 0.65 μm. A nearest-neighbour deconvolution algorithm within 
the SlideBook software was applied to the images. Images were then converted to 
z-axis projections, again using the SlideBook software. The diameters of individual 
spermatids were measured within SlideBook using the software’s ruler function 
over images captured with a DIC filter. The manipulated images were exported 
from SlideBook as 16-bit tif images. The 16-bit tif images exported from SlideBook 
were reopened in ImageJ (NIH). The cell counter plugin within ImageJ was used to 
assist in counting MOs. Images were compiled using PhotoShop CS3 (Adobe).

BmN4 cell culture and transfection. BmN4 cells were cultured at 27 °C in IPL-
41 (Gibco) medium supplemented with 10% FBS (Gibco) and 1% penicillin–
streptomycin. BmN4 cells (6.0 × 105) were seeded in a single well of a 6-well plate 
and, the next day, were transfected with 2 µg of plasmid DNA using X-tremeGene 
HP (Roche). 2-BP was added 3 h after transfection and after 24 h cells were 
collected and lysed in IP-150 lysis buffer (30 mM HEPES (pH 7.4), 150 mM 
potassium acetate, 5 mM magnesium acetate, 5 mM DTT, 0.1% tergitol-type NP-40, 
2 mg ml−1 pepstatin, 2 mg ml−1 leupeptin and 0.5% aprotinin).

For the IP experiments, 4.0 × 106 BmN4 cells were seeded in a 10 cm dish and 
transfected with 10 µg of plasmid DNA. Cells were lysed in IP-150 lysis buffer 
(supplemented with 0.5% Triton X-100) and IP experiments were performed using 
ChromoTek RFP-TRAP beads. After IP, beads were washed five times in IP-150 
lysis buffer (supplemented with 0.5% Triton X-100).

CLEM analysis. For CLEM analyses, C. elegans males (wago-3(xf119) I; pei-
1(xf193) IV; him-5(e1490) V) were selected using a stereomicroscope. Using a 
platinum wire, around 50 worms were transferred into the 100-µm-deep cavity 
of an A-type carrier (Wohlwend, imbibed with 1-hexadecene) filled with thick E. 
coli paste (serving as a cryo-protectant; thick OP50 E.coli suspension in M9 worm 
buffer, 20% BSA, 150 mM NaCl), closed with the flat side of a B-type carrier and 
subsequently high-pressure frozen (HPM010, AbraFluid). All samples were further 
processed by freeze-substitution in a temperature-controlling device (EM-AFS2, 
Leica Microsystems). Freeze-substitution was carried out at −90 °C for 72 h with 
0.1% (w/v) uranyl acetate in glass distilled acetone (EMS). The temperature was 
then raised to −45 °C (3.5 °C h−1), and samples were further incubated for 5 h. After 
rinsing in acetone, the samples were infiltrated with increasing concentrations 
(10%, 25%, 50% and 75%; 6 h each) of Lowicryl HM20 resin (EMS) in acetone, 
while the temperature was further raised to −25 °C. Lowicryl (100%) was 
exchanged three times in 10 h steps, and samples were ultraviolet-light polymerized 
at −25 °C for 48 h, after which the temperature was raised to 20 °C (5 °C h−1), and 
ultraviolet-light polymerization continued for 6 h. Longitudinal sections (thickness, 
300 nm) were cut using an ultra-microtome (UC7, Leica) and a diamond knife 
(ultra semi, DiATOME). Targeting of areas containing spermatocytes and 

spermatids was performed using toluidine blue staining. Sections of interest were 
picked up onto carbon-coated formvar-slot grids. Ultramicrotomy and acquisition 
of the in-resin retained fluorescence within the sections were best performed 
on the same day to avoid bleaching of the fluorescence. The fluorescence 
microscopy imaging of the sections (stained also with HOECHST) was performed 
as previously described91 using a wide-field fluorescence microscope (Olympus 
IX81) equipped with an Olympus PlanApo ×100/1.40 NA oil-immersion objective. 
After post-staining, tilt series of the area of interest (1° increments, −60° to 60°) 
were acquired using a FEI TECNAI F30 TEM operated at 300 kV and a fast 
Gatan OneView 4K camera. Tomograms were reconstructed at a final voxel size 
of 1.56 nm using gold fiducials and weighted-back projection algorithms of the 
software package IMOD92. Correlation between light and electron micrographs 
was carried out using the plugin ec-CLEM93 of the software platform Icy94. The 
coordinates of pairs of corresponding features in the two imaging modalities 
(50 nm Tetraspecks, HOECHST-stained condensed chromosomes, auto-fluorescent 
uranyl-acetate-stained E. coli) were used to calculate a linear transformation, which 
enabled mapping of the coordinates of the fluorescent spots of interest to overlay 
them onto the electron micrograph. Electron tomograms were displayed and 
analysed using the IMOD software package92.

Statistics and reproducibility. Statistical analyses were performed using R-based 
packages. The log-rank test was used for the mortal germline assay. For multiple 
group comparison, either one-way ANOVA followed by Tukey honest significant 
difference post hoc test, Pearson’s χ2 test with Yates continuity correction or 
Fisher’s exact test was used. P < 0.05 was considered to be significant. Pearson’s 
correlation analyses were performed to determine the relationship between two 
different factors. No statistical method was used to predetermine sample size. No 
data were excluded from the analyses. Fluorescence microscopy, CLEM, time-lapse 
microscopy, 1,6-hexanediol assays as well as C. elegans experiments comprising 
mCherry::H2B(RNAe) reactivation and Mutator-induced sterility were performed 
twice. Mortal germline assay (Extended Data Fig. 1a) and western blots (Fig. 
8a,b and Extended Data Fig. 10a,b,h,i) were performed once unless specified in 
the legends. Immunoprecipitation experiments associated with MS and small 
RNA sequencing were performed in biological quadruplicates and triplicates, 
respectively. Quantification and statistical analyses of microscopy images were 
derived from the number of cells analysed across two independent experiments 
as indicated in the figure legends, with the presented data being derived from one 
representative independent experiment.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The accession number for the small-RNA-seq data generated in this study is 
PRJNA629991. The mass spectrometry proteomics data have been deposited to 
the ProteomeXchange Consortium via the PRIDE95 partner repository under 
dataset identifier PXD019099. The BigDataViewer supporting the CLEM analyses 
is available at Mendeley Data (V1; https://doi.org/10.17632/dgb8d7h2hz.1; https://
data.mendeley.com/datasets/dgb8d7h2hz/1). All other data supporting the findings 
of this study are available from the corresponding author on reasonable request. 
Source data are provided with this paper.

Code availability
All code developed for this analysis is available via https://github.com/Tunphie/
SequencingTools/blob/main/smRNA_TypeCounter.py and https://github.com/
Tunphie/SequencingTools/blob/main/CoverageOnProteinCodingGenes.py.
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Extended Data Fig. 1 | WAGO-3 is required for germline immortality and transgenerational maintenance of RNAe. a, Mortal germline assay representing 
loss of fertility of strains with indicated genotype at 25!°C. Statistical significance was tested with a log-rank-test (n!=!15 populations per strain assayed in a 
single experiment). b, Diagram displaying mCherry::H2B(RNAe) reactivation in prg-1(n4357), prg-1(n4357);mut-7(xf125) and prg-1(n4357);wago-3(pk1673) 
mutant generations. F2-F5: second-fifth homozygous generation. For each generation, reactivation in 10 populations of 50 animals each was scored. Each 
plotted point represents the fraction of 50 animals that express the mCherry::H2B transgene. Since no prg-1(n4357) single mutant animal was found to 
reactivate mCherry::H2B expression, the value of this group is deterministically zero due to lack of variability/statistical noise. Thus, any positive number 
of animals that expresses the mCherry::H2B transgene in either the prg-1(n4357);mut-7(xf125) or prg-1(n4357);wago-3(pk1673) group causes a significant 
difference from the prg-1(n4357) group. c, Micrographs of three example animals with the mCherry::H2B transgene in either RNAe (prg-1(n4357)) or 
activated (prg-1(n4357);wago-3(pk1673) and prg-1(n4357);mut-7(xf125)) status. Top panel shows schematic representation of an adult hermaphroditic 
gonad. Activity status of the transgene was homogeneous in F2 homozygous prg-1(n4357) and prg-1(n4357);mut-7(xf125) mutants. Images represent two 
biologically independent experiments. Scale bars: 30!μm. Source data are provided.

58  |  Chapter I



ARTICLESNATURE CELL BIOLOGY

Extended Data Fig. 2 | WAGO-3 is associated with 22G RNAs. a, Read length distribution and first nucleotide bias of indicated small RNA libraries. 
Both hermaphrodite and male libraries were prepared and sequenced in biological triplicates. Each panel represents a replicate, top and bottom bars 
represent sense and anti-sense small RNAs mapping to annotated loci. b, Heat map showing the enrichment or depletion of small RNA species of the 
libraries shown in a. >27 nt are non-specific RNA fragments, also including fragments of structural RNAs, such as rRNA and tRNA. 21U, 22G, 26!G and 
miRNA are known Argonaute-associated small RNA species. Statistically significant differences between small RNA types were determined by Fisher’s 
exact tests (***: p!≤!0.001, ns: p!>!0.05). The exact P values are provided as source data. c, Box plots displaying the distribution of WAGO-3 associated 
22G RNAs mapping to protein-coding genes across the indicated gene segments. Each box plot represents average data from three biological replicates. 
Boxplot centre and box edges indicate median and 25th or 75th percentiles, respectively, while whiskers indicate the median ± 1.5 x interquartile range. 
d, Metagene analysis of 22G RNA reads mapping to protein-coding WAGO-3 target genes. TSS – transcription start site, TES – transcription end site. 
Shading around each line represents the standard error of the median of each bin. Source data are provided.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | WAGO-3 targets overlap with Mutator targets and sperm-derived 22"G RNAs. a, Scatter plots displaying the RPKM of 22!G 
RNAs mapping to individual genes in immunoprecipitation (IP) (Y-axis) versus input (X-axis) samples for all six sequenced libraries. Transposons are 
not included in these plots. Light blue: significant enrichment of genes in at least two replicates. Dark blue: significant enrichment of genes in only one 
replicate. b, Germline expression status of protein-coding WAGO-3 target genes. Left column shows the distribution of expression profiles of all annotated 
protein-coding genes. Columns 2 and 3 show the same, but for hermaphrodite and male-specific WAGO-3 targets, respectively. Column 4 shows the 
same for targets found in both sexes. Statistically significant differences with respect to complete gene annotations were determined by Chi-square tests. 
c, Scatter plots displaying the RPKM of 22G RNAs mapping to transposons in the six individual experiments in input (X-axes) and IP samples (Y-axes). 
Red line represents the diagonal. d, Venn diagrams displaying the overlaps of WAGO-3 targets (protein-coding) called in hermaphrodites and males with 
previously determined CSR-1 and MUT-16 targets. e, Stacked bar plot showing number and types of WAGO-3 targets. f, Heat map showing the overlap of 
WAGO-3 targets (protein-coding) with previously determined sperm-derived 22G RNA targets (protein-coding), which were binned into indicated groups. 
Values inside the boxes indicate fraction of overlap. Source data are provided.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | PEI granules specifically recruit WAGO-3. a,b, Confocal maximum intensity projections of an adult hermaphrodite (a) and 
gastrula-staged embryo (b) expressing indicated proteins. Zooms show perinuclear co-localization of GFP::3xFLAG::WAGO-3 and PGL-1::mTagRFP-T in 
meiotic (a) and primordial (b) germ cells. Z2/Z3 are the primordial germ cells of C. elegans. Scale bars: 20!μm (a, adult), 20!μm (b, embryo), 10!μm (a, 
zoom), 4!μm (b, zoom). c, Quantification of GFP::3xFLAG::WAGO-3 foci number within indicated, male-derived germ cells (n!=!10 cells pooled from two 
independent experiments, for each condition). Statistically significant differences were determined by one-way ANOVA (p!≤!0.001) followed by Tukey’s 
honestly significant difference post hoc test (p!≤!0.05). Different letters represent significant differences. Note that the values for primary spermatocytes 
and budding spermatids (c) are the same as those shown in Fig. 3j (FL) and Extended Data Fig. 10f (wild-type), and Fig. 4n (FL) and Fig. 7j (wild-type), 
respectively. Secondary spermatocyte and budding spermatid stages are separated into ‘c’ and ‘s’. c: coupled; due to incomplete cytokinesis, leaving the 
two sister cells coupled and both cells were analyzed; s: separate, each of the coupled cells in ‘c’ was analyzed individually. Boxplot centre and box edges 
indicate median and 25th or 75th percentiles, respectively, while whiskers indicate the median ± 1.5 x interquartile range. d, Co-immunoprecipitation 
experiments using whole-worm extracts of late-L4 stage hermaphrodites analyzed by Western blotting. Sample processing control was run on a different 
gel. Data represent two biologically independent experiments. e-j, Confocal micrographs of an adult male (f) and late-L4 stage hermaphrodites (e,g-j) 
expressing indicated proteins. sc – spermatocyte, st – spermatid, rb – residual body. Scale bars: 10!μm (e-j). a,b,e-j, Images represent two biologically 
independent experiments. k-n, Co-localization analyses between PEI-1::mTagRFP-T and DEPS-1::GFP (k), GFP::3xFLAG::WAGO-1 (l), GFP::3xFLAG::CSR-1 
(m) and GFP::3xFLAG::ALG-3 (n) based on the images shown in g-j, respectively (n!=!10 worms for each condition). X and Y axes indicate fluorescence 
intensity. PC: Pearson’s correlation coefficient. Exact P values (c), unprocessed original scans of blots and the source data for all graphical representations 
are provided.
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Extended Data Fig. 5 | Presence of WAGO-3 in spermatozoa is dependent on the IDR of PEI-1. a, Confocal micrographs showing spermatogenesis of 
late-L4 stage hermaphrodites expressing PEI 1::mTagRFP-T in indicated mutants. sc – spermatocyte, rb – residual body, st – spermatid. Images represent 
two biologically independent experiments. Scale bars: 10!μm. b-h, Confocal maximum intensity projections of hermaphrodite-derived spermatozoa within 
the spermatheca expressing indicated proteins. In all panels, except c, a piece of a gonad arm expressing GFP::3xFLAG::WAGO-3 is visible in the top part 
of the image. Dashed lines indicate spermatheca. Images represent two biologically independent experiments. Scale bars: 10!μm.
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Extended Data Fig. 6 | PEI granules are static condensates with liquid-like properties. a,b, Confocal micrographs of isolated, male-derived spermatocytes 
(a) and budding spermatids (b) expressing GFP::3xFLAG::WAGO-3 and PEI-1::mTagRFP-T. Images were taken after a 30!minute treatment with 
1,6-hexanediol. Hoechst33342 was used to stain DNA. Residual bodies are marked by a dashed circle. Images represent two biologically independent 
experiments. Scale bars: 4!μm. c, FRAP recovery curve of GFP::3xFLAG::WAGO-3 localizing to either P granules in L4 gonads or PEI granules in 
male-derived spermatids. Normalized data is presented as mean+/− SD and was fitted to a double exponential curve (n!=!4 granules pooled from one 
independent experiment). d, Time sequence showing fluorescence recovery after photobleaching (FRAP) of GFP::3xFLAG::WAGO-3 localizing to either 
P granules in L4 gonads or PEI granules in male-derived spermatids. Residual bodies are marked by a dashed circle. Images represent two biologically 
independent experiments. Scale bars: 4!μm. e, Time sequence of GFP::3xFLAG::WAGO-3, taken from Extended Data Movie 1. Images are confocal 
maximum intensity projections of an isolated, male-derived spermatocyte. Images represent two biologically independent experiments. Scale bar: 4!μm. 
Source data are provided.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | The amino acid composition of the PEI-1 IDR affects exchange dynamics of WAGO-3. a,b, Occurrence of glycine and serine 
residues in PEI-1 (a) and PGL-1 (b) was counted in amino acid 50-mers, starting at position one, shifting 5 residues at a time, and displayed as stacked 
columns. Indicated residue positions in the diagrams are the mid-point of the 50-mer. Y-axes display number of relevant residues in amino acid 50-
mers. X-axes indicate the position along the respective proteins. The various domains are indicated by vertical, dashed lines. NtDD and CDD indicate the 
N-terminal and C-terminal dimerization domains of PGL-1, respectively. The exact positions of glycine and serine residues for each protein are indicated 
above the stacked bar diagrams. IDR – intrinsically disordered region. c-h, Amino acid composition profiles of the intrinsically disordered region of the 
indicated proteins. Bars representing serine and glycine residues are highlighted in blue and orange, respectively. Panel d reflects a fusion between the 
PEI-1 IDR and the very C-terminal end of PGL-1(A711-F771). The profiles were generated using Composition profiler. Sequences were analyzed against 
the SwissProt database using 10,000 bootstrap iterations. Statistical significance was tested using the two sample t test (***: p!≤!0.001, **: p!≤!0.01, *: 
p!≤!0.05, ns: p!>!0.05). The exact P values are provided as source data. i-j, Time lapse images showing fluorescence recovery after photobleaching (FRAP) 
of GFP::3xFLAG::WAGO-3 localizing to PEI granules via PEI-1::mTagRFP-T (i) or via PEI-1::PGL-1(A711-F771)::mTagRFP-T (j) in isolated, male-derived 
budding spermatids. Residual bodies are marked by a dashed circle. Images represent two biologically independent experiments. Scale bars: 4!μm. k, FRAP 
recovery curves of GFP::3xFLAG::WAGO-3 localizing to PEI granules, containing indicated PEI-1 proteins, in male-derived budding spermatids. Normalized 
data is presented as mean!+!/− SD and was fitted to a double exponential curve (n!=!5 granules pooled from one independent experiment). Source data 
are provided.
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Extended Data Fig. 8 | PEI-1 peptides at the N- and C-termini localize to asymmetrically segregated structures of defined shape. a, Confocal micrograph 
of an L4 hermaphrodite expressing free mTagRFP-T from the pei-1 locus. The dashed line indicates the outline of the gonad. Scale bar: 20!μm. b, Confocal 
maximum intensity projection of spermatozoa within the spermatheca of an adult hermaphrodite expressing free mTagRFP-T from the pei-1 locus. The 
dashed line indicates the outline of the spermatheca. Scale bar: 10!μm. c, Confocal Z-stack of an isolated, male-derived spermatocyte expressing PEI-1_
ΔH15-Q558::mTagRFP-T (see Fig. 4a, middle construct). Z-size: 125.9!nm. Scale bar: 4!μm. d, Confocal micrograph of two isolated, male-derived secondary 
spermatocytes expressing GFP::3xFLAG::WAGO-3 and PEI-1_ΔH15-Q558::mTagRFP-T. The pei-1 locus was heterozygous: pei-1_ΔH15-Q558::mTagRfp-t/
pei-1(+). This allowed the formation and visualization of both PEI granules and PEI-1_ΔH15-Q558-specific structures within the same animal. Scale bar: 
4!μm. e, Line profiles displaying relative fluorescence intensity for PEI-1_ΔH15-Q558::mTagRFP-T signals versus GFP::3xFLAG::WAGO-3 signals over 
the indicated, dashed line shown in panel d. Vertical lines and colored circles indicate fluorescence peaks. a.u. – arbitrary unit. f, Confocal micrograph 
of an isolated, male-derived spermatocyte (left) and budding spermatids (right) showing the subcellular distribution of mitochondria and PEI-1_
ΔH15-Q558-specific structures. MitoTracker Green FM was used to stain mitochondria. Residual bodies are marked by dashed circles. Scale bar: 4!μm. g, 
Line profiles displaying relative fluorescence intensity for PEI-1_ΔH15-Q558::mTagRFP-T signals versus mitochondria signals over the indicated, dashed 
line shown in panel f. Vertical lines and colored circles indicate fluorescence peaks. a.u. – arbitrary unit. All images represent two biologically independent 
experiments. Source data are provided.
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Extended Data Fig. 9 | PEI granules are associated with membranous organelles throughout spermatogenesis. a-c, Overview GFP::3xFLAG::WAGO-3 
CLEM montages acquired from three high-pressure frozen adult males expressing GFP::3xFLAG::WAGO-3 and PEI-1::mTagRFP-T. The depicted animals 
were used to collect the high-resolution CLEM images shown in Fig. 6a-e. In all three panels, germ cell development progresses from left to right. The 
GFP::3xFLAG::WAGO-3 signal is fitted locally, implying that fluorescence signal was fitted using landmarks (tetraspecks and Hoechst staining) spread over 
the entire region of interest, spanning a larger field of view. The panels a’-a”’, b’ and c’ depict zoom-ins of the indicated areas in panels a-c. The indicated 
‘Tomo’ regions within these zoomed-in panels are shown in greater detail in Fig. 6a-e. Precise CLEM overlays at specific ROIs (Tomos 1 to 5) were 
done using landmarks more locally and close to each ROI, covering a smaller field of view. The EM grids shown in panels a-c can be navigated using Fiji 
software and data deposited to Mendeley Data (https://data.mendeley.com/datasets/dgb8d7h2hz/1), following the instruction listed in Supplementary 
Information. All images represent two biologically independent experiments.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | PEI-2 interacts with PEI-1. a, Co-immunoprecipitation experiments using whole-worm extracts of late-L4 stage hermaphrodites 
analyzed by Western blotting. Labels above the blots indicate the presence (+) or absence (-) of the respective tags. Asterisks indicate non-specific 
signals. b, Pull-down experiments on extracts of transfected BmN4 cells expressing the indicated PEI-1 and PEI-2 variants. Full-length (FL) PEI-1-mCherry 
was pulled down, followed by detection of the various PEI-2 fragments. Expression of free 3xFLAG-eGFP served as negative control. c, Fraction of total 
mTagRFP-T signal within the residual body of male-derived budding spermatids expressing PEI-1_ΔH15-Q558::mTagRFP-T in wild-type or pei-2(xf270) 
mutant background (n!=!10 cells pooled from two independent experiments, for each condition). Note that the wild-type data is the same as shown in  
Fig. 5c (ΔH15-Q558). d, Confocal maximum intensity projection of isolated, male-derived budding spermatids expressing PEI-1_ΔH15-Q558::mTagRFP-T 
in pei-2(xf270) mutant background. The residual body is marked by a dashed circle. Scale bar: 4!μm. e, Confocal maximum intensity projection of an 
isolated, male-derived primary spermatocyte expressing GFP::3xFLAG::WAGO-3 and PEI-1::mTagRFP-T in pei-2(xf270) mutant background. Scale bar: 
4μm. d,e, Images represent two biologically independent experiments. f-g, Co-localization analysis between GFP::3xFLAG::WAGO-3 and PEI-1::mTagRFP-T 
(g), and quantification of GFP::3xFLAG::WAGO-3 foci number (f) in wild-type and pei-2(xf270) mutant, male-derived primary spermatocytes (n!=!10 cells 
pooled from two independent experiments, for each condition). c,f,g, Statistically significant differences were determined by one-way ANOVA (p!≤!0.001). 
Boxplot centre and box edges indicate median and 25th or 75th percentiles, respectively, while whiskers indicate the median ± 1.5 x interquartile range. 
Note that the wild-type data in f and g are the same as those shown in Fig. 3j (FL) and Extended Data Fig. 4c (primary spermatocyte), and Fig. 3k (FL), 
respectively. h-i, Transfected BmN4 cells were treated with the palmitoylation inhibitor 2-BP at indicated concentrations, followed by Western Blot 
detection of PEI-1-mCherry (h) and PEI-2-HA-eGFP (i). α-tubulin served as loading control. a,b,h,i, The experiment has been performed once. Unprocessed 
original scans of blots are provided in source data.
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F I G U R E   S 1   piRNA characteristics of sRNA reads in different tissues of queens. (a) Stacked bar plot 
showing the percentage of all 18-40nt reads from each sample that either mapped uniquely (uni-mapped), 
at multiple locations (multi-mapped), or not at all (unmapped) to our draft genome. (b) Bar plot showing the 
percentage of piRNA-range reads (25-30nt) found within annotated TEs. (c) Length distribution of 24-35nt 
reads mapping sense (up) and antisense (down) to TEs. Colours represent the starting base. Reads were 
RPM normalized. (d) Length distribution of 24-35nt reads that do not map to annotated TEs. Reads are 
separated into plus strand (up) and minus strand (down). Colours represent the starting base. Reads were 
RPM normalized. (e) Coverage plot of piRNA-range reads mapping outside of TEs across the longest contig 
tig0031 which is 3.8Mbp in length, as indicated on the x-axis. Y-axis depicts the average read coverage score 
of the 5-7 replicates on plus (blue) and minus (red) strands as calculated in bins of 10bp. (f) Bar plot showing 
the normalised number of ping-pong signatures using piRNA-range reads found in each sample either within 
or outside of annotated TEs, as indicated below. Each replicate is depicted by a separate bar and replicates 
of the same age and tissue are shown in the same colour. T-tests old versus young: brain p = 0.23; thorax p 
= 0.07; ovary p = 0.66. (g) Stacked bar plot showing the fraction of TE-derived ping-pong pairs matching to 
each of the indicated TE families. T-tests old versus young: SINE p = 1; LTR p = 1; LINE p = 1; RC p = 1; DNA p 
= 1. T-tests old and young versus annotation: SINE p = 0.0; LTR p = 7.1e-13; LINE p = 4.3e-5; RC p = 3.8e-7; 
DNA p = 6.0e-9. 
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F I G U R E   S 2   Ovarian piRNA characteristics of sRNA reads in different castes. (a) Length distribution of 
ovarian reads length 24-35nt mapping sense (up) and antisense (down) to TEs. Colours represent the 
starting base. (b) Bar plot showing the normalized number of ping-pong signatures found in each sample 
using piRNA-range reads (25-30nt). Replicates of the same caste are shown in the same colour. (c) Stacked 
bar plot showing the percentage of reads from each sample that either mapped uniquely (uni-mapped), at 
multiple locations (multimapped), or not at all (unmapped) to our draft genome. (d) Alignment of the 
sequences where the highest five peaks in Copia loci were found and the B. affinis large rRNA C-terminus, 
position 8000-8143. * 100% similar; • > 80% similar; - similar for loci, different from rRNA.	
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Aims	
This	chapter	is	focused	on	the	three	germline	expressed	WAGOs,	WAGO-1,	-3,	and	-4	in	C.	elegans.	We	wanted	

to	understand	 the	 specific	 role	of	 each	of	 these	WAGOs	and	whether	 they	show	mutual	 redundancy.	We	

wanted	to	investigate	this	in	different	lifestages	as	a	proxy	for	male	versus	female	inheritance,	although	we	

note	that	investigation	of	obligate	males	and	females	and/or	of	sperm	and	oocytes	would	be	necessary	to	

properly	ascertain	paternal	versus	maternal	inheritance	phenomena.		

