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Aspetti fisiologici e agronomici per 
intensificare la coltivazione dell’olivo

(parte II)



Obiettivi della potatura dell’olivo
•Formare e mantenere la struttura della pianta

•Consentire una precoce entrata in produzione

•Ottenere produzioni elevate

•Ottimizzare l’intercettazione della luce da parte della chioma

•Rinnovare i rami produttivi e prevenire l’invecchiamento della chioma 

•Bilanciare le attività vegetative e riproduttive

•Controllare le dimensioni della pianta

•Eliminare il legno secco

•Riparare i danni alla chioma dopo stress

•Ringiovanire alberi vecchi o abbandonati

•Adattare vecchi alberi alla raccolta meccanizzata

•Facilitare il controllo delle malattie

•Incrementare la qualità dei frutti nelle varietà da tavola

•Incrementare il valore estetico di piante allevate come ornamentali



Costi di produzione per un oliveto a bassa/media densità di impianto:

• raccolta (40-50%),

• potatura (20-30%) secondo le diverse condizioni pedo-

climatiche e socio-economiche

Operazione colturale Tempo medio (52 ore/ha) per un 

oliveto in parete di 11 anni

Potatura manuale 48%

Trinciatura interfila residui potatura e 

inerbimento

21%

Controllo fitosanitario (atomizzatore) 13%

Diserbo chimico lungo la fila 12%

Raccolta con svallatrice 6%

Espada, 2008

Costi di produzione per un oliveto ad alta densità di impianto: 



Regole generali per la potatura 

dell’olivo

1. Aggiustare la potatura all’età della pianta (pt giovane = 
meno tagli, pt vecchia = più tagli).

2. Seguire il percorso della luce (procedere dall’alto verso il 
basso).

3. Eseguire prima i tagli grandi poi i piccoli. 

4. Correggere le differenze di vigore tra le branche.

5. Potare rapidamente e in modo semplice (max 10 min/pt).

6. I costi sono più importanti dell’estetica.

7. Non tutte le piante hanno bisogno di essere potate ogni 
anno (tutti i tagli che possono essere rimandati all’anno 
successivo vanno lasciati)

8. Potare senza mai dimenticare la vs sicurezza.

La potatura è la seconda operazione più costosa dopo la 

raccolta (20-30% dei costi annuali di coltivazione)



Differenti tipi di potatura a 

seconda dei diversi obiettivi

• Alberi giovani----- potatura di formazione

   struttura della chioma

• Alberi adulti----- potatura di produzione

   equilibrio vegeto-riproduttivo

• Alb. vecchi, danneggiati/alti----- potatura di 
riforma/ringiov.

   ri-creare un buona struttura



Regole per la potatura di piante 

giovani (fase d’allevamento)

• Favorire un rapido accrescimento della pianta 
(potatura minima o assenza di potatura, massima 
intercettazione della luce e occupazione dello spazio).

• Formare una chioma ben bilanciata e una struttura 
abbastanza robusta da sopportare abbondanti 
produzioni durante la fase adulta.

• Consentire una precoce entrata in produzione.



Vaso cespugliato o 

cespuglio

Diagramma schematico per la potatura di giovani piante di olivo. Sono riportati 3 

diversi percorsi che conducono alla successiva forma di allevamento finale

Vaso a chioma 

libera

Monocono,

Asse centrale

Gucci e Cantini, 20



Più facile



Estate del primo anno





Inizio del secondo anno



Fine del secondo anno

Branche primarie 

ben distanziate:

almeno 10 cm







Fine del terzo anno







Durante il quinto anno





Fase d’allevamento 
(tutore e vento)

Gucci e Cantini, 2000



Intensificazione 
colturale….

….oltre al maggiore numero 
di piante per unità di 
superficie (densità 
d’impianto)…

…strategie coerenti per la 
gestione della tecnica di 
coltivazione per ciascun 
modello d’impianto

6x6 m (277 pt/ha)

6x3 m (555 pt/ha)

4x2 m (1250 pt/ha)



Arbosana,…

Arbequina, P. di Mogliano,
Maurino, Leccio del corno,…

Coratina, Frantoio,…

Mantenimento nel tempo della gerarchia conica 
e dell’organizzazione scheletrica della chioma

Maggiore possibilità di intensificazione  

Lodolini et al., 2023

Architettura



Vigore- +

Koroneiki 

Lecciana® (Leccino x Arbosana),

Arbequina, P. di Mogliano, Maurino, Leccio del corno

Coriana® (Koroneiki x Arbosana),

i-15® (Koroneiki x Arbosana)

Sikitita 1® (Picual x Arbequina),

Sikitita 2® (Arbequina x Picual)

Arbosana

Oliana® (Arbequina x Arbosana), 

Sultana® (Sikitita x Arbosana)



Con 2-3 fili

Impiantistica

60 cm

150 cm (opzionale)

180 cm



Con 1 solo filo

150-160  cm

Impiantistica



150 cm

Con 1 solo filo

Impiantistica





Impiantistica

Nessun filo



Come si costruisce la 
parete continua?



Asse centrale

(potatura selettiva e semplificata)



Potatura di formazione

Eliminazione di 
branche sul 
fusto fino a 60 
cm di altezza

Cima asse centrale

Ramificazioni 
laterali ben 
distribuite 
(sviluppo di 
quelle nel 
senso del 
filare)



Attenzione alla legatura 

dell’asse centrale!!!



NO

SI

Potatura di 
formazione



•Mantenimento dell’asse centrale e della 
gerarchia conica dell’albero. 
Eliminazione delle branche vigorose 
situate in senso perpendicolare al filare

Piegatura delle branche laterali vigorose 
sul filo per costruire la struttura scheletrica 
finale dell’albero

Arbequina al 3° ano (4x2m, Zaragoza, ES) 

Potatura di formazione



Eliminazione di branche laterali troppo 
vigorose e rigide nella direzione 
dell’interfila (3 cm di diametro?)



NOYES



60 cm

NO SI

Potatura di formazione



Egitto, 2012

Potatura di formazione



Arbequina al 7° annoArbequina al 2° anno

Modifica dell’architettura della chioma



Arbequina al 7° annoArbequina al 2° anno

2
,5

0
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3
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Modifica dell’architettura della chioma



Giovane impianto produttivo ad altissima 

densità (4x2 m, 1.250 alberi/ha)

DM MIPAAF 13938/7110/2018



Palmetta libera



Multiasse 

(SmartTree®)



Agromillora Group

Agromillora Group



2 anni dalla messa  

dimora (Puglia)



Potatura meccanica con rifiniture manuali selettive e semplificate

1° Topping raggiunti i 160 cm circa: rimozione di 10-15 cm di vegetazione…riscoppio di 50 

cm…rifiniture per guidare la crescita lungo la parete.
Intervento di questo tipo per i primi 4 anni…fino all’altezza di 2,70 della parete.



Bi-asse (ipsilon)



Richiesta interventi di potatura

Eccessivo riscoppio nella porzione 

apicale delle branche primarie





Quali altri fattori considerare 
oltre la potatura?



Irrigazione (…fertirrigazione)



(Xiloyannis and Palese, 2001)

Root and canopy growth in young olive trees (cv Coratina) vase-trained (6 m x 3 m), in
semi-arid environmental conditions, in irrigated and not irrigated conditions. Not irrigated
trees were irrigated only in the first year.

E ancora: entrata in produzione più precoce

 

Years from planting 
Considered parameter Irrigation 

1 2 3 7 

Yes 0.6 1.9 6.1 28.2 
Leaf area (m

2 
/ plant) 

No - 1.2 3.8 14.9 

Yes 0.5 2.9 8.6 16.8 
Root exploration volume (m

3 
/ plant) 

No - 2.3 5.1 13.4 

Yes 193 528 1263 3740 
Root lenght (m / plant) 

No - 511 806 2477 

Yes 0.039 0.018 0.015 0.022 
Root density (m root / m

3
 soil) 

No - 0.022 0.016 0.018 

Yes 3.57 2.8 2.45 1.37 
S/R ratio (mass) 

No - 2.09 2.08 1.23 

Yes 1.2 0.65 0.71 1.68 
Leaf area / root exploration volume (m

2 
/ m

3
) 

No - 0.52 0.74 1.11 

Irrigazione in alberi giovani

+ 33% canopy



Competizione con le erbe 
spontanee durante i primi 
anni dall’impianto



Prova di 3 anni di pacciamatura sottofila in oliveto a parete (4x2 m, 1.250 pt/ha)

all’impianto (ottobre 2019, Roma)

Lodolini et al., 2024



Controllo = fresino sottofila (Milling) 4 volte/anno

Pacciamatura sintetica (Mulcing)

Lodolini et al., 2024



Altezza alberi 
all’impianto

(cm)

Altezza alberi
Ott 2020

(cm)

Altezza alberi
Dic 2021

(cm)

Altezza alberi
Ott 2022

(cm)

Mulching 61.4 ± 2.34 130.4 ± 2.65 a 207.0 ± 3.08 a 239.5 ± 3.10  a

Milling 60.2 ± 1.96 99.9 ± 3.51 b 173.2 ± 4.28 b 215.8 ± 4.78 b

Crescita vegetativa degli olivi…

Lodolini et al., 2024



Secondo anno dall‘impianto (2021) Terzo anno dall‘impianto (2022)

Produzione frutti
per albero (kg)

Numero frutti per 
albero

Produzione frutti
per albero(kg)

Numero frutti per 
albero

Mulching 0.30 ± 0.09 a 139.0 ± 42.3 a 5.84 ± 0.40 a 2,904.3 ± 242.4 a

Milling 0.05 ± 0.02 b 24.5 ± 8.90 b 2.46 ± 0.27 b 1,085.6 ± 139.9 b

…e produzione di frutti

Lodolini et al., 2024



Oliveto a parete al 3 anno dall’impianto



Flower thinning (de-florazione)

con NAA per accelerare lo 

sviluppo vegetativo nei primi 

anni dopo l’impianto 
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Famiani et al., 2022

cv. Moraiolo, 2 anni dall’impianto

2019
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Famiani et al., 2022

2019

2019 e 2020

In alternativa al NAA si 

utilizza Urea tecnica



Margaronia (Palpita unionalis)

Monitoraggio 

e difesa 

fitosanitaria



Monitoraggio 

e difesa 

fitosanitaria

Oziorrinco (Otiorrhynchus cribricollis)



Monitoraggio 

e difesa 

fitosanitaria

Rogna (Pseudomonas savastanoi)

Occhio di pavone (Venturia oleaginea)



Grazie!!!



