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Abstract		

An	important	feature	of	fertilization	is	the	asymmetric	inheritance	of	centrioles.	In	most	

species	 it	 is	 the	 sperm	 that	 contributes	 the	 initial	 centriole,	 which	 builds	 the	 first	

centrosome	 that	 is	 essential	 for	 early	 development.	However,	 given	 that	 centrioles	 are	

thought	 to	 be	 exceptionally	 stable	 structures,	 the	 mechanism	 behind	 centriole	

disappearance	in	the	female	germline	remains	elusive	and	paradoxical.	Here,	we	show	a	

general	 program	 for	 centriole	 maintenance,	 led	 by	 Polo	 kinase	 and	 the	 pericentriolar	

matrix	(PCM),	which	is	down-regulated	in	the	female	germline,	resulting	in	centriole	loss.	

Perturbing	this	program	prevents	centriole	loss,	leading	to	abnormal	meiotic	and	mitotic	

divisions,	 and	 associated	 female	 sterility.	 This	 mechanism	 challenges	 the	 view	 that	

centrioles	 are	 intrinsically	 stable	 structures	 and	 shows	 novel	 general	 functions	 for	 Polo	

kinase	 and	 the	 PCM	 in	 centriole	 maintenance.	 We	 propose	 that	 regulation	 of	 this	

maintenance	 program	 is	 essential	 for	 successful	 sexual	 reproduction,	 and	 defines	

centriole	 life	 span	 in	 different	 tissues	 in	 homeostasis	 and	 disease,	 shaping	 the	

cytoskeleton.		
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INTRODUCTION	

Some	 organelles	 are	 asymmetrically	 inherited	 upon	 fertilization,	 as	 it	 is	 the	 case	 for	

mitochondria,	which	are	provided	maternally,	while	the	paternal	complement	is	actively	

degraded	 by	 autophagy	 (1).	 Centrosomes,	 the	 major	 microtubule-organizing	 centers	

(MTOC)	in	animal	cells,	are	composed	by	two	very	stable	microtubule	(MT)	cylinders,	the	

centrioles,	 and	 a	 pericentriolar	 protein	 matrix	 (PCM).	 The	 PCM	 is	 indispensable	 for	

centriole	 biogenesis	 and	 centrosome	 function	 to	 nucleate	 and	 anchor	 MTs	 (2).	 The	

number	of	centrioles,	and	consequently	the	number	of	centrosomes,	is	tightly	controlled	

in	cycling	cells:		centriole	duplication	is	coupled	to	DNA	replication	so	that	in	mitosis	there	

is	 one	 centrosome	 with	 two	 centrioles	 at	 each	 pole	 of	 the	 mitotic	 spindle,	 ensuring	

faithful	chromosome	segregation.	Surprisingly,	centrioles	are	eliminated	in	the	oocytes	of	

most	metazoan	 species	 and	 the	embryo	 relies	on	 the	 centriole	provided	by	 the	 sperm,	

which	subsequently	duplicates	and	forms	two	centrosomes	supporting	successful	mitotic	

divisions	 (3-6).	 Centriole	 elimination	 in	 the	 egg	 is	 commonly	 regarded	 as	 a	 strategy	 to	

ensure	correct	centriole	number	upon	fertilization,	preventing	abnormal	first	embryonic	

mitosis.	Moreover,	it	is	also	thought	to	prevent	parthenogenesis,	since	the	microinjection	

of	centrioles	in	frog	eggs	induces	successful	embryonic	development	without	fertilization	

(7).		

	 Two	different	 timing	and	strategies	 for	 centriole	elimination	occur	 in	 the	 female	

germline	of	different	animals.	In	mollusks	and	echinoderms,	centrosomes	with	centrioles	

are	present	 in	meiosis	and	a	mechanism	has	been	elucidated	recently	 in	starfish,	where	

most	centrioles	are	eliminated	by	extrusion	in	the	polar	bodies	(4,	8).	In	contrast,	in	fruit	

flies,	worms	 and	 humans,	 centrioles	 are	 eliminated	 before	meiotic	 division,	 one	 of	 the	

few	 acentriolar	 divisions	 in	 those	 species	 (3,	 4,	 6,	 9).	 Despite	 the	 fact	 that	 centriole	

elimination	before	meiotic	division	is	such	a	widespread	event,	little	is	known	concerning	

the	molecular	mechanism	governing	this	process.	Additionally,	the	real	consequences	of	

retaining	 centrioles,	 for	 oogenesis	 progression,	 meiosis	 and	 reproduction,	 are	 still	

unclear.	 Here,	 we	 used	 Drosophila	 melanogaster	 oogenesis	 to	 identify	 the	 molecular	

mechanisms	of	centriole	elimination	and	the	consequences	of	preventing	it.	
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RESULTS	

Centrioles	are	eliminated	in	late	oogenesis		

Huettner	 first	 pointed	 out	 in	 1933	 (10)	 the	 acentriolar	 nature	 of	 Drosophila	 female	

meiotic	 division,	 intensifying	 the	 discussion	 among	 cell	 biology	 pioneers	 on	 centriole	

inheritance,	 a	 problem	 he	 considered	 “very	 intricate	 and	 perplexing”.	 Almost	 half	 a	

century	 later,	 Mahowald	 (11)	 beautifully	 showed	 by	 electron	 microscopy	 (EM)	 the	

complex	behavior	of	 centrioles	during	Drosophila	 oogenesis.	Oogenesis	begins	with	 the	

asymmetric	division	of	a	stem	cell	to	give	rise	to	a	new	stem	cell	and	a	cystoblast,	which	

undergoes	4	 successive	mitotic	 cycles	with	 incomplete	 cytokinesis,	 forming	 a	 large	 cyst	

composed	 of	 16	 interconnected	 cells.	 Mahowald	 (11)	 detected	 up	 to	 25	 identifiable	

mature	centrioles	and	additional	procentrioles	in	the	entire	cyst	(procentrioles	were	also	

seen	 by	 Adelaide	 Carpenter,	 personal	 communication).	 Those	 results	 suggest	 that	

centrioles	 in	 the	 16-cell	 cyst	 duplicate,	 predicting	 a	 total	 count	 of	 64	 centrioles	 and	

procentrioles	 in	one	cyst.	One	of	 the	16	cells	becomes	the	oocyte,	while	the	others	are	

called	nurse	cells	(Fig.	1A).	Strikingly,	early	in	oogenesis,	most	centrioles	from	each	one	of	

the	 15	 nurse	 cells	 migrate	 to	 the	 oocyte	 and	 cluster,	 forming	 a	 very	 large	MTOC	 that	

organizes	the	MT	cytoskeleton	from	stages	2	to	6	(11)	(Fig.	1A),	and	can	be	detected	up	

until	stage	9	by	EM	(12).		

	 To	 investigate	when	 centrioles	 are	eliminated	we	 initially	divided	oogenesis	 in	3	

easily	 recognizable	 stages:	early	 (germarium	 (G)	 to	 stage	6),	mid	 (stages	7	and	8,	when	

the	oocyte	is	repolarized)	and	late	(stages	9	to	12)	(Fig.	1A).	We	first	examined	the	oocyte	

for	 the	 presence	 of	 a	 conserved	 centriole-specific	 protein,	 ANA1,	 expressed	 under	 the	

control	of	its	endogenous	promoter	and	fused	to	tdTomato	(13)	(Fig.	1B,C).	We	observed	

centrioles	at	the	beginning	of	 late	stages	(stage	9),	confirming	previous	studies	(12,	14).	

