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Introduction

Background

Pesticides efficacy loss due to resistance 1

« Stable, inheritable adjustment by a
fungus to a fungicide, resulting in a less
than normal sensitivity to that fungicide »

(EPPO, 1988)
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Introduction

Background
Environnemental and human health issues 1 Pesticides efficacy loss due to resistance 1
Ecophyto plan, « Stable, inheritable adjustment by a 'g
« Pesticides package » 2009/128/CE & fungus to a fungicide, resulting in a less S
2009/127/CE, than normal sensitivity to that fungicide » S
Agroecological project for France l =
Increased number of sprays or doses to
keep to the same level of protection
Purpose

Better management of resistance in agriculture

¥

Need to increase our capacity to predict the dynamics of resistance
Retrospectively study the spatio-temporal evolution of resistance:

* Is the evolution of resistance homogeneous in France ?
* |s the regional fungicide use a major driver of resistance selection ?
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Introduction — Biological model: Zymoseptoria tritici

Responsible for the septoria tritici blotch (STB), studied here on winter wheat

L * Main pathogen on wheat : ~-18qt/ha -> 2Md€

(Fones & Gurr, 2015)

(Morais, 2015)
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Introduction — Biological model: Zymoseptoria tritici, resistance status

Responsible for the septoria tritici blotch (STB), studied here on winter wheat

L * Main pathogen on wheat : ~-18qt/ha -> 2Md€
* Fungicides are the main control method : 70% of european fungicides
* Large diversity of fungicides : 5 chemical families
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Introduction — Biological model: Zymoseptoria tritici, resistance status

Responsible for the septoria tritici blotch (STB), studied here on winter wheat

L * Main pathogen on wheat : ~-18qt/ha -> 2Md€
* Fungicides are the main control method : 70% of european fungicides
* Large diversity of fungicides : 5 chemical families
* Diversity in resistances : 3 mechanisms
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Introduction — Biological model: Zymoseptoria tritici, resistance status

Responsible for the septoria tritici blotch (STB), studied here on winter wheat

L * Main pathogen on wheat : ~-18qt/ha -> 2Md€
* Fungicides are the main control method : 70% of european fungicides
* Large diversity of fungicides : 5 chemical families
* Diversity in resistances : 3 mechanisms
* Some resistances are well established in populations
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L L L L
L] L] L] L]

Multisites

=) Benzimidazoles .

BenR
=) DMI .
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Materials — Databases per region
ARVALSS Z==NRA

Institut du végétal —=" SCIENCE & IMPACT
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Materials — Databases per region

* Resistance dynamics
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Materials — Databases per region
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* Resistance dynamics

Resistance monitoring: 2004 - 2017
-> control and treated plots, yield, year, QO| mode Of action

wheat variety, sampling date, ...

1DM mode of action e BZ mode of action SDHI mode of action
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* Selection pressure

Proxy: Fungicide use on wheat
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Materials — Databases per region
ARVALIFS :é%; INRA @ A
) R

Institut du végétal  ~—="  sIENCE & IMPACT

* Resistance dynamics

Resistance monitoring: 2004 - 2017
-> control and treated plots, yield, year,
wheat variety, sampling date, ...

-> frequencies of each phenotype (%) in
sampled populations

* Selection pressure

Proxy: Fungicide use on wheat

* Population size

Yield losses (q/HA)

Proxy: Potential yield losses induced by
Z. tritici
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Materials — Databases per region
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* Resistance dynamics

Resistance monitoring: 2004 - 2017

-> control and treated plots, yield, year,
wheat variety, sampling date, ... Refuges proxy

-> frequencies of each phenotype (%) in
sampled populations ;
15000 = ;

* Selection pressure
Proxy: Fungicide use on wheat '

10000= -+

* Population size
Proxy: Potential yield losses induced by
Z. tritici

Organic surfaces (HA)

* Refuges
Proxy: Surfaces under organic wheat
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Methods — Binomial & Zero-One inflated model

= 0 with probability m,
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Methods — A model to quantify resistance evolution