We	chose	three	different	lifestages	to	look	at;	L4	larvae,	where	the	C.	elegans	germline	is	spermatogenic,	

gravid	adults,	where	the	germline	is	oogenic,	and	embryos,	where	the	two	are	brought	together.	We	note	that	

harvesting	of	gravid	adults	will	cause	our	samples	to	contain	embryo	material,	yet	the	lifestage	was	chosen	

to	maximize	the	temporal	distance	between	the	spermatogenic	and	oogenic	worms.	As	will	be	shown	in	the	

following	section,	differences	between	embryos	and	gravid	adults	were	large,	wherefore	we	do	not	believe	

the	presence	of	embryos	in	the	gravid	adults	to	cause	major	error	in	our	findings.		

We	 primarily	 used	 Next-Generation	 Sequencing	 (NGS)	 data	 to	 answer	 our	 questions;	 these	 being	

summarized	in	Figure	1.	We	used	three	different	kinds	of	NGS	data	in	two	different	types	of	mutants.	In	an	

endogenously	tagged	mutant,	we	used	RNA	immunoprecipitation	sequencing	(RIP-Seq)	to	determine	22G-

RNAs	 bound	 by	WAGO-3.	 In	 single	 deletion	mutants,	 we	 used	 small	 RNA-Seq	 (sRNA-Seq)	 and	 poly(A)-

selected	 RNA	 sequencing	 (mRNA-Seq)	 to	 determine	 how	 loss	 of	 WAGO-1,	 -3,	 or	 -4	 changes	 the	 RNA	

landscape.	This	is	all	summarized	in	Figure	1,	which	details	the	separate	subsections	of	the	following	section.	

Figure	 1:	 Workflow	 of	 the	 chapter.	 The	 questions	 posed	 represent	 subsections	 of	 the	 results	 section,	 in	
appropriate	order.		
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Results	
Interaction	of	WAGOs	and	22G-RNAs	at	different	lifestages	
WAGO-3	BINDS	SLIGHTLY	DIFFERENT	SUBSETS	OF	22G-RNAS	IN	L4	LARVAE	AND	ADULT	WORMS	
Having	established	in	Chapter	I	that	GFP::3xFLAG::WAGO-3	in	C.	elegans	associates	with	slightly	different	

subsets	of	22G-RNAs	in	males	and	hermaphrodites,	we	sought	to	investigate	whether	the	same	was	true	for	

hermaphrodites	 at	 a	 different	 lifestages.	 For	 this	 purpose,	 we	 carried	 out	 RIP-Seq	 of	 gfp:3xflag::wago-

3(xf119)	in	L4	worms	in	order	to	compare	WAGO-3	RIP-Seq	data	from	adults	(male	and	hermaphrodite)	and	

L4	larvae.	We	saw	a	clear	enrichment	of	22G-RNAs	in	our	IP	relative	to	our	input	samples	(Figure	2A),	and	

we	were	able	to	determine	several	target	genes	using	the	same	parameters	as	in	Chapter	I	(Figure	2B	and	

C).	

As	 is	 the	 case	 for	 adult	 hermaphrodites	 and	 adult	 males,	 22G-RNAs	 mapping	 to	 transposons	 were	

overrepresented	in	the	WAGO-3	IPs	from	L4	hermaphrodites	(Figure	2D),	with	highly	active	transposons	

such	as	Tc1	and	Tc3	enriched	in	all	replicates	(Figure	2C).	WAGO-3	also	appears	to	distinctively	not	bind	

22G-RNAs	against	non-coding	RNAs	in	all	cases	(Figure	2D).	Overall,	we	detected	many	more	targets	from	

the	L4	IPs	than	from	the	other	two	stages.	This	could	be	a	true	effect,	supporting	the	idea	that	WAGO-3	is	

more	important	in	the	spermatogenic	gonad	than	in	the	adult	gonad,	however,	due	to	the	differences	in	our	

libraries	(Figure	2A	and	Chapter	I,	Extended	Figure	2D),	we	cannot	definitively	make	such	conclusions.		

The	overlap	between	targets	found	in	each	case	was	large	with	some	targets	unique	for	the	specific	sex	

and	lifestage,	partially	due	to	the	much	larger	set	of	targets	found	in	the	L4	hermaphrodite	(1475	targets	

against	 785	 in	 the	 adult	 hermaphrodite	 and	 757	 in	 the	 adult	 male)	 (Figure	 2E).	 Furthermore,	 when	

comparing	our	findings	to	WAGO-3	targets	as	defined	by	Seroussi	and	coworkers	(Seroussi	et	al.,	2023)	in	

the	L4-to-YA	transition	of	hermaphrodites,	we	find	that	the	overlap,	although	large,	is	not	perfect	(Figure	

2F),	suggesting	that	WAGO-3	may	change	targets	during	development	and	in	a	context-dependent	manner,	

i.e.	differently	in	male	and	hermaphroditic	worms.	In	addition,	we	cannot	rule	out	that	technical	differences,

differences	in	strain	history,	or	differential	tagging	of	WAGO-3	contribute	to	the	relatively	large	number	of

non-shared	targets.
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Figure	2:	RIP-Seq	of	gfp::3xflag::wago-3(xf119)	L4	worms.	A	Distribution	of	reads	found	in	input	and	IP	
samples	 and	 mapping	 sense	 (up)	 or	 antisense	 (down)	 to	 their	 corresponding	 genetic	 elements.	 Colours	
represent	 the	 5’-nucleotide.	B	 Scatterplot	 showing	 RPKM	 in	 input	 versus	 RPKM	 in	 IP	 in	 each	 of	 the	 three	
replicates.	Colours	represent	positive	hits	(RPKM	above	4	in	IP	and	at	least	two-fold	enriched	over	input	and	
non-zero	RPKM	in	input)	and	targets	(positive	in	two	or	more	replicates),	respectively.	Transposons	omitted.	C	
Scatterplot	 showing	RPKM	of	 transposons	 in	 input	 versus	 RPKM	of	 transposons	 in	 IP	 in	 each	 of	 the	 three	
replicates.	Colours	represent	positive	hits	(RPKM	at	least	two-fold	enriched	in	IP	over	input	and	non-zero	RPKM	
in	 input)	and	 targets	 (positive	 in	 two	or	more	 replicates),	 respectively.	D	Bar	plot	 showing	 the	biotypes	of	
WAGO-3	targets	in	L4	larvae	as	well	as	those	defined	in	Chapter	I	and	in	the	full	annotation.	E	Venn	diagram	
showing	the	overlap	between	WAGO-3	targets	in	L4	larvae	and	adult	hermaphrodites	as	well	as	in	male.	F	Venn	
diagram	showing	the	overlap	between	hermaphrodite	WAGO-3	targets	defined	by	us	and	by	(Seroussi	et	al.,	
2023).	

DISTINCT	SUBSETS	OF	SMALL	RNAS	ASSOCIATE	WITH	DIFFERENT	WAGOS	
Publicly	available	RNA-Seq	data	shows	that	WAGO-3	expression	starts	before	L4	stage	(Figure	3A),	although	

we	have	not	sought	to	further	investigate	the	distinctions	between	lifestages.	Similarly,	expression	of	WAGO-

1	and	WAGO-4	starts	early	with	WAGO-1	being	highly	expressed	in	early	embryos	as	well	(Figure	3A).	All	

three	of	the	WAGOs	are	found	in	male	worms	(Figure	3A).	

While	we	have	not	conducted	RIP-Seq	experiments	for	either	WAGO-1	nor	WAGO-4,	other	groups	have.	

In	2009,	Gu	and	coworkers	(Gu	et	al.,	2009)	defined	a	small	number	of	WAGO-1	targets	by	conducting	RIP-

Seq	in	gravid	adult	hermaphrodites	kept	at	24°C,	and	14	years	later,	Seroussi	and	coworkers	(Seroussi	et	al.,	

2023)	defined	a	larger	number	of	targets	in	hermaphrodites	at	the	L4-to-YA	transition	kept	at	20°C.	Even	
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with	the	large	difference	in	number	of	found	targets	(97	in	2009	versus	2,011	in	2023),	the	latter	did	not	

fully	encompass	the	former	(Figure	3B),	once	again	suggesting	that	targets	may	vary	at	different	lifestages	

whilst	simultaneously	asking	the	question	of	whether	22G-RNA	loading	may	also	be	affected	by	temperature	

differences.	However,	it	should	be	noted	that	two	different	tagged	mutants	were	used	by	the	two	groups.	

Furthermore,	 the	 difference	 in	 the	 abundance	 of	 found	 genes,	 although	 the	 parameters	 for	 the	 analyses	

carried	our	were	near	identical,	highlights	the	variance	of	results	obtained	from	the	same	experiment	carried	

out	at	different	times	and/or	by	different	hands.		

Seroussi	and	coworkers	(Seroussi	et	al.,	2023)	 furthermore	carried	out	RIP-Seq	on	tagged	WAGO-4	 in	

hermaphrodites	at	the	L4-to-YA	transition.	In	2018,	Xu	and	coworkers	(Xu	et	al.,	2018)	had	defined	WAGO-

4	targets	in	gravid	adult	hermaphrodites,	and	once	again,	the	overlap	between	targets	found	were	large	but	

could	suggest	some	differences	in	how	WAGO-4	is	loaded	at	different	lifestages,	although	the	number	of	hits	

found	by	both	groups	once	again	differed	greatly	(Figure	3C).	

Altogether,	 currently	 available	 RIP-Seq	 data	 can	 neither	 confirm	 nor	 refute	 differences	 in	 binding	

capacities	of	WAGO-1,	-3,	or	-4	at	different	lifestages.	While	there	is	some	indication	that	overlaps	may	be	

large	but	varied,	experiments	at	different	lifestages	would	have	to	be	carried	out	in	tandem	in	order	to	fully	

test	this	hypothesis.	What	we	can	conclude,	however,	is	that	when	we	compare	all	targets	of	WAGO-1,	-3	and	

-4	(Figure	3D),	it	becomes	clear	that,	while	some	overlaps	exists,	each	WAGO	associates	with	22Gs	targeting

distinct	subset	of	genes.

Figure	 3:	 Expression	 and	 targets	 of	 WAGO-1,	 -3,	 and	 4.	 A	 Expression	 of	 WAGO-1,	 -3	 and	 -4	 during	
development	as	based	on	publicly	available	RNA-Seq	data	in	hermaphrodites	and	males.	EE	=	early	embryo,	LE	
=	late	embryo,	YA	=	young	adult.	B	Venn	diagram	showing	the	targets	of	WAGO-1	as	defined	by	RIP-Seq.	C	Venn	
diagram	showing	the	targets	of	WAGO-4	as	defined	by	RIP-Seq.	D	Venn	diagram	showing	the	overlap	of	targets	
of	WAGO-1,	-3,	and	-4.	Targets	of	either	WAGO	is	the	combination	of	all	RIP-Seq	experiments	carried	out	in	
hermaphrodites	in	any	lifestage.		
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Effects	of	WAGO-1,	-3,	or	-4	deletion	on	mRNA	and	22G-RNA	expression	in	L4	

larvase	
After	having	noted	that	WAGO-1,	-3,	and	-4	interact	with	22G-RNAs	targeting	different	subsets	of	genes,	we	

hypothesized	that	loss	of	either	one	of	the	WAGOs	may	cause	a	decrease	of	its	specific	22Gs	which	could	lead	

to	an	increase	in	mRNA	levels	of	those	same	target	genes,	given	that	these	can	no	longer	be	silenced.	In	order	

to	investigate	this	hypothesis,	we	carried	out	sRNA-Seq	and	mRNA-Seq	of	hermaphrodites	with	no	functional	

WAGO-1,	-3,	or	-4,	respectively.		

Since	all	further	experiments	were	conducted	in	C.	elegans	hermaphrodites,	this	distinction	will	no	longer	

be	mentioned,	although	we	note	that	differences	likely	exist	between	hermaphrodites	and	males.	Rather	than	

testing	the	differences	between	males	and	hermaphrodites,	we	sought	to	investigate	the	differences	between	

lifestages	of	hermaphrodites.	To	 that	end,	we	synchronized	wago-1(ok1074),	wago-3(pk1673),	and	wago-

4(tm1019)	worms	 and	harvested	 them	at	 L4	 stage	 and	 at	 gravid	 adult	 stage.	We	 furthermore	harvested	

mixed-stage	embryos	via	bleaching	from	plates	containing	gravid	adults	that	had	already	started	laying	eggs.	

We	wanted	to	minimize	secondary	effects,	and	for	that	purpose	we	outcrossed	all	worms	to	a	wildtype	strain	

prior	to	harvest.	We	outcrossed	the	worms	twice;	once	from	either	maternal	or	paternal	side	and	confirmed	

them	as	homozygous	for	the	deletion	via	PCR.	The	harvested	worms	were	in	their	fifth	generation	of	being	

homozygous.	

While	this	section	focuses	on	the	effects	in	L4	worms,	the	general	features	of	all	our	libraries	will	first	be	

presented.		

DELETION	OF	WAGO-1,	-3,	AND	-4	COULD	BE	CONFIRMED	VIA	MRNA-SEQ	
Due	to	technical	issues,	we	sequenced	our	samples	in	two	batches,	as	indicated	in	Figure	4A-D.	The	largest	

difference	between	 samples,	 both	 for	 sRNA-Seq	 and	mRNA-Seq,	 existed	between	 samples	 from	different	

lifestages	rather	than	samples	from	different	mutants	(Figure	4A-D).	

In	 order	 to	 confirm	 that	 we	 were	 indeed	 sequencing	 wago-1(ok1074),	 wago-3(pk1673),	 and	 wago-

4(tm1019)	deletion	mutants,	we	generated	coverage	plots	for	the	mRNA-Seq	data	along	each	of	the	affected	

genes	(Figure	4E-G).	While	we	could	confirm	that	we	had	zero	reads	mapping	to	the	deleted	regions	of	wago-

3	 and	wago-4	 (Figure	4F	and	G),	we	 found	 reads	 in	 the	 area	 of	 presumed	 deletion	 of	wago-1	 in	wago-

1(ok1074)	worms	(Figure	4E).	Since	our	PCR	analysis	had	confirmed	that	we	saw	no	wildtype	bands	in	wago-

1(ok1074),	 we	 theorized	 that	 the	 mRNA-Seq	 reads	 mapping	 to	 the	 deleted	 region	 were	 a	 cause	 of	 a	

translocation	of	the	deleted	region.	To	further	investigate	this,	we	created	primers	internally	in	the	deleted	

region	of	wago-1	(Figure	3H).	PCR	analysis	confirmed	that	the	deleted	region	of	wago-1	was	present	in	wago-
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1(ok1074),	but	that	 the	region	spanning	the	deletion	was	not	(Figure	3I).	We	conclude	that	even	though	

wago-1(ok1074)	is	expressed	at	the	RNA	level,	 this	cannot	not	result	 in	fully	functional	WAGO-1	protein.	

However,	we	cannot	exclude	that	this	allele	may	produce	some	protein	with	partial	functionality.	

DELETION	OF	WAGO-1,	-3,	OR	-4	DOES	NOT	CHANGE	GLOBAL	22G-RNA	LEVELS	
We	next	turned	our	focus	to	the	sRNA-Seq	data.		We	found	that	all	samples	had	a	peak	of	reads	at	the	length	

20-23nt	that	predominantly	had	a	G	at	the	5’-position	(Figure	5A),	consistent	with	the	fact	that	22G-RNAs

should	be	the	most	abundant	small	RNA	moiety.	Apart	from	22G-RNAs,	we	found	that	all	samples	had	some

expression	of	miRNAs	as	well	as	expression	of	RNAs	longer	than	27nt,	the	latter	being	more	predominant	in

the	embryos,	but	we	saw	no	difference	in	small	RNA	types	present	in	samples	of	wildtype	or	mutant	worms

(Figure	5).

Since	all	WAGOs	are	known	to	associate	with	22G-RNAs,	we	decided	to	limit	our	analyses	to	changes	in	

this	 subset	of	 small	RNAs.	We	 therefore	 isolated	 reads	 in	 the	 length	20-23nt	with	no	 requirement	of	5’-

nucleotide,	and	these	reads	will	be	referred	to	simply	as	22G-RNAs	going	forward.	

CHANGES	IN	MRNAS	AND	22G-RNAS	UPON	LOSS	OF	WAGO-1,	-3,	OR	-4	ARE	LARGELY	UNRELATED	IN	L4	LARVAE	
We	first	sought	to	investigate	the	change	in	RNA	landscape	in	each	of	our	three	deletion	mutants	in	L4	larvae,	

where	hermaphroditic	C.	elegans	undergoes	spermatogenesis.	We	wanted	to	investigate	which	mRNAs	were	

affected,	which	22G-RNAs	were	affected,	and	how	these	two	correlated.		

In	wago-3(pk1673)	 as	 well	 as	 in	wago-4(tm1019),	 around	 4-500	 genes	 had	 regulated	 22Gs	 in	 either	

direction	(Figure	6A).	wago-1(ok1074)	showed	less	of	an	effect,	with	only	172	genes	with	upregulated	22Gs	

and	just	below	100	genes	with	downregulated	22Gs	(Figure	6A).		On	mRNA	level,	however,	460	genes	were	

upregulated	in	wago-1(ok1074)	with	much	fewer	(73)	downregulated,	and	only	a	few	more	than	100	genes	

were	upregulated	in	either	direction	in	wago-3(pk1673)	(Figure	6B).	The	regulation	in	wago-4(tm1019)	was	

much	 starker	 than	 either	 of	 these,	 with	 nearly	 1,000	 genes	 downregulated	 and	more	 than	 2,500	 genes	

upregulated	(Figure	6B).	

Surprisingly,	we	didn’t	find	any	correlation	between	genes	regulated	at	either	22G-RNA	level	or	at	mRNA	

level,	and	genes	defined	as	targets	via	RIP-Seq	also	appeared	to	only	show	regulation	at	one	level	but	not	the	

other	or	none	at	all	(Figure	6C).	The	only	correlation	between	the	three	–	22G-RNAs,	mRNA,	and	RIP-Seq	

targets	–	we	found,	was	a	subset	of	162	genes,	that	were	upregulated	in	wago-4(tm1019)	both	at	22G-RNA	

level	and	at	mRNA	level.	GO-term	analysis	revealed	that	some	of	these	genes	were	related	to	phosphorylation	
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Figure	4:	Sequencing	of	WAGO	deletion	mutants.	A	PCA	plot	of	 the	22G-RNAs	from	our	 first	sequencing	
batch.	B	PCA	plot	of	the	mRNAs	from	our	first	sequencing	batch.	C	PCA	plot	of	the	22G-RNAs	from	our	second	
sequencing	batch.	D	PCA	plot	of	the	mRNAs	from	second	first	sequencing	batch.	E	mRNA	reads	along	the	wago-
1	gene	in	wildtype	and	wago-1(ok1074).	Location	of	deletion	marked	as	a	grey	box.	F	mRNA	reads	along	the	
wago-3	gene	in	wildtype	and	wago-3(pk1673).	Location	of	deletion	marked	as	a	grey	box.	G	mRNA	reads	along	
the	wago-4	gene	in	wildtype	and	wago-4(tm1019).	Location	of	deletion	marked	as	a	grey	box.	H	Schematic	of	
the	 primers	 used	 to	 genotype	wago-1(ok1074).	 Deletion	 marked	 in	 grey.	 I	 PCR	 of	 wildtype	 and	wago-
1(ok1074)	using	the	primers	presented	in	panel	H.		

or	dephosphorylation,	specifically	of	histones	(Figure	6D)	and	nine	of	them	were	membranal	(Figure	6E).	

We	also	found	upregulation	of	the	terms	“oogenesis”,	“gamete	generation”,	and	“eggshell	formation”	(Figure	

6D),	 which	 could	 indicate	 early	 onset	 of	 adult-specific	 genes,	 with	 oogenesis	 possibly	 commencing	

prematurely	in	L4	larvae.		

We	conclude	that	loss	of	each	WAGO	affect	mRNA	and	22G-RNA	levels	to	different	extents	in	L4	larvae	

with	 WAGO-4	 having	 the	 largest	 effect,	 and	 that	 loss	 or	 gain	 of	 22G-RNAs	 does	 not	 directly	 affect	

corresponding	mRNAs.		

LOSS	 OF	 ONE	 WAGO	 DOES	 NOT	 CAUSE	 LOSS	 OF	 ITS	 ASSOCIATED	 22G-RNAS	 NOR	 REGULATION	 OF	 THEIR	
CORRESPONDING	GENES	IN	L4	LARVAE	
Having	previously	established	that	each	of	the	three	WAGOs	bind	22G-RNAs	against	distinct	subsets	of	genes,	

we	reasoned	that	loss	of	either	one	of	the	WAGOs	would	cause	downregulation	of	22G-RNAs	against	those	

same	 genes.	 Therefore,	we	 next	 overlay	 our	 data	with	 the	 targets	 as	 found	 by	RIP-Seq.	What	we	 found,	

however,	 was	 that	 22Gs	 against	 established	 WAGO-3	 targets	 were	 not	 specifically	 regulated	 in	 either	

direction	in	wago-3(pk1673),	neither	were	22G-RNAs	against	WAGO-4	targets	regulated	in	wago-4(tm1019),	

with	only	a	very	small	–	albeit	significant	–	difference	in	fold	changes	between	targets	and	non-targets	in	

either	case	(Figure	7A	and	B).	Even	more	interestingly,	22G-RNAs	against	established	WAGO-1	targets	were	

upregulated	in	wago-1(ok1074)	(Figure	7A	and	B).	Altogether,	this	suggests	that	other	Argonaute	proteins	

are	capable	of	binding	and	stabilizing	22G-RNA	targets	of	WAGO-1,	-3,	and	-4.		

On	 mRNA	 level,	 neither	 WAGO-1	 nor	 WAGO-3	 targets	 were	 regulated	 in	 either	 direction.	 In	wago-

4(tm1019),	however,	WAGO-4	targets	were	less	upregulated	than	non-targets	(Figure	7C	and	D).	

Since	 we	 don’t	 know	 at	 what	 stage	 either	 of	 the	WAGOs	 infer	 gene	 regulation,	 we	 did	 consider	 the	

possibility	that	we	were	incapable	of	finding	RIP-Seq	target-specific	regulation	at	mRNA	level	may	have	to	

do	with	 the	 fact	 that	 the	WAGOs	cause	downregulation	of	 translation	 rather	 than	downregulation	of	 the	

actual	abundance	of	mRNAs,	not	that	loss	of	the	WAGOs	simply	didn’t	cause	regulation	of	their	associated	

targets.	In	order	to	investigate	this,	we	carried	out	mass	spectrometry	of	wago-3(pk1673)	L4	larvae	and		
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Figure	5:	sRNA-Seq	of	WAGO	deletion	mutants.	A	Length	distribution	profiles	of	all,	unmapped	reads.	Colour	
represents	5’-nucleotide.	B	Percentwise	distribution	of	21U-RNAs,	22G-RNAs,	26G-RNAs,	miRNAs	and	reads	
longer	than	27	nucleotides	in	unmapped	samples.		

compared	it	to	wildtype	L4	larvae.	We	were	only	able	to	detect	174	of	the	1,475	targets	of	WAGO-3	at	L4	

(12%),	but	these	did	not	show	regulation	in	either	direction	(Figure	7E	and	F).		

Although	the	sample	size	for	our	mass	spectrometry	analysis	was	too	small	to	conclude	with	certainty	

that	WAGO-3	targets	are	not	regulated	at	protein	level,	we	can	conclude	that	there	is	no	evidence	to	support	

that	loss	of	WAGO-1,	WAGO-3,	or	WAGO-4	in	L4	larvae	cause	regulation	of	genes	against	which	22G-RNAs	

are	bound	by	that	specific	WAGO.		