However,	we	were	surprised	to	detect	centrioles	later	than	that,	in	all	oocytes	from	stage	

9	to	12	(Fig.	1C,E).	In	accordance	with	published	EM	studies,	in	early	stages,	we	observed	

centrioles	 clustered	 at	 the	 posterior	 end	 of	 the	 oocyte	 between	 the	 nucleus	 and	 the	

follicular	cell	border,	mostly	as	a	single	uniform	very	 large	structure	(11).	 In	 late	stages,	

ANA1	was	present	in	either	one	or	very	few	discrete	large	dots	in	the	nucleus	vicinity	(Fig.	

1C),	suggesting	centrioles	are	also	clustered.		
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	 We	 next	 investigated	 the	 presence	 of	 centrioles	 upon	 nuclear	 envelope	

breakdown	at	the	spindle	of	meiosis	I	(stage	14).	Confirming	Huettner’s	light	microscopy	

pioneering	 studies	 (1933)	 (10),	we	were	unable	 to	detect	 centrioles	at	 the	poles	of	 the	

spindle	 (Fig.	 1F).	 We	 thus	 conclude	 that	 centrioles	 are	 present	 until	 later	 stages	 than	

previously	described	(12),	but	disappear	just	before	meiotic	spindle	assembly.		

Centrosome	disassembly	is	a	stepwise	process:	PCM	first,	centrioles	last		

We	reasoned	that	centrosome	elimination	could	occur	in	different	ways:	i)	abruptly,	with	

all	 the	 structure	 being	 lost	 simultaneously,	 or	 ii)	 the	 centrosome	 could	 disassemble	

progressively	 throughout	 oogenesis.	 To	 answer	 this	 question	 we	 investigated	 the	

presence	 of	 several	 centrosome	 components,	 i.e.	 centriole	 and	 PCM	 constituents	 (Fig.	

1B),	along	oogenesis.	We	first	tested	the	centriolar	components	SAS6	and	BLD10/CEP135	

(Fig.	1B),	which	are	part	of	the	cartwheel,	a	hallmark	structure	of	the	centriole	that	helps	

defining	 its	nine-fold	 symmetry	 (2).	While	 SAS6	presence	until	 late	 stages	 corroborated	

ANA1	 observations,	 we	 found	 a	 decrease	 in	 the	 number	 of	 oocytes	 containing	 BLD10,	

suggesting	 centrioles	 start	 to	 lose	 components	 at	 those	 stages	 (fig.	 S1A;	 Fig.	 1D,E).	We	

then	checked	the	presence	of	different	PCM	constituents	 (Fig.	1B):	 i)	γ-tubulin,	which	 is	

very	 important	 for	 MT	 nucleation;	 ii)	 PCM	 components	 that	 recruit	 γ-tubulin	 (D-

PLP/Pericentrin,	 CNN/CDK5RAP2,	 SPD2/CEP192)	 (14-18),	 and	 iii)	 peripheral	 centriole	

components	that	recruit	 the	PCM	(SAS4/CPAP	and	ASL/CEP152)	 (19,	20).	 In	early	stages	

all	 PCM	components	were	present	 at	 the	 centrosomes	 (Fig.	 1G-I;	 fig.	 S1B-D).	However,	

contrary	 to	 centriolar	 components,	 in	 mid	 stages	 some	 PCM	 components	 started	 to	

disappear	and	their	loss	was	aggravated	in	later	stages,	with	SPD2	loss	being	particularly	

evident	(only	33%	of	the	oocytes	had	SPD2	in	mid	stages	and	8%	in	late	stages;	Fig.	1H,I).	

γ-tubulin,	which	can	be	recruited	by	several	PCM	components	(21),	was	the	most	stable	

PCM	constituent	 (77%	of	 late	 stage	oocytes	were	positive;	Fig.	1G,I).	Our	data	 suggests	

that	PCM	and	centriole	loss	occurs	progressively.		

	 We	then	characterized	in	more	detail	the	mid	and	late	stages	of	this	process,	when	

the	centrosome	starts	 losing	some	of	 its	components.	Because	centrioles	are	very	small	

structures	and	are	densely	packed	at	the	late	stages	of	oogenesis,	we	quantified	the	total	

signal	for	what	we	observed	to	be	the	most	stable	centriole	marker,	ANA1	(Fig.	1E),	as	a	

proxy	 for	 total	 centriole	mass	 (Fig.	 1J).	We	 observed	 similar	 total	 intensities	 of	 ANA1-
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tdTomato	per	oocyte	in	mid	and	beginning	of	late	stages	(stage	10),	and	this	was	roughly	

50	 times	higher	 than	 that	of	 single	centrioles	encountered	 in	very	early	 stages	 (Fig.	1J).	

Our	experimental	approximations	to	centriole	number	support	the	initial	calculations	and	

assumptions,	 based	 on	 Mahowald’s	 studies,	 that	 most	 centrioles	 from	 the	 16	 cells	

duplicate	in	the	germarium	and	migrate	to	the	oocyte	(64	expected	centrioles;	(11)).	The	

similarity	 in	 intensity	 found	 in	mid	 stages	and	 stage	10	 suggests	 there	 is	 little	 centriole	

breakdown	 at	 that	 time	 in	 oogenesis.	 In	 contrast,	 in	 stages	 12	 and	 13,	 the	 intensity	 of	

ANA1	was	much	 lower,	 similar	 to	 the	 intensity	 of	 6	 “early”	 centrioles	 (Fig.	 1J).	 Finally,	

when	we	 investigated	stage	14	(meiotic	division;	Fig.	1F,J)	we	only	observed	two	out	of	

twenty	eggs	showing	one	or	two	cortex-localized,	non	MT-nucleating	centrioles	(fig.	S1E),	

supporting	nearly	complete	centriole	elimination	at	that	stage.	We	thus	conclude	that	the	

centrosome	disassembles	progressively:	 it	 starts	 losing	 several	PCM	components	 in	mid	

stages	 and	 this	 is	 then	 followed	 by	 the	 loss	 of	 centriolar	 components	 in	 late	 stages	

(steeper	 between	 stage	 10	 and	 12)	 leading	 to	 complete	 centriole	 loss	 at	 the	 meiotic	

division	(stage	14).		

Loss	of	PCM	leads	to	centriole	elimination	in	Drosophila	somatic	cells	

Our	 data	 suggests	 that	 centriole	 elimination	 could	 be	 a	 consequence	 of	 PCM	 loss.	

Although	 little	 is	 known	 about	 the	 regulation	 of	 the	 PCM	 in	 stable	 interphasic	

centrosomes,	it	is	described	that	most	centrioles	in	this	phase	are	coated	by	at	least	one	

PCM	 component,	 in	 all	 organisms	 (22),	 which	 might	 contribute	 for	 its	 stability.	