R resistant phenotype o proportion of R in the population year [
S sensitive phenotype g1 = (1 — p;) proportion of S

w = wWp/wg relative fitness of R against S

(Hartl and Clark, 1997)
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Methods — A model to quantify resistance evolution

R resistant phenotype o proportion of R in the population year [
S sensitive phenotype g1 = (1 — p;) proportion of S

w = wWp/wg relative fitness of R against S

Time R S

Proportion before selection | [ — 1 Pi—1 qi—1 N
_ . L — Ti—1 3
Proportion after selection { P= Torras | 4= S <
S
2
PU o gy P12 2 P2 - P EBI_

i qi—1 a2 q1

En[lf—‘m] =l —1)=Iln(w)+ .-fn(f;—:)
| ef = w
. K » logit(p) = p+ (I —1) how many time faster
initial conditions

R grow compared to S
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Methods — A model to quantify resistance evolution

* Descriptive model
logit(pijin) =| (1 + o) Initial conditions

+ (B4 ) (1= 1) Constant growth rates efti = @ ;

With,
jt : National initial frequency parameter
a,: Effect of the i region on national initial frequency

(Garnault et al., 2019)

[3: National growth rate parameter
1;: Effect of the " region on national growth rate :
l: Year of the observation, | € [1; L], L is equal to the number of observed

vears
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Methods — A model to quantify resistance evolution

* Descriptive model
logit(pijin) = (p + o) Initial conditions

+ (B4mn)*(1—1) Constant growth rates efti = @ ;

+| 9; Trial conditions

| Eijkin Noise

where &1, f"_*;.l""-r('[], a?)

It

With,
jt : National initial frequency parameter
a,: Effect of the i region on national initial frequency

(Garnault et al., 2019)

[3: National growth rate parameter
1;: Effect of the " region on national growth rate :
l: Year of the observation, | € [1; L], L is equal to the number of observed

vears
d;: Effect of the j' sampling date

Eijin: Overdispersion
a: Standard error from the overdispersion
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Results — Contrasted rates of evolution
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e Growth rates are different among phenotypes

* Selection is heterogeneous through the territory
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Methods — A model to assess resistance evolution determinants

* Explicative model
logit (pijkin) = (B + cu)
+ (BHW) *(1—1) Regional constant growth

-1 M ‘
FD2(D [V * Fim) + p* Py + k% Ry)

t=(l m=1

Regional variable growth
+ 0 +

+ Eijkin

where 'Tk ~ N( cu!tzvar
and F[]. = .P..[] = R.[} = 0

): Sijkln ™ N(G? JE)
iid

With,

. Effect of the m' mulecule
thm Used quantity of the m'™ molecule in the i'" region at time ¢
p: Effect of the population size
P,: Population size in the ' region at time ¢
w: Effect of the refuge surface area

Rii: Refuge surface area in the i region at time ¢

vi: Effect of the k™ cultivar
T pyltivar: Standard error from the cultivar random effect
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Methods — A model to assess resistance evolution determinants

* Explicative model
logit (pijkin) = (B + cu)
+ (BHW) *(1—1) Regional constant growth

-1 M ‘
F1D (D [V * Fim| + p* Py + k% Rit)

t=(l m=1

Regional variable growth
+ 05 + Yk

+ Eijkin

where fk ~ N( cu!tzvar
and .F.[]. = .P..[] = R.[} = 0

). Eijkin ~ N(0, 0°)
it

With,

- Effect of the m® mnlecule e Associated MoA
Fntm Used quantity of the m" " molecule in the 7t reginn at time ¢ »  Backward selection
p: Effect of the population size c v, >0

P,: Population size in the ' region at time ¢

w: Effect of the refuge surface area
Rii: Refuge surface area in the i region at time ¢

v Effect of the k™ cultivar
T pyltivar: Standard error from the cultivar random effect
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Results — First results: model and factor evaluation

Explicative model < Descriptive model

* Model comparison DIC (19378) (20019)

RSSfull—e
RSSsyun

* Factor weighting Selection pressure > Pop. Size / Refuges
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Results — First results: estimation of fungicide effect