Focus sull’impollinazione dell’olivo
Raffaele Testolin

Consorzio Produttori Olio EVO FVG Incontro tecnico per il settore olivicolo
«Aspetti agronomici e fisiologici per intensificare la coltivazione dell’olivo (Parte II) e focus sull’impollinazione

Cantina di Rauscedo, sede di Codroipo 18 dicembre 2025

1



2

Il seminario è il risultato di una sperimentazione sull’incompatibilità dell’olivo 
finanziata e condotta dell’ERSA in collaborazione con l’Università di Udine 

negli anni 2018-2019

Hanno collaborato e si ringraziano

ERSA
Ennio Scarbolo
Marco Stocco
Gianluca Gori

UNIUD
Raffaele Testolin
Rachele Messina  
Cristina Chiabà  

Giorgio Comuzzo  
Renato Frezza  

Moreno Greatti  
Cumini Enrico  
Lorenzo Biasiol  

Alessandro Cosmai  



L’incompatibilità dell’olivo: 
le fake-news della letteratura, dei manuali e dei siti web

3

• La maggior parte delle cultivar sono auto-sterili e inter-sterili 
(Tornata Accademia Olivo e olio 2022)

• l’olivo è autoincompatibile, ma alcune varietà sono 
(parzialmente) autocompatibili

• alcune varietà di olivo sono autocompatibili: Frantoio, Leccio del 
Corno, Coratina, Arbequina, Picual…

• Arbequina è autocompatibile, si fanno impianti in purezza e non 
servono impollinatori …

• autocompatibili: Frantoio e Leccio del Corno …; parzialmente 
autocompatibili: Pendolino e Ascolana tenera; auto-
incompatibili:  Leccino, Moraiolo e Taggiasca … 
(https://olivonews.it/ limpollinazione-dellolivo-processi-
genetici-e-criticita/Enzo Gambin AIPO) 

https://olivonews.it/


L’incompatibilità dell’olivo: 
le evidenze sperimentali

4

1. l’olivo è autoincompatibile (nessuna varietà si impollina da sola)
2. le varietà di olivo si dividono in due gruppi: G1 (alleli S1S2), G2 (alleli S1S1)
3. le varietà di un gruppo sono inter-incompatibili (non posso impollinarsi tra di loro)
4. le varietà di un gruppo possono impollinare tutte quelle dell’altro gruppo  

Breton CM, Farinelli D, Shafiq S, Heslop-Harrison JS, Sedgley M,  Bervillé AJ (2014) The self-incompatibility mating system of the olive (Olea 
europaea L.) functions with dominance between S-alleles. Tree Genetics & Genomes [doi.org/10.1007/s11295-014-0742-0]

Saumitou-Laprade P, Vernet P, Vekemans X et al (2017) Elucidation of the genetic architecture of self-incompatibility in olive: Evolutionary 
consequences and perspectives for orchard management. Evolutionary Applications: 1-14 [doi.org/10.1111/eva.12457

Grignan (G2) x Leccino (G1)
(combinazione compatibile)

Grignan (G2) x Maurino (G2)
(combinazione incompatibile)



L’incompatibilità dell’olivo: le eccezioni
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1. le varietà del gruppo 1 danno reazione di incompatibilità a livello stigmatico e 
l’autofecondazione è praticamente impossibile; 

2. le varietà del gruppo 2 danno reazione di incompatibilità a livello stilare e 
possono verificarsi basse percentuali di autofecondazione o interfecondazione con 
varietà dello stesso gruppo.

3. Questo quadro spiega i risultati discordanti di un’abbondante letteratura del passato 
sulla parziale autocompatibilità di alcune varietà  



I gruppi di incompatibilità 
nella varietà di olivo coltivate in FVG
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Gruppo  1 Gruppo  2

Leccino Maurino

Bianchera Buga

Carbona Drobniça

Cerniça Grignan

Gorgazzo Piasò

Rocca Bernarda Pendolino

Tonda di Villa

Frantoio, Leccio del Corno, Moraiolo … Carolea, Coratina, Itrana …

Arbequina … Arbosana, Koroneiki, Picual …



I migliori impollinatori
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Per il Gruppo 1
Grignan (3,6 %) > Maurino (2,2 %) 

Per il Gruppo 2
Gorgazzo (7,8 %) > Leccino (5,2 %) > … Bianchera (1,8 %) 

Gruppo  1 Gruppo  2

Leccino Maurino

Bianchera Buga

Carbona Drobniça

Cerniça Grignan

Gorgazzo Piasò

Rocca Bernarda Pendolino

Tonda di Villa Itrana

Frantoio, Leccio del Corno, 
Moraiolo

Carolea, Coratina, Itrana

Arbequina Arbosana, Picual, Koroneiki (?)



l’olivo allega < 2% dei fiori
si può arrivare  al 6-8 %

Dal punto di vista pratico
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come?

scelta degli impollinatori compatibili
distribuzione degli impollinatori(densità e venti dominanti)

ventilazione a bassi volumi durante l’impollinazione
impollinazione artificiale (manuale, con droni)

Leggera irrigazione sotto-chioma al mattino
trattamenti con boro (attenzione alla tossicità!!!)



grazie per l’attenzione
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Abstract
The	olive	(Olea europaea	L.)	is	a	typical	important	perennial	crop	species	for	which	the	
geneঞc	 determinaঞon	 and	 even	 funcঞonality	 of	 self-	incompaঞbility	 (SI)	 are	 sঞll	
largely	unresolved.	It	is	sঞll	not	known	whether	SI	is	under	gametophyঞc	or	sporo-

phyঞc	geneঞc	control,	yet	fruit	producঞon	in	orchards	depends	criঞcally	on	success-
ful	ovule	ferঞlizaঞon.	We	studied	the	geneঞc	determinaঞon	of	SI	in	olive	in	light	of	
recent	discoveries	in	other	genera	of	the	Oleaceae	family.	Using	intra-		and	interspe-

ciCc	sঞgma	tests	on	89	genotypes	representaঞve	of	species-	wide	olive	diversity	and	
the	compaঞbility/incompaঞbility	reacঞons	of	progeny	plants	from	controlled	crosses,	
we	 conCrmed	 that	 O. europaea	 shares	 the	 same	 homomorphic	 diallelic	 self-	
incompaঞbility	(DSI)	system	as	the	one	recently	idenঞCed	in	Phillyrea angusࢼfolia and 

Fraxinus ornus.	SI	is	sporophyঞc	in	olive.	The	incompaঞbility	response	di@ers	between	
the	two	SI	groups	in	terms	of	how	far	pollen	tubes	grow	before	growth	is	arrested	
within	 sঞgma	ঞssues.	As	 a	 consequence	 of	 this	DSI	 system,	 the	 chance	 of	 cross-	
incompaঞbility	 between	 pairs	 of	 varieঞes	 in	 an	 orchard	 is	 high	 (50%)	 and	 fruit	
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1  | INTRODUCTION

Self-	incompaঞbility	(SI),	a	postpollinaঞon	prezygoঞc	mechanism	pre-

venঞng	 self-	ferঞlizaঞon	 in	 simultaneous	 hermaphrodiঞc	 individuals,	
is	a	common	feature	in	Yowering	plants,	occurring	in	around	40%	of	
angiosperm	species	 (Igic,	Lande,	&	Kohn,	2008).	Geneঞc	determina-
ঞon	of	 SI	 is	 highly	variable,	with	 a	 single	 locus	 or	 several	 loci	 (dial-
lelic	or	mulঞ-	allelic)	and	gametophyঞc	or	sporophyঞc	control	of	 the	
pollen	 SI	 phenotype	 (Castric	 &	 Vekemans,	 2004;	 De	 Ne�ancourt,	
1977).	Because	disঞnct	 individuals	can	share	 idenঞcal	SI	genotypes,	
incompaঞble	 crosses	 are	 not	 limited	 to	 self-	pollinaঞon	 (Bateman,	
1952).	By	limiঞng	compaঞble	maঞngs,	SI	can	cause	a	direct	decrease	
in	 seed	 producঞon	 and	 can	 be	 an	 important	 demographic	 factor,	
a	 phenomenon	 known	 as	 the	 S-	Allee	 e@ect	 (Leducq	 et	al.,	 2010;	
Wagenius,	 Lonsdorf,	 &	 Neuhauser,	 2007).	 This	 e@ect	 is	 especially	
important	in	populaঞons	with	low	geneঞc	diversity	(Byers	&	Meagher,	
1992;	Vekemans,	Schierup,	&	Chrisঞansen,	1998).	Despite	 its	wide-

spread	occurrence	 in	 angiosperms,	 the	geneঞc	basis	of	SI	has	been	
idenঞCed	in	a	limited	number	of	cases,	and	the	underlying	molecular	
mechanism	has	been	shown	in	only	a	handful	of	plant	families.	These	
include	 the	Brassicaceae	 (Kitashiba	&	Nasrallah,	2014;	Tanঞkanjana,	
Rizvi,	Nasrallah,	&	Nasrallah,	2009),	Papaveraceae	(Eaves	et	al.,	2014),	
Solanaceae,	Plantaginaceae,	and	Rosaceae	(Iwano	&	Takayama,	2012;	
Sijacic	et	al.,	2004;	Williams,	Wu,	Li,	Sun,	&	Kao,	2015).

Among	plant	species	possessing	a	funcঞonal	SI	system,	crop	spe-

cies	are	of	parঞcular	importance	because	the	SI	system	can	interfere	
with	 plant	 producঞon	 and	 breeding,	 represenঞng	 a	 major	 obstacle	
for	 constant	 high	 yield	 (Sassa,	 2016).	A	 reducঞon	 in	 geneঞc	 diver-
sity	 in	commercial	varieঞes	may	also	potenঞally	 limit	 seed	and	 fruit	
producঞon	in	Celd	condiঞons,	with	adverse	economic	consequences	
(Matsumoto,	 2014).	 This	 issue	 has	 sঞmulated	 acঞve	 crossing	 pro-

grams	to	assess	allelic	diversity	at	the	SI	locus	in	crop	species	show-

ing	 funcঞonal	 SI,	 such	 as	 apple	 (Broothaerts,	 2003),	 Japanese	 pear,	
sweet	cherry,	apricot	(Sassa,	2016;	Wünsch	&	Hormaza,	2004),	cab-

bage	(Ockendon,	1974),	chicory	(Gonthier	et	al.,	2013),	and	sugarbeet	
(Larsen	1977).	However,	despite	the	obvious	interest	for	breeders	to	
use	 the	 SI	 system	 to	 their	 advantage	 as	 part	 of	 their	 breeding	pro-

grams,	 proper	 understanding	 of	 the	 geneঞc	 factors	 and	 molecular	
mechanisms	 involved	 in	SI	 is	 lacking	 for	most	 species	and	generally	
technically	diLcult	for	breeding	companies.

The	 mechanisms	 controlling	 SI	 are	 o[en	 conserved	 and	 shared	
among	 species	 belonging	 to	 a	 given	 plant	 family	 (Allen	 &	 Hiscock,	

2008;	Charlesworth,	1985;	Weller,	Donoghue,	&	Charlesworth,	1995).	
Hence,	evoluঞonary	approaches	can	help	to	uncover	SI	mechanisms	
in	crop	species	based	on	knowledge	of	 related	species.	Although	SI	
has	evolved	independently	many	ঞmes	within	angiosperms,	the	rate	of	
evoluঞon	of	new	SI	systems	is	thought	to	be	low,	and	the	occurrence	
of	disঞnct	mechanisms	of	SI	geneঞc	determinaঞon	within	a	given	fam-

ily	should	be	rare	(Igic	et	al.,	2008).
The	olive	(Olea europaea	subsp.	europaea)	is	the	iconic	tree	of	the	

Mediterranean	area,	present	in	culঞvated	(var.	europaea)	and	wild	(var.	
sylvestris)	 forms	 (Green,	 2002).	 Despite	 the	 economical,	 ecological,	
cultural,	 and	 social	 importance	 of	 this	 species,	 its	maঞng	 system	 is	
sঞll	largely	controversial	and	no	consensus	model	has	been	accepted.	
The	geneঞc	determinaঞon	and	even	funcঞonality	of	SI	are	sঞll	largely	
controversial.	In	this	species,	even	the	most	basic	biological	details	of	
SI	are	unresolved	and	we	do	not	know	whether	SI	 is	under	gameto-

phyঞc	 (Ateyyeh,	 Stosser,	 &	QrunYeh,	 2000)	 or	 sporophyঞc	 (Breton	
&	Bervillé,	2012;	Collani	et	al.,	2012)	geneঞc	control.	The	number	of	
genes	involved	in	the	olive	SI	system	and	their	pa�ern	of	linkage	and	
chromosomal	locaঞon	are	also	unknown.