Interestingly,	Tetrahymena	centrioles	(called	basal	bodies)	are	unstable	upon	depletion	of	

γ-tubulin	(23),	further	suggesting	a	role	for	the	PCM	in	centriole	stability.	While	a	role	for	

the	 PCM	 in	 centriole	 biogenesis	 has	 been	 acknowledged	 (2),	we	 hypothesized	 that	 the	

PCM	also	has	an	important	function	in	centriole	maintenance.	To	test	this	hypothesis	we	

developed	a	‘Centriole	Stability	Assay’	in	Drosophila	cultured	cells.	This	assay	allows	to:	i)	

simultaneously	 deplete	 several	 PCM	 components,	 circumventing	 the	 absence	 of	

phenotypes	 resulting	 from	 their	 known	 redundant	 roles,	 and	 ii)	 uncouple	 centrosome	

maintenance	 from	 centrosome	 biogenesis.	 We	 thus	 arrested	Drosophila	 tissue	 culture	

cells	 (DMEL)	 in	 S-phase	 (fig.	 S2A)	 to	 halt	 the	 centriole	 biogenesis	 cycle	 after	 centriole	

duplication	(20).	Drosophila	centrioles	are	coated	by	a	thin	PCM	layer,	closely	associated	

with	centrioles	in	interphase,	and	composed	of	components	such	as	ASL,	D-PLP	and	SPD2,	
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and	additionally	by	CNN	in	G2	(24).	We	asked	whether	centrioles	were	destabilized	upon	

single-	or	co-depletion	of	ASL,	D-PLP,	SPD2	and	CNN	(‘All	PCM’)	for	four	days	(fig.	S2A-E).	

We	observed	a	significant	decrease	in	centriole	number	(higher	percentage	of	cells	with	

the	abnormally	low	number	of	0-1	centrioles)	when	 ‘All	PCM’	was	depleted,	rather	than	

individual	depletion	of	different	PCM	components	(fig.	S2C).	These	results	show	that	the	

PCM	 is	 required	 for	 centriole	 stability	 in	 somatic	 cells	 and	 that	 PCM	 components	 are	

redundant	in	that	role.		

Loss	of	Polo	from	the	oocyte	centrosome	co-occurs	with	PCM	loss	

Our	 results	 strongly	 suggest	 that	 centriole	 elimination	 results	 from	 PCM	 loss.	 Upon	

mitotic	entry,	Polo-like	kinase	1	(called	PLK1	in	most	species,	Polo	in	Drosophila)	is	known	

to	 be	 a	 major	 regulator	 of	 PCM	 recruitment	 to	 the	 centriole	 (25,	 26).	 Polo	 and	 its	

orthologues	 directly	 phosphorylate	 several	 core	 scaffold	 PCM	 proteins	 in	 different	

organisms,	 including	 Pericentrin	 (PLP),	 SPD2	 and	 CNN,	 contributing	 for	 γ-tubulin	

accumulation	 on	 centrosomes,	 PCM	assembly	 and	 expansion	 (16,	 21,	 27-31).	 PLK1	was	

shown	recently	to	also	play	a	role	in	PCM	maintenance	(21,	32).		

In	Drosophila	oogenesis	Polo	 is	required	at	early	stages	to	restrict	meiosis	to	the	

oocyte	 (33),	 and	 later	 on	 in	 stage	 14	 to	 trigger	 nuclear	 envelope	 breakdown	 (34).	

Interestingly,	 as	 Polo	was	 shown	 recently	 to	 be	 transcriptionally	 down-regulated	 in	 the	

oocyte	in	between	those	stages	(35),	 it	is	possible	that	Polo	is	absent	from	centrosomes,	

leading	 to	 PCM	 disappearance	 and	 centriole	 loss.	 We	 therefore	 examined	 Polo´s	

subcellular	 localization	 in	 those	 stages.	 We	 observed	 that	 while	 89%	 of	 early	 stage	

oocytes	 (stages	 2	 to	 6)	 showed	 the	 presence	 of	 Polo	 at	 the	 centrioles	 (Fig.	 2A,B),	 its	

centriolar	 localization	 decreased	 dramatically	 in	 mid	 and	 late	 stages	 of	 oogenesis	 (Fig.	

2A,B),	 which	 coincides	 with	 our	 observations	 on	 PCM	 loss	 (Fig.	 1I).	 Importantly,	 most	

centrioles	 disappear	 from	 the	 oocyte	 between	 stage	 10	 and	 stage	 12/13	 (see	 Fig.	 1J),	

when	Polo	is	absent	from	the	MTOC.	These	observations	suggest	that	Polo	loss	from	the	

oocyte´s	centrosome	could	be	a	critical	event	 in	triggering	 loss	of	the	PCM,	followed	by	

centriole	elimination.		

Down-regulating	Polo	accelerates	centriole	loss		

We	then	tested	whether	Polo	could	have	a	role	 in	centriole	maintenance.	Polo	mutants	

have	a	strong	loss	of	function	phenotype	early	in	oogenesis	(33),	precluding	an	analysis	of	
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the	 effect	 of	 its	 loss	 of	 function	 in	 centriole	maintenance.	We	 therefore	 used	 RNAi	 in	

order	to	down-regulate	Polo	only	after	oocyte	determination	when	Polo	is	naturally	still	

present.	 RNAi	 depletion	 led	 to	 loss	 of	 Polo	protein	 (fig.	 S3A)	 and	 to	 female	 sterility,	 as	

reported	 previously	 for	 mutants	 of	 Polo	 (27).	 We	 analyzed	 centriole	 maintenance	 by	

investigating	 the	 levels	 of	 two	 centriole	 markers,	 ANA1-tdtomato	 and	 PACT-GFP	 (the	

centriole	targeting	domain	of	pericentrin	(14,	31,	36,	37)).	We	focused	on	stage	10	where	

normally	 centrioles	 are	 still	 present	 (see	 Fig	 1J).	 We	 observed	 that	 the	 levels	 of	 both	

markers	were	significantly	reduced	upon	Polo	down-regulation	 in	contrast	to	a	mCherry	

control,	 strongly	 suggesting	 the	 presence	 of	 less	 centrioles	 and	 thus	 acceleration	 of	

centriole	 loss	 (Fig.	 2C,	 D).	We	 observed	 very	 similar	 results	 in	 tissue	 culture	 cells	 upon	

down-regulation	 of	 polo	 (fig.	 S4).	 As	 a	 read-out	 we	 used	 a	 centriole	marker,	 BLD10,	 a	

centriole	and	PCM	marker,	SAS4,	and	a	PCM	marker,	D-PLP	(fig.	S4).	Polo	depletion	alone	

had	 an	 effect	 on	 PCM	 depletion,	 similar	 to	 its	 effect	 on	 centriole	 loss	 (fig.	 S4A,B).	

Furthermore,	co-depletion	of	Polo	and	‘All	PCM’	led	to	a	similar	phenotype	as	compared	

to	the	one	obtained	with	depletion	of	‘All	PCM’	alone,	suggesting	that	Polo	and	PCM	work	

on	the	same	pathway	to	maintain	centrioles	(fig.	S4A,B).		

Ectopic	tethering	of	Polo	to	centrioles	prevents	PCM	loss		

To	further	test	the	role	of	Polo	at	the	centrosome	for	PCM	and	centriole	maintenance,	we	

asked	whether	overexpression	of	this	kinase	(Polo-Myc)	throughout	oogenesis	(starting	at	

stages	 3/4),	 could	 overcome	 centriole	 loss.	 However,	 despite	 an	 increase	 in	 total	 Polo	

levels	(fig.	S3B),	Polo	did	not	localize	to	most	oocyte	centrioles	in	late	stages	(fig.	S3D)	and	

induced	only	a	modest	 increase	 in	 the	percentage	of	 late	oocytes	 showing	γ-tubulin	on	

centrioles	(fig.	S3C).	As	Polo	 is	a	very	dynamic	protein,	 localizing	to	different	subcellular	

structures	 at	 different	 cell	 cycle	 stages	 (26),	 we	 reasoned	 that	 overexpression	 of	 Polo	

might	not	be	sufficient	to	force	its	concentration	to	the	centrioles	and	thus	to	retain	the	

PCM	there.		