Figure	6:	mRNAs	and	22G-RNAs	regulated	upon	WAGO	deletion	in	L4	larvae.	A	Scatterplots	showing	genes	
with	regulated	22G-RNAs.	B	Scatterplots	showing	genes	with	regulated	mRNAs.	C	Scatterplots	comparing	fold	
changes	of	mRNAs	to	fold	changes	of	22G-RNAs.	For	wago-1(ok1074)	and	wago-4(tm1019),	colours	represent	
whether	or	not	genes	are	defined	as	targets	in	RIP-Seq.	For	wago-3(pk1673),	colours	represent	the	fold	change	
of	IP	versus	input	of	L4	gfp::3xflag::wago-3(xf119).	D	Bar	plot	showing	all	‘biological	process’	GO-terms	with	
adjusted	p-values	below	0.01	found	in	the	162	genes	that	were	upregulated	both	at	mRNA	levels	and	at	22G-
RNA	level	in	wago-4(tm1019).	E	Bar	plot	showing	all	‘cellular	component’	GO-terms	with	adjusted	p-values	
below	0.01	found	in	the	162	genes	that	were	upregulated	both	at	mRNA	levels	and	at	22G-RNA	level	in	wago-
4(tm1019).	
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Figure	7:	mRNA	and	22G-RNA	regulation	in	L4	WAGO	deletion	mutants	compared	to	known	targets.	A	
Scatterplots	 showing	genes	with	 regulated	22G-RNAs.	 For	wago-1(ok1074)	 and	wago-4(tm1019),	 colours	
represent	whether	 the	 gene	 has	 been	 found	 as	 a	 target	 in	 any	 RIP-Seq	 experiment.	 For	wago-3(pk1673),	
colours	 represent	whether	 the	 gene	 has	 been	 found	as	 a	 target	 in	 our	 L4	RIP-Seq	 experiment.	Dotted	 line	
represents	the	cutoff	used	for	quantification.	B	CDF	plot	quantifying	panel	A.	X-axis	has	been	shortened	to	show	
the	relevant	area	and	Bonferroni-adjusted	p-values	from	one-way	ANOVA	indicated	along	with	difference	in	
mean,	when	p	£	0.01.	C	Scatterplots	showing	genes	with	regulated	mRNAs.	For	wago-1(ok1074)	and	wago-
4(tm1019),	colours	represent	whether	the	gene	has	been	found	as	a	target	 in	any	RIP-Seq	experiment.	For	
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wago-3(pk1673),	colours	represent	whether	the	gene	has	been	found	as	a	target	in	our	L4	RIP-Seq	experiment.	
Dotted	 line	 represents	 the	 cutoff	 used	 for	 quantification.	D	CDF	 plot	 quantifying	 panel	 C.	 X-axis	 has	 been	
shortened	to	show	the	relevant	area	and	Bonferroni-adjusted	p-values	from	one-way	ANOVA	indicated	along	
with	difference	in	mean,	when	p	£	0.01.	E	Scatterplot	showing	mass	spectrometry	data	of	wago-3(pk1673)	
versus	wildtype.	Genes	defined	as	WAGO-3	targets	in	L4	larvae	are	marked	in	blue.	F	Violin	plot	quantifying	
panel	E.		

LOSS	OF	WAGO-4	OPPOSES	LOSS	OF	WAGO-1	TO	REGULATE	ADULT-TYPE	GENE	EXPRESSION	IN	SPERMATOGENIC	C.	
ELEGANS	IN	L4	LARVAE	
Because	 there	 is	 a	 shift	 from	spermatogenesis	 to	oogenesis	between	L4	 larvae	and	adult	worms	and	we	

suspected	the	different	WAGOs	to	be	differentially	coupled	to	these	processes,	we	next	sought	to	investigate	

how	the	regulation	of	22G-RNAs	in	L4	larvae	matched	lifestage	specific	expression	of	22G-RNAs.	We	were	

able	to	detect	more	than	1,000	genes	with	22G-RNAs	enriched	in	either	L4	larvae	or	gravid	adult	wildtype	

worms	(Figure	8A).	In	L4	larvae,	all	three	deletion	mutants	regulated	22G-RNAs	more	prominent	in	their	

current	 lifestage	 or	 not	 enriched	 in	 either	 lifestage	 in	 wildtypes	 (Figure	 8B	 and	 C).	 While	 both	wago-

3(pk1673)	 and	 wago-4(tm1019)	 downregulated	 L4	 enriched	 22G-RNAs	 and	 upregulated	 gravid	 adult	

enriched	22G-RNAs,	this	tendency	was	more	prominent	in	wago-4(tm1019)	L4	larvae	(Figure	8B	and	C),	

which,	once	again,	could	suggest	that	loss	of	WAGO-4	shifts	adult-specific	expression	to	occur	earlier.		

While	 all	 deletion	mutants	 appear	 to	 regulate	 L4	 enriched	 22G-RNAs	 in	 L4	 larvae,	we	 did	 not	 know	

whether	those	22G-RNAs	corresponded	to	genes	also	expressed	at	this	lifestage.	We	did	note	that	some	of	

the	 L4	 enriched	 22G-RNAs	 corresponded	 to	 spermatogenesis	 genes	 such	 as	 spe-9,	 spe-41,	 and	 spe-47,	

however,	this	did	not	answer	the	question	of	whether	genes	for	which	22G-RNAs	were	enriched	in	L4	larvae	

or	genes	for	which	22G-RNAs	were	affected	by	WAGO	deletion	were	also	expressed	in	L4	larvae.	For	instance,	

high	expression	of	22G-RNAs	could	be	coupled	to	low	mRNA	expression	or	either	deletion	mutant	could	be	

specifically	altering	22G-RNA	populations	against	mRNAs	generally	expressed	or	not	expressed	in	L4	larvae.	

In	order	to	investigate	mRNA	expression	of	genes	corresponding	to	our	different	subsets	of	22G-RNAs,	we	

downloaded	 RNA-Seq	 data	 from	 GExplore	 (Hutter	 &	 Suh,	 2016).	 This	 data	 contains	 RNA-Seq	 from	 18	

different	embryonic	time	points	as	well	as	data	from	all	four	larvae	stages	and	young	adult	worms	(Boeck	et	

al.,	2016).	We	normalized	each	of	the	genes	we	found	in	the	database	and	in	our	data	to	its	own	expression	

so	that	we	could	determine	at	which	lifestage	the	genes	were	most	prominently	expressed.	The	22G-RNAs	

that	we	defined	as	gravid	adult	enriched	could	indeed	correspond	to	genes	expressed	primarily	in	the	gravid	

adult,	as	their	expression	peaks	in	early	embryos	and,	to	a	lesser	extent,	 in	young	adults	(Figure	8D).	L4	

enriched	22G-RNAs	also	corresponded	to	genes	with	expression	in	L4	larvae,	but	the	peak	of	their	expression	

was	in	the	late	embryos	(Figure	8D).		
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Although	the	22G-RNAs	downregulated	in	wago-1(ok1074)	were	not	gravid	adult	enriched	(Figure	8C),	

the	expression	profiles	of	the	corresponding	genes	did	match	that	of	the	genes	with	gravid	adult	enriched	

22G-RNAs,	their	expression	peaking	in	early	embryos	and	adult	worms	but	relatively	low	in	late	embryos	

and	all	larval	stages	(Figure	8E).	Genes	with	upregulated	22G-RNAs	in	wago-1(ok1074)	had	an	expression	

profile	opposite	of	the	genes	with	downregulated	22G-RNAs,	i.e.	their	expression	peaked	in	late	embryos	and	

in	early	larval	stages	but	was	lower	in	early	embryos	and	late	larval	stages.	This	was	more	akin	to	the	genes	

corresponding	to	the	L4	enriched	22G-RNAs	(Figure	8D	and	E).	 In	wago-4(tm1019),	 this	was	completely	

opposite,	with	genes	corresponding	to	downregulated	22G-RNAs	peaking	in	the	late	embryo/L1	larvae	and	

genes	with	upregulated	22G-RNAs	peaking	 in	early	embryos	and	adult	worms	(Figure	8G).	While	wago-

1(ok1074)	and	wago-4(tm1019)	displayed	opposing	effects,	wago-3(pk1673)	was	somewhere	 in-between,	

with	both	genes	with	upregulated	22Gs	and	genes	with	downregulated	22Gs	having	a	peak	of	expression	in	

the	late	embryo,	but	also	high	relative	expression	in	late	larval	stages	and	adult	worms	(Figure	8F).	

On	mRNA	level,	gene	expression	of	regulated	genes	in	wago-1(ok1074)	and	wago-3(pk1673)	followed	the	

same	pattern,	with	upregulated	genes	peaking	in	expression	in	the	early	larval	stages	and	downregulated	

genes	peaking	in	later	larval	stages	and	adult	worms	as	well	as	in	late	embryos	(Figure	8H	and	I).	Once	again,	

expression	 of	 genes	 regulated	 in	wago-4(tm1019)	was	 opposite	 of	 that,	with	 late	 expressed	 genes	 being	

upregulated	and	early	expressed	genes	being	downregulated	(Figure	8J).	In	all	mutants,	genes	regulated	in	

either	 direction	 also	 appeared	 to	 have	 some	 expression	 in	 the	 late	 embryo,	 suggesting	 that	 any	WAGO	

deletion	may	disturb	late	embryonic	genes.	For	reference,	we	would	like	to	point	out	that	the	genes	we	found	

to	have	highest	expression	in	the	mRNA-Seq	of	our	L4	wildtype	worms,	although	highly	expressed	in	L4	stage	

of	the	GExplore	data,	did	not	actually	peak	in	expression	at	that	stage.	Rather,	their	expression	started	earlier,	

somewhat	 mimicking	 the	 expression	 profile	 of	 the	 genes	 upregulated	 in	 wago-1(ok1074)	 and	 wago-

3(pk1673)	(Figure	8K).	‘	

A	further	consideration	of	ours	was	whether	the	genes	regulated	in	any	mutant	were	germline	expressed.	

In	2014,	a	study	conducted	found	above	10,000	genes	that	were	enriched	in	the	germline	with	subsets	of	

these	being	more	expressed	in	spermatogenic	or	oogenic	gonads	of	obligate	males	and	females	from	mutant	

worms	(Ortiz	et	al.,	2014).	Overlaying	this	data	with	our	data,	we	saw	that	most	of	the	regulated	22G-RNAs	

indeed	 corresponded	 to	 germline	 expressed	 genes	 (Figure	 8L),	 whereas	 the	 proportion	 of	 germline	

expressed	genes	found	in	our	regulated	mRNAs	more	resembled	the	proportion	of	germline	expression	in	

the	 entire	 genome	 (Figure	 8M).	 Although	 it	 is	 possible	 that	 some	 of	 the	 genes	 not	 defined	 as	 germline	

expressed	by	Ortiz	and	coworkers	are	present	 in	 the	germline,	 this	does	suggest	 that	some	of	 the	mRNA	

regulation	observed	is	somatic,	which	could	help	explain	the	disparity	between	22G-RNA	regulation	and		

Chapter III  |  109



Figure	8:	Lifestage	specificity	of	genes	regulated	in	WAGO	deletion	mutants	in	L4	larvae.	A	Scatterplot	
comparing	22G-RNAs	in	wildtype	L4	larvae	to	22G-RNAs	in	wildtype	gravid	adult.	B	Scatterplot	showing	genes	
with	regulated	22G-RNAs.	Colours	represent	lifestage	enrichment	(gravid	adult,	L4,	or	none)	in	wildtype,	as	
defined	in	panel	A.	C	Bar	plot	showing	the	lifestage	enrichment	of	22G-RNAs	significantly	regulated	in	deletion	
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mutant	versus	wildtype.	D-K	Expression	profiles	along	lifestage	as	downloaded	from	GExplore	(Hutter	&	Suh,	
2016).	 Profiles	 made	 using	 a	 generalized	 additive	 model	 and	 stages	 beyond	 embryo	 given	 approximate	
timepoints;	L1	=	800	min,	L2	=	1520	min,	L3	=	2000	min,	L4	=	2480	min,	YA	(young	adult)	=	2960	min.	D	
Expression	profiles	of	genes	with	22G-RNAs	enriched	in	L4	larvae	or	gravid	adults	in	the	wildtype,	as	defined	
in	 panel	 A.	 E	 Expression	 profiles	 of	 genes	 with	 22G-RNAs	 up-	 or	 downregulated	 in	wago-1(ok1074).	 F	
Expression	profiles	of	genes	with	22G-RNAs	up-	or	downregulated	in	wago-3(pk1673).	G	Expression	profiles	
of	genes	with	22G-RNAs	up-	or	downregulated	in	wago-4(tm1019).	H	Expression	profiles	of	genes	with	mRNAs	
up-	or	downregulated	in	wago-1(ok1074).	I	Expression	profiles	of	genes	with	mRNAs	up-	or	downregulated	in	
wago-3(pk1673).	 	J	Expression	profiles	of	genes	with	mRNAs	up-	or	downregulated	in	wago-4(tm1019).	 	K	
Expression	profiles	of	the	400	top-most	expressed	genes	in	wildtype	L4	larvae,	divided	into	hundreds	as	based	
on	highest	expression.	L	Bar	plot	showing	germline	expression	of	22G-RNAs	regulated	in	deletion	mutants	as	
defined	by	(Ortiz	et	al.,	2014).	M	Bar	plot	showing	germline	expression	of	mRNAs	regulated	in	deletion	mutants	
as	defined	by	(Ortiz	et	al.,	2014).			

mRNA	 regulation	 in	 all	 three	 of	 our	 mutants.	 Somatic	 mRNA	 regulation	 may	 be	 a	 number	 of	 steps	

downstream	of	22G-RNA	misregulation	in	the	germline	and	the	effect	may	therefore	be	indirect.	

Interestingly,	 we	 did	 note	 that	 mRNAs	 upregulated	 in	 wago-4(tm1019)	 were	 predominantly	

spermatogenic	(Figure	8M).	Since	our	previous	analyses	suggested	loss	of	WAGO-4	to	induce	early	onset	of	

adult-type	 expression,	 we	 would	 have	 expected	 oogenic	 (adult-type)	 mRNAs	 to	 be	 upregulated	 and	

spermatogenic	 (L4	 type)	 mRNAs	 to	 be	 downregulated.	 At	 the	 same	 time,	 a	 strong	 shift	 towards	 early	

oogenesis	would	suggest	that	wago-4	deletion	mutant	worms	may	have	a	feminizations	phenotype	of	their	

L4	gonad	and	possible	less	sperm	in	their	spermatheca	due	to	shortened	time	in	the	spermatogenic	phase,	

but	no	such	phenotypes	have	thus	far	been	reported.	Since	our	data	is	not	fully	one-sided	as	to	whether	or	

not	loss	of	WAGO-4	drives	earlier	onset	of	oogenesis	or	of	adult-specific	genes,	we	cannot	draw	definitive	

conclusions	in	this	regard.		

Nonetheless,	we	can	conclude	that	loss	of	WAGO-1	and	loss	of	WAGO-4	have	opposing	effects	on	the	RNA	

landscapes	of	L4	larvae,	with	wago-1(ok1074)	favouring	expression	of	late	embryo	or	early	larval	genes	and	

22G-RNAs	 and	 disfavouring	 expression	 of	 adult	 and	 early	 embryo	 genes	 and	 22G-RNAs	 while	 wago-

4(tm1019)	favours	expression	of	adult	and	early	embryo	genes	and	22G-RNAs	and	disfavours	expression	of	

late	embryo	or	early	larval	genes	and	22G-RNAs.	The	effect	of	loss	of	WAGO-3	is	an	intermediate	between	

the	two,	more	closely	resembling	WAGO-1	at	mRNA	level.		

Effects	of	WAGO-1,	-3,	or	-4	deletion	on	mRNA	and	22G-RNA	expression	in	adult	

worms	and	embryos	
Having	seen	that	loss	of	either	WAGO-1,	-3,	or	-4	had	different	effects	in	L4	larvae,	we	next	sought	to	see	how	

this	 looked	 in	 gravid	 adult	 worms	 and	 in	 embryos.	We	were	 interested	whether	we	 could	 capture	 any	
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correlations	between	our	sRNA-Seq	data,	our	mRNA-Seq	data,	and	known	targets	defined	via	RIP-Seq,	which	

we	failed	to	capture	in	L4	lavae.	Furthermore,	we	wanted	to	see	whether	the	RNAs	regulated	in	either	mutant	

differed	with	lifestage.	

DELETION	OF	GERMLINE	WAGOS	REGULATES	NON-TARGET	GENE	EXPRESSION	IN	OOGENIC	ADULT	C.	ELEGANS 	
We	started	by	turning	our	attention	to	the	gravid	adult	worms.	Here,	we	wanted	to	see	the	extent	to	which	

22G-RNAs	 and	 mRNAs	 were	 regulated	 and	 whether	 this	 showed	 any	 intercorrelation	 or	 correlation	 to	

defined	targets.		

The	number	of	genes	with	regulated	22G-RNAs	was	similar	to	the	numbers	in	L4	larvae	for	all	mutants,	

albeit	with	some	lessening	of	downregulation	in	both	wago-3(pk1673)	and	wago-4(tm1019)	(Figure	9A).	On	

mRNA	level,	however,	the	numbers	differed	drastically	between	the	two	lifestages,	with	more	than	1,400	

genes	with	upregulated	22G-RNAs	in	wago-1(ok1074)	in	the	adult	worm	(Figure	9B)	compared	to	less	than	

500	in	L4	larvae	(Figure	6B).	For	wago-4(tm1019),	this	was	reverse;	more	than	2,500	genes	had	upregulated	

22G-RNAs	in	L4	larvae	(Figure	6B)	but	less	than	200	genes	had	upregulated	22G-RNAs	in	the	adult	worm	

(Figure	9B).	For	wago-3(pk1673),	the	numbers	were	comparable	between	the	two	lifestages	(Figure	6B	and	

Figure	9B).		

Like	 the	 case	 in	 L4	 larvae,	 there	was	 little	 to	 no	 correlation	between	 changes	 in	 22G-RNA	 levels	 and	

changes	in	mRNA	levels	(Figure	9C).	We	did	find	a	small	subset	of	13	genes	that	were	upregulated	at	both	

levels	 in	wago-1(ok1074)	 (Figure	9C),	and	these	were	generally	related	to	protein	modifications,	with	at	

least	three	being	germline	expressed	(Figure	9D).		

Neither	 genes	 with	 regulated	 22G-RNAs	 nor	 genes	 with	 regulated	 mRNA	 levels	 correlated	 to	 genes	

defined	as	targets	of	the	respective	WAGOs	via	RIP-Seq,	with	only	very	slight	differences	between	targets	

and	non-targets(Figure	10).	Like	in	L4	larvae,	WAGO-3	targets	appeared	to	be	generally	regulated	in	both	

directions	in	wago-3(pk1673)	(Figure	10A	and	B)	and	WAGO-1	target	22G-RNAs	were	slightly	upregulated	

in	 wago-1(ok1074).	 There	 was	 a	 small	 overall	 downregulation	 of	 WAGO-4	 target	 22G-RNAs	 in	 wago-

4(tm1019)	compared	to	the	wildtype	(Figure	10B),	although	it	does	seem	that	the	downregulated	WAGO-4	

targets	 are	 generally	 lowly	 expressed	 and	 that	 a	 second	 subset	 of	 targets	 with	 higher	 expression	 are	

upregulated	(Figure	10A).		

On	mRNA	level,	WAGO-1	targets	are	slightly	downregulated	and	WAGO-4	targets	are	slightly	upregulated	

in	the	respective	mutants	(Figure	10C	and	D).	However,	since	mRNAs	are	generally	upregulated	in	wago-

1(ok1074)	and	mRNAs	are	generally	downregulated	in	wago-4(tm1019),	it	seems	that	the	targets	are	actually	

not	 regulated	 in	 either	 mutant.	 Rather,	 WAGO-1	 target	 mRNAs	 are	 specifically	 not	 regulated	 in	wago-

1(ok1074),	and	WAGO-4	target	mRNAs	are	specifically	not	regulated	in	wago-4(tm1019).	
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Figure	9:	mRNAs	and	22G-RNAs	regulated	upon	WAGO	deletion	in	gravid	adult	worms.	A	Scatterplots	
showing	genes	with	regulated	22G-RNAs.	B	Scatterplots	showing	genes	with	regulated	mRNAs.	C	Scatterplots	
comparing	fold	changes	of	mRNAs	to	fold	changes	of	22G-RNAs.	For	wago-1(ok1074)	and	wago-4(tm1019),	
colours	 represent	 whether	 or	 not	 genes	 are	 defined	 as	 targets	 in	 RIP-Seq.	 For	wago-3(pk1673),	 colours	
represent	the	fold	change	of	IP	versus	input	of	gravid	adult	gfp::3xflag::wago-3(xf119).	D	Table	of	genes	both	
upregulated	on	mRNA	and	22G-RNA	level	in	wago-1(ok1074).	Predicted	locations	or	functions	are	shown	in	
grey.			

A	 final	 consideration	we	made,	was	 that	perhaps	 the	 reason	we	 found	 little	 correlation	between	22G	

regulation	and	mRNA	regulation	was	that	we	compared	within	the	same	lifestage.	It	could	be	that	22Gs	in	L4	

worms	regulate	mRNA	expression	 in	adult	worms;	 for	 instance,	 they	 could	be	 there	 to	help	dampen	 the	

expression	of	adult	genes	in	the	L4	larvae.	However,	when	comparing	22G-RNAs	regulated	in	L4	larve	or	

gravid	 adult	worms	 in	 either	 of	 the	 four	mutants	 to	mRNAs	 regulated	 in	 gravid	 adults,	 there	was	 little	

difference	(Figure	11).	

Overall,	we	conclude	that	there	is	a	difference	to	the	extent	to	which	loss	of	a	certain	WAGO	affect	RNA	

levels	 in	L4	 larvae	or	gravid	adult	worms	and	that	no	global	correlations	between	changes	to	22G-RNAs,	

changes	to	mRNAs,	and	22G-RNAs	bound	to	tagged	WAGOs	could	be	extracted	form	our	data.	
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Figure	10:	mRNA	and	22G-RNA	regulation	in	gravid	adult	WAGO	deletion	mutants	compared	to	known	
targets.	A	Scatterplots	showing	genes	with	regulated	22G-RNAs.	For	wago-1(ok1074)	and	wago-4(tm1019),	
colours	 represent	 whether	 the	 gene	 has	 been	 found	 as	 a	 target	 in	 any	 RIP-Seq	 experiment.	 For	 wago-
3(pk1673),	 colours	 represent	 whether	 the	 gene	 has	 been	 found	 as	 a	 target	 in	 our	 gravid	 adult	 RIP-Seq	
experiment.	Dotted	line	represents	the	cutoff	used	for	quantification.	B	CDF	plot	quantifying	panel	A.	X-axis	has	
been	shortened	to	show	the	relevant	area	and	Bonferroni-adjusted	p-values	from	one-way	ANOVA	indicated	
along	with	difference	in	mean,	when	p	£	0.01.	C	Scatterplots	showing	genes	with	regulated	mRNAs.	For	wago-
1(ok1074)	and	wago-4(tm1019),	colours	represent	whether	the	gene	has	been	found	as	a	target	in	any	RIP-
Seq	experiment.	For	wago-3(pk1673),	colours	represent	whether	the	gene	has	been	found	as	a	target	in	our	
gravid	 adult	 RIP-Seq	 experiment.	 Dotted	 line	 represents	 the	 cutoff	 used	 for	 quantification.	 D	 CDF	 plot	
quantifying	panel	C.	X-axis	has	been	shortened	to	show	the	relevant	area	and	Bonferroni-adjusted	p-values	
from	one-way	ANOVA	indicated	along	with	difference	in	mean,	when	p	£	0.01.	
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Figure	 11:	 Overlap	 of	 downregulated	 22G-RNAs	 and	 upregulated	 mRNAs.	 A	 Venn	 diagram	
showing	 overlap	 of	 regulated	 genes	 in	 wago-1(ok1074).	 B	 Venn	 diagram	 showing	 overlap	 of	
regulated	genes	in	wago-3(pk1673).	C	Venn	diagram	showing	overlap	of	regulated	genes	in	wago-
4(tm1019).	

WAGO-3	AND	-4,	BUT	NOT	WAGO-1,	ARE	IMPORTANT	FOR	APPROPRIATE	EMBRYONIC	GENE	EXPRESSION	
The	last	lifestage	we	investigated	was	embryos.	Once	again,	we	wanted	to	see	the	extent	to	which	22G-RNAs	

and	mRNAs	were	regulated	and	whether	this	showed	any	intercorrelation	or	correlation	to	defined	targets.	

In	embryos,	loss	of	WAGO-1	had	almost	no	effect	on	either	22G-RNAs	or	mRNAs	(Figure	12A	and	B).	22G-

RNA	regulation	in	wago-3(pk1673)	and	wago-4(tm1019)	was	also	less	than	in	either	of	the	other	lifestages	

(Figure	12A),	but	the	number	of	genes	with	regulated	mRNA	levels	was	much	higher	than	in	any	other	case,	

with	many	more	mRNAs	downregulated;	more	than	6,000	in	wago-3(pk1673)	and	more	than	4,000	in	wago-

4(tm1019)	(Figure	12B).		

As	is	the	case	for	the	other	lifestages,	22G-RNA	regulation	and	mRNA	regulation	was	only	scarcely	related	

(Figure	12C).		

Also	as	seen	before,	genes	with	regulated	22G-RNAs	or	mRNA	levels	didn’t	correlate	with	genes	defined	

as	targets	via	RIP-Seq,	with	only	very	slight	differences	between	targets	and	non-targets	(Figure	13).		The	

only	exception	to	this	was	the	mRNA	levels	in	wago-4(tm1019),	where	WAGO-4	targets	where	specifically	

not	regulated,	which	was	a	stark	contrast	to	the	heavily	downregulate	non-targets	(Figure	13C	and	D).	