Culঞvars	 able	 to	 produce	 seed	 by	 selCng	 are	 thought	 to	 exist	
(Farinelli,	 Breton,	 Famiani,	 &	Bervillé,	 2015;	Wu,	Collins,	&	 Sedgley,	
2002),	but	this	contenঞon	is	rarely	supported	by	molecular	paternity	
tests	(De	la	Rosa,	James,	&	Tobu�,	2004;	Díaz,	Mar�n,	Rallo,	Barranco,	
&	De	la	Rosa,	2006;	Díaz,	Marঠn,	Rallo,	&	De	la	Rosa,	2007;	Mookerjee,	
Guerin,	Collins,	Ford,	&	Sedgley,	2005;	SeiC,	Guerin,	Kaiser,	&	Sedgley,	
2012).	In	a	recent	study	involving	paternity	assessment	of	seed	prog-
enies	 from	 the	 Koroneiki	 culঞvar	 (Marchese,	 Marra,	 Costa,	 et	al.	
2016),	 it	was	 shown	 that	 seeds	 produced	 on	 twigs	 protected	 from	
outcross	pollen	were	derived	from	self-	ferঞlizaঞon.	In	addiঞon,	open	
pollinaঞon	 resulted	 in	11%	of	 the	seeds	being	produced	via	 selCng.	
Together,	these	results	suggest	that	SI	is	indeed	funcঞonal	in	this	vari-
ety,	although	leaky.	Pollinaঞon	experiments	have	been	performed	in	
several	studies	to	characterize	SI	at	the	phenotypic	level	and	idenঞfy	
groups	of	 compaঞbility	 among	varieঞes.	These	 studies	 scored	 com-

paঞbility	 either	 at	 the	 prezygoঞc	 stage,	 by	 cytological	 observaঞons	
of	pollen	tube	elongaঞon	 in	sঞgmas,	or	at	 the	postzygoঞc	stage,	by	
measuring	 seed	 producঞon	 (supported	 or	 not	 by	 paternity	 assess-
ment)	 a[er	 applicaঞon	 of	 pollen	 from	 donor	 plants	 (Breton	 et	al.,	
2014;	Cuevas	&	Polito,	1997).	Contradictory	conclusions	were	drawn	
in	terms	of	classifying	culঞvars	into	SI	groups,	as	well	as	in	terms	of	the	
quanঞtaঞve	 strength	of	 the	 incompaঞbility	 reacঞon.	Some	of	 these	
discrepancies	may	be	caused	by	pollen	contaminaঞon,	likely	because	

producঞon	may	be	limited	by	the	availability	of	compaঞble	pollen.	The	discovery	of	
the DSI system in O. europaea	will	undoubtedly	o@er	opportuniঞes	to	opঞmize	fruit	
producঞon.

K E Y W O R D S
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diversity,	plant	maঞng	systems,	sporophyঞc	geneঞc	control,	trans-generic	conservaঞon	of	SI	
funcঞonality
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O. europaea	produces	a	large	quanঞty	of	pollen	typical	of	most	wind-	
pollinated	species	(Ferrara,	Camposeo,	Palasciano,	&	Godini,	2007).

Here,	we	studied	the	geneঞc	determinaঞon	of	SI	 in	olive	in	light	
of recent discoveries in other genera in the same family, Oleaceae. 

SI	has	been	invesঞgated	in	Phillyrea angusࢼfolia L. and Fraxinus ornus 

L,	 two	 androdioecious	 species	 in	 which	 males	 and	 hermaphrodites	
co-	occur	in	the	same	populaঞon.	Both	species	share	a	homomorphic	
sporophyঞc	diallelic	 SI	 (DSI)	 system	 (Saumitou-	Laprade	et	al.,	 2010;	
Vernet	 et	al.,	 2016).	 Self-	incompaঞble	 hermaphrodiঞc	 individuals	
belong	to	one	of	two	homomorphic	SI	groups:	Individuals	of	a	given	
SI	group	can	only	sire	seeds	on	hermaphrodites	from	the	other	group,	
and	 cross-	pollinaঞon	 between	 individuals	 of	 the	 same	 group	 elicits	
an	incompaঞbility	response	(Saumitou-	Laprade	et	al.,	2010).	The	DSI	
system	has	been	conserved	 in	both	species,	and	cross-	species	polli-
naঞon	tests	have	demonstrated	that	the	recogniঞon	speciCciঞes	cur-
rently	segregaঞng	in	the	two	species	are	idenঞcal.	P. angusࢼfolia and 

F. ornus	belong	 to	 two	di@erent	 subtribes	within	 the	Oleaceae	 (sub-

tribe Oleinae for P. angusࢼfolia	 and	 subtribe	 Fraxininae	 for	F. ornus).	
Hence, it has been suggested that this DSI system originated ances-

trally	within	Oleaceae	(Vernet	et	al.,	2016)	and	thus	was	present	in	the	
most recent common ancestor of these two subtribes about 40 million 

years	ago	(Mya)	(Besnard,	de	Casas,	Chrisঞn,	&	Vargas,	2009).	Because	
O. europaea and P. angusࢼfolia	belong	to	the	same	subtribe	(Oleinae),	
we	hypothesize	that	they	share	the	same	SI	system.

We	applied	experimental	approaches	developed	 for	P. angusࢼfo-
lia and F. ornus	 (Saumitou-	Laprade	 et	al.,	 2010;	Vernet	 et	al.,	 2016)	
to	characterize	the	SI	system	in	O. europaea,	both	phenotypically	and	
geneঞcally.	First,	we	performed	controlled	pollinaঞons	in	a	full	diallel	
crossing	scheme	between	hermaphrodiঞc	 individuals	used	as	pollen	
recipients	 and	 pollen	 donors	 (including	 self-	pollinaঞon).	 The	 objec-
ঞve	was	to	compare	the	pa�ern	of	the	incompaঞbility	reacঞons	with	
those described in P. angusࢼfolia and F. ornus.	 Second,	we	 analyzed	
the	pa�ern	of	 segregaঞon	of	 incompaঞbility	phenotypes	among	91	
o@spring	from	one	single	intervarietal	cross	(De	la	Rosa	et	al.,	2003).	
The	results	were	 in	agreement	with	a	geneঞc	model	consisঞng	of	a	
DSI	 system	with	 two	mutually	 incompaঞble	 groups	 of	 hermaphro-

dites.	The	validity	of	this	geneঞc	model	was	assessed	by	performing	
controlled	pollinaঞons	with	89	genotypes	representaঞve	of	a	signiC-

cant	porঞon	of	the	olive	diversity	present	 in	a	worldwide	collecঞon	
against	two	pairs	of	tester	genotypes,	each	pair	being	composed	of	
two	reciprocally	compaঞble	hermaphrodites	phenotyped	 in	the	Crst	
diallel	 crossing	experiment	 and	each	assigned	 to	one	of	 the	 two	SI	
groups.	 Using	 pollen	 from	 hermaphrodiঞc	 individuals	 of	 P. angus-
 folia and F. ornus, we also demonstrated that the same two allelicࢼ

speciCciঞes	are	shared	among	the	three	genera,	 thereby	conCrming	
our	hypothesis	that	they	share	the	same	DSI	system.	The	results	are	
presented	in	light	of	previous	a�empts	to	characterize	the	SI	system	
in	 olive.	 It	 is	worth	menঞoning	 that	 this	 study	 focused	 on	 the	 cul-
ঞvated	 form	of	olive	 (var.	europaea),	 analyzing	varieঞes	 representa-
ঞve	of	domesঞcated	Mediterranean	olive	diversity	 (El	Bakkali	et	al.,	
2013;	Haouane	et	al.,	2011).	Our	results	suggest	new	avenues	for	the	
development	of	olive	orchard	management	pracঞces	to	opঞmize	fruit	
producঞon.

2  | MATERIALS AND METHODS

2.1 | Plant material

To	 avoid	 any	misclassiCcaঞon	 of	 varietal	 clones	 and	 to	 allow	 their	
authenঞcaঞon	 by	 means	 of	 voucher	 samples,	 DNA	 was	 extracted	
from	each	 individual	 tree	phenotyped	 for	SI	and	was	genotyped	by	
assaying	 15	 di@erent	 polymorphic	 microsatellite	 (SSR)	 marker	 loci.	
Hence,	we	idenঞCed	each	individual	tree	with	a	reference	DNA	sam-

ple	 code,	 a	 physical	 posiঞon	 in	 the	 orchard,	 a	 genotype	 reference	
number	corresponding	to	a	speciCc	marker	allele	combinaঞon	for	the	
15	SSR	marker	loci	(Table	S1),	and	an	SI	phenotype.

In	2013,	six	genotypes	were	chosen	in	Italian	orchards	and	tested	
for	cross-	compaঞbility	using	sঞgma	tests	in	a	reciprocal	diallel	design	
(Table	1).	Because	testers	had	to	be	used	as	pollen	recipients	in	future	
tests,	 the	 six	 genotypes	were	 chosen	 among	 those	 represented	 by	
several	trees	in	the	experimental	staঞons,	at	di@erent	sites	under	dif-
ferent	 agroecological	 condiঞons	 favoring	 di@erent	 Yowering	 ঞmes	
for	a	single	genotype,	and	 located	as	close	as	possible	to	 laboratory	
faciliঞes	to	ensure	quick	transfer	of	recepঞve	Yowers	to	the	 labora-
tory	over	the	whole	study	period.	From	these	six	genotypes,	four	were	
selected	to	consঞtute	the	two	pairs	of	testers	used	for	screening	vari-
eঞes	from	the	olive	collecঞons.	Recepঞve	Yowers	sampled	from	the	
four	chosen	tester	genotypes	were	used	to	phenotype	SI	in	2013	and	
2014.	 For	 phenotyping,	 118	 trees,	 corresponding	 to	 89	 genotypes,	
were	selected	from	di@erent	ex situ	collecঞons.	In	parঞcular,	64	trees	
were	kept	from	the	worldwide	Olive	World	Germplasm	Bank	(OWGB)	
of	INRA	Marrakech,	at	the	experimental	orchard	(Tessaout,	Morocco),	
45	 from	the	Perugia	collecঞon	 ((43°04′54.4″N;	12°22′56.8E),	 Italy),	
and	 three	 from	 the	CNR—Insঞtute	of	Biosciences	 and	Bioresources	
(CNR-	IBBR)	experimental	garden	(Perugia,	Italy),	and	six	were	derived	
from	the	olive	germplasm	collecঞon	of	the	Conservatoire	Botanique	
Naঞonal	Méditerranéen	(CBNMed)	(Porquerolles	Island,	France)	(Table	
S1).	These	were	used	as	pollen	donors,	to	deCne	the	geneঞc	architec-
ture	of	SI	and	to	maximize	the	geneঞc	diversity	of	sampled	O. europaea 

(Belaj	et	al.	2012;	El	Bakkali	et	al.,	2013).
To	verify	segregaঞon	of	the	SI	phenotype	in	progeny	from	an	F1	

cross,	 pollen	was	 collected	 from	 91	 trees	 (herea[er	 called	 LEDA)	
growing	at	the	CNR-	IBBR	Insঞtute	(Table	S2)	that	are	the	progeny	
of	 a	 controlled	 cross	 between	 Leccino	 and	Dolce	Agogia	varieঞes	
(referenced	as	Oit27	and	Oit15).	Their	paternity	was	previously	con-

Crmed	using	RAPD,	AFLP,	SSR,	and	RFLP	markers	(De	la	Rosa	et	al.,	
2003).