	 We	 took	 advantage	 of	 an	 approach	 to	 force	 Polo	 to	 the	 oocyte's	 centrioles.	

Several	molecules,	including	the	orthologue	of	Polo,	PLK1,	have	been	artificially	tethered	

to	the	centriole	by	 fusion	to	pericentrin	or	 its	centriole-targeting	domain,	PACT	(14,	31,	

36,	 37).	We	 therefore	 targeted	 Polo	 to	 the	 centriole	 by	 fusing	 GFP-Polo	 to	 PACT.	 This	

strategy	worked	in	Drosophila	tissue	culture	cells	where	expression	of	GFP-Polo-PACT	led	



	 	
	

9	

to	PCM	accumulation,	even	in	interphasic	centrioles.	Moreover	it	did	not	elicit	changes	in	

mitotic	progression	or	centrosome	number	(not	shown).	We	therefore	induced	GFP-Polo-

PACT	expression	in	oogenesis.	GFP-Polo-PACT	and	GFP-PACT	(control)	always	localized	to	

the	 oocyte’s	 centrioles	 from	 stages	 2	 to	 12	 (GFP	 signal	 always	 co-localized	with	 ANA1-

tdTomato,	 Fig.	 3A).	 We	 then	 asked	 whether	 the	 constant	 presence	 of	 Polo	 at	 the	

centrioles	could	prevent	PCM	loss,	from	hereinafter	also	called	loss	of	PCM	maintenance.	

We	 used	 γ-tubulin	 as	 a	 read-out,	 as	 this	 component	 is	 downstream	 of	 the	 other	 PCM	

constituents	(Fig.	1G,I).	Additionally,	we	detailed	the	characterization	of	mid	and	very	late	

(less	 abundant)	 stages	 of	 oogenesis,	when	 centrosome	 components	 start	 to	 disappear.	

We	observed	a	remarkable	effect	in	the	presence	and	levels	of	γ-tubulin	at	the	ANA1	and	

GFP-Polo-PACT	co-localizing	centrioles:	 in	very	 late	and	 less	abundant	stages	 (12	to	13),	

where	 we	 rarely	 observed	 GFP-PACT	 oocytes	 (control)	 containing	 centrioles	 with	 γ-

tubulin,	90%	of	the	GFP-Polo-PACT	oocytes	showed	centrioles	with	γ-tubulin	(Fig.	3A,B).	

Moreover,	centriolar	γ-tubulin	levels	were	increased	in	oocytes	expressing	GFP-Polo-PACT	

(Fig.	 3A,C).	We	 also	 observed	 that	 SPD2	 was	 retained	 until	 later	 than	 in	 controls	 (not	

shown).	We	conclude	that	tethering	Polo	to	the	oocytes	centrioles	prevents	PCM	loss	in	

mid	and	late	oogenesis.	

Polo-dependent	PCM	maintenance	prevents	centriole	elimination		

We	 then	 asked	 whether	 maintaining	 centrioles	 coated	 by	 PCM	 would	 prevent	 their	

normal	elimination.	We	quantified	the	levels	and	presence	of	the	core	centriolar	protein	

ANA1	 in	mid	 and	 late	 oogenesis	 as	 before	 (Fig.	 3A,D,E).	 Upon	 expression	 of	 GFP-Polo-

PACT,	ANA1	levels	in	mid	stages	(7/8)	were	very	similar	to	the	control	(GFP-PACT,	Fig.	3D;	

roughly	equivalent	to	50	early	stage	centrioles,	Fig.	1J).	Strikingly,	in	late	stages	(12	to	13),	

while	68%	of	control	oocytes	had	few	remaining	centrioles	(considering	ANA1	levels)	(Fig.	

3D),	 all	 GFP-Polo-PACT	 expressing	 oocytes	 retained	 centrioles	 (Fig.	 3E)	 and	 had	 similar	

levels	of	ANA1	signal	distributed	in	different	clusters	(Fig.	3D).	Importantly,	the	fact	that	

ANA1	total	 signal	 in	 the	oocyte	does	not	change	 throughout	oogenesis	when	GFP-Polo-

PACT	 is	 expressed	 (Fig.	 3D)	 strongly	 suggests	 that	 there	 is	 neither	 significant	 centriole	

loss,	 in	contrast	 to	what	 is	observed	 in	the	control,	nor	extra	centriole	biogenesis	 (both	

canonical	 or	de	novo),	 at	 any	 time	point	 along	oogenesis.	Moreover,	we	 also	 observed	

that	centrioles	were	maintained	in	Polo-PACT	expressing	eggs,	even	after	PLK4,	a	critical	
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player	in	centriole	biogenesis,	was	down-regulated	in	ovaries	through	RNAi	(not	shown),	

strongly	suggesting	there	is	no	additional	centriole	formation	throughout	oogenesis.	

	 Centrioles	 have	 an	 unequivocal	 cylindrical	 structure	 that	 due	 to	 their	 very	 small	

size	(250	nm	diameter	across,	approximately	400	nm	long),	their	walls	cannot	be	resolved	

by	 conventional	 light	 microscopy.	 They	 have	 been	 traditionally	 resolved	 by	 electron	

microscopy,	or	more	recently	by	super-resolution	microscopy.	We	developed	a	protocol	

to	use	super-resolution	microscopy	(Structured	Illumination	Microscopy	-	SIM)	in	ovaries	

to	 validate	 the	 presence	 of	 normal	 centrioles	 by	 resolving	 the	 walls	 of	 the	 cylinder,	 a	

unique	 structure	 in	 the	 cell.	We	 focused	 on	 stage	 12,	 where	 normally	most	 centrioles	

have	been	eliminated	(Fig.	1J).	Centriole	barrels	were	clearly	identified	at	stage	12	both	in	

the	control	(GFP-PACT)	and	in	GFP-Polo-PACT	(Fig.	4A).	

	 We	then	asked	whether	expression	of	GFP-Polo-PACT	would	also	ensure	centriole	

maintenance	 after	 meiotic	 nuclear	 envelope	 breakdown.	 Consistent	 with	 our	 initial	

characterization	 (Fig.	 1F),	 in	 control	 oocytes	 (GFP-PACT)	 we	 were	 unable	 to	 identify	

centrioles	at	the	spindle	poles	of	meiosis	I	(stage	14)	(Fig.	3F,G,	left	panels).	Strikingly,	in	

GFP-Polo-PACT	expressing	oocytes	we	always	observed	centrioles	(Fig.	3F,G,	right	panels).	