We	can	thus	definitively	conclude	that	loss	of	WAGO-1,	-3,	or	-4	causes	changes	to	22G-RNA	levels	and	to	

mRNA	levels	that	are	not	directly	linked,	that	these	changes	are	not	directly	linked	to	tbe	22G-RNAs	natively	

bound	to	endogenously	tagged	versions	of	those	same	WAGOs.	We	can	also	conclude	that	these	changes	are	

dependent	on	 lifestage,	with	 loss	of	WAGO-1	having	 the	highest	 impact	 in	gravid	adults,	 loss	of	WAGO-3	

having	the	highest	impact	on	the	embryo,	and	loss	of	WAGO-4	having	the	highest	impact	in	L4	larvae.		
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Figure	12:	mRNAs	and	22G-RNAs	regulated	upon	WAGO	deletion	 in	embryos.	A	 Scatterplots	 showing	
genes	 with	 regulated	 22G-RNAs.	 B	 Scatterplots	 showing	 genes	 with	 regulated	 mRNAs.	 C	 Scatterplots	
comparing	fold	changes	of	mRNAs	to	fold	changes	of	22G-RNAs.	For	wago-1(ok1074)	and	wago-4(tm1019),	
colours	 represent	 whether	 or	 not	 genes	 are	 defined	 as	 targets	 in	 RIP-Seq.	 For	wago-3(pk1673),	 colours	
represent	the	fold	change	of	IP	versus	input	of	gravid	adult	gfp::3xflag::wago-3(xf119).		

WAGO-1,	-3,	AND	-4	IMPACT	DIFFERENT	SUBSET	OF	GENES	
As	previously	stated,	it	has	been	shown	that	WAGO-1,	WAGO-3,	and	WAGO-4	all	bind	different	targets.	Here,	

we	have	also	shown	that	loss	of	either	of	those	WAGOs	affect	at	different	subset	of	22G-RNAs	and	yet	another	

subset	of	mRNAs.	We	wanted	to	finally	show	whether	there	were	any	correlations	between	the	22G-RNAs	

and	the	mRNAs	regulated	in	either	of	our	three	mutants	at	any	lifestage.	

We	saw	that	the	genes	with	regulated	22G-RNAs	did	differ	between	mutants	(Figure	14A).	Genes	with	

regulated	22G-RNAs	were	largely	specific	for	both	mutant	and	lifestage,	although	there	were	substantial	

overlaps	between	different	lifestages	within	the	same	mutant.	There	was	also	some	overlap	between	genes	

with	22G-RNAs	regulated	in	the	same	direction	in	wago-1(ok1074)	and	wago-4(tm1019)	but	at	different	

lifestages.	 Smaller	 overlaps	 existed	between	 genes	with	 22Gs	 regulated	 in	 either	 opposing	 or	 the	 same	

direction	in	the	same	lifestage	of	wago-3(pk1673)	and	wago-4(tm1019)	(Figure	14A).	

On	mRNA	level,	there	was	a	large	overlap	between	genes	upregulated	in	the	wago-1(ok1074)	gravid	adult	

and	genes	upregulated	in	wago-4(tm1019)	L4	worms	(Figure	14B).	Apart	from	that,	most	of	the	overlap	
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between	different	mutants	stemmed	from	the	disproportionate	number	of	genes	regulated	in	the	embryo	

in	wago-3(pk1673)	and	wago-4(tm1019)	(Figure	14B).		

We	can	conclude	that	loss	of	WAGO-1,	-3,	or	-4	have	distinct	effects	on	the	RNA	landscape.	

Figure	 13:	mRNA	and	 22G-RNA	 regulation	 in	WAGO	deletion	mutant	 embryos	 compared	 to	 known	
targets.	A	Scatterplots	showing	genes	with	regulated	22G-RNAs.	Colours	represent	whether	the	gene	has	been	
found	 as	 a	 target	 in	 any	 hermaphrodite	 RIP-Seq	 experiment.	 Dotted	 line	 represents	 the	 cutoff	 used	 for	
quantification.	B	CDF	 plot	 quantifying	 panel	 A.	 X-axis	 has	 been	 shortened	 to	 show	 the	 relevant	 area	 and	
Bonferroni-adjusted	p-values	from	one-way	ANOVA	indicated	along	with	difference	in	mean,	when	p	£	0.01.	C	
Scatterplots	 showing	 genes	 with	 regulated	 mRNAs.	 For	wago-1(ok1074)	 and	wago-4(tm1019).	 Colours	
represent	whether	the	gene	has	been	found	as	a	target	in	any	hermaphrodite	RIP-Seq	experiment.	Dotted	line	
represents	the	cutoff	used	for	quantification.	D	CDF	plot	quantifying	panel	C.	X-axis	has	been	shortened	to	show	
the	relevant	area	and	Bonferroni-adjusted	p-values	from	one-way	ANOVA	indicated	along	with	difference	in	
mean,	when	p	£	0.01.	
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Figure	14:	Overlap	of	genes	regulated	in	different	mutants	and	different	lifestages.	A	UpSet	plot	showing	
overlap	 of	 all	 up-	 or	 downregulated	 22G-RNAs	 (“up”/”down”)	 in	 wago-1(ok1074)	 (“Dwago-1”),	 wago-
3(pk1673)	 (“Dwago-3”),	 or	wago-4(tm1019)	 (“Dwago-4”)	 in	 embryo,	 L4	 larvae,	 or	 gravid	 adults	 (“GA”).	
Unique	values	and	overlaps	below	10	genes	have	been	omitted.	B	UpSet	plot	 showing	overlap	of	all	up-	or	
downregulated	mRNAs	 (“up”/”down”)	 in	wago-1(ok1074)	 (“Dwago-1”),	wago-3(pk1673)	 (“Dwago-3”),	 or	
wago-4(tm1019)	(“Dwago-4”)	in	embryo,	L4	larvae,	or	gravid	adults	(“GA”).	Unique	values	and	overlaps	below	
20	genes	have	been	omitted.	

Interconnection	between	Argonaute	pathways	
The	fact	that	neither	WAGO	deletion	is	lethal	would	suggest	some	redundancy	between	Argonaute	pathways.	

Linkage	between	Argonaute	pathways	may	be	 small	 or	near	 complete,	with	all	Argonautes	affecting	one	

another.	If	the	latter	is	the	case,	our	data	is	unlikely	to	provide	any	further	insight	into	this.	If	only	a	few	

Argonautes	act	together,	however,	it	would	be	possible	that	we	could	gain	insights	into	this	by	looking	at	the	

targets	of	other	Argonautes	in	out	deletion	mutants.		

This	section	will	go	over	the	evidence	we	have	for	possible	interaction	partners	of	WAGO-1	,	-3	and	-4,	

WAGO-1	AND	WAGO-3	ARE	SPATIALLY,	BUT	NOT	FUNCTIONALLY,	LINKED	
Because	 WAGO-1	 and	 WAGO-3	 reside	 in	 the	 same	 granule	 (Phillips	 &	 Updike,	 2022)	 and	 further	 co-

immunoprecipitate	with	one	another	 (Figure	15A	 and	B),	we	reasoned	 that	 these	 two	may	show	some	

redundancy.	If	WAGO-1	is	indeed	capable	of	binding	WAGO-3	targets	in	the	absence	of	WAGO-3,	we	would	

assume	that	loss	of	WAGO-3,	which	does	not	cause	a	loss	of	WAGO-3	target	22G-RNAs,	would	cause	either	

a	loss	of	WAGO-1	targets	–	since	WAGO-1	would	no	longer	be	able	to	bind	both	its	own	targets	and	WAGO-

3	targets	–	or	an	upregulation	of	WAGO-1	itself,	or	possibly	both.	The	opposite	would	also	be	expected	to	be	

the	case	for	WAGO-3	in	a	wago-1	deletion	mutant.	

What	 we	 saw	 was	 that	 loss	 of	 WAGO-3	 does	 not	 alter	 the	 expression	 level	 of	 WAGO-1,	 neither	

destabilizing	the	protein	nor	upregulating	it	to	counteract	the	loss	(Figure	15C).	That	the	WAGO-1	protein	

itself	is	not	upregulated,	does	not	exclude	the	possiblity	that	WAGO-1	may	partially	counteract	the	loss	of	

WAGO-3,	so	in	order	to	see	if	the	two	have	any	redundancy,	we	investigated	what	happens	with	WAGO-3	

target	genes	in	wago-1(ok1074)	and	what	happens	with	WAGO-1	target	genes	in	wago-3(pk1673).		

In	embryos	and	in	gravid	adult	worms,	WAGO-1	and	WAGO-3	target	genes	are	largely	unaffected	by	either	

deletion.	Most	prominent	in	L4	larvae,	both	WAGO-3	target	22G-RNAs	are	upregulated	in	wago-1(ok1074)	

(Figure	15D	and	E)	and	WAGO-1	target	22G-RNAs	are	upregulated	in	wago-3(pk1673)	(Figure	15F	and	G).	

However,	 if	 the	 two	proteins	were	mutually	 redundant,	we	would	expect	 to	see	a	downregulation	of	 the	

native	 target	genes	 to	accommodate	 the	uptake	of	22G-RNAs	native	 to	 the	other	WAGO.	With	 the	added	
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observation	that	WAGO-1	target	22G-RNAs	were	also	upregulated	in	L4	larvae	in	wago-1(ok1074),	we	find	it	

unlikely	that	WAGO-1	and	WAGO-3	are	mutually	exclusive	or	that	their	targets	are	determined	in	such	a	way	

that	one	can	accommodate	loss	of	the	other.	

	

Figure	15:	Correlations	between	WAGO-1	and	WAGO-3.	A	Scatterplot	of	mass	spectrometry	data	from	L4	
gfp::3xflag::wago-1(jmc219).	B	Scatterplot	of	mass	spectrometry	data	from	L4	gfp::3xflag::wago-3(xf119).	C	
Scatterplot	of	IP-MS	data	from	L4	wago-3(pk1673).	All	found	Argonautes	are	marked.	D	Scatterplot	showing	
22G-RNAs	 regulated	 in	wago-1(ok1074),	 marked	 for	WAGO-3	 RIP-Seq	 targets.	 Dotted	 line	 represents	 the	
cutoff	used	for	quantification.	E	CDF	plot	quantifying	panel	D.	X-axis	has	been	shortened	to	show	the	relevant	
area	and	Bonferroni-adjusted	p-values	from	one-way	ANOVA	indicated	along	with	difference	in	mean,	when	p	
£	0.01.		F	Scatterplot	showing	22G-RNAs	regulated	in	wago-3(pk1673),	marked	for	WAGO-1	RIP-Seq	targets.	
Dotted	 line	 represents	 the	 cutoff	 used	 for	 quantification.	G	CDF	 plot	 quantifying	 panel	 G.	 X-axis	 has	 been	
shortened	to	show	the	relevant	area	and	Bonferroni-adjusted	p-values	from	one-way	ANOVA	indicated	along	
with	difference	in	mean,	when	p	£	0.01.	
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LOSS	OF	WAGO-3	MAY	CAUSES	UPREGULATION	OF	ERGO-1-RELATED	SMALL	RNA	PATHWAYS	
Each	gene	transported	to	a	mutator	focus	may	produce	22G-RNAs	taken	up	by	more	than	one	Argonaute,	and	

since	the	mechanisms	by	which	22G-RNAs	are	assigned	to	certain	Argonautes	 is	unknown,	we	also	don’t	

know	 the	 extent	 to	 which	 Argonautes	 may	 interact	 with	 one	 another	 or	 how	 they	 may	 be	 capable	 of	

counteracting	 the	 loss	of	one	another.	Seeing	no	evidence	 to	support	a	direct	 link	between	WAGO-1	and	

WAGO-3,	we	went	on	to	investigate	possible	other	Argonaute	pathways	with	which	each	WAGO	may	interact	

separately,	starting	with	WAGO-3.	First,	because	different	Argonautes	have	different	signatures	of	binding	

their	targets,	with	22G-RNAs	of	one	Argonuate	for	instance	being	produced	primarily	at	the	transcription	

end	site	while	22G-RNAs	of	another	Argonaute	are	produced	along	the	entire	gene	body,	we	reasoned	that	

we	might	be	able	to	use	the	binding	signatures	to	determine	which	Argonaute(s)	take	up	WAGO-3	targets	in	

the	absence	of	WAGO-3	itself.	

As	shown	in	Chapter	I	(Extended	Figure	2),	WAGO-3	predominantly	bind	22G-RNAs	that	map	near	the	

transcription	end	site	of	their	respective	genes,	and	this	has	been	corroborated	by	others	(Seroussi	et	al.,	

2023).	If	other	Argonaute	proteins	with	other	signatures	take	up	WAGO-3	targets	in	wago-3(pk1673),	we	

would	be	able	to	see	this	by	looking	at	the	gene	coverage	of	22G-RNAs	in	wildtype	and	wago-3(pk1673).	The	

metagene	 signature	 of	 22G-RNAs	mapping	 to	WAGO-3	 targets	 did	 not	 change	 in	 any	 lifestage,	 however	

(Figure	16A).	Nonetheless,	we	did	note	 that	 the	 signature	we	 found	 for	22G-RNAs	mapping	 to	WAGO-3	

target	genes	didn’t	match	the	signature	of	22G-RNAs	bound	to	WAGO-3	fully,	with	a	less	sharp	peak	at	the	

transcription	end	site	and	more	mapping	to	the	whole	gene	body,	suggesting	that	WAGO-3	may	not	be	the	

only	Argonaute	binding	WAGO-3	target	22G-RNAs	in	the	native	state.		

We	also	investigated	the	signature	of	22G-RNAs	regulated	by	deletion	of	WAGO-3.	Here,	we	found	that	

downregulated	 22G-RNAs	 did	 match	 the	 signature	 of	WAGO-3-bound	 22G-RNAs,	 especially	 in	 the	 post-

embryonic	lifestages,	where	a	noticeable	peak	was	found	near	the	transcription	end	sites	(Figure	16B).	The	

22G-RNAs	that	were	upregulated	upon	WAGO-3	deletion	were	more	scattered	along	the	entire	gene	body	of	

their	corresponding	genes	(Figure	16B),	which	more	resemble	the	signature	of	the	22G-RNAs	mapping	to	

WAGO-3	target	genes	in	both	wildtype	and	wago-3(pk1673).	This	signature	is	akin	to	the	one	of	WAGO-8	and	

WAGO-12	(Seroussi	et	al.,	2023).	

Together,	these	analyses	suggest	that	the	distribution	of	22G-RNAs	over	different	Argonautes	may	shift	

upon	loss	of	WAGO-3.	The	germline	may	lose	a	subset	of	22G-RNAs	that	only	bind	WAGO-3	or	Argonautes	

with	similar	signatures	and	may	gain	22G-RNAs	binding	to	WAGO-8	and/or	WAGO-12,	 implicating	a	 link	

between	the	pathways	of	WAGO-3,	-8,	and	-12.	We	propose	a	shift	in	22G-RNA	distribution	where	WAGO-8	

and	WAGO-12	start	binding	more	22G-RNAs	from	annotated	WAGO-3	target	genes	in	the	absence	of	WAGO-

3.	
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Figure	16:	22G-RNA	mapping	signatures	in	wago-3(pk1673).	A	Average	RPKMs	of	22G-RNAs	along	the	
gene	body	of	their	corresponding	genes	(protein	coding	or	pseudogenes)	for	genes	found	to	be	targets	of	WAGO-
3	in	L4	larvae	(middle	panel),	gravid	adult	worms	(bottom	panel),	or	in	either	(top	panel)	in	wildtype	(WT)	
and	wago-3(pk1673)	embryo,	L4	larvae,	and	gravid	adult	(GA)	worms.	B	Average	RPKMs	of	22G-RNAs	along	
the	gene	body	of	their	corresponding	genes	(protein	coding	or	pseudogenes)	for	genes	up-	or	downregulated	
in	wago-3(pk1673)	embryo,	L4	larvae,	and	gravid	adult	(GA)	worms.	

To	further	answer	the	question	of	which	Argonautes	share	redundancy	with	WAGO-3	and	can	work	to	

counter	its	loss,	we	looked	to	the	work	of	Seroussi	et	al.	(Seroussi	et	al.,	2023).	They	found	that,	based	on	

RIP-Seq	experiments,	the	Argonautes	of	C.	elegans	cluster	into	four	subgroups,	as	summarised	in	Figure	17A.	

In	the	wildtype,	22G-RNAs	from	the	WAGO-1	and	CSR-1	clusters	are	more	highly	expressed	than	those	from	

the	ALG-3/4	and	ERGO-1	clusters,	with	particularly	low	expression	in	the	embryos	(Figure	17B).	Due	to	the	

low	expression	of	ERGO-1	cluster	22G-RNAs,	a	large	part	of	these	fell	below	our	shrinkage	threshold	(Figure	

17C).	 Nonetheless,	 we	 did	 see	 a	 general	 upregulation	 of	 ERGO-1	 cluster	 22G-RNAs	 in	wago-3(pk1673)	

(Figure	17D	and	G),	which	fits	with	our	observation	of	upregulation	of	WAGO-8	and	-12,	as	these	both	belong	

to	this	cluster.	We	also	saw	an	increase	of	ERGO-1	cluster	mRNAs	in	the	embryo	(Figure	17E-G),	which	could	

suggest	 that	 the	upregulation	of	22G-RNAs	 from	this	cluster	may	be	a	secondary	effect	caused	by	mRNA	

upregulation.		
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Figure	17:	 Correlations	 between	wago-3(pk1673)	 and	 four	predefined	Argonaute	 clusters.	 A	 Table	
showing	cluster	association	of	different	Argonautes	as	defined	by	(Seroussi	et	al.,	2023).	Small	RNA	association	
of	each	Argonaute	is	 indicated	and	numbers	represent	unique	genes	targeted	in	each	cluster.	B	Violin	plots	
showing	 expression	 of	 22G-RNAs	 belonging	 to	 different	 clusters	 in	 wildtype	 embryo,	 L4,	 and	 gravid	 adult	
worms.	C	 Scatterplot	 showing	 22G-RNAs	 regulated	 in	wago-3(pk1673),	 marked	 for	 unique	 genes	 in	 each	
cluster,	as	indicated.	Dotted	line	represents	the	cutoff	used	for	quantification.	D	CDF	plot	quantifying	panel	C.	

Legend	continues	on	next	page	
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X-axis	 has	 been	 shortened	 to	 show	 the	 relevant	 area.	 E	 Scatterplot	 showing	 mRNAs	 regulated	 in	wago-
3(pk1673),	marked	for	unique	genes	in	each	cluster,	as	indicated.	Dotted	line	represents	the	cutoff	used	for
quantification.	F	CDF	plot	quantifying	panel	E.	X-axis	has	been	shortened	to	show	the	relevant	area.	G	Table
summarizing	 cluster-wise	 regulation	of	 22G-RNAs	and	mRNAs	 in	wago-3(pk1673).	 Bonferroni-adjusted	p-
values	from	ANOVA	test	carried	out	for	each	group	versus	all	others.	↕	=	adjusted	p-value	£	0.01,	|D	mean|	<
0.5,	↕↕↕=	adjusted	p-value	£	0.01,	|D	mean|	>	0.5,,	n.s.	=	not	significant	(adjusted	p-value	>	0.01).	H	Scatterplot
showing	mRNAs	regulated	in	wago-3(pk1673),	marked	for	Argonautes.	All	regulated	Argonautes	have	been
labelled.

Upregulation	of	ERGO-1	cluster	expression	furthermore	fit	with	our	observation	that	we	saw	an	increase	

in	mRNA	levels	of	WAGO-6,	another	participant	in	this	cluster,	in	wago-3(pk1673)	embryos	(Figure	17H).	

We	 didn’t	 see	 any	 upregulation	 of	 any	 Argonaute	 mRNAs	 in	 any	 other	 lifestage	 (Figure	 17H)	 nor	 any	

upregulation	of	Argonaute	peptides	in	L4	larvae	(Figure	15C).	We	also	noted	a	general	downregulation	of	

most	Argonaute	mRNAs	in	the	embryo,	 including	other	participants	of	 the	ERGO-1	cluster	(Figure	17H).	

Nonetheless,	our	data	does	suggest	some	sort	of	relationship	between	WAGO-3	and	the	ERGO-1	pathway.	

Apart	from	ERGO-1	cluster	genes,	we	saw	a	general	downregulation	of	CSR-1	cluster	genes,	both	on	22G-

RNA	level	and	on	mRNA	level,	 in	wago-3(pk1673)	(Figure	17C-G).	This	could	also	indicate	a	relationship	

between	WAGO-3	and	CSR-1	and/or	WAGO-4.	Although	WAGO-3	is	involved	in	paternal	inheritance	(Chapter	

I) as	is	ALG-3/4	(Conine	et	al.,	2010),	loss	of	WAGO-3	did	not	seem	to	affect	ALG-3/4	cluster	genes	(Figure

17C-G),	although	there	was	a	loss	of	WAGO-10	mRNAs	at	L4	(Figure	17H).

We	conclude	that	there	must	be	a	link	between	WAGO-3	and	the	ERGO-1	cluster	Argonautes	WAGO-6,	-8,	

and	-12.	Further	experiments	will	be	needed	to	elucidate	the	exact	nature	of	this	link.	

LOSS	WAGO-1	OR	WAGO-4	CAUSES	LIFESTAGE-SPECIFIC	UPREGULATION	ALG-3/4	CLUSTER	ARGONAUTES	
We	next	turned	our	focus	to	the	interaction	partners	of	WAGO-1	and	WAGO-4,	starting	with	investigating	the	

22G-RNA	binding	signatures	of	their	targets	and	of	22G-RNAs	regulated	by	their	loss.	WAGO-1-bound	22G-

RNAs	have	been	shown	to	map	predominantly	near	the	transcription	start	site	of	their	target	genes	(Gu	et	

al.,	2009;	Seroussi	et	al.,	2023)	whilst	WAGO-4-bound	22G-RNAs	map	predominantly	near	either	end	of	their	

target	genes	(Seroussi	et	al.,	2023).		

As	was	the	case	for	WAGO-3	target	genes,	22G-RNAs	mapping	to	WAGO-1	target	genes	in	our	samples	did	

not	 match	 the	 general	 signature	 of	 WAGO-1-bound	 22G-RNAs	 and	 the	 signature	 was	 unchanged	 upon	

deletion	of	wago-1.	Instead,	there	was	an	increase	of	22G-RNAs	near	the	transcription	end	site,	indication	

that	both	WAGO-3	and	WAGO-1	 target	22G-RNAs	may	be	bound	by	other	Argonautes	 in	 the	native	state	

(Figure	18A).	For	WAGO-4-bound	22G-RNAs,	there	was	also	no	change	in	signature	upon	wago-4	deletion,	

but	 the	 overall	 signature	 did	 match	 the	 one	 established	 for	 WAGO-4,	 with	 some	 preference	 for	 the	
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transcription	end	site	(Figure	18C).	This	also	matches	the	signature	for	CSR-1	(Seroussi	et	al.,	2023),	which	

is	known	to	share	targets	with	WAGO-4.	

Figure	18:	22G-RNAs	mapping	signatures	in	wago-1(ok1074)	and	wago-4(tm1019).	A	Average	RPKMs	
of	22G-RNAs	along	the	gene	body	of	their	corresponding	genes	(protein	coding	or	pseudogenes)	for	genes	found	
to	be	targets	in	WAGO-1	RIP-Seq	in	wago-1(ok1074)	and	wildtype.	B	Average	RPKMs	of	22G-RNAs	along	the	
gene	body	of	their	corresponding	genes	(protein	coding	or	pseudogenes)	for	genes	up-	or	downregulated	in	
wago-1(ok1074)	embryo,	L4,	and	gravid	adult	(GA)	worms.	C	Average	RPKMs	of	22G-RNAs	along	the	gene	
body	of	their	corresponding	genes	(protein	coding	or	pseudogenes)	for	genes	found	to	be	targets	in	WAGO-4	
RIP-Seq	 in	wago-4(tm1019)	 and	 wildtype.	 B	 Average	 RPKMs	 of	 22G-RNAs	 along	 the	 gene	 body	 of	 their	
corresponding	genes	 (protein	coding	or	pseudogenes)	 for	genes	up-	or	downregulated	 in	wago-4(tm1019)	
embryo,	L4,	and	gravid	adult	(GA)	worms.	
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Genes	that	lost	22G-RNAs	in	wago-1(ok1074)	did	so	along	the	entire	gene	body.	In	contrast,	genes	that	

gained	22G-RNAs	gained	them	with	a	bias	at	the	transcription	end	site	(Figure	18B).	This	is	opposite	to	our	

observations	in	wago-3(pk1673),	suggesting	that	WAGO-1	and	WAGO-3	could	act	in	opposing	manners.	22G-

RNAs	mapping	to	genes	with	regulated	22G-RNA	levels	in	wago-4(tm1019)	were	predominantly	present	near	

the	transcription	end	sites	for	both	up-	and	downregulated	22G-RNAs	(Figure	18D).	This	feature	was	less	

prevalent	 for	 22G-RNAs	 downregulated	 in	 the	 embryo.	 This	 could	 implicate	 several	 Argonautes,	 but	we	

cannot	distinguish	between	different	Argonautes	interconnected	with	WAGO-4	based	on	this	data.		