2.2 | Genotyping of the sampled trees with 
microsatellite markers

To	genotype	 sampled	 trees,	 total	DNA	was	extracted	 from	100	mg	
of	 fresh	 leaf	ঞssue	by	GeneElute	Plant	Genomic	DNA	Miniprep	Kit	
(Sigma-	Aldrich),	following	manufacturer’s	instrucঞons,	and	then	quan-

ঞCed	by	a	Nanodrop	spectrophotometer.	Genotype	idenঞCcaঞon	was	
performed	by	analyzing	15	informaঞve	nuclear	SSR	markers	(Baldoni	
et	al.,	 2009;	 El	 Bakkali	 et	al.,	 2013).	 PCR	 products	 were	 separated	
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using	an	automaঞc	capillary	sequencer	(ABI	3130	Geneঞc	Analyzer,	
Applied	Biosystems),	and	electropherograms	were	then	invesঞgated	
for	allele	composiঞon	across	marker	loci	using	GenMapper	3.7	so[-

ware	(Applied	Biosystems).
To	verify	 the	 geneঞc	 representaঞon	of	 the	 selected	 sample	 set,	

SSR	data	obtained	on	 the	118	 trees	 (Table	S1)	were	compared	 to	a	
collecঞon	of	342	genotypes:	the	309	olive	genotypes	present	in	the	
OWGB	collecঞon	(El	Bakkali	et	al.,	2013)	together	with	the	33	geno-

types	sampled	in	Italian	(27)	and	French	(6)	collecঞons	not	present	in	
the	OWGB.

2.3 | Assessments of the compaঞbility/
incompaঞbility reacঞons

2.3.1 | Incompaঞbility tests

To	 ensure	 that	 recepঞve	 sঞgmas	 were	 free	 of	 contaminant	 pol-
len,	branches	about	40–50	cm	long	and	bearing	several	Yower	buds	
were	bagged	on	 tester	 recipients	 at	 least	 one	week	before	Yowers	
opened	and	sঞgmas	became	recepঞve	(using	two	PBS3d/50	bags,	an	
outer	bag	enclosing	an	inner	bag,	each	of	size	16	×	50	×	16	cm;	PBS	
Internaঞonal,	Scarborough,	UK).	A	10	×	25	cm	PVC	window	allowed	
us	 to	monitor	Yowers	or	 treat	 them	without	opening	 the	bags.	 For	
prezygoঞc	 sঞgma	 tests,	 twigs	 were	 collected	 when	 Yowers	 were	
mature	(i.e.,	when	5%–10%	of	Yowers	present	on	a	twig	were	open).	
When	performing	postzygoঞc	tests	by	controlled	crosses	and	scoring	
of	 produced	 seeds,	 to	 prevent	 pollen	 contaminaঞon	during	 pollina-
ঞon,	the	outer	bag	was	removed	and	the	inner	bag	was	pierced	with	a	
needle	to	inject	pollen	with	a	spray	gun,	the	needle	hole	was	carefully	
taped	immediately	a[er	spraying,	and	the	outer	bag	was	put	back	in	
place.	To	ensure	conঞnuous	pollen	availability,	freshly	collected	pol-
len	was	stored	at	−80°C	(Vernet	et	al.,	2016)	unঞl	 it	was	applied	to	
recipient	sঞgmas;	this	procedure	also	allowed	us	to	collect	pollen	on	
the	 latest	Yowering	tree	 in	2013	for	use	 in	phenotyping	on	sঞgmas	
in 2014.

2.3.2 | Sঞgma test

We	scored	cross-	compaঞbility	following	the	protocol	in	Vernet	et	al.	
(2016).	Under	these	condiঞons,	sঞgmas	treated	with	pollen	were	Cxed	
16	hr	a[er	pollinaঞon,	then	stained	with	aniline	blue,	and	observed	
under	a	UV	Yuorescent	microscope,	which	allowed	us	to	disঞnguish	
pollen	grains	and	pollen	tubes	from	maternal	ঞssues	(Figure	1).	When	
the	pollen	recipient	and	the	pollen	donor	are	compaঞble,	several	pol-
len	tubes	converge	through	the	sঞgmaঞc	ঞssue	toward	the	style	unঞl	
the	base	of	 the	sঞgma	and	entrance	of	 the	style	 (Figure	1	panels	b	
and	 c).	 The	 absence	 of	 pollen	 tubes	 or	 the	 presence	 of	 only	 short	
pollen	tubes	growing	within	the	sঞgma	but	never	reaching	the	style	
was	 used	 as	 the	 criteria	 to	 score	 incompaঞbility	 (Figure	1	 panels	 a	
and	d).	Given	the	risk	of	contaminaঞon,	a	single	pollen	tube	growing	
in	 the	 sঞgmaঞc	 ঞssue	was	 never	 considered	 a	 reliable	 criterion	 to	
determine	compaঞbility.	Three	replicate	Yowers	were	pollinated	for	
each cross.

2.3.3 | InterspeciCc sঞgma tests between 
O. europaea, P. angusࢼfolia, and F. ornus

To	 (i)	 substanঞate	 our	 conclusions	 on	 the	 occurrence	 of	 DSI	 in	
O. europaea,	 (ii)	 determine	whether	 SI	 recogniঞon	 speciCciঞes	 have	
remained	 stable	 in	 the	 hermaphrodite	 lineage	of	 the	Olea genus as 

its	divergence	from	the	lineage	containing	the	androdioecious	species	
P. angusࢼfolia,	and	(iii)	take	advantage	of	recent	knowledge	about	the	
geneঞc	 architecture	 of	 SI	 in	P. angusࢼfolia	 (Billiard	 et	al.,	 2015),	we	
performed	interspeciCc	sঞgma	tests	using	P. angusࢼfolia and F. ornus 

hermaphrodites	 assigned	 to	 the	 two	 SI	 groups	 in	 previous	 stud-

ies	 (called	G1	and	G2)	 (Saumitou-	Laprade	et	al.,	2010;	Vernet	et	al.,	
2016).	Sঞgma	tests	were	performed	using	 the	 two	pairs	of	O. euro-
paea	testers	(Oit27/Oit15	and	Oit30/Oit26)	as	recipients,	with	frozen	
pollen	from	P. angusࢼfolia	(Pa-	01C.02	[G1]	and	Pa-	06G.15	[G2])	and	
F. ornus	(Fo-	A17	[G1]	and	Fo-	G1999-	48	[G2])	belonging	to	the	G1	and	
G2	SI	groups.

TABLE  1 Results	from	self-	pollinaঞon	and	reciprocal	sঞgma	tests	performed	in	a	diallel	crossing	design	among	six	Olea europaea	genotypes

Pollen donor

SI group G1 G2

DNA database 
reference Oit27 Oit26 Oit24 Oit15 Oit30 Oit28

Pollen	recipient G1 Oit27 SI 0 0 1 1 1

Oit26 0 SI 0 1 1 1

Oit24 0 0 SI 1 1 1

G2 Oit15 1 1 1 SI 0 0

Oit30 1 1 1 0 SI 0

Oit28 1 1 1 0 0 SI

SI,	self-	incompaঞbility	reacঞon	detected,	no	or	only	short	pollen	tubes	observed	in	sঞgmaঞc	ঞssue	a[er	self-	pollinaঞon;	0,	incompaঞbility	reacঞon,	no	or	
only	short	pollen	tubes	observed	in	sঞgmaঞc	ঞssue	(Figure	1,	panel	a	and	d);	1,	compaঞbility	reacঞon,	pollen	tubes	were	observed	converging	through	the	
sঞgmaঞc	ঞssue	toward	the	style	(see	Figure	1	panel	b	and	c).	Two	incompaঞble	genotypes	were	assigned	to	the	same	incompaঞbility	group	(either	G1	or	
G2);	two	compaঞble	genotypes	were	assigned	to	di@erent	incompaঞbility	groups.	DNA	database	reference	corresponds	to	voucher	specimen	accessible	in	
referenced	collecঞons	(see	Table	S1).
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We	performed	sঞgma	tests	by	deposiঞng	pollen	from	one	test	sam-

ple	on	sঞgmas	of	a	pair	of	cross-	compaঞble	testers	(i.e.,	belonging	to	
two	di@erent	SI	groups).	Under	the	hypothesis	that	O. europaea	exhibits	
DSI,	we	expected	pollen	from	every	sample	to	be	compaঞble	with	one	
of	the	two	tester	lines	(thereby	conCrming	pollen	viability)	and	incom-

paঞble	with	the	other;	indeed,	cases	in	which	pollen	would	be	compat-
ible	with	both	tester	lines	would	indicate	either	the	presence	of	a	third	
SI	group	(di@erent	from	these	represented	by	the	tester	recipients)	or	a	
nonfuncঞonal	SI	genotype.	Cases	in	which	tested	pollen	was	negaঞve	
with	both	reference	recipients	were	likely	caused	by	either	low	pollen	
viability	or	 low	sঞgma	recepঞvity.	Hence,	pollinaঞons	were	 repeated	
unঞl	compaঞbility	was	observed	on	at	least	one	pollen	recipient.

2.4 | Postzygoঞc validaঞon of SI group assignment

To	validate	the	compaঞbility	versus	 incompaঞbility	status	assessed	
between	 pairs	 of	 genotypes,	 according	 to	 pollen	 tube	 behavior	 in	
the	sঞgma	tests,	we	carried	out	addiঞonal	phenotypic	assessments	
based	on	seed	producঞon	a[er	controlled	pollinaঞon.	We	followed	
the	protocol	established	and	validated	for	P. angusࢼfolia	 (Saumitou-	
Laprade	 et	al.,	 2010).	 Each	 tested	 genotype	 was	 used	 as	 a	 pollen	
recipient	and	 treated	as	 follows:	Two	40–50	cm	 long	branches	per	

tree	carrying	numerous	inYorescences	were	selected	a	week	before	
the	opening	of	the	Crst	Yowers	and	carefully	protected	in	two	bags	
each.	One	 inYorescence	was	 pollinated	with	 pollen	 collected	 from	
pollen	donors	belonging	respecঞvely	to	the	G1	and	G2	incompaঞbil-
ity	groups	(Oit27	and	Oit15,	respecঞvely,	see	Results	and	Table	1).	
For	each	cross,	pollinaঞon	was	 repeated	 three	ঞmes	over	a	period	
of	 8	days,	 beginning	 when	 the	 Crst	 Yowers	 opened	 (between	 late	
May	and	mid-	June	2014,	depending	on	 the	Yowering	 stage	of	 the	
recipient).	 Isolaঞon	bags	were	 removed	 several	 days	 a[er	 the	 end	
of	Yowering	 (on	 July	10)	and	 replaced	by	net	bags	 to	prevent	 loss	
of	fruit	during	ripening.	Finally,	fruits	were	collected	and	counted	in	
mid-	October,	and	to	conCrm	paternity,	genomic	DNA	was	extracted	
from	fruit	embryos	(Díaz	et	al.,	2007)	and	from	leaves	of	the	parents.	
Parents	and	o@spring	were	genotyped	using	10	highly	polymorphic	
microsatellite	markers	 (Table	 S3)	 having	 high	 exclusion	 probability	
(El	Bakkali	et	al.,	2013).	Paternity	assignments	were	calculated	with	
Cervus	3.0.3	(Table	S4).