Centrioles	were	mostly	located	at	the	anterior	end	of	the	immature	egg,	in	the	vicinity	of	

the	DNA	 and	 generally	more	 scattered	 than	 in	 previous	 stages,	 forming	 on	 average	 20	

centriole	clusters	(Fig.	3F,G;	fig.	S5A,B).	In	some	eggs,	centrioles	were	no	longer	clustered	

and	their	number	could	be	resolved	with	a	maximum	of	56	centrioles	being	observed	in	

one	 egg	 (not	 shown).	Moreover,	we	 could	 observe	 the	 centriole	 barrel	 in	 this	 stage	 in	

GFP-Polo-PACT	 eggs	 in	 super-resolution	 micrographs	 (Fig.	 4A,	 right	 panel),	 but	 no	

centrioles	 were	 observed	 in	 this	 stage	 in	 GFP-PACT	 controls	 (not	 shown),	 as	 expected	

from	conventional	 light	microscopy	experiments	 (Fig.	 1F	and	3F,G).	 Those	 centrioles,	 in	

contrast	 to	 the	 remnant	 centrioles	 encountered	 in	 control	 eggs	 (fig.	 S1E),	were	 able	 to	

nucleate	MTs	(fig.	S5B).	These	results	strongly	suggest	that	the	majority	of	the	centrioles	

were	maintained	as	fully	competent	MTOCs.		

	 Polo	 and	 its	 orthologues	 are	 known	 to	 have	 several	 functions	 mediated	 by	

catalysis.	However,	it	has	been	speculated	that	some	members	of	this	family,	in	particular	

PLK5	can	have	non-catalytic	functions	(38,	39).	We	asked	whether	Polo	activity	is	critical	

for	 its	 function	 in	 centriole	 maintenance	 in	 both	 tissue	 culture	 cells	 and	 eggs.	 We	

generated	 a	 catalytically	 dead	 GFP-Polo-PACT	 (GFP-Polo-KD-PACT)	 as	 described	 before	
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(37).	Expression	of	this	construct	at	equal	levels	to	GFP-Polo-PACT	in	ovaries	was	not	able	

to	 fully	 rescue	 the	 centriole	 loss	 that	 normally	 occurs	 in	 stage	 12/13,	 enforcing	 the	

importance	of	Polo	catalytic	activity	 in	centriole	maintenance	 (fig.	S6).	Given	 that	 there	

was	less	centriole	loss	in	the	kinase	dead	as	compared	to	controls,	it	is	possible	that	Polo	

also	 has	 some	 non-catalytic	 function	 in	 centriole	 maintenance.	 Similar	 results	 were	

obtained	 in	 tissue	 culture	 cells	 (fig.	 S7).	 Therefore,	 we	 can	 conclude,	 that	 centriole	

elimination	requires	Polo	loss	from	the	centrioles.	

Polo-dependent	 centriole	 maintenance	 leads	 to	 abnormal	 meiosis	 and	 aborted	

embryonic	development	

We	 then	 focused	 on	 the	 consequences	 of	 retaining	 centrioles	 for	meiosis	 and	 embryo	

development.	 In	GFP-Polo-PACT	expressing	eggs,	while	few	meiosis	 looked	normal	upon	

centriole	maintenance,	 centrioles	often	 seemed	 to	 interact	with	 the	 spindle,	 leading	 to	

abnormal	meiosis,	in	many	cases	with	scattered	DNA	(right	panel	in	Fig.	4B	and	fig.	S5A).	

Therefore,	centriole	elimination	at	late	oogenesis	requires	Polo	loss	and	consequent	PCM	

loss.	Moreover,	non-eliminated	centrioles	can	interfere	with	meiotic	spindle	assembly.		

	 We	 then	 asked	 what	 would	 be	 the	 consequences	 for	 reproduction	 of	 retaining	

centrioles	 in	 the	egg.	Unfertilized	eggs	did	not	show	any	obvious	morphological	defects	

and	the	dorsal	appendages	of	the	chorion	(specialized	structures	in	the	D.	melanogaster	

egg	 that	 ensure	 the	 breathing	 of	 the	 embryo),	 a	 hallmark	 of	 proper	 egg	 development,	

were	 well	 formed	 (not	 shown),	 suggesting	 that	 ectopic	 centrosome	 presence	 during	

oogenesis	did	not	induce	major	polarity	defects.	It	is	known	that	injection	of	centrioles	in	

Xenopus	 eggs	 induces	 parthenogenic	 development	 (7).	 However,	 we	 did	 not	 observe	

parthenogenic	 offspring	 from	 unfertilized	Drosophila	 eggs	 retaining	 centrosomes	 (GFP-

Polo-PACT;	not	shown).	Fertilized	eggs	having	both	a	maternal	(GFP-Polo-PACT	expressing	

eggs)	and	a	paternal	centrosome	were	laid	in	similar	amounts	when	comparing	with	the	

control	 (Fig.	 4C).	 However,	 eggs	 expressing	 GFP-Polo-PACT	 showed	 a	 very	 low	 egg	

hatching	rate	of	1%,	when	compared	to	75%	in	GFP-PACT	control	(Fig.	4D),	and	to	54%	in	

Polo-Myc	 overexpression,	 where	 Polo	 was	 not	 tethered	 to	 centrioles	 (fig.	 S5D).	 While	

eggs	were	fertilized	(fig.	S8A),	we	observed	that	embryogenesis	was	blocked	very	early	in	

development	(Fig.	4B).	The	majority	of	embryos	from	GFP-Polo-PACT-expressing	mothers	

arrested	in	the	first	mitotic	divisions	(Fig.	4B;	fig.	S5E),	often	with	multiple	centrosomes	at	
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each	pole	 and	 scattered	DNA	associated	with	 centrosomes	 (Fig.	 4B),	 probably	 resulting	

from	abnormal	chromosome	segregation.	GFP-Polo-PACT	expression	per	se,	at	the	levels	

observed,	is	unlikely	to	have	major	detrimental	effects	in	embryonic	development,	given	

the	presence	of	normal	escaper	embryos	(fig.	S8B).	These	results	lead	us	to	conclude	that	

maternal	centrosome	maintenance	is	detrimental	for	female	meiosis	and	early	embryonic	

development,	having	a	negative	impact	on	sexual	reproduction.		

	

DISCUSSION		

Asymmetric	centriole	inheritance	is	thought	to	be	essential	to	sexual	reproduction.	How	

maternal	centrioles	are	eliminated	and	the	importance	of	this	phenomenon	for	oogenesis	

progression,	meiotic	division	and	embryogenesis,	has	been	a	matter	of	extensive	debate.	

Here	we	 show	 for	 the	 first	 time	 that	maternal	Drosophila	 centriole	 elimination	 results	

from	the	shutdown	of	a	novel	centriole	maintenance	program	relying	on	the	presence	of	

Polo	 kinase	 at	 the	 centrosome	 and	 consequent	 PCM	 retention	 (Fig.	 4E).	 By	 artificially	

maintaining	 this	 program	 active	 by	 tethering	 Polo	 to	 centrioles,	 we	 retained	maternal	

centrosomes	 throughout	 all	 oogenesis.	 Surprisingly,	 eggs	 with	 active	 centrosomes	 are	

well	 patterned	 and	 laid.	 However,	 the	 abnormal	 presence	 of	 centrosomes	 leads	 to	

defective	 meiosis,	 abnormal	 mitosis	 after	 fertilization	 and	 aborted	 early	 embryonic	

development	(Fig.	4E).		

