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Associa&ons	de	variétés	
	et	régula&on	des	pressions	

pathogènes	



	

Contexte	
•  Nécessité	de	réduire	l'impact	de	l'agriculture	sur	

l'environnement	
•  Augmenter	la	résistance	des	cultures	aux	maladies				

•  Perte	de	rendement	liée	aux	maladie	fongiques	(Oste	et	al.,	2000)	
•  Adapta&on	des	agents	pathogènes	(Bayles	et	al.,	2000)	
•  Faible	durabilité	des	fongicides	(Leroux	et	al.	2009)	

•  Diminu&on	de	la	diversité	cul&vée	(Bonnin,	et	al.	2014)	
•  Des	condi&ons	clima&ques	plus	variables	(Garre\	et	al.,	2006)	



Comment	concevoir	des	associa&ons	?	

•  Systèmes	résilients	?	
•  Stabilisa&on	des	rendements	
•  Plas&cité	du	blé	
•  Durabilité	des	résistances	(et	des	produits	
phytosanitaires)			

•  (bio)diversité	
•  Spa&alisa&on	des	organes	résistants	vs	organes	
sensibles		
•  Quan&fier	l’effet	barrière/dilu&on	
•  Autres	effets?	
•  Définir	des	caractéris&ques	des	variétés	à	associer		



Effet	barrière	

Effet	de	prémuni&on	

Associa&on	de		riz	
Magnaporthe	

grisea	(Finckh,	2008)	

Effet	de	densité		

Mono	cultures	

Associa&on	de	variétés		

Associa&ons	&	Pathogènes	:	mécanismes	impliqués		

Gigot et al. 2013, Vidal et al. 2015 



Dispersion	

Courtes		
Distances		

	

Longues	
Distances	

Dispersion	
pluviale	

Dispersion	
éolienne	

Echelle	spa/ale	de	l’hôte		

(surface	généotypique	unitaire)	

Grande	 Pe&te		
(From	Garre\	&	
Mundt,	1999)	

Gradients	de	dispersion	/	Unité	génotypique	



Dispersion	

Courtes		
Distances		

	

Longues	
Distances	

Dispersion	
pluviale	

Dispersion	
éolienne	

Gradients	de	dispersion	

Vent  (Gosselin., 2009) 

Figure 1.12 – Photo d’un couvert végétal dans un herbier de zostères marines
(Zostera marina) (Tigani, 2006).

Figure 1.13 – Vagues sur le blé causées par le vent (Love, 2009).
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film and wet leaf configurations, a liquid sheet is formed then
fragmented into several ejected droplets. Nevertheless, both
configurations have markedly different outcomes. On a film,
the liquid sheet is more or less vertical and axisymmetric
about a vertical axis, and so is the droplet ejection (figure 2a).
On real plants, the liquid sheet is observed to be asymmetric,
which typically gives a strong horizontal velocity to the ejected
droplets (figure 2b,d ). Moreover, additional ejection scenarios
are present on real plants that do not involve the fragmentation
of a sheet (figure 2c,d).

The difference between the conjectured and the observed
scenarios originates from the wetting properties of plant
leaves. Contact angles were found to vary between 608 and
1208 on 13 common plant leaves [38]. So the leaves are not
totally hydrophilic and the formation of a water film on the
leaf surface is not energetically favourable. This partial wet-
ting behaviour is thought to minimize disturbance to plant
breathing and structural stability. Moreover, it reduces detri-
mental colonization of the leaf surface [39]. Contact angle
hysteresis up to 308 has been observed, which is consistent
with other recent measurements on common plants (e.g.
[40]). The corresponding surface tension forces at the contact
lines prevent small droplets from sliding away, so the rain-
water residuals from previous impacts accumulate on the
leaf. Large drops and puddles drip off when this force
induced by contact angle hysteresis no longer balances the
pull of either gravity or wind drag. Leaf compliance mag-
nifies the gravitational pull. These observations suggest that
the liquid in which pathogens are suspended is more likely
in the shape of a sessile drop rather than in the form of a
liquid film. In §3, we will show that this subtle difference
in initial shape leads to major quantitative differences in the
resulting pathogen ejection pattern. Building on this finding,
we now focus the reminder of the study on the dynamics
of impacts of raindrops on dyed sessile drops residing on a
variety of real and artificial leaves.

2.2. Dominant modes of pathogen-bearing
droplet ejection

Observations of rain falling on a plant reveal a wide spectrum of
possible impact and fragmentation scenarios, owing to the
many parameters (including leaf shape and inclination, drop

size and initial position) that are simultaneously varied in
natural conditions. Nevertheless, these many modes of patho-
gen-bearing droplet ejection are not equally likely, nor are
they equally good at ejecting droplets away. Only scenarios
that are both likely and efficient can potentially govern the
dynamics of rain-induced pathogen dispersal shaping epi-
demic growth in the field. We recorded and analysed high-
speed visualizations (Phantom-v5, 1000 frames s21) of thou-
sands of raindrops in the millimetre range impacting on 30
plants, including foliar disease victims (figure 2b–d). The leaf
initially supported a sessile dyed drop, which was used as the
analogue of an infected drop. The visualizations indeed
revealed a collection of liquid fragmentation phenomena, all
very different from the splash on a liquid film (figure 2a)
[37,41]. We identified two dominant modes of droplet ejection.