Seeing	no	indication	of	which	other	Argonautes	WAGO-1	or	WAGO-4	may	affect	or	interact	with		based	on	

22G-RNA	signatures,	we	next	went	on	to	look	at	regulation	of	Argonaute	clusters,	starting	with	the	situation	

in	wago-1(ok1074).	As	shown	in	Figure	7A	and	B,	loss	of	WAGO-1	causes	a	slight	but	significant	upregulation	

of	WAGO-1-bound	22G-RNAs.	It	also	causes	upregulation	of	WAGO-3-bound	22G-RNAs,	as	shown	in	Figure	

D	and	E,	with	WAGO-3	belonging	to	the	same	cluster	as	WAGO-1	(Figure	17A).	It	is	therefore	unsurprising,	

that	WAGO-1	cluster	22G-RNAs	were	generally	upregulated	in	wago-1(ok1074)	(Figure	19A-B	and	E).	In	L4	

larvae,	CSR-1	cluster	genes	were	downregulated	both	at	22G-RNA	level	and	at	mRNA	level	(Figure	19A-E).	

Interestingly,	 regulation	 happened	 in	 the	 same	 direction	 at	 mRNA	 and	 22G-RNA	 level	 but	 in	 opposing	

directions	 in	embryos	or	 in	L4/gravid	adult	worms	 (Figure	19E),	 emphasizing	 the	 importance	of	 taking	

lifestage	into	account	when	defining	Argonaute	functions.	

All	of	the	differences	mentioned	above,	however,	were	relatively	small.	Much	more	striking	was	the	large	

upregulation	 of	 ALG-3/4	 cluster	 mRNAs	 in	 gravid	 adult	 wago-1(ok1074)	 (Figure	 19C-E),	 which	 was	

accompanied	by	an	mRNA	level	upregulation	of	ALG-3	and	-4	themselves	along	with	WAGO-10,	the	only	22G-

RNA-associating	Argonaute	in	the	ALG-3/4	cluster	(Figure	19F).	Equally	as	striking	was	the	upregulation	of	

the	same	cluster	in	wago-4(tm1019),	both	at	22G-RNA	level	and	at	mRNA	level,	but	at	a	different	lifestage;	

namely	in	L4	larvae	(Figure	20A-E).	This	was	also	accompanied	by	upregulation	of	ALG-3/4	mRNAs	in	the	

same	lifestage	(Figure	20F).	This	suggests	a	connection	between	WAGO-1	and	WAGO-4,	separated	in	time.			

Also	 supporting	 a	 lifestage	 specific	 connection	 between	WAGO-1	 and	WAGO-4	 is	 the	 fact	 that	wago-

4(tm1019)	causes	regulation	of	the	WAGO-1	cluster	and	the	CSR-1	cluster	in	directions	opposite	of	wago-

1(ok1074)	(Figure	19E	and	Figure	20E).	In	wago-4(tm1019),	regulation	of	WAGO-1	cluster	22G-RNAs	also	

happened	in	different	directions	at	different	lifestages,	as	was	the	case	in	wago-1(ok1074).	In	the	embryo,	

WAGO-1	cluster	22G-RNAs	were	upregulated,	in	L4	larvae	they	were	downregulated.	There	was	a	further	

downregulation	of	ERGO-1	cluster	mRNAs	in	the	embryo	(Figure	20C-E),	which	opposes	wago-3(pk1673)	

regulation	(Figure	17E-G).	The	connection	between	WAGO-1	and	WAGO-4	at	different	lifestages	is	further	

supported	by	our	previous	observation	of	overlap	between	genes	upregulated	 in	wago-1(ok1074)	 gravid	

adult	and	genes	upregulated	in	wago-4(tm1019)	L4	larvae	(Figure	14B).	
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Figure	19:	Argonaute	cluster	regulation	in	wago-1(ok1074).	A	Scatterplot	showing	genes	with	regulated	
22G-RNAs.	Dotted	line	represents	the	cutoff	used	for	quantification.	Colours	represent	clusters	as	defined	by	
(Seroussi	et	al.,	2023)	with	genes	attributed	to	more	than	one	cluster	grouped	together	with	genes	attributed	
to	 zero	 clusters.	B	 CDF	 plot	 quantifying	 panel	 A.	 X-axis	 has	 been	 shortened	 to	 show	 the	 relevant	 area.	C	
Scatterplot	showing	genes	with	regulated	mRNAs.	Dotted	 line	represents	the	cutoff	used	 for	quantification.	
Colours	represent	clusters	as	defined	by	(Seroussi	et	al.,	2023)	with	genes	attributed	to	more	than	one	cluster	
grouped	 together	with	 genes	 attributed	 to	 zero	 clusters.	D	CDF	 plot	 quantifying	 panel	 C.	 X-axis	 has	 been	
shortened	to	show	the	relevant	area.	E	Table	summarizing	cluster-wise	regulation	of	22G-RNAs	and	mRNAs	in	
wago-1(ok1074).	Bonferroni-adjusted	p-values	from	ANOVA	test	carried	out	for	each	group	versus	all	others.	
↕	=	adjusted	p-value	£	0.01,	|D	mean|	<	0.5,	↕↕↕=	adjusted	p-value	£	0.01,	|D	mean|	>	0.5,,	n.s.	=	not	significant	
(adjusted	p-value	>	0.01).	F	Scatterplot	showing	mRNAs	regulated	in	wago-1(ok1074),	marked	for	Argonautes.	
All	regulated	Argonautes	have	been	labelled.	
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Figure	20:	Argonaute	cluster	regulation	in	wago-4(tm1019).	A	Scatterplot	showing	genes	with	regulated	
22G-RNAs.	Dotted	line	represents	the	cutoff	used	for	quantification.	Colours	represent	clusters	as	defined	by	
(Seroussi	et	al.,	2023)	with	genes	attributed	to	more	than	one	cluster	grouped	together	with	genes	attributed	
to	 zero	 clusters.	B	 CDF	 plot	 quantifying	 panel	 A.	 X-axis	 has	 been	 shortened	 to	 show	 the	 relevant	 area.	 C	
Scatterplot	showing	genes	with	regulated	mRNAs.	Dotted	 line	represents	the	cutoff	used	 for	quantification.	
Colours	represent	clusters	as	defined	by	(Seroussi	et	al.,	2023)	with	genes	attributed	to	more	than	one	cluster	
grouped	 together	with	 genes	 attribu4ed	 to	 zero	 clusters.	D	CDF	 plot	 quantifying	 panel	 C.	 X-axis	 has	 been	
shortened	to	show	the	relevant	area.	E	Table	summarizing	cluster-wise	regulation	of	22G-RNAs	and	mRNAs	in	
wago-4(tm1019).	Bonferroni-adjusted	p-values	from	ANOVA	test	carried	out	for	each	group	versus	all	others.	
↕	=	adjusted	p-value	£	0.01,	|D	mean|	<	0.5,	↕↕↕=	adjusted	p-value	£	0.01,	|D	mean|	>	0.5,,	n.s.	=	not	significant	
(adjusted	p-value	>	0.01).	F	Scatterplot	showing	mRNAs	regulated	in	wago-4(tm1019),	marked	for	Argonaute	
proteins.	All	regulated	Argonaute	proteins	have	been	labelled.	
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We	conclude	there	is	a	direct	link	between	WAGO-1	and	WAGO-4	and	that	this	connects	to	ALG-3/4.	The	

linkage	between	WAGO-1/4	and	ALG-3/4	shifts	somewhere	between	L4	larvae	and	gravid	adult	worms,	with	

WAGO-4	 having	 a	 function	 during	 spermatogenesis	 and	WAGO-1	 having	 a	 function	 later,	 either	 during	

oogenesis	or	embryogenesis.	WAGO-10	may	also	be	connected	to	this.		

Can	misregulation	caused	by	loss	of	WAGO-4	be	remembered	when	the	protein	

is	reintroduced?	
MRNA	(MIS-)REGULATION	CAUSED	BY	LOSS	OF	WAGO-4	IS	REMEMBERED	TRANSGENERATIONALLY	
Our	 final	question	arose	 from	 the	observation	 that	WAGO-4	 is	 involved	 in	 epigenetic	memory	 (Xu	et	 al.,	

2018).	We	were	interested	to	see	whether	the	global	changes	to	22G-RNAs	and	to	mRNA	level	could	persist	

in	a	worm	that	had	once	lacked	a	functional	copy	of	WAGO-4	but	was	currently	wildtype.	To	answer	that	

question,	we	included	wildtype	worms	that	had	once	been	wago-4(tm1019)	in	our	sequencing	experiments	

(Figure	4C	and	D	 and	Figure	5).	This	 strain	was	generated	by	outcrossing	wago-4(tm1019)	 to	wildtype	

worms	 from	 both	 parental	 sides	 and	 selecting	 worms	 that	 were	 wildtype	 for	 the	wago-4	 gene.	Worms	

sequenced	were	 the	 fifth	 generation	homozygous,	 and	 in	order	 to	 limit	our	 analysis,	we	only	 sequenced	

gravid	adult	worms.	

On	22G-RNA	level,	the	recovered	wildtype	differed	only	slightly	from	the	original	wildtype	(Figure	21B)	

and	not	nearly	to	the	extent	that	the	wago-4(tm1019)	mutant	differed	from	the	original	wildtype	(Figure	

21A),	with	22G-RNAs	against	slightly	more	than	600	genes	affected	in	the	mutant	compared	to	only	roughly	

80	genes	in	the	recovered	wildtype.		Nonetheless,	the	overlap	between	the	genes	whose	22G-RNA	levels	were	

downregulated	 in	 either	 case	 was	 quite	 large,	 with	 23	 genes,	 corresponding	 to	 59%	 of	 the	 genes	 with	

downregulated	22G-RNAs	in	the	recovered	wildtype,	present	in	both	cases	(Figure	21C).	Furthermore,	all	

genes	with	downregulated	22G-RNAs	in	the	recovered	wildtype	had	fold	changes	close	to	or	below	zero	in	

the	comparison	between	wago-4(tm1019)	and	the	original	wildtype,	even	if	the	p-values	were	not	significant	

(Figure	21D).Genes	whose	22G-RNAs	were	upregulated	in	the	recovered	wildtype	were	less	well	conserved,	

with	 some	 even	 being	 downregulated	 in	 the	mutant	 (Figure	21C	 and	D),	 suggesting	 that	 there	 is	 some	

memory	of	22G-RNA	downregulation	but	22G-RNA	upregulation	may	be	more	sporadic.		

Comparably	more	genes	were	regulated	at	mRNA	level	in	both	the	wago-4(tm1019)	mutant	(Figure	21E)	

and	in	the	recovered	wildtype	(Figure	21F),	with	about	1500	genes	downregulated	in	wago-4(tm1019)	and	

850	genes	downregulated	in	the	recovered	wildtype.	The	overlap	of	mRNAs	either	down-	or	upregulated	in	

either	case	was	large;	80%	or	above	from	the	side	of	the	recovered	wildtype,	and	more	strikingly,	every	gene	
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regulated	in	the	recovered	wildtype	tended	towards	regulation	in	the	same	direction	in	wago-4(tm1019),	

when	not	taking	statistical	significance	into	account	(Figure	21G).	This	indicates	that	mRNA	changes	caused	

by	loss	of	WAGO-4	are	remembered	at	least	for	five	generation	after	being	reintroduced	to	WAGO-4.	

Although	we	established	that	little-to-no	correlation	exists	between	genes	with	regulated	mRNA	levels	and	

genes	with	regulated	22G-RNAs	in	any	of	our	deletion	mutants,	we	did	check	to	see	if	there	was	any	overlap	

between	regulated	22G-RNAs	and	regulated	mRNAs	in	our	recovered	wildtype,	reasoning	that	changes	that	

persisted	after	reintroduction	of	WAGO-4	might	have	higher	correlation	than	changes	which	the	worm	could	

revert	to	wildtype	within	just	five	generations.	This	did	not	seem	to	be	the	case,	however.	Almost	none	of	the	

genes	that	were	regulated	at	mRNA	level	in	the	recovered	wildtype	also	showed	regulation	at	22G-RNA	level	

with	only	three	exceptions.	asah-1,	an	acylsphingosine	amidohydrolase	was	downregulated	at	mRNA	level	

but	had	upregulation	of	22G-RNAs.	This	could	be	a	direct	effect	of	22G-RNA	silencing,	although	the	role	of	

the	gene	and	its	relation	to	WAGO-4	remains	elusive.	Two	genes,	lea-1	and	skpo-2	were	downregulated	at	

both	 levels.	 These	 are	 both	 related	 to	 different	 types	 of	 stress;	 the	 former	 involved	 in	 response	 to	

hyperosmosis	and	heat	and	the	latter	related	to	oxidative	stress.	This	could	indicate	a	hyper	susceptibility	to	

stress	sustained	in	the	recovered	wildtype,	although	it	is	unlikely	to	be	a	direct	effect	of	silencing,	wince	the	

22G-RNAs	were	also	downregulated.		

Finally,	we	were	interested	in	seeing	if	there	were	any	common	features	of	the	genes	that	were	regulated	

in	the	recovered	wildtype,	so	we	used	GO-term	analysis	to	look	for	function	of	the	affected	genes.	Due	to	the	

small	sample	size,	we	didn’t	find	any	significantly	upregulated	GO-terms	among	the	genes	whose	22G-RNA	

levels	were	affected	in	the	recovered	wildtype.	On	the	other	hand,	the	analysis	of	genes	regulated	at	mRNA	

level	 revealed	 downregulation	 of	 genes	 related	 to	 neurogenesis	 and	 cell	 morphogenesis	 as	 well	 as	

transcription	regulatory	pathways	(Figure	21I).	Genes	upregulated	at	mRNA	level	in	the	recovered	wildtype	

were	related	to	immune	and	defence	responses	and	involved	genes	with	different	types	of	post-translational	

modification	 activities	 (Figure	 21J).	 This	 suggests	 that	 differences	 in	 transcription	 can	 persist	 in	 the	

recovered	wildtype	due	to	changes	both	in	the	transcriptional	and	in	the	post-transcriptional	proteome.	It	

furthermore	suggests	a	decreased	capability	of	cells	to	differentiate	into	neurons	along	with	an	increased	

immune	response,	which	could	indicate	a	general	change	in	the	cellular	 landscape	of	worms	having	once	

lacked	a	functional	WAGO-4.	

In	conclusion,	mRNA	misregulation	caused	by	lack	of	WAGO-4	is	remembered	for	at	least	five	generation	

after	reintroduction	of	the	protein	even	if	the	22G-RNA	landscape	is	capable	of	reverting	to	a	wildtype	state	

earlier.		
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Figure	21:	Features	of	gravid	adult	wildtype	worms	recovered	 from	wago-4(tm1019).	A	 Scatterplot	
showing	22G-RNAs	in	wago-4(tm1019)	versus	a	kept	wildtype.	B	Scatterplot	showing	22G-RNAs	in	a	wildtype	
recovered	from	wago-4(tm1019)	versus	a	kept	wildtype.	C	Venn	diagram	showing	all	genes	with	22G-RNAs	
regulated	in	either	direction	in	panel	A	or	B.	D	Scatterplot	showing	22G-RNAs	in	wago-4(tm1019)	versus	a	
kept	wildtype.	 Colours	 represent	 genes	with	 regulated	 22G-RNAs	 in	 the	 recovered	 versus	 kept	wildtype.	E	
Scatterplot	showing	mRNAs	in	wago-4(tm1019)	versus	a	kept	wildtype.	F	Scatterplot	showing	mRNAs	in	a	
wildtype	recovered	 from	wago-4(tm1019)	 versus	a	kept	wildtype.	G	Venn	diagram	showing	all	genes	with	
mRNAs	regulated	in	either	direction	in	panel	E	or	F.	H	Scatterplot	showing	mRNAs	in	wago-4(tm1019)	versus	
a	kept	wildtype.	Colours	represent	genes	with	regulated	mRNAs	in	the	recovered	versus	kept	wildtype.	I	Bar	
plot	 showing	 the	 ten	most	numerous	 ‘molecular	 function’	GO-terms	and	 the	 ten	most	numerous	 ‘biological	

Legend	continues	on	next	page	
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process’	GO-terms	all	with	adjusted	p-values	below	0.01	found	in	the	genes	with	downregulated	mRNA	levels	
in	the	recovered	versus	kept	wildtype.	J	Bar	plot	showing	the	ten	most	numerous	‘molecular	function’	GO-terms	
and	the	ten	most	numerous	‘biological	process’	GO-terms	all	with	adjusted	p-values	below	0.01	found	in	the	
genes	with	upregulated	mRNA	levels	in	the	recovered	versus	kept	wildtype.	

Discussion	and	conclusions	
WAGO-3	 responds	 to	 exo-siRNA,	 21U-RNAs,	 and	 the	 maternal	 26G-RNA	

pathway	
WAGO-3	and	WAGO-4	have	been	shown	to	be	mutually	necessary	for	exo-siRNAi	(Gu	et	al.,	2009),	although	

WAGO-3	does	not	act	in	the	first	generation;	rather,	it	is	responsible	for	inheritance	both	via	the	sperm	and	

the	oocyte	(Schreier	et	al.,	2024).	In	Chapter	I,	we	also	showed	that	WAGO-3	is	responsible	for	TEI	of	the	

21U-RNA-mediated	response	(Chapter	I,	Extended	Figure	1),	and	that	this	is	paternally	inherited	(Chapter	

I,	Figure	2).	We	did	not	 find	a	maternal	 inheritance	effect	of	WAGO-3,	 although	our	assay	would	not	be	

capable	of	detecting	such	a	phenomenon	if	other	Argonautes	acted	in	the	same	pathway	(Chapter	I,	Figure	

2).	Rather,	we	showed	that	WAGO-3	is	the	only	secondary	Argonaute	involved	in	paternal	inheritance	of	21U-

RNA-mediated	RNAe.	WAGO-3	has	also	been	demonstrated	to	be	the	only	WAGO	responsible	for	paternal	

inheritance	of	the	exo-siRNA	response	(Schreier	et	al.,	2024).	Since	WAGO-3	acts	downstream	of	either	21U-

RNA	or	exo-siRNA	pathway,	it	would	be	unlikely	for	its	inheritance	to	differ	dependent	on	trigger;	rather,	

any	WAGO-3	response	would	be	inherited	both	maternally	and	paternally,	and	the	maternal	inheritance	acts	

in	concert	with	other	Argonaute	proteins,	including	or	limited	to	WAGO-4.		

As	for	a	possible	link	between	WAGO-3	and	the	26G-RNA	pathway,	we	did	not	find	any	suggestion	of	a	

paternal	linkage,	with	no	regulation	of	22G-RNAs	or	mRNAs	from	the	Argonaute	cluster	including	the	sperm	

and	spermatogenesis	expressed	Argonautes	ALG-3/4	(Figure	17C-G).	No	connection	between	ALG-3/4	and	

WAGO-3	 has	 been	 reported,	 and	 our	 findings	 in	 Chapter	 I	 showed	 that	 only	 PRG-1	 and	 the	 21U-RNA	

response	 was	 involved	 in	 the	 paternal	 RNAe	 response	 mediated	 by	 WAGO-3,	 since	 loss	 of	 PRG-1	 was	

sufficient	to	allow	misloading	of	WAGO-3	in	mutants	that	 lacked	paternally	derived	memory	of	WAGO-3-

associated	22G-RNAs.	Nonetheless,	our	data	does	suggest	that	WAGO-3	interacts	with	the	maternal	26G-RNA	

pathway,	even	if	26G-RNAs	do	not	elicit	an	inheritance	response.	For	one,	there	is	a	sharp	increase	in	ERGO-

1	cluster	mRNAs	in	the	embryos	of	wago-3	deletion	mutants	(Figure	17E-G).	Even	if	we	did	not	notice	a	

decrease	in	ERGO-1	cluster	22G-RNAs,	small	effects	falling	below	our	detection	might	be	enough	to	cause	the	

effect,	and	an	increase	of	mRNAs	corresponding	to	ERGO-1	targets	would	coincide	with	a	loss	of	the	function	

of	WAGO-3	to	mediate	the	inheritance	of	ERGO-1	silencing.	We	also	noticed	that	22G-RNAs	upregulated	upon	

loss	of	WAGO-3	matched	the	binding	signature	of	the	two	ERGO-1	cluster	secondary	Argonautes	WAGO-8	
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and	WAGO-12	as	well	as	an	increase	in	the	mRNA	levels	of	WAGO-6,	which	is	a	part	of	the	same	cluster,	as	

defined	 by	 RIP-Seq	 experiments.	 We	 also	 note	 that	 nuclear	 Argonautes	 such	 as	 WAGO-12	 might	 act	

downstream	of	other	secondary	Argonaute	proteins	(Ouyang	et	al.,	2022),	and	our	data	supports	a	role	of	

WAGO-3	acting	in	concert	with	either	or	all	of	the	Argonautes	WAGO-6,	-8,	and	-12,	to	propagate	the	ERGO-

1	response,	and	these	being	able	to	partially	compensate	loss	of	WAGO-3.		While	our	data	cannot	explain	the	

exact	nature	of	the	connection	between	these	Argonautes,	one	possible	explanation	could	be	that	WAGO-3,	-

6,	 -8,	 and	 -12	 all	 are	 triggered,	 either	directly	or	 indirectly,	 by	ERGO-1,	 and	 that	 loss	of	WAGO-3	 causes	

upregulation	of	the	other	three	Argonautes	in	an	attempt	to	counter	the	loss.		

WAGO-3	 generally	 seems	 to	 be	most	 important	 for	mRNA	 regulation	 in	 the	 embryos,	 where	 several	

thousand	genes	were	regulated	in	the	deletion	mutant	(Figure	12B).	Taken	together	with	the	observation	

that	WAGO-3	is	not	necessary	for	exo-siRNA	silencing	in	P0	(Schreier	et	al.,	2024),	this	could	support	a	model	

in	which	WAGO-3	acts	primarily	 in	 the	embryo,	 and	otherwise	only	 functions	 to	mediate	 responses	 into	

sperm	and	oocytes	in	the	L4	and	adult	worm.	

In	summary,	we	can	conclude	that	while	WAGO-3	is	both	paternally	and	maternally	inherited,	it	associates	

only	with	the	maternal,	not	the	paternal,	26G-RNA	pathway.	It	may	do	so	either	via	direct	interaction	of	the	

primary	Argonaute,	ERGO-1,	or	via	interaction	with	one	of	the	secondary	Argonautes,	WAGO-6,	-8,	or	-12.		

WAGO-1	may	be	responsible	for	paternal	26G-RNA	inheritance	
WAGO-1	has	a	negligible	function	in	the	embryo	(Figure	12)	and	its	main	function	is	 in	the	gravid	adult,	

where	its	loss	heavily	upregulates	over	1400	mRNAs	(Figure	9),	suggesting	that	it	is	responsible	for	silencing	

mRNAs	in	the	gravid	adult.	This	is	consistent	with	the	fact	that	loss	of	WAGO-1	has	previously	been	shown	

to	 reduce	 germline	22G-RNA	 levels	 to	near	 zero,	with	WAGO-3	 and	 -4	 rather	being	 responsible	 for	 exo-

siRNAs	and	having	only	minimal	effects	on	the	endogenous	22G-RNA	pool	(Gu	et	al.,	2009).	Our	findings	do	

somewhat	contrast	with	this,	however,	as	we	did	not	see	a	general	22G-RNA	depletion	in	our	wago-1	deletion	

mutants.	While	the	effect	is	less	prominent	in	L4	larvae,	it	appears	that	loss	of	WAGO-1	generally	upregulates	

mRNA	 levels	 in	worms	but	 not	 in	 the	 embryo	 but	 that	 the	 regulation	 at	 22G-RNA	 level	 is	more	modest	

(Figure	6	and	Figure	12).	In	L4	larvae,	loss	of	WAGO-1	upregulates	mRNAs	and	22G-RNAs	whose	targets	

are	expressed	in	L4	larvae	but	downregulate	mRNA	and	22G-RNAs	whose	targets	are	expressed	later	and	in	

early	embryos	(Figure	8E	and	H),	suggesting	that	WAGO-1	is	responsible	for	controlling	gene	expression	of	

expressed	 genes,	 possibly	 working	 as	 a	 limiting	 control.	 However,	 our	 data	 suggests	 that	 the	 mRNAs	

regulated	may	be	somatic	rather	than	germline	expressed	(Figure	8M),	suggesting	that	these	effects	may	be	

secondary	and	involve	other	pathways.		
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Loss	of	WAGO-1	causes	a	small	increase	in	22G-RNAs	otherwise	enriched	in	WAGO-1	RIP-Seq	experiments	

(Figure	7,	Figure	10,	and	Figure	13),	although	our	own	data	has	not	been	sufficient	to	explain	where	this	

increase	comes	from.	One	hypothesis	would	be	that	this	comes	from	an	increase	in	activity	of	the	nuclear	

WAGO,	 WAGO-9,	 as	 22G-RNAs	 upregulated	 in	 the	 wago-1	 mutant	 tended	 toward	 mapping	 to	 the	

transcription	 end	 site	 of	 their	 corresponding	 genes	 (Figure	 18B),	 which	 is	 the	 signature	 of	 WAGO-9	

(Seroussi	 et	 al.,	 2023).	WAGO-1	also	 shares	50%	of	 its	 targets	with	WAGO-9,	which	makes	 it	 difficult	 to	

distinguish	between	the	two	Argonautes	(Tyc	et	al.,	2017).	Furthermore,	an	intron-binding	protein	called	

EMB-4	has	been	shown	to	play	a	role	in	regulating	the	CSR-1	versus	WAGO-9	response,	although	the	study	

failed	to	distinguish	between	WAGO-9-bound	22G-RNAs	and	WAGO-1-bound	22G-RNAs	due	to	their	large	

overlap	(Tyc	et	al.,	2017).	In	our	data,	we	saw	that	loss	of	WAGO-1	causes	downregulation	of	CSR-1	target	

mRNAs	(Figure	19C-E),	which	could	be	explained	by	either	a	direct	or	an	indirect	link	to	WAGO-9.	While	our	

data	does	not	explore	involvement	of	EMB-4,	one	hypothesis	could	be	that	loss	of	WAGO-1	causes	increased	

activity	of	WAGO-9	to	counter	the	loss,	with	WAGO-9	working	downstream	of	WAGO-1	to	silence	the	same	

targets,	 and	 that	 this	 is	what	 disrupts	 the	 EMB-4-controlled	 balance	 between	 silencing	WAGOs	 and	 the	

activating	WAGO	CSR-1.		