	 Our	 findings	are	 likely	to	extend	to	the	female	germline	of	other	animals,	where	

centrioles	are	also	eliminated	during	prophase	I	arrest.	Accordingly,	in	C.	elegans	oocytes	

the	 PCM	 is	 also	 lost	 before	 centrioles	 are	 eliminated	 (9),	 and	 in	Xenopus	 oocytes	 Plx1	

(Polo	orthologue)	 is	also	 less	expressed	 in	early	oogenesis	 (40,	41).	Echinoderms	are	an	

exception	 to	 centriole	 elimination	 in	 early	 prophase	 I	 arrest,	 as	 most	 centrioles	 are	

eliminated	through	extrusion	within	the	polar	bodies	during	both	meiotic	divisions,	with	a	

last	centriole	being	eliminated	after	meiosis	exit	(8).	Remarkably,	echinoderm	centrioles	

are	surrounded	by	PCM	(γ-tubulin	and	pericentrin)	 in	all	stages	of	oogenesis	(42),	which	

may	 protect	 them,	 further	 supporting	 the	 generality	 of	 a	 PCM-dependent	 centriole	

maintenance	 mechanism.	 It	 is	 also	 known	 that	 Polo	 substrate	 phosphorylation	 is	

important,	 both	 for	 their	 localization	 and	 to	 reinforce	 Polo´s	 own	 localization	 at	 the	

centrosome,	in	a	positive	feedback	loop	(26).	Recently,	it	was	shown	that	both	Polo	and	
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at	 least	 one	 of	 its	 PCM	 substrates,	 SPD2,	 are	 not	 transcribed	 at	 the	 beginning	 of	 late	

stages	of	Drosophila	oogenesis	(stages	9	and	10)	(35).	We	propose	that	concomitant	loss	

of	expression	of	Polo	and	its	PCM	substrates	leads	to	complete	PCM	loss	from	the	oocyte	

MTOC	and	subsequent	centriole	loss.	Moreover,	physiological	inhibitors	of	Polo	(such	as	

matrimony)	 (34)	may	contribute	 to	 further	down-regulate	 its	 localization	and	activity	at	

the	centriole.	Future	work	will	focus	on	understanding,	which	Polo	substrates	and	binding	

proteins	are	important	in	this	function.		

	 To	 our	 knowledge,	 animal	 sexual	 reproduction	 is	 always	 associated	 with	

asymmetric	 centriole	 inheritance	 due	 to	 maternal	 centriole	 loss.	 Here,	 we	 tested	 the	

consequences	 of	 counteracting	 this	 process	 for	 meiosis	 and	 early	 embryonic	

development.	We	observed	that	oogenesis	is	robust	to	the	presence	of	active	centrioles	

(no	major	patterning	defects).	However,	maternal	 centrioles	 interfere	with	meiotic	 and	

mitotic	 divisions	 in	 the	 embryo,	 leading	 to	 female	 sterility.	Moreover,	 the	 presence	 of	

maternal	 centrioles	 is	 not	 sufficient	 to	 support	 parthenogenesis	 in	 Drosophila	

melanogaster.	 In	parthenogenic	 species,	 centrioles	are	 still	 eliminated	 in	oogenesis	 and	

appear	 de	 novo	 only	 after	 anaphase	 I	 (43).	 It	 is	 thus	 possible	 that	 the	meiotic	 defects	

observed	 caused	 by	 the	 presence	 of	 maternal	 centrioles,	 or	 other	 unrelated	

requirements,	preclude	the	induction	of	parthenogenesis.		

	 Our	study	revealed	that	 the	widely	accepted	centriole	stability	 is	not	an	 intrinsic	

property	 of	 those	 structures.	 Instead,	 centrioles	 are	 maintained	 by	 a	 novel	 program,	

dependent	 on	 a	 new	 interphase	 role	 by	 the	major	mitotic	 kinase	 Polo	 and	 by	 the	MT	

nucleating	matrix	 that	 surrounds	 the	 centriole,	 the	 PCM.	We	 propose	 this	 is	 a	 general	

feature	of	centrioles,	as	we	observed	that	either	Polo	or	PCM	removal	 lead	to	centriole	

disappearance	in	Drosophila	interphasic	somatic	cells	arrested	for	a	long	time	(fig.	S2	and	

S4).	 Further	 studies	are	needed	 to	address	 the	novel	 role	of	PCM	and	Polo	 in	 centriole	

maintenance	 and	 how	 that	 interplays	 with	 the	 role	 of	 centriole	 stabilizing	 structural	

features	 (44-47).	 Finally,	 evidence	 of	 PCM´s	 presence	 or	 loss	 from	 centrosomes	 in	

different	tissues	supports	the	idea	that	regulation	of	a	centriole	maintenance	program	is	

present	 and	 critical	 in	many	 other	 cell	 types,	 such	 as	 cells	 that	 lose	 centrioles	 or	 their	

activity	 upon	 differentiation	 or	 disease	 (e.g.	muscle,	 virus	 infection,	 cells	 with	multiple	

centrosomes	in	cancer)	and	in	cells	that	keep	centrioles	for	a	long	time	(e.g.	cycling	cells	
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where	centrioles	go	through	many	cell	cycles	and	 long-lived	differentiated	ciliated	cells)	