2.5 | Geneঞc assignment of the trees phenotyped 
for SI group and assessment of geneঞc diversity

To	determine	how	our	sampling	represented	the	geneঞc	diversity	and	
the	geographic	structure	of	the	Mediterranean	olive	tree,	SSR	alleles	
were	 scored	 in	 a	 single	 analysis	 (Tables	 S1	 and	 S5)	 and	 combined	
with	 previous	 data	 obtained	 from	 the	 complete	 OWGB	 collecঞon	
(El	Bakkali	et	al.,	2013).

The	 number	 of	 alleles	 per	 locus	 (Na),	 the	 observed	 (Ho)	 het-
erozygosity	 and	 expected	 (He)	 heterozygosity	 (Nei,	 1987)	 were	
estimated	using	the	Excel	Microsatellite	Toolkit	v3.1	(Park,	2001).	
Principal	coordinate	analysis	(PCoA),	implemented	in	the	DARWIN	
v.5.0.137	program	(Perrier,	Flori,	&	Bonnot,	2003),	was	carried	out	
using	a	simple	matching	coefficient.	To	identify	the	genetic	structure	
within	the	studied	samples,	in	comparison	with	the	Mediterranean	
olive	germplasm,	a	model-	based	Bayesian	clustering	 implemented	
in	the	program	Structure	ver.	2.2	(Pritchard,	Stephens,	&	Donnelly,	
2000)	was	 used.	 Bayesian	 analysis	was	 run	 under	 the	 admixture	
model	for	1,000,000	generations	after	a	burn-	in	period	of	200,000,	
assuming	correlation	among	allele	frequencies.	Analyses	were	run	
for values of K	between	one	and	six	clusters	with	10	iterations	for	
each	value.	Validation	of	the	most	likely	number	of	K clusters was 

performed	using	the	ΔK	statistics	developed	by	Evanno,	Regnaut,	
and	 Goudet	 (2005)	with	 the	 R	 program,	 and	 the	 similarity	 index	
between	10	replicates	for	the	same	K	clusters	 (H’)	was	calculated	
using	 CLUMPP	 1.1	 (Greedy	 algorithm;	 (Jakobsson	 &	 Rosenberg,	
2007)).	 For	 each	 selected	 K value, each accession was assigned 

to	 its	 respective	 cluster	with	 a	 posterior	membership	 coefficient	
(Q	>	0.8).

We	 tested	whether	 the	allelic	diversity	observed	 in	 the	89	gen-

otypes	 represenঞng	 a	 subsample	 of	 the	 core	 collecঞon	was	 signiC-

cantly	lower	than	that	of	the	overall	OWGB	collecঞon	using	a	Mann–
Whitney	U-	test	(p-value	>	.01	one-	tailed	test)	a[er	standardizaঞon	of	
the	dataset	using	the	rarefacঞon	method	according	to	ADZE	(Szpiech,	
Jakobsson,	&	Rosenberg,	2008).

F IGURE  1 Stigma	tests	performed	to	assess	self-	incompatibility	
in O. europaea:	examples	of	hermaphrodites	Oit26	and	Oit28.	(a)	The	
pollen	of	the	hermaphrodite	Oit26 does not germinate on its own 

stigma	demonstrating	the	self-	sterility	of	this	individual;	(b)	Oit26 

pollen	germinates	on	hermaphrodite	Oit28 attesting to its viability; 

(c)	the	stigma	from	Oit26 allows germination of Oit28	pollen	attesting	
to	the	stigma’s	functional	receptivity	when	pollinated	by	compatible	
pollen;	(d)	the	Oit26	pollen	does	not	germinate	on	its	own	stigma	
demonstrating	the	self-	sterility	of	this	individual.	Arrows	pinpoint	the	
region	corresponding	to	the	base	of	the	stigma	and	entrance	of	the	
style.	M:	genotype	used	as	male	pollen	donor;	F:	genotype	used	as	
female	recipient
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2.6 | Staঞsঞcal analysis of pollen tube length scored 
in incompaঞble crosses

The	speciCc	length	of	pollen	tubes	within	sঞgmaঞc	ঞssue	was	meas-
ured	 for	 a	 given	 set	 of	 incompaঞble	 reacঞons	 (i.e.,	 the	 growth	 that	
occurred	prior	to	the	arrest	of	further	growth).	Based	on	this	growth,	
we	deCned	nine	discrete	phenotypic	classes,	from	i_1	to	i_9	(Figure	2).	
Because	 an	 incompaঞble	 response	 scored	 in	 the	 highest	 phenotypic	
classes	(i.e.,	longer	pollen	tubes,	see	[i_7],	[i_8],	and	[i_9])	could	be	mis-
taken	for	a	compaঞble	response,	we	applied	generalized	linear	model	
(GLM)	analyses	to	the	phenotypic	data.	A	subset	of	86	pollen	donors	
was crossed with the four O. europaea	 testers	 involved	 in	the	sঞgma	
test	described	above	(Table	S6).	For	each	pollen	donor,	we	observed	
four	 crosses	 (two	 compaঞble	 and	 two	 incompaঞble),	 and	 for	 each	
cross,	we	photographed	pollen	 tubes	 growing	down	 sঞgmaঞc	ঞssue	
and	styles	in	three	di@erent	Yowers.	The	images	were	randomly	labeled	
and	observed	four	ঞmes	independently,	providing	four	reads	for	assign-

ment	to	a	phenotypic	class	(i.e.,	12	independent	scores	for	each	cross).
First,	we	tested	the	e@ect	of	the	SI	group,	replicate	scoring,	pol-

linator	 genotype,	 recipient	 genotype,	 and	 individual	 Yowers	 on	 the	
SI	phenotypic	response	(i.e.,	the	length	of	pollen	tube	growth	before	
growth	arrest	within	sঞgmaঞc	ঞssue	in	incompaঞble	crosses,	scored	
among	nine	phenotypic	classes	by	the	experimenter).	We	then	used	
generalized	 linear	mixed	models	 (GLMM)	on	the	categorized	pheno-

type	of	the	SI	response	to	test	the	following:	(i)	whether	the	pheno-

type	scoring	based	on	digital	images	was	repeatable,	(ii)	whether	the	
phenotype	was	 consistent	 among	 replicates	of	 the	 same	pollinaঞon	
test,	 (iii)	whether	 the	SI	groups	showed	a	di@erent	SI	 response,	and	
(iv)	whether	 the	 genotype	 of	 the	 recipient	 had	 an	 e@ect	 on	 the	 SI	
response.	We	considered	the	factors	“Yower	read,”	“pollinator	geno-

type,”	and	“Yower”	as	random	e@ects,	and	“recipient	genotype”	and	“SI	
group”	as	Cxed	e@ects.	The	SI	response	was	the	dependent	variable	
and	followed	a	Poisson	distribuঞon.	To	test	whether	a	random	or	Cxed	
factor	had	a	signiCcant	e@ect,	we	performed	a	likelihood	raঞo	test	of	
nested	models,	using	the	package	lme4	in	R	(Bates	et	al.,	2014).

3  | RESULTS

3.1 | Phenotypic characterizaঞon of self- 
incompaঞbility in O. europaea

In	2013,	six	accessions	(Oit27,	Oit26,	Oit24,	Oit15,	Oit30,	and	Oit28)	
corresponding	to	six	di@erent	genotypes	(Table	S1)	were	used	as	both	
pollen	recipients	and	pollen	donors,	in	a	reciprocal	diallel	design,	for	
the	sঞgma	tests	(Table	1).	Self-	ferঞlizaঞon	was	tested	on	the	six	geno-

types,	and	no	pollen	tube	successfully	reached	the	style	in	any	of	the	
observed	 pisঞls,	 conCrming	 strong	 SI	 reacঞons	 (Table	1).	 However,	
the	length	of	pollen	tubes	within	the	sঞgmaঞc	ঞssues	varied	between	

genotypes.	Pollen	tubes	did	not	grow	at	all,	or	their	growth	stopped	
very	early	in	the	Crst	layer	of	the	sঞgma	cells	in	the	Oit26	genotype	
(Figure	1,	 panel	 a).	 In	 comparison,	 arrest	 of	 pollen	 tube	 growth	 did	
not	occur	unঞl	the	pollen	tubes	had	reached	the	deeper	layers	of	the	
sঞgma	cells,	in	the	Oit28	genotype	(Figure	1,	panel	d).	However,	even	
in	this	case,	the	pollen	tubes	stopped	before	reaching	the	transmiমng	
ঞssue	of	the	style.

For	the	intergenotype	pollinaঞon	tests,	pollen	tube/sঞgma	interac-
ঞons	suggested	the	existence	of	SI	reacঞons	for	each	of	the	six	di@er-
ent	 individual	trees	when	crossed	with	speciCc	partners	 (Table	1).	An	
incompaঞbility	phenotype	similar	to	the	Oit26	self-	ferঞlizaঞon	reacঞon	
(Figure	1,	panel	a:	no	or	very	short	pollen	tubes	detected)	was	observed	
in	the	sঞgmaঞc	ঞssues	from	Oit27,	Oit26,	and	Oit24	when	their	pisঞls	
were	pollinated	by	one	another.	The	viability	of	their	pollen	and	recep-

ঞvity	of	their	sঞgmas	were	veriCed	in	compaঞble	crosses	with	Oit15,	
Oit30,	and	Oit28.	A	phenotype	similar	to	the	SI	reacঞon	observed	with	
Oit28	(Figure	1,	panel	d:	pollen	tubes	of	variable	length	never	reaching	
the	style)	was	observed	in	the	sঞgmas	from	Oit15,	Oit30,	and	Oit28	
when	pollinated	by	one	another.	Here	again,	pollen	viability	and	sঞg-
maঞc	recepঞvity	of	the	same	three	individuals	were	checked	in	com-

paঞble	crosses	with	Oit27,	Oit26,	and	Oit24.	We	concluded	that	trees	
Oit27,	Oit26,	and	Oit24	are	incompaঞble	with	each	other	and	belong	
to	a	single	SI	group,	whereas	trees	Oit15,	Oit30,	and	Oit28	belong	to	
a	di@erent	SI	group.	These	 results	 suggest	 that	O. europaea individu-

als	can	be	classiCed	into	at	least	two	groups	of	SI,	with	incompaঞbility	
reacঞons	between	individuals	belonging	to	the	same	group	and	compat-
ible	reacঞons	between	individuals	belonging	to	di@erent	groups.

3.2 | The two O. europaea SI groups are funcঞonally 
homologous to those of P. angusࢼfolia and F. ornus

Nonambiguous	 and	 repeatable	 incompaঞbility	 phenotypes	 were	
observed when P. angusࢼfolia and F. ornus	G1	pollen	was	deposited	
on	 sঞgmas	 from	 Oit26	 and	 Oit27	 (Figure	3A,B,	 panel	 a),	 whereas	
compaঞbility	 phenotypes	 were	 scored	 on	 sঞgmas	 from	 Oit15	 and	
Oit30	 (Figure	3A,B,	 panel	 b).	 This	 demonstrated	 the	 capacity	 of	
trans-	generic	 pollen	 to	 germinate	 and	 elicit	 both	 incompaঞble	 and	
compaঞble	 responses	 on	 O. europaea	 sঞgmas.	 Similarly,	 incompat-
ibility	 phenotypes	 were	 scored	 on	 sঞgmas	 from	 Oit15	 and	 Oit30	
(Figure	3A,B,	panel	d),	and	compaঞbility	phenotypes	were	observed	
with P. angusࢼfolia and F. ornus	G2	pollen	on	sঞgmas	from	Oit26	and	
Oit27	 (Figure	3A,B,	 panel	 c).	 Therefore,	 we	 concluded	 that	 the	 SI	
system of O. europaea	 is	funcঞonally	homologous	to	the	DSI	system	
previously	reported	for	P. angusࢼfolia and F. ornus	(Saumitou-	Laprade	
et	al.,	2010;	Vernet	et	al.,	2016).	We	assigned	 the	Oit26	and	Oit27	
genotypes,	and	all	their	incompaঞble	mates,	to	the	G1	SI	group,	and	
the	Oit15	and	Oit30	genotypes,	and	all	their	incompaঞble	mates,	to	
the	G2	SI	group.