Another	line	of	evidence	to	support	a	possible	direct	link	between	WAGO-1	and	WAGO-9,	comes	from	the	

observation	 that	WAGO-9	 can	 function	 as	 a	 tertiary	Argonaute,	with	 its	 associated	22G-RNAs	 able	 to	 be	

generated	from	a	primary	response	from	other	22G-RNAs,	otherwise	only	generated	from	siRNAs	and	21U-

RNAs	(Ouyang	et	al.,	2022).	The	study	discovering	this	also	showed	that	loss	of	WAGO-9	makes	maternal	

transcripts	 subject	 to	 exo-RNAi	 accumulate	 at	 the	 pachytene	 region	 (Ouyang	 et	 al.,	 2022).	 Maternal	

transcripts	usually	start	 their	expression	 in	 the	pachytene	region,	and	 it	was	suggested	 that	 the	effect	of	

WAGO-9	 lay	 in	 it	 working	 downstream	 of	 this	with	 the	 transcripts	 accumulating	 at	 their	 starting	 point	

(Ouyang	et	al.,	2022).	Another	recent	study	has	shown	that	WAGO-1	is	required	neither	for	establishment	

nor	for	inheritance	of	the	exo-siRNA	response,	but	that	loss	of	WAGO-1	did	cause	a	small	overactivity	of	exo-

RNAi	in	the	pachytene	region	of	the	germline;	a	phenotype	which	was	maternally	inherited	(Schreier	et	al.,	

2024).	This	shared	phenotype	could	suggest	some	functional	linkage	between	WAGO-1	and	WAGO-9.	The	

same	 study	 also	 showed	 that	 WAGO-9	 is	 needed	 for	 establishment	 and	 reestablishment	 of	 exo-siRNA	

mediated	RNAi	in	the	embryo	(Schreier	et	al.,	2024),	where	we	have	shown	that	WAGO-1	has	less	of	an	effect	

(Figure	12).	All	 these	observations	together	could	all	support	a	role	of	WAGO-9	working	downstream	of	

WAGO-1	to	secure	inheritance.	Notably,	however,	the	mRNA	levels	of	WAGO-9	were	not	increased	in	any	

lifestage	in	the	wago-1	deletion	mutant	(Figure	19F),	although	activity	levels	could	be	increased	regardless.	

More	experiments	will	be	needed	in	order	to	determine	the	nature	of	the	relationship	between	WAGO-1	and	
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WAGO-9	 and	whether	 they	 do,	 indeed,	 act	 in	 the	 same	 pathway,	 or	 if	 they	 independently	 cause	 similar	

phenotypes.	

While	a	previous	study	has	suggested	a	link	between	WAGO-1	and	inheritance	of	the	ALG-3/4	response	

(Conine	et	al.,	2010),	the	only	basis	for	this	hypothesis	was	the	observation	of	a	WAGO-1	in	the	sperm;	a	

phenotype	which	we	could	not	recapitulate	in	Chapter	I,	where	we	showed	that	at	least	N-terminally	tagged	

GFP::3xFLAG::WAGO-1	 fails	 to	 localise	 to	 mature	 sperm.	 Current	 studies	 have	 also	 failed	 to	 show	 any	

paternal	RNAi	inheritance	phenomena	in	wago-1	mutants	(Schreier	et	al.,	2024),	further		questioning	a	role	

of	WAGO-1	in	inheritance	of	the	ALG-3/4	response.	However,	the	finding	that	WAGO-1	does	not	contribute	

to	inheritance	from	either	maternal	or	paternal	side	relied	on	an	exo-siRNA	assay,	and	as	it	has	already	been	

established	that	WAGO-1	does	not	respond	to	exo-siRNA	but	rather	contributes	to	endogenous	silencing	(Gu	

et	al.,	2009).	Thus,	it	cannot	be	ruled	out	that	WAGO-1	may	have	a	role	in	endogenous	inheritance	of	RNAi.	

Whether	related	to	inheritance	or	not,	our	data	does	indeed	support	a	role	of	WAGO-1	in	interacting	with	the	

ALG-3/4	pathway.	ALG-3/4	and	WAGO-10,	 the	only	WAGO	 in	 the	ALG-3/4	cluster	as	defined	by	RIP-Seq	

experiments,	are	all	only	expressed	during	spermatogenesis	(Seroussi	et	al.,	2023).	Nonetheless,	we	found	

that	loss	of	WAGO-1	causes	a	stark	increase	of	ALG-3/4	cluster	mRNAs	in	gravid	adult	worms,	past	the	stage	

of	spermatogenesis	(Figure	19C-E).	If	WAGO-1	were	to	carry	the	ALG-3/4	signal	into	the	sperm	or	into	the	

adult	worm,	it	would	be	expected	that	a	loss	of	WAGO-1	would	cause	a	loss	of	the	ALG-3/4	cluster	22G-RNAs,	

which	we	did	not	see	(Figure	19A-B	and	E).	It	 is	possible,	however,	that	we	did	not	see	this	because	the	

changes	were	 either	 too	 small	 for	 detection	 or	 because	 the	 expression	 of	 ALG-3/4	 cluster	 22G-RNAs	 is	

generally	low	(Figure	17B),	and	it	possibly	evaded	detection	for	this	reason.	While	ALG-3/4	cluster	22G-

RNAs	were	not	significantly	decreased,	ALG-3/4	cluster	mRNA	levels	as	well	as	mRNA	levels	of	the	alg-3/4	

genes	themselves,	along	with	wago-10,	were	increased	in	the	gravid	adult	wago-1	deletion	mutants	(Figure	

19F).	Assuming	that	these	changes	stem	from	minor,	undetectable	changes	to	22G-RNA	levels,	this	does	not	

rule	out	a	role	of	WAGO-1	in	carrying	the	ALG-3/4	signal	on	to	the	next	generation.	ALG-3/4	have	been	shown	

to	regulate	their	own	expression	(Almeida,	de	Jesus	Domingues,	et	al.,	2019),	and	their	upregulation	would	

be	consistent	with	a	malfunction	of	the	ALG-3/4	pathway	caused	by	failure	of	WAGO-1	to	mediate	the	signal	

into	the	next	generation.		

Our	data	shows	no	indication	that	WAGO-1	may	affect	the	ERGO-1	pathway	or	maternal	inheritance	of	the	

26G-RNA	response.	We	did	see	a	slight	decrease	of	ERGO-1	cluster	mRNAs	in	the	embryos	of	wago-1	mutant	

worms	 (Figure	19C-E),	 but	 it	 is	 unclear	whether	 this	 has	 any	 significance.	WAGO-1	 has	 been	 shown	 to	

interact	with	the	RNA-binding	ATPase	RDE-12,	whose	ATPase	activity	is	necessary	for	the	ERGO-1	pathway	

as	well	as	for	the	RDE-1	(exo-siRNA)	pathway	(Shirayama	et	al.,	2014).	RDE-12	has	been	proposed	to	have	a	

function	in	Argonaute	loading	(Shirayama	et	al.,	2014),	and	with	no	function	of	WAGO-1	in	the	exo-siRNA	
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pathway,	this	could	suggest	that	WAGO-1	is	a	player	in	the	ERGO-1	pathway.	ERGO-1,	like	WAGO-9,	binds	

small	RNAs	accumulating	at	the	transcription	end	site	of	their	target	genes	(Seroussi	et	al.,	2023),	and	it	is	

not	 impossible	 that	some	of	 the	 increase	 in	22G-RNAs	at	 transcription	end	sites	we	 found	 in	our	wago-1	

deletion	mutants	stem	from	an	upregulation	of	ERGO-1,	although	the	exact	nature	of	 this	upregulation	 is	

unclear.	Since	there	is	no	regulation	of	ERGO-1	cluster	22G-RNAs	(Figure	19A-B	and	E),	or	of	ERGO-1	mRNA	

levels	 (Figure	 19F),	 this	 might	 necessitate	 increased	 translation	 or	 activity	 of	 the	 ERGO-1	 protein.	

Alternatively,	since	our	data	gives	no	reason	to	assume	any	connection	between	ERGO-1	and	WAGO-1,	it	is	

more	likely	that	the	interaction	of	RDE-12	with	ERGO-1	and	the	interaction	of	RDE-12	with	WAGO-1	are	not	

functionally	related.	Rather,	RDE-12	may	generally	act	in	loading	of	Argonautes	in	different	pathways.	

In	summary,	our	data	shows	that	WAGO-1	is	dispensable	for	endogenous	RNAi	in	the	embryo	and	that	it	

has	a	function	in	paternal	inheritance	of	the	26G-RNA	response	via	the	Argonaute	proteins	ALG-3/4.	We	fail	

to	 confirm	 a	 role	 in	 maternal	 inheritance	 via	 WAGO-1,	 although	 our	 data	 would	 not	 refute	 a	 role	 in	

inheritance,	maternal	or	general,	of	WAGO-1	RNAi	via	the	nuclear	Argonaute	protein	WAGO-9.		

WAGO-4	and	WAGO-1	sequentially	respond	to	ALG-3/4	26G-RNAs	
Loss	of	WAGO-4	has	strong	effects	on	mRNA	levels	at	all	 lifestages,	but	 interestingly	regulates	mRNAs	in	

different	 directions	 at	 different	 lifestages	 (Figure	6B	and	Figure	12B	 and	Figure	9B),	 proving	 that	 the	

function	of	an	Argonaute	cannot	be	discussed	without	taking	lifestage	into	account.		

In	L4	larvae,	loss	of	WAGO-4	mimics	loss	of	WAGO-1	in	the	gravid	adult;	mRNA	levels	of	the	alg-3/4	genes	

as	well	as	mRNA	levels	of	ALG-3/4	cluster	genes	are	both	upregulated	(Figure	20),	which	could	suggest	a	

functional	 link	 between	WAGO-1	 and	WAGO-4	 at	 different	 lifestages.	While	 no	 link	 between	 these	 two	

Argonautes	have	previously	been	proven,	current	research	does	not	refute	such	a	claim.	Here,	we	have	shown	

that	WAGO-1	and	WAGO-4	both	affect	the	ALG-3/4	pathway.	The	previous	section	detailed	why	our	data	

suggests	a	role	of	WAGO-9	acting	downstream	of	WAGO-1,	and	a	possible	link	has	been	suggested	between	

WAGO-4	and	WAGO-9	in	inheritance	(Schreier	et	al.,	2024)	The	proposed	interaction	between	ALG-3/4	as	a	

primary	response,	WAGO-1/4	as	a	secondary	response,	and	WAGO-9	as	a	tertiary	response	is	thus	as	follows:	

ALG-3/4	 is	not	expressed	beyond	the	point	of	spermatogenesis	 (Conine	et	al.,	2010),	and	must	 thusly	

trigger	WAGO-1	and	WAGO-4	both	at	the	L4	lifestage.	In	L4	larvae,	WAGO-1	does	not	elicit	a	response	of	this	

pathway,	 as	 evidenced	 by	 the	 unchanged	 levels	 of	 ALG-3/4	 cluster	 22G-RNAs	 and	mRNAs	 upon	 loss	 of	

WAGO-1	 (Figure	 9B).	 Rather,	 WAGO-4	 propagates	 the	 ALG-3/4	 response	 in	 L4	 larvae,	 possibly	 via	

interaction	with	WAGO-9.	In	adult	worms,	WAGO-4	no	longer	propagates	this	response,	possibly	because	it	

is	being	triggered	by	other	primary	Argonautes	taking	up	new	22G-RNAs.	At	this	point,	WAGO-1	will	take	

over	the	function	of	silencing	ALG-3/4	target	mRNAs	via	interaction	with	WAGO-9.		
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In	the	absence	of	WAGO-4,	we	saw	an	increase	both	in	22G-RNAs	and	mRNAs	of	ALG-3/4	cluster	genes	

(Figure	20).	Since	it	has	been	shown	that	ALG-3/4	act	both	to	silence	and	to	activate	gene	expression,	the	

latter	via	CSR-1	(Conine	et	al.,	2013),	and	WAGO-4	share	targets	with	CSR-1	(Xu	et	al.,	2018),	these	increases	

could	be	explained	by	more	WAGO-4/CSR-1	22G-RNAs	being	taken	up	by	CSR-1	when	WAGO-4	is	lost.	This	

is	supported	by	two	observations	in	our	data.	One,	CSR-1/WAGO-4	22G-RNA	and	mRNA	levels	do	not	change	

drastically	 in	wago-4	mutant	worms	(Figure	20),	suggesting	that	22G-RNAs	normally	bound	by	WAGO-4	

must	 be	 bound	 by	 another	 Argonaute.	 Two,	we	 could	 not	 detect	 any	 discernible	 difference	 in	 22G-RNA	

binding	signature	between	the	wago-4	deletion	mutant	and	the	wildtype	(Figure	18).	With	WAGO-4	and	

CSR-1	 largely	 sharing	binding	 signatures	 (Seroussi	 et	 al.,	 2023),	 CSR-1	 taking	up	WAGO-4	 targets	 in	 the	

absence	of	WAGO-4	could	explain	both	these	observations.		

Overall,	we	conclude	that	WAGO-1	and	WAGO-4	both	interact	with	the	ALG-3/4	pathway.	We	propose	

that	 they	 both	 may	 elicit	 their	 function	 via	 WAGO-9,	 and	 we	 suggest	 that	 propagation	 of	 the	 ALG-3/4	

response	is	controlled	on	the	one	hand	by	silencing	via	WAGO-1	and	WAGO-4	and	other	hand	by	activation	

via	CSR-1.	Loss	of	one	of	these	Argonautes	can	change	the	balance	between	silencing	and	activating	effects,	

thus	having	large	effects	on	the	mRNA	levels	of	genes	controlled	by	ALG-3/4.		

WAGO-4	does	not	respond	to	ERGO-1	
So	far,	we	have	demonstrated	that	WAGO-4	interacts	with	the	ALG-3/4	pathway,	either	directly	via	WAGO-

9,	indirectly	via	overactivation	of	CSR-1,	or	through	a	combination	of	both	of	these	mechanisms.	We	have	not	

shown	whether	WAGO-4	interacts	with	the	ERGO-1	pathway,	but	we	did	find	that	ERGO-1	cluster	mRNAs	

were	downregulated	in	the	embryos	of	wago-4	deletion	mutant	(Figure	20C-E).	With	CSR-1	cluster	mRNAs	

simultaneously	upregulated	in	the	embryos	of	wago-4	deletion	mutants,	it	is	not	impossible	that	this	could	

be	caused	by	an	effect	of	CSR-1	rather	than	directly	by	the	loss	of	WAGO-4.	Nonetheless,	while	CSR-1	has	

been	shown	to	be	directly	involved	in	the	ALG-3/4	response	(Conine	et	al.,	2013),	no	such	link	has	been	found	

between	ERGO-1	and	CSR-1.	We	offer	 a	different	 explanation,	 prompted	by	 the	observation	 that	wago-9	

mRNA	is	upregulated	in	wago-4	deletion	mutant	embryos	(Figure	20F).	

As	described	in	the	previous	section,	there	are	several	lines	of	evidence	indicating	a	possible	link	between	

WAGO-4	and	WAGO-9.	Recently	published	data	has	shown	 that	 the	 inheritance	of	both	WAGO-4	(via	 the	

oocyte)	and	WAGO-3	(via	sperm	and	oocyte)	necessitates	reestablishment	of	the	signal	in	the	embryo	via	

WAGO-9	 (Schreier	 et	 al.,	 2024).	My	data	 implicates	 another	nuclear	Argonaute	 in	 the	WAGO-3	pathway,	

namely	WAGO-10,	but	does	not	stand	in	opposition	to	the	findings	by	Schreier	and	coworkers.	With	WAGO-

4	carrying	ALG-3/4	supplied	22G-RNAs	and	WAGO-3	carrying	ERGO-1	supplied	22G-RNAs,	both	Argonautes	

converging	on	the	WAGO-9	pathway	in	the	embryo,	loss	of	WAGO-4	would	cause	WAGO-9	to	predominantly	
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take	 up	 22G-RNAs	 stemming	 from	 the	 maternal	 26G-RNA	 pathway.	 This	 would	 both	 explain	 the	

downregulation	 of	 ERGO-1	 cluster	 mRNAs	 in	 the	 embryos	 of	 wago-4	 deletion	 mutant	 and	 the	 slight	

upregulation	of	ALG-3/4	cluster	mRNAs	(Figure	20C-E).	This	lends	further	support	to	the	notion	that	WAGO-

4	would	be	directly	involved	in	the	ALG-3/4	pathway,	and	not	only	interfere	with	it	indirectly	via	CSR-1.	

While	this	hypothesis	does	not	fully	encapsulate	the	phenotypes	of	wago-3	and	wago-4	deletions	–	with	a	

remaining	question	of	the	possible	involvement	of	CSR-1,	whether	direct	or	indirect	–	our	data	does	cement	

that	an	 interconnected	pathway	of	 several	Argonautes,	both	primary	and	secondary/tertiary,	 exists	 in	C.	

elegans.	We	conclude	that	WAGO-4	most	likely	interacts	directly	with	ALG-3/4,	taking	up	22G-RNAs	made	

from	ALG-3/4	class	26G-RNAs,	but	does	not	interact	with	the	ERGO-1	26G-RNA	pathway.	

Loss	 of	 WAGO-4	 may	 cause	 early	 activation	 of	 an	 adult	 gene	 expression	

program	
While	 loss	of	WAGO-1	or	WAGO-3	affected	 certain	 lifestages	more	 strongly	 than	others,	 loss	of	WAGO-4	

affected	all	lifestages.	In	L4	larvae,	affected	mRNAs	were	generally	upregulated	(Figure	6B),	suggesting	that	

WAGO-4	may	act	to	suppress	L4-type	expression	under	normal	conditions.	Similarly,	embryonic	and	adult	

mRNAs	were	downregulated	in	their	corresponding	lifestages	(Figure	9B	and	12B).	This	could	imply	that	

WAGO-4	acts	specifically	to	activate	embryonic/adult	expression	and	to	supress	L4	expression.	However,	

this	 is	contradicted	by	our	observation	that	 loss	of	WAGO-4	causes	early	activation	of	adult	specific	gene	

expression	in	L4	larvae	(Figure	8).	This	suggests	that	WAGO-4	specifically	inhibits	adult-type	expression	in	

L4	larvae,	possibly	playing	a	direct	role	in	when	the	switch	from	L4-type	expression	and	spermatogenesis	to	

adult-type	expression	and	oogenesis	occurs.	As	previously	demonstrated,	our	data	suggests	that	a	shift	may	

occur	 in	 the	 22G-RNAs	 taken	 up	 by	WAGO-4	 between	 L4	 and	 gravid	 adult	 lifestages,	 although	 RIP-Seq	

experiments	in	both	lifestages	would	be	needed	to	confirm	this.	The	observation	that	mRNAs	affected	by	loss	

of	WAGO-4	are	generally	downregulated	in	adult	worms	may	be	indicative	of	such	a	switch.	Alternatively,	

WAGO-4	may	no	longer	be	active	in	the	adult	worm,	and	the	perceived	activating	effect	may	stem	from	a	CSR-

1	response.	

While	we	did	also	see	some	contradictory	results	with	spermatogenetic	mRNAs	also	being	upregulated	in	

a	wago-4	deletion	mutant,	our	data	suggested	that	WAGO-4	acts	to	supress	L4-type	expression	and	activate	

adult-specific	gene	expression,	with	its	loss	causing	early	activation	of	adult-type	expression	in	L4	larvae.	It	

would	 be	 interesting	 to	 study	 spermatogenesis	 deficiencies	 in	 wago-4	 deletion	 worms,	 for	 instance	

investigating	whether	the	L4	larval	stage	lasts	shorter	or,	and	possibly	as	a	result	thereof,	less	sperm	resides	

in	the	adult	spermatheca	of	wago-4	deletion	mutant	worms.	Such	observations	would	prove	a	role	of	WAGO-
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4	in	suppressing	early	activation	of	adult	type	gene	expression;	more	specifically,	it	would	prove	a	role	in	

suppressing	a	premature	switch	from	spermatogenesis	to	oogenesis.	

Loss	of	WAGO-1,	-3,	and	-4	have	different,	lifestage	dependent	outcomes	
Something	that	the	data	presented	here	undisputably	showed,	was	that	lifestage	was	related	to	the	effects	of	

losing	either	of	the	three	Argonautes	studied,	with	WAGO-1	and	WAGO-4	even	showing	opposing	effects	at	

different	lifestages	(Figure	19	and	Figure	20).	While	WAGO-1	and	WAGO-3	may	physically	interact	or	are	

at	least	closely	linked	in	physical	proximity,	their	functions	do	not	seem	to	be	related;	rather,	they	appear	to	

be	competing	 for	 the	same	set	of	 shared	cofactors	 (Figure	15).	Similarly,	WAGO-1	and	CSR-1	have	been	

shown	to	share	targets	but	enact	different	functions	(Charlesworth	et	al.,	2021;	Claycomb	et	al.,	2009;	Xu	et	

al.,	2018),	underlining	how	neither	physical	location	nor	targets	as	defined	by	RIP-Seq	alone	can	predict	the	

function	or	redundancy	of	any	particular	Argonaute.	At	the	same	time,	we	saw	that	WAGO-1	and	WAGO-4,	

two	 Argonautes	 that	 have	 not	 previously	 been	 shown	 or	 proposed	 to	 interact,	 neither	 based	 on	 mass	

spectrometry	of	RIP-Seq	data,	are	connected,	even	if	it	is	via	primary	triggers	or	via	downstream	interactors.	

Importantly,	 we	 only	 managed	 to	 capture	 this	 connection	 because	 we	 analysed	 several	 lifestages	

simultaneously,	once	again	highlighting	the	importance	of	taking	this	into	account.	

It	was	curious	that	our	data	failed	to	capture	any	correlation	between	changes	to	22G-RNAs	and	mRNA	

levels.	 This	 could	 suggest	 that	22G-RNAs	do	not	 actually	 regulate	 their	 corresponding	mRNAs,	 however,	

current	knowledge	of	22G-RNAs	as	well	as	the	fact	that	germline	22G-RNAs	are	generated	via	RdRPs	from	

transcripts	already	trapped	in	the	germ	granules	would	dispute	this.	Our	data	also	showed	that	22G-RNAs	

more	abundant	in	L4	larvae	correspond	to	mRNAs	also	with	high	relative	abundance	in	L4	larvae,	just	as	

22G-RNAs	more	abundant	in	gravid	adult	worms	corresponded	to	mRNAs	with	high	relative	abundance	in	

adult	worms.	This	would	suggest	that	22G-RNAs	are	produced	against	genes	that	are	expressed	and	possibly	

necessary	in	a	certain	lifestage	and	that	they	might	engage	in	maintaining	a	steady	state	of	expression	rather	

than	fully	silencing	their	targets.	For	genes	that	are	important,	other	mechanisms	may	also	exist	to	influence	

the	steady	state.	For	instance,	if	22G-RNAs	against	a	gene	is	lost,	this	may	cause	an	immediate	upregulation	

of	 that	 gene.	 The	 cell	may	 then	 react	 to	 the	 increased	 concentration	 of	 the	 protein	 by	 turning	 down	 its	

transcription,	thus	causing	the	mRNA	levels	to	be	unaffected	in	the	end.	Similarly,	the	cell	might	respond	to	

low	concentration	of	an	important	gene	caused	by	overexpression	of	22G-RNAs	by	turning	up	transcription.	

We	may	fail	to	find	correlations	between	22G-RNA	levels	and	mRNA	levels	because	the	majority	of	22G-RNAs	

affected	by	loss	of	WAGO-1,	-3,	or	-4	are	not	solely	reliant	on	RNAi.	Perhaps	some	correlations	do	exist	for	

certain	small	subgroups	of	genes	yet	to	be	ascertained	or	perhaps	genes	whose	expression	levels	rely	on	

22G-RNA	silencing	are	more	likely	to	be	bound	by	several	Argonautes.	
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We	also	saw	indications	that	a	larger	than	expected	part	of	the	mRNAs	affected	by	loss	of	WAGO-1,	-3,	or	

-4	may	be	somatic.	Since	neither	of	these	WAGOs	are	somatic	this	would	dictate	that	this	is	an	indirect	effect,

and	it	could	involve	engagement	of	one	or	several	nuclear	Argonautes	such	as	WAGO-9.