Explicative model < Descriptive model

* Model comparison DIC (19378) (20019)
RSS
* Factor weighting full-8 Selection pressure > Pop. Size / Refuges
RSSeun
> StrR / Qols (7) » TriR7-TriR8 € TriMR / DMIs (16)
Fungicide (m) Estimate (v,,,) Fungicide (m) Estimate (v,,,)
Fluoxystrobin 0.26 (.) Difenconazole 0.32 (*¥)
Kresoxim-methyl 0.73 (***) Flusilazole -0.09
Pyraclostrobin 0.63 (**%) Hexaconazole 0.12
Prochloraz -0.58 (***)
Triadimenol -0.14
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Results — First results: estimation of fungicide effect

(Walker, 2011)

* Model comparison DIC
RSS
* Factor weighting full-9
RSSrun
TriLR TriMR TriHR
] TriR7-
TriR6 .
TriR8
Pyrifenox
Prochloraz

Epoxiconazole

Propiconazole

Fluguinconazole

Tebuconazole

—

Metconazole

Difenconazole

Prothioconazole

Explicative model < Descriptive model

(19378) (20019)

Selection pressure > Pop. Size / Refuges

» TriR7-TriR8 € TriMR / DMIs (16)

Fungicide (m)

Estimate (v,,,)

Difenconazole
Flusilazole
Hexaconazole
Prochloraz

Triadimenol

0.32 (**)
-0.09
0.12
-0.58 (***)
-0.14

Resistance factor

[ o

Medium -
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Conclusion — Take home messages

* Large-scale monitoring allows quantitative description of resistance dynamics.
* We highlighted heterogeneity of resistance evolution among phenotypes.
* Heterogeneity can be explained in majority by regional fungicide uses.

* Estimations are consistent with previous description of phenotypes.
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Appendix
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Low-cost resistance + strong selection
pressure ?
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Appendix
100 - ] -4
~TriS
TriLR
.TriMR
| MTHR ;
.IVIDR /:O
Q <
& T
%) sterols DeMethylation @
- 0 0 _2
g °0 Inhibitors -
g ©
o B
L ko))
5 &
25 - 4 &g
£
[o]
<
S
L
0- 0
1980 1985 1990 1995 2000 2005 2010 2015

Time (year)

No more sensivite phenotype since the mid-1990s

Sequential emergence of TriLR, TriMR and TriHR and MDR
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Appendix

Qualitative resistance to DMIs

* Poly-allelism 1 phenotype
Numerous phenotypes =
* Multigenic 1 resistance spectrum

TriR1| TriR2| .. . TriR7 | TriRS | TriR8 | _ . [TriR10
IDM R3 | /R4 TriRS | TriR6 IR8 - + | TriR9 R11 MDR

Pyrifenox
Prochloraze

Epoxiconazole

Propiconazole

(Walker, 2011)

Fluquinconazole

Tébuconazole

Metconazole

Difénoconazole

En cours de caractérisation

Prothioconazole

Classe TriLR
phénotypique

Niveau de résistance
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Appendix
Spatial model ANOVA-like model

GLMM with Matérn covariance Region x Year

Kriging + Spatial partitioning Highlighting deviations from the average

Maps of resistance status m——) Quantify observations on maps

Dynamic Static
* StrR: 120 a 150 km/year * TriR6: N/N-E (NPC, IDF)
* TriR7-TriR8: S/S-W (MPY, AQU, PCH)
StrR 2012 TriR6

TrR7-TriR8

(Garnault et al., 2019)
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Appendix

= -20 g/ha

Yield: 70 g/ha Yield: 50 g/ha g
Area under wheat: 5 000ha Area under wheat: 5 000ha 3
Production: 35 000t Production: 25 000t :;i,')’
3

Internal market 15 000t Internal market 15 000t g
Stocks: 2 500t Stocks: 2 500t s
Foreign market: 20 000t Foreign market: 10 000t E
Market price: 175€/t Market price: 175€/t S
Total: 3,5 Md€ Total: 1,7 Md€ %’
\ / %

= -2 Md€
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