F IGURE  2 Classes	of	incompatibility	phenotypes	observed	within	self-	incompatibility	groups	according	to	pollen	(donor	×	recipient)	
interactions.	On	stigmas	belonging	to	the	G1	group,	pollen	tube	length	after	growth	was	arrested	was	homogenous:	from	null	to	low	(see	the	
cases	G1:	[i_1]	to	[i_3]).	On	stigmas	of	G2	groups,	pollen	tube	length	after	the	arrest	of	growth	varied	widely	among	(donor/recipient)	pairs:	from	
null	to	high	(see	the	cases	G2:	[i_1]	to	[i_9])
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3.3 | Segregaঞon of the self- incompaঞbility 
phenotypes in a controlled cross

Among	 the	91	LEDA	 full-	sib	 trees	 that	Yowered	 in	2013	and/or	 in	
2014,	41	were	incompaঞble	with	G1	recipients	and	compaঞble	with	
G2,	 indicaঞng	 that	 they	 belong	 to	 the	G1	 compaঞbility	 group,	 and	
50	were	 incompaঞble	 with	 G2	 recipients	 and	 compaঞble	 with	 G1,	
indicaঞng	 that	 they	 belong	 to	 G2.	 No	 o@spring	 appeared	 compat-
ible	 or	 incompaঞble	 with	 both	 groups	 of	 recipients	 in	 any	 of	 the	
tests	(Table	2).	The	observed	data	agree	with	a	geneঞc	model	assum-

ing	a	1:1	segregaঞon	of	the	two	phenotypic	groups	(Chi²	test	staঞs-
ঞc	=	0.345,	df	=	1,	ns).

3.4 | Two and only two self- incompaঞbility groups 
detected in O. europaea

The	118	sampled	trees	from	the	four	germplasm	collecঞons	(OWGB,	
Perugia	collecঞon,	CNR-	IBRR,	and	CBNMed)	represented	89	disঞnct	
genotypes	(20	genotypes	were	represented	by	more	than	one	clonal	

replicate,	Table	S1).	We	performed	a	total	of	1,500	pollinaঞon	tests,	
which	allowed	us	 to	determine	 the	SI	phenotype	of	each	 individual	
tree	with	a	mean	of	2.6	replicates	per	tested	genotype.	All	replicates	
were	 fully	 concordant	 (Fig.	 S1),	 demonstraঞng	 the	 robustness	 and	
reliability	 of	 the	 sঞgma	 tests	 performed.	Among	 the	89	 genotypes,	
42	genotypes	were	incompaঞble	with	G1	recipients	and	compaঞble	
with	G2,	 indicaঞng	that	they	belong	to	G1,	and	47	genotypes	were	
incompaঞble	with	G2	 recipients	 and	 compaঞble	with	G1,	 revealing	
that	they	belong	to	G2.	None	of	the	genotypes	were	either	compat-
ible	or	incompaঞble	with	both	groups	of	recipients,	proving	that	two	
and	only	two	SI	groups	were	present	in	our	extended	sample	(Table	3).

3.5 | Populaঞon geneঞc assessment of the 
sampling and representaঞveness of olive diversity

The	samples	we	phenotyped	for	SI	represented	89	disঞnct	genotypes.	
We	 were	 highly	 conservaঞve	 in	 our	 genotype	 idenঞCcaঞon:	 We	
grouped	genotypes	deCned	by	a	speciCc	allele	combinaঞon	at	15	loci	
that	di@ered	by	only	one	allele	or	two	alleles	 into	a	single	genotype	

TABLE  2 Self-	incompaঞbility	phenotyping	of	the	91	LEDA	F1	trees	from	the	(Oit64	×	Oit27)	controlled	cross

SI group [G1] S1S2
a [G2] S1S1

a [Other] SxSy

Incompaঞble	with	G1	and	compaঞble	with	G2 Incompaঞble	with	G2	and	compaঞble	with	G1 Compaঞble	with	G1	and	
G2

Total 41 50 0

Three	types	of	behavior	were	scored.	[G1],	individual	incompaঞble	with	G1	testers	and	compaঞble	with	G2	testers;	[G2],	individual	incompaঞble	with	G2	
testers	and	compaঞble	with	G1	testers;	[Other],	individual	compaঞble	with	G1	and	G2	testers	and	therefore	belonging	to	a	SI	group	di@erent	from	G1	and	
G2	The	S-	locus	segregates	as	a	single	locus	with	two	alleles	S1 and S2	(with	S2 dominant over S1)	(Chi²	test	=	0.345,	df	=	1).
aExpected	genotype	deduced	from	geneঞc	analyses	in	P. angusࢼfolia	(Billiard	et	al.,	2015).

F IGURE  3 Trans-	generic	conservation	of	the	self-	incompatibility	reaction	between	Olea europaea	and	two	other	Oleaceae	species:	(A)	
Phillyrea angustifolia	and	(B)	Fraxinus ornus.	In	the	photographs	presented,	stigma	from	O. europaea	is	pollinated	by	P. angustifolia and F. ornus 

pollen.	(a)	Incompatibility	reaction	between	stigma	of	Oit26	and	G1	pollen;	(b)	compatibility	reaction	between	stigma	of	Oit15	and	G1	pollen;	(c)	
compatibility	reaction	between	stigma	of	Oit26	and	G2	pollen;	(d)	incompatibility	reaction	between	stigma	of	Oit15	and	G2	pollen

(A)

a b a b

c d c d

(B)Olea s�gma recipient

G1 plants G2 plants

Phillyrea

pollen

donor

G1

plants

G2

plants

Olea s�gma recipient

G1 plant G2 plant

F. ornus

pollen

donor

G1

plant

G2

plant



     |  9﻿SAUMITA- ﻿SAPSAE EI S﻿l

considering	the	possibility	that	their	di@erences	derived	from	somaঞc	
mutaঞons	 that	 occurred	 within	 old	 clones	 (Haouane	 et	al.,	 2011).	
Within	the	89	genotypes,	we	detected	179	alleles	over	the	245	scored	
on	the	collecঞon	of	342	genotypes	(Table	S5-	A).	Hence,	our	sample	
captured	73%	of	the	total	allelic	diversity	observed	in	the	collecঞon	of	
342	genotypes.	To	check	for	the	representaঞveness	of	olive	diversity	
in	our	subsample	of	89	genotypes,	we	compared	allelic	richness	in	the	
subsample	with	that	of	the	collecঞon	of	342	genotypes	a[er	correc-
ঞon	 for	di@erence	 in	 sample	sizes	based	on	 the	 rarefacঞon	method	
(see	Table	S5-	B).	Allelic	richness	of	the	two	sample	sets	was	not	sig-
niCcantly	di@erent	(Mann–Whitney	U- test at p ≤ .01 using one- tailed 

test;	U	=	89,	P-	value	=	.171;	Table	S5-	B).	Furthermore,	we	noted	simi-
lar	expected	heterozygosity	values	 (He	=	0.745	 in	 the	89	genotypes	
and	He	=	0.749	in	the	342	genotypes	collecঞon;	Table	S5-	A).

Most	of	 the	89	genotypes	phenotyped	 for	SI	were	 classiCed	 into	
one of the three western, central, and eastern Mediterranean clusters 

detected	 in	 previous	 studies	 (El	 Bakkali	 et	al.,	 2013;	 Haouane	 et	al.,	
2011),	 with	 a	 slight	 underrepresentaঞon	 of	 the	 eastern	 gene	 pool	
(Table	S5-	C).	This	conclusion	was	further	conCrmed	by	their	posiঞon	on	
the	Crst	 two	axes	of	 the	principal	coordinate	analysis	 (PCoA,	Fig.	S3).	
Overall,	despite	the	limited	number	of	eastern	olive	trees,	the	89	geno-

types	were	distributed	among	the	three	Mediterranean	gene	pools,	indi-
caঞng	they	were	a	fair	representaঞon	of	domesঞcated	olive	diversity.

3.6 | The incompaঞbility response di@ers 
between the two self- incompaঞbility groups

When	we	analyzed	variaঞon	in	pollen	tube	lengths,	we	found	no	signif-
icant	variaঞon	among	replicate	observaঞons	of	the	same	Yower	and	
among	Yowers	of	a	single	individual	when	pollinated	with	incompat-
ible	pollen,	 indicaঞng	consistent	 incompaঞbility	reacঞons.	However,	
the	SI	group	of	 the	pollen	 recipient	had	a	signiCcant	e@ect	 (p-value 

<.0001)	on	the	distance	that	incompaঞble	pollen	tubes	were	able	to	
grown	within	the	sঞgma:	Plants	belonging	to	G1	showed	an	SI	phe-

notype	that	fell	in	classes	of	low	value	(short	pollen	tubes),	whereas	
plants	belonging	 to	G2	showed	phenotypes	 that	 can	 fell	 in	a	wider	
panel	of	values	(from	short	to	long	pollen	tubes).	The	incompaঞbility	
reacঞon	between	G1	individuals	seemed	to	occur	almost	immediately	
a[er	pollen	landed	on	the	sঞgma	as	either	pollen	grains	did	not	ger-
minate	 or	 pollen	 tube	 growth	 stopped	 shortly	 a[er	 germinaঞon.	 In	
contrast,	the	 incompaঞbility	reacঞon	between	G2	individuals	seems	
to	occur	later:	Pollen	grains	germinated	and	pollen	tubes	grew	into	the	
sঞgmaঞc	ঞssue	before	their	growth	was	arrested.

Our	analyses	also	revealed	a	signiCcant	e@ect	of	the	recipient	gen-

otype	on	the	score	value	within	each	SI	group	(p-value <.001 for both 

G1	and	G2).	Within	G2,	Oit30	showed	a	higher	score	than	Oit15,	and	
within	G1,	Oit27	showed	a	higher	score	than	Oit26.	This	suggests	con-

sistent	di@erences	among	genotypes	in	the	ঞming	of	the	SI	response	
(early	or	late),	whose	funcঞonal	signiCcance	remains	to	be	determined.