(6,	48-52).	
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FIGURES	

	
Fig.	 1.	 Centrosomes	 progressively	 disassemble	 at	 the	 end	 of	 oogenesis:	 PCM	 first,	 centrioles	
last.	 (A)	Drosophila	melanogaster	oogenesis.	Oogenesis	begins	with	 the	asymmetric	division	of	
the	stem	cell,	producing	a	cystoblast	that	divides	four	times	to	create	a	cyst	of	16	interconnected	
cells,	one	of	which	becomes	the	oocyte	(blue)	while	the	others	become	nurse	cells	(grey).	Early	in	
oogenesis	 the	 centrioles	 of	 the	 nurse	 cells	 migrate	 to	 the	 oocyte	 (see	 text),	 where	 a	 complex	
microtubule	 (MT)	 rearrangement	 takes	 place	 (Germarium	 (G)	 to	 Stage	 6	 (S6)).	 Centrioles	were	
observed	 as	 late	 as	 stages	 8	 and	 9	 {Januschke,	 2006	 #56}.	 The	 presence	 of	 centrioles	 in	 pre	
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nuclear	 envelope	 breakdown	 (NEBD)	 stages	 (S13/14)	 remains	 uncharacterized,	 while	meiosis	 (I	
and	 II)	 are	 known	 to	 be	 acentriolar.	 Images	 adapted	 from	 {Cunha-Ferreira,	 2009	 #13}.	 (B)	
Centrosome	structure	and	components.	 The	centrosome	 is	 composed	by	 two	centrioles,	which	
are	made	of	9	triplets	of	MTs	(green),	and	by	the	PCM	(orange),	a	matrix	of	proteins	whose	known	
function	 is	 to	 nucleate	 and	 anchor	 MTs.	 (C	 and	 D)	 ANA1	 (C)	 and	 BLD10	 (D),	 core	 centriole	
components,	 are	 detected	 close	 to	 the	 oocyte’s	 nucleus	 from	 early	 to	 late	 stages	 (from	G	 to	
S12).	Note	the	increase	in	the	size	of	the	oocyte,	the	large	nuclei	of	the	nurse	cells	and	the	follicle	
cells	surrounding	the	egg.	Enlargements	of	the	indicated	areas	(arrows)	are	shown	(5.3x	and	7.5x	
magnification	 in	 early	 stages	 and	 mid/late	 stages,	 respectively,	 so	 that	 the	 images	 are	 set	 to	
comparable	 scales).	 Note	 the	 gradual	 decrease	 of	 the	 intensity	 and	 size	 of	 centriole-containing	
structures	 (images	were	acquired	with	same	exposure).	Scale	bars,	10	μm.	 (E)	Quantification	of	
oocytes	 showing	 ANA1,	 SAS6	 or	 BLD10	 as	 discrete	 foci	 in	 the	 different	 stages.	More	 than	 30	
independent	 oocytes	 were	 analyzed	 per	 stage,	 per	 protein.	 Due	 to	 their	 long	 duration,	 most	
oocytes	counted	in	late	stages	were	either	in	stage	9	or	10.	Dashed	lines	are	included	to	help	infer	
general	trends.	(F)	Female	meiosis	I.	Note	that	meiosis	I	is	acentriolar	(no	centrioles	at	the	poles).	
Enlargements	 (1.5x	magnification)	 of	 the	 indicated	 areas	 are	 shown.	 (See	 also	 fig.	 S1	 for	 SAS6	
staining.)	 (G	 and	 H)	 Localization	 of	 γ-tubulin	 (γ-TUB)	 (G)	 and	 SPD2	 (H),	 PCM	markers,	 in	 the	
oocyte.	While	γ-TUB	is	very	stable,	SPD2	is	absent	from	the	majority	of	oocytes	from	mid	and	late	
stages.	 Note	 the	 gradual	 decrease	 of	 the	 intensity	 and	 size	 of	 the	 PCM.	 Enlargements	 of	 the	
indicated	 areas	 (arrows)	 are	 shown	 (5.3x	 and	 7.5x	 magnification	 in	 early	 stages	 and	 mid/late	
stages,	 respectively,	 so	 that	 the	 images	 are	 set	 to	 comparable	 scales).	 Scale	 bars,	 10	 μm.	 (I)	
Quantification	of	the	oocytes	positive	for	PCM	components:	γ-TUB,	D-PLP,	CNN,	ASL,	SAS4	and	
SPD2.	Note	 that	 the	 presence	 of	 PCM	 proteins	 decreases	 in	mid	 stage	 oocytes.	More	 than	 30	
independent	 oocytes	 were	 analyzed	 per	 stage,	 per	 protein.	 Due	 to	 their	 long	 duration,	 most	
oocytes	counted	in	late	stages	were	either	in	stage	9	or	10.	Dashed	lines	are	included	to	help	infer	
general	 trends.	 (See	also	 fig.	 S1	 for	SAS4,	ASL	and	CNN	staining.)	 (J)	Estimate	of	 total	 centriole	
number	 in	 the	 oocyte	 at	 different	 stages.	Up	 until	 stage	 10	 centrioles	 are	 found	 in	 very	 tight	
clusters,	 being	 impossible	 to	 discriminate	 their	 number	 with	 light	 microscopy.	 To	 estimate	
centriole	numbers	we	divided	 total	 intensity	of	ANA1	at	 each	 stage	by	 the	average	 intensity	of	
single	 centrioles	 encountered	 in	 early	 stages	 in	 nurse	 cells.	 GFP-PACT	 was	 used	 as	 a	 centriole	
marker,	ensuring	co-localization	(16).		
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Fig.	2.	Centrosomal	Polo	is	naturally	down-regulated	in	mid	and	late	stages	of	oogenesis;	down-
regulation	of	Polo	accelerates	centriole	loss.	(A)	Localization	of	endogenous	Polo.	Oocytes	were	
immunostained	 for	Polo	and	D-PLP	 (clustered	centrosomes,	 i.e.	oocyte	MTOC).	Enlargements	of	
the	indicated	areas	(arrows)	are	shown	(5.8x	and	8.5x	magnification	in	early	stages	and	mid/late	
stages,	 respectively,	so	that	 the	 images	are	set	 to	comparable	scales).	All	 images	were	acquired	
with	 same	 exposure.	 Scale	 bars,	 10	 μm.	 (B)	Quantification	 of	 oocytes	 positive	 for	 Polo	 at	 the	
oocyte	MTOC.	Note	that	the	majority	of	late	stage	oocytes	do	not	have	Polo	at	the	MTOC.	Dashed	
lines	 are	 included	 to	 help	 infer	 general	 trend.	 (C)	 Depletion	 of	 Polo	 by	 RNAi.	mCherry-RNAi	
(control)	and	Polo-RNAi	were	expressed	 in	 the	germline	using	a	driver	 that	only	expresses	after	
stage	 3/4,	 i.e.	 after	 oocyte	 specification.	 Expression	 of	 both	 GFP-PACT	 (under	 poliubiquitin	
promoter;	 PACT	 is	 the	 centriolar	 targeting	 domain	 of	 PLP	 (36))	 and	 ANA1-tdTomato	 (under	
endogenous	promoter)	were	used	as	robust	centriolar	markers.	Enlargements	(5x	magnification)	
of	 the	 indicated	 areas	 (arrows)	 are	 shown.	 All	 images	were	 acquired	with	 same	 exposure.	We	
investigated	the	presence	of	centrioles	at	stage	10,	before	they	normally	disappear	(see	figure	1J).	
Note	the	smaller	size	of	MTOCs	after	Polo	RNAi	in	comparison	to	the	control	(mCherry	RNAi),	seen	
both	with	 the	PACT	and	Ana1	centriole	markers.	Scale	bars,	10	μm.	Western	blot	 showing	Polo	
depletion	 is	 shown	 in	 fig	 S3A.	 (D)	 Quantification	 of	 total	 co-localized	 GFP-PACT	 and	 ANA1-
tdTomato	 levels	 as	 proxy	 for	 centriole	 numbers	 in	 stages	 10.	A	minimum	of	 30	 oocytes	were	
analyzed	per	RNAi	condition.	The	statistical	difference	between	samples	was	evaluated	with	a	t-
test	(***,	p<0.001;	*,	p<0.05).	
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Fig.	 3.	 Ectopic	 tethering	of	 Polo	 to	 the	 centrioles	prevents	PCM	and	 centriole	 loss,	 leading	 to	
abnormal	 meiotic	 division.	 (A)	 Targeting	 Polo	 to	 the	 centrioles.	GFP-PACT	 (control)	 and	 GFP-
Polo-PACT	were	expressed	in	the	germline	(PACT	is	the	centriolar	targeting	domain	of	PLP	{Gard,	
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1995	 #44}).	 ANA1-tdTomato	 expression	 under	 endogenous	 promoter	 was	 used	 as	 a	 robust	
centriolar	marker,	and	 immunostaining	 for	γ-tubulin	 (γ-TUB)	as	a	PCM	marker.	Enlargements	of	
the	indicated	areas	(arrows)	are	shown	(8.5x	and	5x	magnification	in	mid/late	stages	and	stages	
12/13,	 respectively,	 so	 that	 the	 images	are	 set	 to	comparable	 scales).	All	 images	were	acquired	
with	 same	 exposure.	 Scale	 bars,	 10	 μm.	 (B)	 Quantification	 of	 oocytes	 showing	 γ-TUB	 at	 the	
oocyte´s	MTOC	(co-localization	between	γ-TUB,	ANA1	and	PACT).	Note	that	expression	of	GFP-
Polo-PACT	retains	γ-TUB	at	the	MTOC’c.	Dashed	lines	are	included	to	help	infer	general	trends	(C)	
Quantification	of	the	amount	of	γ-TUB	per	ANA1	at	the	centrioles.	Expression	of	GFP-Polo-PACT	
led	to	approximately	3x	more	γ-TUB	on	centrioles.	A	minimum	of	30	oocytes	were	analyzed	per	
stage	 in	 B	 and	 C.	 The	 statistical	difference	 between	 samples	was	 evaluated	with	 a	 t-test	 (***,	
p<0.001).	(D)	Quantification	of	total	ANA1-tdTomato	levels	(endogenous	promoter)	in	mid	and	
late	oogenesis	stages	in	GFP-PACT	and	GFP-Polo-PACT	expressing	oocytes.	Note	that	ANA1	levels	
are	constant	throughout	oogenesis	upon	GFP-Polo-PACT	expression	suggesting	that	centrioles	are	
maintained	and	that	there	is	no	centriole	overduplication	upon	expression	of	Polo-PACT.	Dashed	
lines	are	included	to	help	infer	general	trends.	More	than	30	oocytes	were	scored	per	stage	in	D	
and	E.	The	statistical	difference	between	samples	was	evaluated	with	a	t-test	(***,	p<0.001).	(E)	
Quantification	 of	 oocytes	 showing	 centrioles	 (oocytes	 with	 ANA1/total	 number	 of	 analyzed	
oocytes).	Note	 that	most	meiosis	 I	metaphases	do	not	have	 centrioles	 in	 control	oocytes	 (GFP-
PACT),	 while	 all	 analyzed	 oocytes	 expressing	 GFP-Polo-PACT	 show	 centrioles.	 Dashed	 lines	 are	
included	to	help	infer	general	trends.	(F-G)	Different	magnifications	of	stage	14	eggs	expressing	
either	 GFP-PACT	 (control)	 or	 GFP-Polo-PACT.	 ANA1-tdTomato	 under	 the	 control	 of	 the	
endogenous	promoter	was	used	as	a	robust	centriolar	marker.	F)	Eggs	expressing	GFP-Polo-PACT	
show	the	maintenance	of	centrioles	at	the	anterior	of	the	egg	in	the	vicinity	of	the	meiotic	DNA.	
Enlargements	(5.8x	magnification)	of	the	indicated	areas	(arrows)	are	shown.	Note	that	the	nuclei	
surrounding	the	egg	are	from	follicle	cells.	Scale	bar,	40	μm.	 (G)	Scattered	DNA	associates	with	
maternal	centrioles	in	meiosis	in	GFP-Polo-PACT-embryos.	Enlargements	(1.7x	magnification)	of	
the	indicated	areas	(arrows)	are	shown.	Scale	bar,	10	μm.		
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Fig.	 4.	 Centrioles	 maintained	 in	 oogenesis	 show	 normal	 structure	 and	 lead	 to	 embryonic	
defects.	 (A)	 Representative	 super-resolution	microscopy	 (Structured	 Illumination	Microscopy,	
SIM)	 pictures	 of	 centrioles	 in	 eggs	 expressing	 either	 GFP-PACT	 (control)	 or	 GFP-Polo-PACT	 in	
stages	12	and	in	meiotic	divisions.	Centrioles	are	very	small	(250	nm	across)	and	therefore	their	
barrel	 like	structure	is	only	visible	with	super-resolution	microscopy.	ANA1-tdTomato	expression	
under	endogenous	promoter	was	used	to	identify	typical	centriole	barrel	structures	in	stages	12	
of	 both	 GFP-PACT	 and	 GFP-Polo-PACT	 expressing	 eggs.	 These	 structures	 were	 also	 present	 in	
meiotic	divisions	of	GFP-Polo-PACT	expressing	eggs,	but	no	structures	were	seen	in	control	eggs	at	
that	 stage	 (not	 shown),	 as	 expected	 from	 results	 using	 confocal	microscopy	 (Fig.	 1F	 and	 3F,G).	
Similar	barrel	like	structures	were	also	seen	in	the	green	channel	(GFP-PACT	and	GFP-Polo-PACT,	
not	 shown).	 Enlargements	 (4.3x	 magnification)	 of	 the	 indicated	 areas	 (arrows),	 focusing	 on	 a	
single	 centriole	 (cross	 section	 of	 the	 barrel),	 are	 shown.	 Scale	 bar	 1	 μm.	 	 (B)	 GFP-Polo-PACT	
embryos	show	several	mitotic	defects	and	mitotic	arrest.	Embryos	were	collected	one	hour	after	