Altogether,	 the	 data	 presented	 here	underlines	 the	 importance	 of	 taking	 lifestage	 into	 account	when	

discussion	RNAi	and	sheds	light	on	the	degree	of	interconnectivity	that	different	C.	elegans	Argonautes	may	

engage	in.	

WAGO-4	inheritance	in	recovered	WT	
The	final	thing	we	showed,	was	that	a	wildtype	that	was	five	generations	homozygous	for	the	wago-4	gene	

after	having	had	a	wago-4	deletion	mutation,	still	partially	resembled	the	wago-4	deletion	mutant	when	it	

came	to	mRNA	expression	(Figure	21).	It	would	be	interesting	to	investigate	this	on	a	larger	scale	–	how	

many	generations	does	this	persist	for?	A	detailed	study	including	wildtypes	at	several	different	generations	

downstream	of	a	deletion	would	be	interesting	to	answer	such	a	question.	It	would	both	answer	the	question	

of	how	many	generations	changes	persist	 for,	but	also	of	whether	 the	reversion	 to	wildtype	will	ever	be	

complete.	It	is	also	possible,	that	some	changes	would	never	revert	to	the	original	state.	

While	the	changes	to	mRNA	levels	may	not	be	a	direct	effect	of	WAGO-4-mediated	RNAi,	some	sort	of	

inheritance	signal	must	be	involved	for	it	to	persist	after	reintroduction	of	WAGO-4.	Since	the	changes	may	

not	be	directly	related	to	the	Argonaute	itself,	this	also	poses	the	question	of	how	widespread	this	is	as	a	

phenomenon.	 Is	 it	 possible,	 that	 edits	 of	 genes	 not	 involved	 in	 RNAi	 affects	 downstream	 generations	 in	

similar	fashions?	This	might	be	relevant	for	studies	indicating	small	changes	to	C.	elegans	strains	having	been	

generated	via	crosses	or	even	to	strains	having	been	generated	via	gene	editing	using	a	co-inserted	marker	

gene.	The	full	extent	to	which	epigenetic	memory	affects	offspring	of	worms	with	gene	edits	would	need	to	

be	elucidated	for	confident	interpretation	of	data	generated	from	such	strains.		

140  |  Chapter III



Materials	and	methods	
C. elegans	strains	and	harvest
All	strains	used	in	this	chapter	were	obtained	from	the	Caenorhabditis	Genetics	Center	(CGC),	via	personal	

correspondence	 with	 Prof.	 Dr.	 Julie	 M.	 Claycomb,	 or	 were	 generated	 in-house.	 All	 strains	 have	 been	

previously	described	and	are	summarized	in	Table	1.	All	strains	were	cultured	on	nematode	growth	medium	

(NGM)	plates	(90	mm	diameter)	seeded	with	Escherichia	coli	OP50	in	temperature-controlled	incubators	at	

20°C.		

	Before	 harvest,	 deletion	 mutants	 were	 outcrossed	 to	 a	

wildtype	 N2	 Bristol	 strain	 from	 both	 parental	 sides	 with	 the	

males	having	been	procured	via	heat	shock	at	30°C.	The	offspring	

was	 confirmed	 as	 homozygous	 for	 the	 deletion	 allele	 via	

polymerase	chain	reaction	(PCR)	using	the	primers	specified	in	

Table	 2.	 Worms	 for	 any	 experiment	 were	 synchronized	 for	

lifestage	via	bleaching	and	grown	on	egg	plates,	the	preparation	

of	which	is	described	below.	Worms	were	bleached	a	second	time	

before	being	 transferred	 to	standard	NGM	plates,	 in	 the	case	of	

harvesting	of	L4	larvae	or	adult	worms,	or	to	egg	plates	when	harvesting	embryos.	Harvesting	was	always	

carried	out	using	M9	buffer	and	aliquots	were	fast-frozen	on	dry	ice	before	storage	at	-80°C	

Egg	plates	were	made	by	mixing	egg	yolk	with	50	ml	LB	medium	per	egg.	After	incubation	at	65	°C	for	2–

3	hours,	the	mixture	was	allowed	to	cool	to	room	temperature	before	adding	10	ml	OP50	culture	per	egg.	

About	10	ml	was	put	on	top	of	standard	NGM	plates	(90	mm	diameter)	and	incubated	at	room	temperature.	

The	next	day,	excess	liquid	was	removed,	and	egg	plates	were	incubated	at	room	temperature	for	another	2	

days.		

Deletion	mutants	
wago-1(ok1074)	
wago-3(pk1673)	
wago-4(tm1019)	

Endogenously	tagged	mutants	
gfp::3xflag::wago-1(jmc219)	
gfp::3xflag::wago-3(xf119)	

Table	1:	Strains	used	in	this	study.
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genotype	 forward	primer	 reverse	primer	 length	[bp]	

wago-1(ok1074)	 CTTCGTCGTTCAGGATCGTC	 GCAGTCGTCAGCAAGAACAG	 816	

wago-1	(wildtype)	 CTTCGTCGTTCAGGATCGTC	 CTTGTCCCGTGATGTCGAAC	 688	

wago-1	(exon	3)	 AACGCCACCGAAGAAGGATT	 CATCAGTTCAGCCGGGAAGT	 495	

wago-3(pk1673)	 ACCTCGGAACACAAAACTGC	 AATTCGCTGCTGATGGTGAC	 603	

wago-3	(wildtype)	 ACCTCGGAACACAAAACTGC	 ACGACTGGGTTCTTGGTAGG	 656	

wago-4(tm1019)	 GTCATCAAAGGGCTCGACTG	 CACTCAACGCCTTGGATAGC	 385	

wago-4	(wildtype)	 GTCATCAAAGGGCTCGACTG	 CACTCAACGCCTTGGATAGC	 953	

Table	2:	Genotyping	primers	used	in	this	study.	

Immunoprecipitation	
Previously	collected	aliquots	of	~300	µL	L4	larvae	were	thawed	on	ice	and	mixed	with	the	same	volume	of	

2×	lysis	buffer	(50	mM	Tris	HCl	pH	7.5,	300	mM	NaCl,	3	mM	MgCl2,	2	mM	dithiothreitol	(DTT),	0.2%	Triton	

X-100,	cOmplete	Mini	EDTA-free	Protease	Inhibitor	Cocktail	(11836170001,	Roche)).	For	mass	spectrometry

analysis,	samples	were	sonicated	using	a	Bioruptor	Plus	device	(B01020001,	Diagenode)	(4°C,	10	cycles,	30

seconds	on	and	30	seconds	off	).	For	sequencing,	samples	were	dropped	into	liquid	nitrogen	in	a	mortar,

forming	little	balls	that	were	subsequently	pulverised	using	a	pestle.	The	powder	from	this	was	transferred

to	a	douncer,	where	it	was	dounced	40	times	before	turning	liquid.

For	 both	 types	 of	 experiments,	 samples	were	 next	 centrifugated	 for	 10	min	 at	 4°C	 and	 21,000g	 and	

supernatants	were	transferred	into	a	fresh	tube.	Total	protein	concentrations	of	soluble	worm	extracts	were	

determined	using	the	Pierce	BCA	Protein-Assay	(23225,	Thermo	Fisher	Scientific)	and	an	Infinite	M200	Pro	

plate	reader	(Tecan),	and	extracts	were	diluted	with	1×	lysis	buffer	to	reach	similar	concentrations	and	a	

volume	of	500	µL	in	the	case	of	mass	spectrometry	samples	and	550	µL	for	the	preparation	of	sequencing	

samples.	In	the	latter	case,	50	µL	were	removed	to	serve	as	input	control.	

For	each	experiment,	30	μl	Novex	DYNAL	Dynabeads	Protein	G	(10004D,	Invitrogen)	were	washed	three	

times	with	500	μl	1×	wash	buffer	(25	mM	Tris	HCl	pH	7.5,	150	mM	NaCl,	1.5	mM	MgCl2,	1	mM	DTT,	cOmplete	

Mini	EDTA-free	Protease	Inhibitor	Cocktail),	combined	with	the	remaining	500	μl	extract	and	incubated	with	

rotation	for	1	hour	at	4	°C.	In	the	meantime,	8	μg	antibody	(monoclonal	anti-Flag	M2,	F3165,	Sigma-Aldrich)	

was	 conjugated	 to	 another	 30	 μl	 Novex	 DYNAL	 Dynabeads	 Protein	 G	 according	 to	 the	 manufacturer’s	

instructions.	Extracts	were	separated	from	non-conjugated	Dynabeads,	combined	with	antibody-conjugated	

Dynabeads	and	incubated	with	rotation	for	2	hours	at	4	°C.	Following	three	washes	with	500	μl	1×	wash	

buffer,	 antibody-conjugated	 Dynabeads	 were	 resuspended	 in	 50	 μl	 nuclease-free	 water.	 	 For	 mass	
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spectrometry	analyses,	extracts	were	instead	resuspended	in	25	μl	1.2×	Novex	NuPAGE	LDS	sample	buffer	

(NP0007,	Invitrogen)	supplemented	with	120	mM	DTT	and	incubated	at	70	°C	for	10	minutes	before	fast-

freezing	in	dry	ice	and	storage	at	-80°C,	

Mass	spectrometry	
Samples	were	prepared	in	quadruplicates	and		thawed	on	ice	before	being	separated	on	a	Novex	NuPAGE	4–

12%	 Bis-Tris	 Mini	 Protein	 Gel	 (NP0321,	 Invitrogen)	 in	 1×	 Novex	 NuPAGE	 MOPS	 SDS	 Running	 Buffer	

(NP0001,	Invitrogen)	at	180	V	for	10	minutes.	After	separation,	the	samples	were	processed	by	in-gel	digest	

as	 described	 in	 (Shevchenko	 et	 al.,	 2006).	 After	 protein	 digest,	 the	 peptides	were	 desalted	 using	 a	 C18	

StageTip78.	For	measurement,	 the	digested	peptides	were	separated	on	a	25	cm	reverse-phase	capillary	

(inner	diameter,	75	μm)	packed	with	Reprosil	C18	material	(Dr.	Maisch).	Elution	was	carried	out	along	a	2	

hour	gradient	of	2–40%	of	a	mixture	of	80%	acetonitrile/0.5%	formic	acid	using	the	EASY-nLC	1000	system	

(LC120,	Thermo	Fisher	Scientific).	A	Q	Exactive	Plus	mass	spectrometer	(Thermo	Fisher	Scientific)	operated	

with	 a	 Top10	 data-dependent	 MS/MS	 acquisition	 method	 per	 full	 scan	 was	 used	 for	 measurement.	

Processing	 of	 the	 obtained	 results	 was	 performed	 with	 the	 MaxQuant	 software	 (v.1.5.2.8)	 against	 the	

Wormbase	protein	database	(version	WS270)	for	quantification.	

RNA	extraction	
For	samples	not	designated	for	immunoprecipitation	experiments,	harvested	frozen	worms	were	thawed	on	

ice	 before	 being	 dropped	 into	 liquid	 nitrogen	 in	 a	 mortar,	 forming	 little	 balls	 that	 were	 subsequently	

pulverised	using	a	pestle.	The	powder	from	this	was	transferred	to	a	douncer,	where	it	was	dounced	40	times	

before	turning	liquid.	This	liquid	was	transferred	to	a	new	tube	and	was	centrifugated	for	10	min	at	4°C	and	

21,000g.	Supernatants	were	then	transferred	into	a	fresh	tube.	

RNA	was	 extracted	 from	 this	 or	 from	 the	 extract	 from	 immunoprecipitation	using	TRIzol	 LS	Reagenz	

(10296010,	 Invitrogen)	 according	 to	 the	manufacturer’s	 instructions,	 and	 resuspended	 in	 nuclease-free	

water.	RNA	quality	and	quantity	was	assessed	initially	using	the	Bioanalyzer	RNA	6000	Nano	Kit	(5067-1511,	

Agilent	Technologies)	and	subsequently	using	the	Qubit	RNA	BR	Assay	Kit	(Q10210,	Invitrogen).	

Small	RNA	library	preparation	and	sequencing	
RNA	5′	pyrophosphohydrolase	(RppH)	(M0356S,	New	England	BioLabs)	treatment	was	performed	with	a	

starting	 amount	 of	 76-126	 ng.	 NGS	 library	 prep	 was	 performed	 with	 NEXTflex	 Small	 RNA-Seq	 Kit	 V3	

following	 Step	 A	 to	 Step	 G	 of	 Bioo	 Scientific`s	 standard	 protocol	 (V19.01)	 with	 a	 ligation	 of	 the	 3’	 4N	

Adenylated	Adapter	over	night	at	20°C.	Libraries	were	prepared	with	a	starting	amount	of	48	ng	amplified	
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in	 20	PCR	 cycles	 for	 immunoprecipitation	 experiments.	 For	 other	 small	 RNA	 sequencing	 experiments,	

libraries	were	prepared	with	a	starting	amount	of	360	ng	amplified	in	15	PCR	cycles	

Amplified	libraries	were	purified	by	running	an	8%	TBE	gel	and	size-selected	for	144	–	163	nt.	

Libraries	 were	 profiled	 in	 a	High	 Sensitivity	 DNA	on	 a	 2100	 Bioanalyzer	 (Agilent	 technologies)	 and	

quantified	using	the	Qubit	dsDNA	HS	Assay	Kit,	in	a	Qubit	2.0	Fluorometer	(Life	technologies).	

All	samples	were	pooled	in	equimolar	ratio	and	sequenced	on	a	NextSeq	500/550	Flowcell,	SR	for	1x	75	

cycles	plus	6-7	cycles	for	the	index	read.	

mRNA	library	preparation	and	sequencing	
NGS	library	prep	was	performed	with	Illumina's	Stranded	mRNA	Prep	Ligation	Kit	following	Stranded	mRNA	

Prep	Ligation	ReferenceGuide	 (June	2020)	 (Document	#	1000000124518	v00).	 Libraries	were	prepared	

with	a	starting	amount	of	500	ng	and	amplified	in	10	PCR	cycles.	For	normalization,	1	µl	of	a	1:100	dilution	

of	 ERCC	 spike-ins	 (Ambion)	 was	 added.	 Libraries	 were	 profiled	 in	 a	 High	 Sensitivity	 DNA	 on	 a	 2100	

Bioanalyzer	(Agilent	technologies)	and	quantified	using	the	Qubit	dsDNA	HS	Assay	Kit,	in	a	Qubit	2.0	or	4.0	

Fluorometer	(Life	technologies).	All	samples	were	pooled	in	equimolar	ratio	and	sequenced	on	a	NextSeq500	

Highoutput	FC,	SR	for	1x	80	or	1x	79	cycles	plus	10	cycles	for	the	index	read	and	1	or	2	dark	cycles	upfront.	

Read	processing	and	mapping	
Raw	sequenced	reads	 from	high-quality	 libraries,	as	assessed	by	FastQC,	were	processed	using	Cutadapt	

(Martin,	2011)	for	adapter	removal	(-a	TGGAATTCTCGGGTGCCAAGG	-O	5	-m	26	-M	48)	and	low-quality	reads	

were	 filtered	 out	 using	 the	 FASTX-Toolkit	 (fastq_quality_filter,	 -q	 20	 -p	 100	 -Q	 33).	 Unique	 molecule	

identifiers	were	used	to	remove	PCR	duplicates	using	a	custom	script	and	were	subsequently	removed	using	

seqtk	(trimfq-l	4	–	b	4).	Finally,	in	the	case	of	sRNA-Seq,	reads	shorter	than	15	nucleotides	were	removed	

using	seqtk	(seq	-L	15).		

A	custom	GTF	file	was	created	by	adding	transposons	retrieved	from	Wormbase	(PRJNA13758.WS264)	to	

the	Ensembl	reference	WBcel235.84	and	reads	were	aligned	using	bowtie	(v.1.3.1)	(Langmead	et	al.,	2009)	

(--phred33-quals	--tryhard	--best	--strata	--chunkmbs	256	-v	2	-M	1)	for	sRNA-Seq	or	subread	v.2.0.0	(Liao	

et	al.,	2013)	featureCounts	(--donotsort	-t	exon)		for	mRNA-Seq.		

Coverage	tracks	
BigWig	 files	 were	 generated	 from	mapped	 mRNA	 reads	 using	 deepTools	 v.3.5.5	 (Ramírez	 et	 al.,	 2016)	

bamCoverage	using	default	settings.	These	were	visualised	in	the	online	tool	Integrative	Genomics	Viewer	
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(IGV)	(Robinson	et	al.,	2011).	Tracks	were	downloaded	as	single	vector	graphics	(SVG)	files	and	recoloured	

using	Adobe	Illustrator.		

Small	RNA	classification	
All	mapped	reads	were	divided	into	sense	and	antisense	reads	using	BEDTools	v.2.29.2	intersect	(Quinlan	&	

Hall,	2010),	and	reads	of	differing	 lengths	and	5′	nucleotides	were	counted	using	a	custom	Python	script	

which	can	be	found	at	https://github.com/Tunphie/SequencingTools/blob/main/summarizeNucleotideBy	

ReadLength.py.	 Different	 classes	 of	 small	 RNAs	were	 counted	 using	 a	 custom	 Python	 script	 available	 at	

https://github.com/Tunphie/SequencingTools/blob/main/smRNA_TypeCounter.py,	 which	 counts	 22G-

RNAs	as	any	RNA	of	length	19-23	nt	with	a	G	at	the	5’-position,	21U-RNAs	as	any	RNA	of	length	19-22	with	

no	requirement	of	5’-nucleotde	having	not	already	been	defined	as	a	22G-RNA,	26G-RNAs	as	any	RNA	of	exact	

length	26	with	a	G	at	the	5’-position,	and	miRNAs	as	any	RNA	shorter	than	27	nt	which	maps	to	a	known	

miRNA	gene.	All	reads	longer	than	27	nt	were	also	counted.		

22G-RNAs	were	extracted	using	a	python	script	available	at	https://github.com/adomingues/filterReads	

and	were	defined	as	any	read	of	length	20-23	nt	with	no	bias	at	the	5’-position.	

Differential	analysis	
Reads	were	 counted	 using	 htseq-count	 (v.2.0.2)	 (Anders	 et	 al.,	 2015)	 (-s	 no	 -m	 intersection-nonempty).	

Reads	per	kb	of	transcript	per	million	mapped	reads	(RPKM)	values	were	calculated	relative	to	all	mapped	

reads.		

For	RIP-Seq	experiments,	targets	were	defined	as	genes	that	were	positive	in	at	 least	two	out	of	three	

replicates,	with	positive	meaning	that	the	22G-RNA	RPKM	was	(1)	above	4	in	the	IP;	(2)	at	least	twice	as	high	

in	the	IP	relative	to	the	input;	and	(3)	non-zero	in	the	input.	For	22G-RNAs	mapping	to	transposons,	RPKM	

values	were	calculated	relative	to	the	predicted	number	and	length	of	insertions	in	the	custom	annotation	

file	and	positives	were	defined	using	only	requirements	2	and	3	above	with	no	minimal	RPKM	requirement	

in	the	IP.		

For	all	other	experiments,	targets	were	determined	using	DeSeq2	(Love	et	al.,	2014)	in	R,	with	a	p-value	

cutoff	of	0.01	and	a	cutoff	for	log2(fold	change)	of	1.	For	mRNA-Seq,	reads	mapping	to	ERCCs	were	used	for	

normalization	by	resetting	the	size	factors	using	estimateSizeFactors()	on	the	data	with	only	ERCC	reads.	All	

data	was	shrunk	using	lfcShrink()	with	the	generalized	linear	model	from	apeglm	(Zhu	et	al.,	2019).	
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Data	comparisons	and	visualizations	
Subsets	of	genes	found	in	our	analyses	were	compared	to	published	data	of	RIP-Seq	targets	from	(Gu	et	al.,	

2009;	Schreier	et	al.,	2022;	Seroussi	et	al.,	2023;	Xu	et	al.,	2018)	and	to	a	lists	of	genes	expressed	in	the	C.	

elegans	germline	of	either	fem-3-	or	fog-2-mutant	animals	(Ortiz	et	al.,	2014).	The	data	was	also	compared	to	

RNA-Seq	data	 from	GExplore	 (Boeck	et	al.,	2016;	Hutter	&	Suh,	2016).	Expression	of	each	gene	 found	 in	

GEXplore	was	normalised	to	its	own	expression	using	R.		

All	 comparions	 were	 carried	 out	 in	 R	 using	 the	 packages	 ggplot2,	 UpsetR	 (Conway	 et	 al.,	 2017),	 or	

VennDiagram	(Chen	&	Boutros,	2011)	for	plotting.	GO-term	analyses	were	carried	out	using	clusterProfiler	

(Yu	 et	 al.,	 2012).	Where	 cutoffs	were	utilised	during	 comparisons,	 these	were	determined	as	 the	 lowest	

baseMean	at	which	log2(fold	change)	reached	a	value	of	1.	Datapoint	directly	on	the	line	were	included.		

Coverage	 of	 22G-RNAs	 along	 targeted	 protein-coding	 genes	 was	 visualized	 by	 creating	

BigWig	tracks	using	BEDTools	(genomeCoverageBed	-bg	-scale	-split)	followed	by	bedGraphToBigWig	from	

the	UCSC	Genome	Browser's	utilities.	Coverage	for	each	gene	was	determine	with	deepTools	(computeMatrix	
scale-regions	 --metagene	 --missingDataAsZero	 -b	 250	 -a	 250	 --regionBodyLength	 2000	 --binSize	 50	 --

averageTypeBins	 median)	 and	 plots	 were	 subsequently	 generated	 with	 plotProfile	 (--plotType	 se	 --

averageType	mean	--perGroup).	
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General	discussion	
T. rugatulus	does	not	fully	turn	off	the	piRNA	pathway	in	inactive	ovaries
Since	RNAi	has	been	found	in	all	domains	of	life,	our	discovery	of	both	piRNAs	and	miRNAs	in	Temnothorax	
rugatulus	was	unsurprising	 (Chapter	 II).	 Since	piRNAs	play	a	 crucial	 role	 in	 the	germ	cells,	we	had	also	
expected	the	relative	increase	in	piRNAs	over	miRNAs	in	ovaries,	with	more	relative	expression	of	miRNAs	
in	somatic	tissues	(Chapter	II,	Figure	4a	and	Figure	S1).	Our	largest	discovery	came	in	the	observation	that	
rudimentary	ovaries	of	workers	without	any	capacity	for	fertility	still	produced	piRNAs	(Chapter	II,	Figure	
3),	 suggesting	 that	 the	 importance	 of	 transposon	 silencing	 in	 the	 germline	 outweighs	 the	 energy	
disadvantages	of	keeping	the	mechanisms	intact	in	organisms	where	it	is	no	longer	needed.	Alternatively,	it	
may	also	be	that	there	has	been	no	evolutionary	drive	to	develop	mechanisms	for	fully	downregulating	or	
turning	off	the	piRNA	pathway	in	ageing	T.	rugatulus	workers.		
In	 D.	 melanogaster,	 loss	 of	 PIWI	 causes	 the	 ovaries	 to	 become	 rudimentary	 (Jin	 et	 al.,	 2013;	 Lin	 &	

Spradling,	1997),	indicating	a	link	between	PIWI	and	ovary	physiology.	piRNAs	have	also	been	proposed	to	
play	a	role	in	fish,	whose	ovarian	activation	and	general	fertility	is	impacted	by	them	being	kept	in	captivity,	
although	miRNAs	are	the	more	studied	of	the	small	RNAs	in	this	role	(Papadaki	et	al.,	2020;	Papadaki	et	al.,	
2024).	 Nonetheless,	 PIWI	 Argonautes	 and	 piRNAs	 affecting	 ovary	maturation	 in	 other	 organisms	 is	 not	
necessarily	indicative	of	ovary	maturation	affecting	PIWI	Argonautes	and	piRNAs.	Since	social	insects	are	
unique	in	their	need	for	inactivating	ovaries,	it	is	not	possible	to	say	whether	the	piRNAs	in	inactive	ovaries	
of	T.	rugatulus	is	specific	for	this	ant,	all	ants,	all	social	insects	or	if	piRNA	activity	would	remain	in	the	ovaries	
of	 even	more	 organisms,	 if	 they,	 too,	 developed	mechanisms	 for	 ovary	 inactivation	matching	 that	 of	 T.	
rugatulus.	 While	 it	 would	 be	 hard	 to	 address	 the	 cost-benefit	 of	 keeping	 an	 active	 piRNA	 pathway	 in	
rudimentary	ovaries	of	animals	that	do	not	rely	on	ovary	inactivation	as	a	part	of	their	social	organisation,	it	
would	be	 interesting	 to	 investigate	 the	undeveloped	ovaries	of	workers	of	other	 social	 insects,	 to	assess	
whether	the	incomplete	loss	of	piRNAs	that	we	see	in	T.	rugatulus	is	common	to	all	social	insects.		