3.7 | The SI assignment based on prezygoঞc sঞgma 
test validated by postzygoঞc genotyping

We	veriCed	at	the	postzygoঞc	stage	whether	cases	of	incompaঞbility	
in	which	pollen	 tubes	were	 able	 to	 germinate	 and	grow	 substanঞal	
distances	in	the	sঞgma	(therefore	the	most	ambiguous	cases	because	
of	 their	 relaঞve	 similarity	 to	 compaঞble	 phenotypes)	were	 cases	 in	
which	 ferঞlizaঞon	was	 not	 achieved.	 The	 funcঞonal	 incompaঞbility	
of	10	di@erent	genotypes,	belonging	to	SI	group	G2	and	which	scored	
in	the	highest	phenotypic	classes	[i_7],	[i_8],	and	[i_9]	(Figure	2),	was	
assessed	at	the	postzygoঞc	stage	through	progeny	analysis	(Table	S4),	
as	well	as	counts	of	the	number	of	seeds	produced	(Table	4).	All	99	
progeny	from	crosses	between	putaঞvely	compaঞble	mates	(assigned	
based	on	the	prezygoঞc	sঞgma	test),	had	genotypes	compaঞble	with	
both	parents	(Table	S3).	This	conCrms	that	the	sঞgma	test	is	reliable	
and	suggests	that	our	experimental	design	prevents	pollen	contami-
naঞon.	 In	 contrast,	 the	number	of	 seeds	collected	 following	 the	10	
pollinaঞons	 between	 parents	 belonging	 to	 the	 same	 SI	 group	 was	
extremely	 low	(no	seed	produced	in	seven	crosses	and	2,	2,	and	10	
seeds	in	the	three	remaining	crosses,	respecঞvely).	In	addiঞon,	none	
of	the	seeds	harvested	in	these	three	crosses	had	a	genotype	that	was	
consistent	with	 its	putaঞve	father.	Again,	 these	results	conCrm	that	
the	sঞgma	test	is	a	reliable	procedure	to	predict	which	incompaঞbility	
group	a	plant	belongs	to,	even	 in	 those	cases	 in	which	some	pollen	
tube	 growth	 occurs	within	 the	 sঞgma.	 Interesঞngly,	 the	 few	 seeds	
obtained	were	all	a�ributed	to	selCng.

4  | DISCUSSION

4.1 | ConCrmaঞon that the three genera Olea, 
Phillyrea, and Fraxinus share the same self- 
incompaঞbility system

The	evoluঞon	of	new	SI	systems	in	plants	is	thought	to	be	a	rare	phe-

nomenon,	which	is	in	agreement	with	the	general	observaঞon	that	SI	
mechanisms	are	generally	shared	among	species	that	exhibit	SI	within	

TABLE  3 Result	of	sঞgma	tests	performed	with	89	O. europaea	genotypes	tested	for	compaঞbility	and	incompaঞbility	with	two	pairs	of	
pollen	recipients	used	as	testers

SI group [G1] [G2] [Other]

Incompaঞble	with	G1	and	compaঞble	with	G2 Incompaঞble	with	G2	and	compaঞble	with	G1 Compaঞble	with	G1	and	
G2

Total 42 47 0

Three	types	of	behavior	were	scored	(see	Table	2	capঞon).	The	culঞvars	tested	belong	either	to	G1	or	to	G2,	and	none	belong	to	a	hypotheঞcal	third	
	incompaঞbility	group.	In	the	sample	tested,	we	detected	only	two	incompaঞbility	groups.
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a	given	plant	family	(Allen	&	Hiscock,	2008;	Charlesworth,	1985;	Igic	
et	al.,	2008;	Weller	et	al.,	1995)	and	that	 losses	of	SI	within	a	clade	
are	much	more	 common	 than	 gains	 (Igic,	 Bohs,	 &	 Kohn,	 2006).	 As	
expected	based	on	these	arguments,	we	conCrmed	in	O. europaea the 

occurrence of the same DSI discovered in P. angusࢼfolia and F. ornus 

(Vernet	et	al.,	2016),	two	androdioecious	species	that	belong	to	two	
phylogeneঞc	 branches	 of	 the	 same	 family	 that	 diverged	 from	 each	
other	more	than	40	Mya	(Besnard	et	al.,	2009).	While	SI	systems	are	
o[en	trans-	generic,	 long-	term	stability	of	homomorphic	DSI—that	 is	
the	presence	of	only	two	alleles	over	a	long	ঞme—is	unexpected	for	
two	reasons.	First,	SI	systems	are	suscepঞble	to	the	rapid	invasion	of	
new	incompaঞbility	alleles,	as	a	consequence	of	the	strong	frequency-	
dependent	 advantage	 of	 rare	 maঞng	 phenotypes	 (Wright,	 1939).	
Gervais	et	al.	(2011)	showed	that	in	a	model	where	new	alleles	arise	
through	self-	compaঞble	intermediates,	selecঞon	for	allelic	diversiCca-
ঞon	 is	 inversely	related	to	the	number	of	segregaঞng	S-	alleles, that 

is,	more	acঞve	diversiCcaঞon	with	a	 low	number	of	alleles.	Second,	
in	hermaphrodiঞc	 species,	 self-	compaঞble	mutants	 are	expected	 to	
invade	 a	 homomorphic	 DSI	 populaঞon	 regardless	 of	 the	 extent	 of	
inbreeding	 depression	 (Charlesworth	 &	 Charlesworth,	 1979).	 The	
stability	 of	 DSI	 was	 recently	 explained	 in	 the	 case	 of	 androdioecy	
with	a	theoreঞcal	model	(Van	de	Paer,	Saumitou-	Laprade,	Vernet,	&	
Billiard,	2015),	showing	that	androdioecy	and	DSI	help	maintain	each	
other.	DSI	 facilitates	the	maintenance	of	males	 (Billiard	et	al.,	2015;	
Husse,	Billiard,	Lepart,	Vernet,	&	Saumitou-	Laprade,	2013;	Pannell	&	
Korbecka,	2010),	and	the	full	compaঞbility	of	males	hinders	the	inva-
sion	of	self-	compaঞble	mutants	(Van	de	Paer	et	al.,	2015).

The	situaঞon	is	quite	di@erent	for	O. europaea.	The	species	belongs	
to the subgenus Olea	which	contains	only	hermaphrodite	species	and	
has	diverged	more	than	30	Mya	from	the	lineage	containing	androdi-
oecious	taxa	such	as	Osmanthus and Phillyrea	 (Besnard	et	al.,	2009).	
The	evoluঞonary	causes	of	the	maintenance	of	DSI	over	30	My	remain	

to	be	idenঞCed.	Molecular	characterizaঞon	of	the	SI	locus	is	a	prom-

ising avenue of research to resolve issues related to the origin and 

maintenance	of	homomorphic	DSI,	because	the	simplest	explanaঞon	
is	that	the	geneঞc	architecture	of	the	system	does	not	allow	the	gen-

eraঞon	of	addiঞonal	SI	phenotypes	 (e.g.,	a	third	SI	allele).	Molecular	
characterizaঞon	will	be	 facilitated	by	 the	 trans-	generic	 funcঞonality	
of DSI that we observed among the P. angusࢼfolia, O. europaea, and 

F. ornus	species.

4.2 | Self- incompaঞbility in O. europaea is 
sporophyঞc

Our	results	are	consistent	with	determinaঞon	of	SI	on	O. europaea by 

a	single	S-	locus	with	only	two	alleles	present	 in	all	culঞvated	forms	
of	 the	 species	 and	 demonstrate	 the	 sporophyঞc	 nature	 of	 this	 SI.	
First,	 the	 1:1	 proporঞon	 of	 the	 two	 parental	 SI	 groups	 in	 the	 con-

trolled	cross	progeny	excludes	the	possibility	of	gametophyঞc	geneঞc	
control	of	 self-	incompaঞbility	 (GSI)	 (Bateman,	1952)	 in	O. europaea. 

Second,	with	GSI,	the	incompaঞbility	gene	at	the	S-	locus	is	expressed	
in	the	haploid	pollen	grains	and	interacts	with	the	diploid	ঞssue	of	the	
sঞgma.	 To	be	 funcঞonal,	 a	GSI	 system	 requires	 strict	 codominance	
between	S-	alleles	in	the	pisঞl	to	avoid	compaঞbility	of	heterozygous	
individuals	with	half	of	their	own	(self)	pollen	and	a	minimum	of	three	
alleles	that	deCne	a	minimum	of	three	incompaঞbility	groups	(Hiscock	
&	McInnis,	2003).	In	contrast,	in	the	case	of	sporophyঞc	geneঞc	con-

trol	of	self-	incompaঞbility	(SSI),	the	incompaঞbility	gene	is	expressed	
before	meiosis	 in	 the	diploid	sporophyঞc	ঞssue,	and	 incompaঞbility	
arises	with	only	two	alleles,	with	a	complete	dominance	of	one	allele	
over	 the	 other	 (see	 reviews	 by	 (Hiscock	 &	McInnis,	 2003;	 Billiard,	
Castric,	&	Vekemans,	2007).	 In	our	 recent	geneঞc	study	performed	
with P. angusࢼfolia	(Billiard	et	al.,	2015),	we	showed	a	SI	system	gov-
erned by an S- locus with two alleles, S2 and S1	 (with	S2 dominant 

TABLE  4 Number	of	seeds	collected	on	G2	genotypes	a[er	controlled	compaঞble	and	incompaঞble	crosses	performed	in	June	2014	and	
veriCed	by	paternity	tesঞng

[G2] Genotypes used as 
recipient

Pollen donors

[G1]: Oit27 [G2]: Oit15

Seeds produced Paternity conCrmed/tested Seeds produced Paternity conCrmed/tested

LEDA_222 27 NA 0 –

LEDA_262 24 NA 0 –

LEDA_282 102 20/20 0 –

LEDA_301 98 20/20 0 –

Oit28 15 NA 2 0/2a

Oit03 30 10/10 0 –

Oit55 16 12/12 10 0/10a

Oit57 17 17/17 2 0/2a

Oit36 25 10/10 0 –

Oit22 40 10/10 0 –

aSelCng	cannot	be	excluded	with	the	10	microsatellite	markers	used	(see	Tables	S3	for	genotyping	results	and	S4	for	esঞmaঞon	of	exclusion	probability	
based	on	markers	and	calculated	using	Cervus	ver.	3.0.3.);	NA,	fruits	not	collected.
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over S1),	which	produced	the	two	incompaঞbility	groups	G1	and	G2	
(Saumitou-	Laprade	et	al.,	2010),	and	with	S1S2	corresponding	to	G1	
and S1S1	to	G2	(Billiard	et	al.,	2015).

The	 gametophyঞc	 versus	 sporophyঞc	 nature	 of	 the	 SI	 system	
in O. europaea	has	been	quesঞoned	for	a	 long	ঞme	in	the	 literature,	
using	indirect	arguments,	and	several	studies	on	the	SI	of	olive	culঞ-

vars	have	resulted	in	variable	and	conYicঞng	results	(for	a	review	see	
SeiC,	Guerin,	Kaiser,	&	Sedgley,	2015).	Features	revealed	by	histolog-

ical	invesঞgaঞons,	such	as	binucleate	pollen	and	wet	papillae	sঞgma	
or	a	solid	style	and	a	large	number	of	pollen	grains	germinaঞng	on	the	
sঞgma	surface,	were	reminiscent	of	species	with	GSI	(De	Ne�ancourt,	
1997),	whereas	a	dry	papillae	sঞgma	was	also	reported	 in	Oleaceae	
(Heslop-	Harrison	&	Shivanna,	1977).	Addiঞonal	arguments	based	on	
the	observaঞon	of	pollen	tube	growth	in	incompaঞble	crosses	were	in	
favor	of	GSI:	The	way	pollen	tubes	halted	in	the	proximal	area	of	the	
style	was	 interpreted	as	 the	 intervenঞon	of	programmed	cell	death,	
a	 frequent	 feature	of	GSI.	Other	arguments	based	on	histochemical	
locaঞon	of	key	enzyme	acঞviঞes	involved	in	GSI	were	also	reported	in	
olive	tree	(Serrano	&	Olmedilla,	2012).	Moreover,	transcriptome	anal-
yses	have	been	performed	to	screen	for	conserved	transcripts	typical	
of	GSI	in	other	plant	species	(e.g.,	S-	ribonuclease	transcripts	such	as	in	
Solanaceae;	(McClure,	2006))	or	SSI	(e.g.,	S-	receptor	kinase	transcripts,	
such	as	in	Brassicaceae;	(Takasaki	et	al.,	2000)).	Transcripts	similar	to	
male	and	female	SSI	determinants	of	Brassicaceae	were	idenঞCed	in	
olive	(Alagna	et	al.,	2016;	Collani	et	al.,	2010,	2012);	however,	there	is	
no	evidence	of	their	funcঞonality	in	SI	reacঞon.