	 	
	

24	

fertilization.	 GFP-Polo-PACT	 embryos	 show	 supernumerary	 centrioles	 and	 few	 divisions	 with	
scattered	DNA	associated	with	centrioles.	The	presence	of	centrioles	in	the	embryos	was	analyzed	
by	 co-labeling	 with	 ANA1	 (centriolar	 marker	 under	 endogenous	 promoter,	 very	 weak	 in	 early	
embryos	and	likely	to	be	accumulated	in	older	centrioles)	and	PACT.	α-tubulin	(α-TUB,	dark	blue)	
was	 used	 to	 identify	 spindle	 shape.	 Enlargements	 (1.3x	 magnification)	 of	 the	 indicated	 areas	
(arrows)	 are	 shown.	 Scale	 bars,	 10	 μm.	 (C)	 Expression	 of	 GFP-Polo-PACT	 does	 not	 affect	 egg	
laying.	Quantification	 of	 the	 number	 of	 eggs	 laid	 by	GFP-PACT	 and	GFP-Polo-PACT	 females	 (14	
females	 per	 condition).	 (D)	 The	 majority	 of	 GFP-Polo-PACT	 fertilized	 eggs	 do	 not	 hatch.	
Quantification	 of	 hatched	 eggs	 in	 GFP-PACT	 and	 GFP-Polo-PACT.	 The	 statistical	 difference	
between	 samples	 in	C	and	D	was	evaluated	with	a	 t-test	 (***,	p<0.001;	ns,	non-significant).	 (E)	
Model	of	centriole	elimination	during	oogenesis	and	the	consequences	of	preventing	Polo	loss	
at	the	centrioles.	Nearly	all	centrioles	from	the	16	cell	cyst	migrate	to	the	oocyte	in	early	stages	of	
oogenesis.	In	a	wild	type	fly,	during	oogenesis,	there	is	both	loss	of	expression	and	localization	of	
Polo	and	PCM	components	 from	the	oocytes	centrioles,	 shutting	down	a	centriole	maintenance	
program.	 In	 the	 absence	 of	 PCM,	 the	 centrioles	 are	 not	 stable	 and	 are	 eliminated.	 Loss	 of	
centrioles	 in	 the	 female	 germline	 ensures	 their	 absence	 in	 meiosis,	 proper	 number	 of	 these	
structures	upon	fertilization	and	successful	embryonic	development.	By	expressing	and	anchoring	
Polo	 to	 the	maternal	centrioles,	 the	maintenance	program	 is	 "on",	 so	 the	PCM	 is	maintained	 in	
those	 structures	 and	maternal	 centrioles	 are	 stable.	 Although	 the	 presence	 of	 active	maternal	
centrioles	does	not	preclude	egg	 formation	and	 fertilization,	 they	 lead	to	abnormal	meiotic	and	
mitotic	divisions	with	consequently	failed	zygotic	development.	
	
	

	

	

	

	

	