Caste	and	behaviour	are	partially	determined	by	miRNAs	
Also	interesting	was	our	finding	that	several	miRNAs	were	differentially	expressed	between	female	ants	of	
different	castes	and	that	some	of	the	specific	miRNAs	found	in	our	analyses	coincided	with	miRNAs	found	to	
differ	between	castes	of	other	species	(Chapter	II).	While	the	miRNA	miR-133	showed	the	same	tendency	
between	worker	and	queen	castes	 in	our	analyses	of	T.	rugatulus	and	 in	a	previous	study	on	the	termite	
Reticulitermes	 speratus	 (Matsunami	et	al.,	2019),	miR-12	showed	opposing	expression	 in	workers	versus	
queens	in	T.	rugatulus	and	Apis	mellifera	(Macedo	et	al.,	2016).	In	an	evolutionary	context,	it	is	possible	that	
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some	miRNAs	have	preserved	both	their	function	in	regulating	caste	and	the	gene	regulatory	pathways	in	
which	they	partake,	whereas	others	may	have	preserved	a	function	in	regulating	caste	but	have	adapted	to	
target	new	genes	or	impart	different	functions.	Notably,	we	have	not	scoured	the	genome	for	possible	targets	
of	 any	 of	 the	miRNAs	 found	 in	 our	 study,	 nor	 have	we	 investigated	 the	Argonaute	 protein	 –	 or,	 indeed,	
Argonaute	proteins	–	with	which	miRNAs	may	associate	in	T.	rugatulus.	Many	differentiation	steps	can	have	
occurred	over	the	time	of	evolution	to	both	miRNA	sequences,	miRNA	target	sequences,	and	functions	of	any	
protein	in	the	RISC	or	otherwise	involved	in	RNAi.	However,	although	we	cannot	say	for	certain	what	the	
function	of	miRNAs	is	in	caste-determination,	it	is	clear	that	such	a	function	must	exist.	This	function	is	also	
not	limited	to	T.	rugatulus;	rather	caste-specific	miRNA	expression	has	been	found	in	a	variety	of	other	social	
insects	 including	 two	other	 species	of	 ants	 (Roberto	Bonasio	et	 al.,	 2010),	 in	 two	species	of	bumblebees	
(Collins	et	al.,	2017;	Liu	et	al.,	2019),	in	the	honeybee	A.	mellifera	(Ashby	et	al.,	2016;	Chen	et	al.,	2010),	and	
in	the	termite	R.	speratus	(Matsunami	et	al.,	2019).	This	all	indicates	that	miRNAs	play	a	crucial	role	in	the	
organization	of	social	insects.	
In	A.	mellifera,	miRNAs	have	further	been	shown	to	correlate	to	caste-	and	sex-specific	differentiation	in	

several	tissues	including	brain	(Vieira	et	al.,	2021)	and	wing	discs	(Soares	et	al.,	2021).	As	touched	upon	in	
the	introduction,	small	RNAs	have	been	found	to	play	a	role	in	sex	determination	in	both	A.	mellifera	and	the	
jewel	wasp	Nasonia	vitripennis	(Verhulst	et	al.,	2010;	Watson	et	al.,	2022).	Males	are	often	overlooked	in	the	
studies	of	ant	or	other	social	insects	due	to	their	short	lifespans	and	low	contribution	to	the	colony,	but	an	
interesting	aspect	that	our	study	failed	to	shed	light	on	is	the	presence	of	small	RNAs	in	male	ants	and	in	T.	
rguatulus	sperm.	It	would	be	interesting	to	know	whether	the	male	miRNA	population	differs	vastly	from	the	
female	miRNA	population	or	whether	male	miRNAs	might	more	closely	resemble	either	of	the	female	castes.	
The	degree	to	which	piRNAs	are	active	in	the	male	reproductive	organs	might	also	be	of	interest,	although	
male	 ants	 do	 not	 have	 caste	 systems	 and	 it	 would	 therefore	 not	 be	 possible	 to	 investigate	 ants	 with	
rudimentary	sex	organs,	like	we	did	for	the	females	in	Chapter	II.	
A	further	area	of	interest	might	be	the	difference	between	colonies	from	different	areas.	A	previous	study	

has	shown	that	miRNAs	in	the	larval	food	of	developing	A.	mellifera	larvae	was	related	to	caste	differentiation	
(Guo	 et	 al.,	 2013),	 and	 it	 might	 be	 curious	 to	 test	 whether	 T.	 rugatulus	 ants	 having	 lived	 in	 different	
environments	 or	 feeding	 on	 different	 food	 supplies	 show	 different	 characteristics	 regarding	 caste	
differentiation	or	if	they	even	start	expressing	different	subsets	of	small	RNAs	themselves.	
In	general,	epigenetics	including	DNA	methylations	and	histone	modifications	but	also	small	RNAs	has	

been	 shown	 to	 control	 insect	 behaviour,	 development,	 adaptability,	 and	 stress	 response	 (Gupta	 &	 Nair,	
2025).	Female	ants	of	different	castes	have	distinct	phenotypical	traits,	but	they	share	the	same	DNA,	so	it	
follows	that	epigenetics	must	be	the	cause	of	the	phenotypical	differences,	but	it	is	possible	that	phenotype	

148  |  General discussion



and	 behaviour	 is	 linked	 via	 small	 RNAs	 and/or	 epigenetics	 as	 a	 whole.	 Even	 in	 humans,	 who	 are	
evolutionarily	very	distant	from	social	insects,	epigenetics	have	been	shown	to	play	a	role	in	behaviour	and	
personality	(Yan,	2025),	with	miRNAs	for	instance	playing	a	role	in	attention	deficit	hyperactivity	disorder	
(Martinez	&	Peplow,	2024)	and	depression	(Zheng	&	Jin,	2024).	The	microbiome	has	also	been	shown	to	play	
a	role	in	both	human	behaviour	(Yan,	2025)	and	caste	differences	of	ants	(Favreau	et	al.,	2018).	Perhaps,	the	
mechanisms	controlling	the	behaviours	of	complex	animals	and	of	simpler	species	such	as	social	insects	are	
far	more	conserved	than	the	level	of	behavioural	complexity	might	suggest.	

PEI-granules	infer	paternal	inheritance	of	RNAi	in	C.	elegans	
In	 Chapter	 I,	 we	 showed	 that	 the	 secondary	 C.	 elegans	 Argonaute	 WAGO-3	 is	 required	 for	 paternal	
inheritance	of	the	PRG-1	(21U-RNA)	pathway	of	RNAi,	and	that	WAGO-3	segregates	properly	into	sperm	via	
the	PEI-granule,	containing	the	proteins	PEI-1	and	PEI-2.		
We	 showed	 that	 the	PEI-granules	 segregate	 to	 sperm	via	 anchoring	 to	 the	 fibrous	body-membranous	

organelle	 (FB-MO),	 which	 is	 a	 sperm-specific	 organelle	 (Chapter	 I,	 Figure	 6).	 All	 germ	 granules	 exist	
perinuclearly	 past	 the	 4-cell	 stage,	 and	 they	 form	 there	 via	 their	 association	 with	 the	 NPCs,	 which	 are	
transmembranal	 (Phillips	&	Updike,	 2022).	NPCs	 are	not	 present	 in	 other	membranes	 than	 the	nucleus,	
however,	which	would	necessitate	either	inclusion	of	another	membranal	protein	in	the	PEI-granule	or	PTMs	
in	the	form	of	fatty	acid	anchors	to	one	of	the	proteins	in	the	granule.	The	addition	of	the	C16:0	fatty	acid	
palmitate	to	cysteine	is	one	of	the	most	common	PTMs	involved	in	protein	trafficking	(Tabaczar	et	al.,	2017),	
and	we	did	indeed	show	that	S-palmitoylation	via	the	palmitoyltransferase	SPE-10,	most	likely	of	PEI-2,	is	
involved	in	PEI-granule	association	with	FB-MOs	(Chapter	I,	Figure	8A-B).		
Disruption	of	the	PEI-granules	interferes	with	the	paternal	inheritance	of	RNAi,	because	WAGO-3	fails	to	

segregate	into	the	budding	spermatids	(Chapter	I,	Figure	1).	Generally,	the	assembly	and	structure	of	nuage	
such	as	PEI-granules,	P-granules,	Z-granules,	and	other	germ	granules	are	necessary	for	the	function	and	
inheritance	 of	 RNAi	 (Phillips	 &	 Updike,	 2022).	 Dispersion	 or	 enlargement	 of	 P-granules	 disrupt	 RNAi	
(Phillips	&	Updike,	2022),	but	it	was	also	shown	that	the	RNA-binding	protein	MEG-3	recruit	mRNAs	to	P-
granules	not	for	silencing,	but	for	its	own	stability	and	propensity	for	stabilizing	the	P-granules	(Scholl	et	al.,	
2024).	While	 intrinsically	 disordered	 protein	 regions	 are	 often	 thought	 to	 be	 the	main	 drivers	 of	 phase	
separation	in	nuage,	factors	such	as	RNA	concentration	also	play	a	role	in	nuage	formation	and	stability.	PGL-
1	and	PGL-3	are	required	for	P-granule	assembly	but	not	for	the	stability	thereof	(Phillips	&	Updike,	2022),	
so	it	is	not	their	disordered	nature	alone	that	cause	phase	separation.	Our	results	indicate	that	the	structured	
regions,	 the	BTB	 and	BACK	domains	 of	 PEI-1	 and	PEI-2,	 are	 the	 drivers	 of	 phase	 separation	 in	 the	 PEI-
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granules	(Chapter	I,	Figure	3).	Our	data	also	suggests	that	PEI-granules	are	more	static	and	less	liquid-like	
than	P	granules	(Chapter	I,	Figure	6).	
What	 drives	WAGO-3	 into	 P-granules	 and	what	 drives	WAGO-3	 into	 PEI-granules?	 It	 could	 be	 direct	

interactions	 with	 proteins	 in	 either	 granule	 and	 it	 most	 likely	 depends	 on	 a	 tight	 regulation	 of	 other	
pathways.	Loss	of	the	intrinsically	disordered	region	of	PEI-1	disrupted	the	recruitment	of	WAGO-3	to	PEI-
granules	(Chapter	I,	Figure	4),	which	could	suggest	a	direct	interaction	between	the	two	proteins	via	this	
region	 of	 PEI-1.	 Alternatively,	 WAGO-3	 could	 fail	 to	 locate	 to	 the	 PEI-granules	 lacking	 the	 intrinsically	
disordered	region	of	PEI-1	due	to	a	change	in	fluidity	of	the	granule.	This	further	begs	the	question	of	how	
WAGO-3	manages	to	locate	to	two	different	granules	with	different	physiochemical	properties.		
In	general,	the	information	of	how	different	proteins	are	directed	into	different	nuage	is	lacking,	as	is	the	

information	of	how	the	tightly	associated	germ	granules	manage	to	move	proteins	and	RNA	between	them	
without	mixing.	Much	more	research	is	needed	in	order	to	fully	understand	the	assembly	and	recruitment	of	
phase-separated	 structures,	 although	 it	 is	 undisputed	 that	 they	 play	 an	 important	 role	 in	 RNAi	 and	
inheritance	hereof.		

WAGO-3	and	WAGO-4	are	responsible	for	inheritance	via	nuclear	WAGOs	
Something	 that	 our	 data	 in	Chapter	 I	 and	Chapter	 III,	 along	with	 published	 data,	more	 specifically	 the	
research	 by	 Schreier	 et	 al.	 (2024),	 has	 shown,	 is	 that	 WAGO-3	 and	 WAGO-4	 are	 both	 responsible	 for	
inheritance	and	that	this	requires	interaction	of	at	least	one	nuclear	WAGO,	WAGO-9.	In	Chapter	III,	we	also	
demonstrated	how	WAGO-3	and	WAGO-4	are	most	likely	triggered	by	two	different	26G-RNA	pathways.	We	
offered	evidence	to	demonstrate	how	WAGO-3	(inherited	both	via	sperm	and	oocyte	and	triggered	by	ERGO-
1) and	WAGO-4	 (inherited	 only	 via	 the	 oocyte	 and	 triggered	 by	 ALG-3/4)	 both	 converge	 on	 the	 same
pathway,	utilising	WAGO-9	to	establish	inheritance	in	the	embryo.	Interestingly,	we	could	also	reveal	that
WAGO-1	interacts	with	both	the	ALG-3/4	pathway	and	WAGO-9,	but	no	inheritance	phenotype	has	yet	been
described	in	wago-1	mutant	animals.	It	is	also	interesting,	that	deletion	of	wago-4	only	appears	to	affect	the
ALG-3/4	pathway	in	L4	larvae,	with	WAGO-1	taking	over	the	function	in	gravid	adult	worms.	WAGO-1	and
WAGO-4	are	not	mutually	exclusive,	as	the	distinction	of	lifestage-specificity	seems	to	play	a	role,	and	yet
they	seem	to	interact.	More	research	would	need	to	be	conducted	in	order	to	determine	the	exact	nature	of
this	interaction.	In	Chapter	III,	we	proposed	that	WAGO-4	may	take	up	new	targets	past	L4	lifestage,	and
that	this	is	why	we	no	longer	see	an	effect	on	the	ALG-3/4	pathway	in	adult	worms,	but	we	also	cannot	rule
out	that	WAGO-1	and	WAGO-4	interact	directly,	with	the	 latter	triggering	production	of	22G-RNAs	in	the
former.	Double	mutants	of	both	WAGOs,	RIP-Seq	of	one	WAGO	in	a	deletion	mutant	of	the	other	WAGO,	and
RIP-Seq	of	both	WAGOs	at	different	lifestages	may	help	to	better	understand	interaction.
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WAGO-4	is	not	paternally	inherited	(Schreier	et	al.,	2024),	and	yet	it	interacts	with	the	ALG-3/4	pathway,	
which	is	active	during	spermatogenesis	and	can	thus	be	characterised	as	the	paternal	26G-RNA	pathway.	
Simultaneously,	 the	only	WAGO	confirmed	 to	act	 in	paternal	 inheritance,	WAGO-3	 (Schreier	 et	 al.,	 2022;	
Schreier	et	al.,	2024),	interacts	with	the	maternal	26G-RNA	pathway	(governed	by	ERGO-1	which	is	present	
during	oogenesis	and	in	oocytes).	So	why	does	a	maternally	inherited	WAGO	interact	with	a	paternal	primary	
Argonaute,	and	a	paternally	inherited	WAGO	interact	with	a	maternal	primary	Argonaute?	It	is	possible,	that	
interaction	between	maternal	and	paternal	responses	 is	needed	 in	order	to	ensure	proper	 inheritance	of	
both	26G-RNA	responses	from	both	sides.	Furthermore,	we	have	demonstrated	that	WAGO-3	does	not	only	
interact	with	WAGO-9,	but	its	loss	generally	influences	WAGOs	which	share	targets	with	ERGO-1	(Chapter	
III).	 It	would	 be	 interesting	 to	 further	 study	 the	 interaction	 pathway	 of	WAGO-3	 in	 order	 to	 determine	
whether	it	interacts	directly	with	multiple	secondary/tertiary	Argonautes,	or	whether	our	observations	are	
secondary	effects,	stemming	from	disruptions	to	the	ERGO-1	pathway.		

Withstanding	questions	
What	are	the	precise	functions	of	the	somatic	germline-expressed	WAGOs?	How	is	their	uptake	of	22G-RNAs	
determined	and	what	do	their	silencing	pathways	look	like?	While	the	data	we	have	provided	in	Chapter	I	
and	Chapter	III	certainly	help	shed	some	light	on	this,	leading	to	the	conclusions	expressed	above	and	in	the	
‘Discussion	and	conclusions’	in	Chapter	III,	current	research	still	fails	to	fully	answer	these	questions.		
Many	of	the	conclusions	we	have	drawn	here	are	based	on	observations	in	mutants	lacking	a	single	wago	

gene.	While	this	can	explain	general	patterns	and	have	enabled	us	to	reveal	 interaction	of	various	WAGO	
pathways,	the	interconnectivity	of	these	pathways	also	makes	it	impossible	to	draw	conclusions	for	the	exact	
modes	of	action.	When	loss	of	one	WAGO	causes	disturbances	to	22G-RNA	and/or	mRNA	levels	of	another	
WAGO	pathway,	this	can	be	due	to	direct	interaction	of	these	WAGOs,	it	can	be	caused	by	a	general	interaction	
of	their	pathways,	or	it	can	even	be	caused	by	whole	other	WAGOs	changing	which	22G-RNAs	they	associate	
with.	 In	Chapter	 III,	we	have	used	 the	 characteristics	of	 the	22G-RNA	binding	 signatures	 to	 infer	which	
Argonautes	compensate	loss	of	another,	but	with	many	Argonautes	largely	sharing	signatures	(Seroussi	et	
al.,	 2023)	 and	 the	 signatures	 of	 subgroups	 of	 22G-RNAs	 from	 sRNA-Seq	 not	 following	 these	 signatures	
perfectly	(Chapter	III,	Figure	16	and	Figure	18),	we	still	cannot	fully	prove	the	compensatory	effects	of	
certain	Argonautes.	In	order	to	determine	whether	compensation	for	loss	of	one	Argonaute	is	carried	out	by	
one	 specific	 Argonaute,	 RIP-Seq	 experiments	 in	 the	 deletion	mutants	would	 be	 necessary.	With	 several	
Argonautes	 presumed	 to	 act	 in	 the	 same	 pathway(s),	 mutants	 with	 multiple	wago	 deletion	 might	 also	
warrant	such	studies.	However,	if	one	wishes	to	examine	the	effects	of	all	Argonautes,	this	does	pose	a	logistic	
issue.	 It	would	 not	 currently	 be	 feasible	 to	 perform	RIP-Seq	 experiments	 on	 all	 Argonautes	 in	 all	 single	
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mutants,	and	much	less	so	if	all	combinations	of	double	or	even	triple	mutants	were	to	be	included	as	well.	
Even	with	 only	 using	 a	 select	 few	double	 or	 triple	mutants	 or	 none	 at	 all,	 this	would	 be	 a	 cumbersome	
experiment,	that	might	still	prove	futile	as	we	do	not	know	how	the	Argonaute	pathways	interact.	Further	
complicating	 large-scale	 experiments	 is	 our	 observation	 that	 lifestage	 undisputably	 affects	 function	
(Chapter	III),	and	performing	large-scale	experiments	of	all	Argonautes	simultaneously	and	at	all	lifestages	
may	not	be	the	best	approach.	Rather,	with	the	current	knowledge	of	C.	elegans	Argonaute	pathways,	focusing	
on	a	single	WAGO	might	prove	more	helpful	in	determining	overall	pathways	than	trying	to	tackle	all	at	once.	
Perhaps	looking	further	upstream	and	determining	how	a	WAGO	is	loaded	would	also	be	more	beneficial	
than	investigating	the	downstream	effects.	Knowing	how	certain	22G-RNAs	get	loaded	into	a	certain	WAGO	
and	which	cofactors	are	necessary	for	this	may	provide	better	understanding	of	how	an	Argonaute	can	be	
misloaded	and	how	it	can	interact	with	some	primary	or	tertiary	Argonautes	but	not	with	others.	
Also	yet	unknown	is	the	role	of	CSR-1.	While	the	research	presented	in	this	thesis	has	not	focused	on	this	

rather	controversial	Argonaute,	changes	to	CSR-1	cluster	22G-RNA	and/or	mRNA	levels	could	be	observed	
in	all	three	deletion	mutants	studied	in	Chapter	III	(Figure	17,	Figure	19,	and	Figure	20).	Since	CSR-1	is	
peculiar	in	having	both	silencing	and	activating	activities,	along	with	other	proposed	functions,	it	is	difficult	
to	fully	ascertain	how	much	of	the	mis-regulation	caused	by	wago	deletions	has	to	do	with	CSR-1	and	the	
CSR-1	versus	WAGO	homeostasis.		
RIP-Seq	 experiments	 may	 pose	 another	 yet	 undiscussed	 problem.	 Current	 research	 has	 shown	 that	

findings	 in	 RIP-Seq	 experiments	 are	 reproducible,	 which	we	 demonstrate	 on	 small	 scale	 in	Chapter	 III	
(Figure	2F	and	Figure	3B	and	C).	Nonetheless,	we	saw	some	differences	in	22G-RNAs	taken	up	by	WAGO-3	
in	 L4	 larvae	 and	 gravid	 adult	 worms	 (Chapter	 III,	 Figure	 2),	 but	 as	 we	 have	 not	 carried	 the	 RIP-Seq	
experiments	out	in	tandem,	we	can	only	hint	at	the	extent	of	the	lifestage-specific	uptake	of	22G-RNAs	by	
WAGO-3.	More	pressing	as	a	concern,	however,	is	the	fact	that	we	do	not	currently	have	antibodies	against	
the	endogenous	WAGOs	and	that	RIP-Seq	experiments	are	generally	carried	out	using	a	tagged	version	of	the	
Argonaute	of	 interest.	While	the	worms	with	endogenous	tags	show	no	phenotype,	these	tags	are	always	
placed	 at	 the	 N-terminus;	 a	 region	which	 is	 known	 to	 be	 processed	 by	 DPF-3	 in	WAGO-1	 and	WAGO-3	
(Gudipati	et	al.,	2021).	In	order	to	confirm	several	of	our	observations	in	Chapter	III,	it	would	be	necessary	
to	confirm	whether	WAGO-1	and	WAGO-3	change	the	22G-RNAs	which	they	bind	upon	modification	of	their	
N-termini.
The	deletion	mutants	used	 in	Chapter	III	were	the	 fifth	generation	homozygous.	This	generation	was

chosen	 to	 accommodate	 for	 genotyping	 and	 growth	while	 doing	 it	 early	 enough	 to	minimize	 secondary	
effects.	As	demonstrated,	however,	small	RNA	misregulation	caused	by	changes	to	the	genetic	landscape	can	
persist	after	five	generations	(Chapter	III,	Figure	21).	With	changes	to	mRNA	levels	and	changes	to	22G-
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RNA	levels	not	coinciding,	 it	 is	clear	that	secondary	effects	must	also	play	a	role	 in	the	deletion	mutants.	
Rather	 than	 doing	 large-scale	 transcriptomics,	 it	 might	 be	 more	 interesting	 to	 perform	 single-worm	
sequencing	 of	 an	 earlier	 generation.	 It	might	 even	 be	 interesting	 to	 see	 if	 any	 detectable	 changes	 exists	
between	newly	outcrossed	descendants	of	a	worm	having	priorly	been	kept	homozygous	for	a	wago	deletion	
and	newly	outcrossed	descendant	of	a	worm	recently	having	obtained	the	same	deletion.		
Due	 to	 interconnectivity	 and	 possible	 partial	 redundancy	 of	 Argonaute	 pathways,	 studying	 deletion	

mutants	without	accompanying	RIP-Seq	experiments	can	hint	at	functions,	but	do	not	provide	the	full	image.	
A	possible	other	way	to	investigate	Argonaute	specificity	would	be	to	alter	Argonautes	rather	than	to	remove	
them	from	the	system	altogether.	As	briefly	touched	upon	in	the	introduction,	an	Argonaute	can	be	forced	to	
change	which	22G-RNAs	it	associates	with.	Gudipati	and	coworkers	(2021)	found	that	loss	of	DPF-3	causes	
WAGO-1	to	take	up	WAGO-4	targets.	They	also	found	that	22G-RNAs	normally	associated	with	WAGO-1	were	
generally	 lost	 in	 these	mutants,	 suggesting	 that	 no	 other	 Argonaute	 compensated	 the	 loss	 of	 binding	 of	
WAGO-1.	This	is	in	opposition	to	our	findings	in	Chapter	III,	where	there	was	no	general	loss	of	WAGO-1-
associated	 22G-RNAs	 in	 wago-1	 deletion	 mutants.	 Nonetheless,	 Gudipati	 et	 al.	 did	 not	 further	 analyse	
changes	 to	22G-RNA	 landscape,	 and	 their	 results	were	also	affected	by	 changes	 to	WAGO-3.	 It	would	be	
interesting	to	see	 if	chemical	modifications	of	WAGO-1,	already	shown	by	Gudipati	et	al.	 to	be	capable	of	
recapitulating	 the	 dpf-3	 deletion	 phenotype	 when	WAGO-1	 can	 no	 longer	 works	 as	 a	 substrate	 for	 the	
protease,	would	affect	the	WAGO-9	and	ALG-3/4	pathways	in	similar	fashion	to	the	wago-1	deletion	mutant.	
Similarly,	would	it	be	possible	to	change	the	22G-RNAs	taken	up	by	WAGO-4?	WAGO-4	is	not	a	substrate	of	
DPF-3	(Gudipati	et	al.,	2021),	so	a	method	for	forcing	such	a	change	is	currently	not	evident.	Nonetheless,	it	
would	be	 interesting	 to	 study	different	mutations	of	WAGO-1	and	WAGO-4	 to	 find	out	why	 they	 can	act	
similarly	but	at	different	lifestages.	If	their	physical	location	is	related	to	this	difference,	would	it	be	possible	
to	 force	 WAGO-1	 into	 the	 Z-granule	 and	 WAGO-4	 into	 the	 P-granule,	 for	 instance	 via	 switching	 their	
intrinsically	disordered	regions?	 It	 is	 still	unclear	exactly	what	makes	a	protein	 favour	one	granule	over	
another,	but	more	study	into	this	may	provide	insights	that	would	allow	generation	of	new	tools	to	force	
granular	re-localisation,	which	might	help	shed	more	light	on	the	Argonaute	pathways.		
Much	is	still	unknown	about	the	specifics	of	the	worm-specific	C.	elegans	RNAi	pathway(s),	but	the	data	

presented	in	Chapter	I	and	Chapter	III	here	has	provided	several	hints	at	the	functions	of	WAGO-1,	-3,	and	
-4	as	well	as	their	interconnectivity	with	other	Argonaute	pathways.	These	findings	can	aid	in	designing	new
experiments,	as	we	now	better	understand	the	right	questions	to	ask.
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