Here, we demonstrated that one of these numerous indirect 

arguments	 for	 assessing	 the	 gametophyঞc/sporophyঞc	 status	 of	
SI	was	wrong:	 For	one	SI	 group,	 the	 incompaঞbility	 reacঞon	 takes	
place	at	the	sঞgma,	whereas	for	the	other	SI	group,	the	incompaঞ-

bility	reacঞon	occurs	 later,	someঞmes	at	 the	entrance	of	 the	style.	
This	feature	may	explain	some	of	the	past	diLculty	in	idenঞfying	the	
gametophyঞc	or	sporophyঞc	nature	of	the	incompaঞbility	system	in	
O. europaea.

4.3 | Within- group incompaঞbility is stricter than 
within- individual self- incompaঞbility in O. europaea

One	surprising	observaঞon	 from	our	experiments	 is	 the	producঞon	
of	a	small	number	of	selfed	seeds	by	G2	individuals	following	pollina-
ঞon	with	incompaঞble	outcross	pollen.	This	is	the	only	indicaঞon	of	a	
parঞal	breakdown	of	SI	in	the	face	of	an	otherwise	very	strong	SI	reac-
ঞon.	Why	self-	pollinaঞon	seems	to	be	promoted	 in	the	presence	of	
incompaঞble	outcross	pollen	remains	to	be	determined.	This	feature	
is	unexpected	because	 in	SI	systems,	 the	 incompaঞbility	phenotype	
of	a	pollen	grain	should	only	depend	on	the	pollen	parent	genotype	
at the S- locus, which is shared among individuals from the same SI 

group.	This	result	may	indicate	that,	in	olive	or,	at	least,	in	some	olive	
genotypes,	the	incompaঞbility	reacঞon	may	be	stronger	with	outcross	
pollen	from	the	same	group	than	with	self-	pollen.	 It	 is	also	possible	
that	 this	 observaঞon	 results	 from	 the	 larger	 amount	 of	 self-	pollen	
deposited	on	sঞgmas	through	autonomous	self-	pollinaঞon,	compared	
with	the	outcross	pollen	transferred	experimentally.

4.4 | Olea europaea is a true self- incompaঞble 
species in which some genotypes can produce seeds 
by selCng

All	genotypes	tested	for	SI	in	the	present	study	were	classiCed	as	self-	
incompaঞble	according	to	the	criteria	of	our	sঞgma	test,	and	all	belong	
to	one	of	the	two	SI	groups	idenঞCed	in	the	species.	These	statements	
conCrm	that	O. europaea	is	a	true	self-	incompaঞble	species.	They	are	
in agreement with conclusions of studies that tested SI in O. europaea 

at	the	postzygoঞc	level,	by	measuring	seed	producঞon	a[er	controlled	
crosses	 or	 open	 pollinaঞon,	 together	with	 paternity	 analysis	 of	 the	
progeny	(De	la	Rosa	et	al.,	2004;	Díaz	et	al.,	2006;	Marchese,	Marra,	
Caruso,	et	al.	2016;	Marchese,	Marra,	Costa,	et	al.,	2016;	Mookerjee	
et	al.,	2005).	Just	as	in	our	study,	many	studies	observed	seeds	pro-

duced	 by	 selCng	 either	 from	 controlled	 crosses	 with	 pollen	 from	
incompaঞble	genotypes	(see	Oit28,	Oit55,	and	Oit57	in	Tables	S3	and	
S4)	or	 in	controlled	selCng	(Farinelli	et	al.,	2015)	or	open	pollinaঞon	
(Marchese,	Marra,	 Costa,	 et	al.,	 2016).	 The	 self-	incompaঞble	 status	
of	a	species	does	not	exclude	the	possibility	that	the	incompaঞbility	
reacঞon	may	be	broken	for	self-	pollen	in	some	genotypes.	The	under-
lying mechanism allowing this remains to be studied. The occurrence 

of	a	low	rate	of	selCng	in	individual	plants	with	an	acঞve	SI	system	is	
commonly	reported	and	is	referred	to	as	pseudo-	self-	compaঞbility	or	
leaky	self-	incompaঞbility.	Leaky	SI	 is	generally	thought	to	be	a	con-

sequence	of	environmental	factors	interfering	with	the	SI	reacঞon	or	
to	the	acঞon	of	modiCer	genes	(Busch	&	Schoen,	2008;	Levin,	1996).

The	 leaky	SI	observed	 in	olive	has	provided	material	 for	geneঞc	
mapping	and	sequencing	(Marchese,	Marra,	Caruso,	et	al.	2016)	and	
allows	an	opportunity	 to	measure	 inbreeding	depression.	For	exam-

ple,	in	the	wild	relaঞve	P. angusࢼfolia,	2%	of	2,000	surveyed	seedlings	
produced	 from	 controlled	 crosses	were	 found	 to	 have	 been	 selfed	
(Billiard	 et	al.,	 2015).	 Notably,	 none	 of	 these	 selfed	 seedlings	 ever	
Yowered	 (unpublished	 results).	 In	 addiঞon,	 leaky	 SI	 in	 olive	 might	
explain	 the	 gradient	 of	 results	 that	 have	 unঞl	 now	masked	 the	 real	
self-	incompaঞbility	system.

5  | CONCLUSION: ADDITIONAL 
EVOLUTIONARY APPLICATIONS

The	 level	 of	 interindividual	 incompaঞbility	 that	we	observed	 in	 our	
sঞgma	test	was	very	high:	On	average,	half	of	the	pairs	of	geneঞcally	
disঞnct	trees	from	the	sampled	collecঞons	were	mutually	incompat-
ible.	Similarly,	most	of	 the	 studies	 checking	 for	 compaঞbility	within	
and	among	olive	varieঞes,	when	using	seed	producঞon	and	paternity	
analyses,	 detected	 numerous	 cases	 of	 cross-	incompaঞbility	 (De	 la	
Rosa	et	al.,	2003;	Díaz	et	al.,	2006;	Mookerjee	et	al.,	2005;	Wu	et	al.,	
2002).	In	contrast,	studies	in	orchards	or	crops	of	other	domesঞcated	
species	with	SI,	under	either	GSI	(e.g., Prunus, Malus, Pyrus, Amygdalus)	
or	SSI	 (e.g.,	Brassica, Cichorium),	show	high	numbers	of	S-	alleles	and	
therefore	 high	 levels	 of	 cross-	compaঞbility	 within	 or	 between	 cul-
ঞvars	 (Dreesen	 et	al.,	 2010;	Ockendon,	 1982;	Wünsch	&	Hormaza,	
2004).	 In	 the	 olive,	 the	 low	number	 of	 elite	 varieঞes	 that	 co-	occur	
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in	an	orchard,	together	with	the	50%	chance	of	cross-	incompaঞbility	
between	pairs	of	varieঞes	according	to	its	DSI	system,	may	limit	fruit	
producঞon.	Limitaঞon	of	the	availability	of	compaঞble	pollen,	a	phe-

nomenon	described	as	the	S-	Allee	e@ect,	occurs	in	wild	populaঞons	
of	SI	species	with	low	S-	allele	diversity	(Leducq	et	al.,	2010;	Wagenius	
et	al.,	2007).	Small	isolated	populaঞons	or	populaঞons	that	have	expe-

rienced	a	recent	geneঞc	bo�leneck	may	have	limited	allelic	diversity	
at	 the	S-	locus,	 leading	 to	an	 increase	 in	 the	probability	of	 interindi-
vidual	 incompaঞbility,	which	in	turn	causes	a	reducঞon	in	seed	pro-

ducঞon	(Byers	&	Meagher,	1992;	Vekemans	et	al.,	1998).
The discovery of the DSI system in O. europaea will undoubtedly 

o@er	opportuniঞes	to	opঞmize	fruit	producঞon.	First,	it	helps	to	under-
stand	the	heretofore	unexplained	beneCcial	e@ect	of	ancestral	prac-
ঞces	that	encourage	the	planঞng	of	a	minimum	number	of	varieঞes	
to	ensure	saঞsfactory	olive	producঞon.	Second,	easy-	to-	use	methods	
should	be	developed	to	determine	the	SI	phenotype	of	each	culঞvated	
variety	of	olive	to	help	guide	the	choice	of	varieঞes	to	be	assembled	
in	 a	 given	 orchard,	 especially	 in	 nontradiঞonal	 olive	 growing	 areas.	
Finally,	ecological	models	can	be	developed	to	address	the	quesঞon	of	
the	opঞmal	number	of	varieঞes	to	be	introduced	to	ensure,	e@ecঞve	
pollinaঞon	in	an	orchard,	regardless	of	climate.	Clearly,	mono-	varietal	
orchards	must	be	avoided.	In	addiঞon	to	the	SI	phenotype,	the	choice	
of	varieঞes	should	take	into	account	other	important	parameters	such	
as	 Yowering	 phenology,	 the	 direcঞon	 of	wind	 during	 the	 Yowering	
period,	and	the	relaঞve	posiঞons	of	the	di@erent	varieঞes	within	the	
orchard.

In	the	present	study,	we	chose	to	present	varieঞes	through	their	
reference	 genotype	 and	 not	 through	 their	 variety	 name,	 to	 assess	
the	strict	associaঞon	between	genotype	and	SI	phenotype.	Previous	
studies	suggested	possible	discrepancies	between	varietal	names	and	
genotypes	(El	Bakkali	et	al.,	2013;	Haouane	et	al.,	2011;	Trujillo	et	al.,	
2014),	and	during	our	study,	we	observed	di@erent	names	associated	
with	a	single	genotype	(Table	S1)	as	well	as	di@erent	genotypes	asso-

ciated	with	a	single	variety	name;	indeed,	in	more	than	20%	of	cases,	
the	genotypes	associated	with	the	same	name	were	di@erent	 in	the	
Italian	and	OWGB	collecঞons	 (data	not	presented).	Therefore,	 there	
is	no	strict	associaঞon	expected	between	variety	name	and	SI	pheno-

type.	Therefore,	each	genotype	of	interest	for	olive	producers	needs	
to	be	assigned	to	one	of	the	two	SI	groups.	This	will	require	character-
izing	these	genotypes	for	their	SI	phenotype	using	the	sঞgma	test	in	
rigorous	condiঞons.	Lastly,	an	e@ort	should	be	devoted	to	idenঞfying	
molecular	markers	with	strong	linkage	with	the	S-	locus	to	provide	an	
easy-	to-	use	 diagnosঞc	 molecular	 assay	 for	 genotyping	 trees	 at	 the	
S-	locus.	We	are	conCdent	 that	 the	evoluঞonary	conservaঞon	of	 the	
funcঞonality	of	the	DSI	among	the	Olea, Phillyrea, and Fraxinus genera 

will	be	an	asset	for	accomplishing	this	task,	through	genomic	and	tran-

scriptomic	comparaঞve	analyses	of	the	two	groups	within	and	among	
these three genera.
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