In the first ejection mode, the raindrop impacts in the vicinity
of the dyed sessile drop and expands until direct contact between
them occurs (figures 2b,d and 3a–b). Subsequently, the raindrop
slides underneath the dyed drop. The latter is then lifted in suc-
cession in the form of a sheet that fragments into filaments and
droplets. We refer to this mode as the crescent-moon splash due to
the shape and motion of the liquid sheet. Leaf compliance
has little qualitative influence on this mechanism (figure 3a
versus b). The crescent-moon splash shares certain features
with liquid splashes commonly described in the literature
(e.g. corona splash [37]). These include the dynamics of initial
raindrop spreading. However, the horizontal asymmetry of its
liquid sheet is a specific feature of the crescent-moon splash. It
provides a significant horizontal velocity component to the
ejected droplets, and therefore can play an important role in
pathogen dispersal to neighbouring plants.

The second ejection mode is only observed for light and
compliant leaves and it involves an indirect interaction between
the raindrop and the sessile drop mediated by leaf motion
(figures 2c,d and 3c,d ). Upon impact, the leaf significantly
bends and oscillates. The resulting acceleration elongates
then fragments the sessile drop via Rayleigh–Taylor and
Rayleigh–Plateau instabilities. Upon ejection, the spawned
sessile droplets inherit the leaf velocity. We name this indirect
mode the inertial detachment. We recorded centrifugal accelera-
tions of up to 10 g at the tip of small leaves such as strawberry,
tomato and blueberry. For millimetre drops, the associated
inertial forces easily overcome capillary forces, resulting in

(a)

(b) (c)

(d )splash on film

Figure 2. Ejection of contaminated droplets (highlighted in red) triggered by the impact of a raindrop (diameter 2.5 mm, velocity 6 m s21) on (a) a green liquid
film (here in a 1 mm depth pool at the upper surface of the cantilever beam) at 22.5, 2.5, 17.5 and 62.5 ms after impact; (b) a prayer plant leaf at 6 ms after
impact; (c) a strawberry leaf at 55 ms after impact; (d ) a lucky bamboo leaf at 22, 4, 8, 16, 52, 61, 69 and 74 ms after impact. In (b – d ), a sessile drop containing
pathogen analogue (red dye) is initially placed close to the impact point. Scale bars, 1 cm. See electronic supplementary material, movies S1 – S4.
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(V. Lebon, Grignon, 2012) 
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Réduc&on	de	la	surface	malade	
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Réduc&ons	de	la	maladie	sur	la	variété	sensible	

Effet	posi&f	et	variable	en	fonc&on	des	condi&ons	clima&ques	



Progression	de	la	septoriose	du	blé	dans	des	parcelles	à	architecture	contrastée	



•  Impact	de	l'architecture	des	couverts		
•  sur	les	épidémies	(Le	May	et	al.	2008,	Lovell	et	al.	

1997)	
•  sur	la	dispersion	(Yang	et	al.	1990,	Madden	et	al.	

1993)	
•  Cas	des	associa&ons:	

•  Restric&on	des	différences	d'architecture		entre	
composantes	de	l'associa&on	

•  MAIS	possible	effet	lié	à	des	«	différences	
d'architecture»		

sRsRsRsR	srsrsrsrsr	
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Impact	de	l'architecture	des	couverts	sur	la	dispersion	et	les	épidémies	

Vidal	&	Boixel	
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Vidal	



Apport	de	la	modélisa&on	

	Gigot	et	al.,	2014	
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Propor&ons	
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E
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	=	f(	propor&ons,	différence	de	résistance,	organisa&on	spa/ale	)		
Cas	de	la	dispersion	pluviale	(Septoriose	du	blé)	
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Gigot et al 2014 



Reconstruc&on	numérique	des	couverts	hétérogènes		
	
Intercep&on	de	nombreuses	gou\es	incidentes	par	les	feuilles	de	la	
variété	résistante	
→	moins	d'éclaboussement	en	bas	du	couvert	(effet	parapluie)	

Propor&on	de	gou\es	interceptées	(‰)	

Sensible	
basse	pure	

Résistante	
haute	pure	

Associa&on	
hétérogène	

Associa&on	hétérogène	:	Intercep&on	de	gou\es	par	les	couverts	

Vidal  



Conclusion	

•  Réduc&on	des	maladies	dans	des	associa&ons	variétales		
–  Réduc&on	de	l’ordre	de	40%	(Expérimenta&on	et	modélisa&on)	
–  Variable	en	fonc&on	des	condi&ons	clima&ques/pression	
–  Protec&on	efficace	de	la	variété	sensible	sans	impact	significa&f	
sur	la	variété	résistante		

•  Contrôle	accru	par	une		hétérogénéité	architecturale	des	
composantes	de	l’associa&on	

•  Op&misa&on	par	modélisa&on	numérique	
•  Synergies/antagonismes	

–  (Compé&&on/Facilita&on)		
–  (Protec&on	de	variétés	sensibles/	contournement	des	
résistances)	

–  (Barrière/	Microclimat)		


