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Effets du changement climatique

« Stress hydrique et thermique des cultures
 Perturbation des calendriers culturaux

« Accélération de la phénologie des végétaux (cycles)
 Augmentation de la croissance des végeétaux
 Sécheresse du sol
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Impact direct du changement
climatique sur les réesistances aux
maladies ou aux bioagresseurs



Effets du changement climatique

« Stress hydrique et thermique des cultures
 Perturbation des calendriers culturaux

« Accélération de la phénologie des végétaux (cycles)
 Augmentation de la croissance des végeétaux

« Sécheresse du sol

 Risque accru de maladies et ravageurs



Impact du changement climatique sur les maladies
des plantes et I’évolution des bioagresseurs ?

Elevation de |la température
Augmentation des episodes de secheresse aux latitudes moyennes
Elévation de la concentration en [CO,Jatm

Un impact différent en fonction de la proximité a I'équateur (Europe, Chine
particulierement vulnérable)

=  Augmentation de la sensibilité des plantes résultant d'un mauvais état physiologique
= Evolution des corteges parasitaires

= Evolution des populations naturelles des pathogenes et des ravageurs : augmentation
fréquences de souches (multi-)résistantes aux traitements, apparition de souches virulentes avec un
contournement plus rapide des résistances, apparition de souches plus agressives...

= (ré-)émergence de nouvelles maladies (rouille noire, wheat blast, ...)
= Evolution des fréquences d’apparition des maladies



Culture Agent pathogene Evolution
/ Orge oidium (Blumeria graminis) diminution
charbon (Ustilago hordei) augmentation
Mais charbon (Ustilago maydis) diminution

Pomme de terre

Riz

Soja

Blé

mildiou (Phytophthora infestans)
alternariose (Alternaria solani)

rhizoctone (Rhizoctonia solani)
Pyriculariose (Magnaporthe oryzae)

mildiou (Peronospora manshurica)
tache septorienne (Septoria glycines)

rouille jaune (Puccinia striiformis)
fusariose (Fusarium sp.)

augmentation
pas de changement

augmentation
augmentation

diminution
augmentation

augmentation
augmentation

Luck et al., 2011



Ameliorer la résistance des plantes aux
bio-agresseurs

Contribution des biotechnologies



Table 1 Examples of genetic disease solutions currently available for bacterial, viral, funga and oomycete pathogens.

Point ofintervention  GM technology Example References
Pathogen perception  Interspecies transfer of PRRs EF-Tu receptor (EFR) Lacombe et al. (2010); Schoonbeek et al.
(2015); Schwessinger et al. (2015); Boschi
etal. (2017); Kunwar et al. (2018)
Interspecies transfer of NLRs Rpi-Vnt1 Foster et al. (2009); www.isaaa.org/
Bs2 Horvathetal. (2012)
Modification of NLRs Pikp-1 Magbool et al. (2015)
NLR protease trap PBS1 kinase Kim et al. (2016)
NLR resurrection NRCs (NLR helpers) Wu etal. (2017)
Pathogen effector Deletion of effector targets MAPK3K StVIK1 Murphy et 3. (2018)
binding Modification of effector binding sites  COI1 Zhang et al. (2015)
Deletion of effector binding sites Os11N3/OsSWEET14 Lietal. 2012)
Addition of effector binding stes Xa27 Hummd et al. (2012)
Defence signalling Altered expression of signalling NPR1 Xu etal. (2017)
pathway components
Altered expression of transcription IPA1/OsSPL14 Wang et al. (2018b)
factors
Recessve resistance Gene deetion mio Kusch & Panstruga (2017)
alleles Gene modification bs5 lliescu et al. (2013)
Dominant plant Interspecies transfer of signalling PFLP Huangetal. (2007); Namukwaya et al.
resistance proteins components (2012); J. N. Tripathy et al. (2014); Tang
etal. (2001); Huanget al. (2004); Ger
etal. (2014);Yip etal. (2007); Liauetal.
(2003)
Transfer of detoxifying enzymes Onalate oxidase Donaldson et al. (2001); Schneider et al.
targeting pathogen toxins (2002); Hu etal. (2003); Dong et al.
(2008); Walz et al. (2008); Partridge-
Telenkoetal. (2011)
Transfer of adult plant resistance Lr34 Krattinger et al. (2016); Risk et al. (2013);
(APR) alleles Schnippenkoetter et al. (2017); Sucher
etal. (2017);Rinaldo et al. (2017)
Antimicrobial Transfer of antimicrobials from Rs-AFP defensin Jha & Chattoo (2010); Li et al. (2011)
compound plants
production Transfer of antimicrobials from Virus KP4 Clausen et al. (2000); Schlaich et al. (2006);
microorganisms or animals Quijano et al. (2016)
Expression of synthetic MsrA1 Osusky et al. (2000); Rustagi etal. (2014)
antimicrobials
RNAI Viral gene slending through RNAi Coat protein or replicase domain gene from  Fitchetal. (1992); Ferreira et al. (2002); Ye
Papaya ringspot virus & L (2010); www.isaaa.org/
AC1 from bean golden mosaic virus Bonfim et al. (2007); www.isaaa/org
Coat protein gene from plum pox virus Scorza etal. (2013); www.isaaa org/
Coat protein gene from potato virus Y Lawson et al. (1990); www isaaa org/
Putative replicase domain or helicase domain  Lawson et al. (2001); www saaaorg/
gene from potato leaf roll virus
Coat protein gene from cucumber mosaic Tricoli et al. (1995); www isaaaorg/
cucumovirus, zucchini yellow mosaic
potyvirus and watermelon mosaic
potyvirus 2
Fungal and oomycete gene silencing HAM34 or CES7 gene of Bremia lactucae Gowvindarajulu et al. (2015)
through RNAI

van Esse, Reuber and van der Does, 2020)



Résistances par utilisation de ’ARN interférence (RNAI)
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FIGURE 1 | (A) In RNAi-mediated gene silencing, long dsRNA/hpRNA gets chopped off into short (21-23 nucleotides) interfering RNA duplexes (SiRNAs). siRNA
duplexes unwind and one of the strands (Guide strand) gets incorporated into the RISC complex, which finally degrades the targeted complementary mRNA. RISC
complex gets recycled again; (B) Dicer-mediated procassing of long dsRNA in Arabidopsis thafiana. DCL2 generates 22 nucleotide-long siRNAs, which interacts
with AGO1 and recruits RDRE to induce transitive silencing. DCL3 generates 24 nucleotide-long siRNAs, which interacts with AGO4 and induces DNA methylation
by recruiting DNA PolV, whereas DCL4 generates 21 nuclectide-long siRNAs, which interacts with AGO1 and directs the cleavage of complementary mRNA.

Halder et al, 2022
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Mock-inoculated RSV-inoculated

Mock-inoculated RGSV-inoculated

FIGURE 4 | Transgenic rice plants with enhanced resistance against
two tenuiviruses. (A) Phenotype of transgenic rice plants (cv. Nipponbare)

. RSV

Mock RDV RSV RISV

Nt T Nt T
cv. Tachiaoba cv. Tachisugata
FIGURES | ic forage rice culti i lated with Rice stripe

virus (RSV) and Rice dwarf virus (RDV) (from Sasaya et al., 2013).
Phenotypes of transgenic forage rice cultivars Tachiaoba (A) and
Tachisugata (B) that harbored the RNAI trigger sequence targeting the RSV
gene for pC3 and the RDV gene for Pns12 at 5 months after RDV and RSV
inoculation. Ten-day-old transgenic forage rice seedlings were exposed to
approximately 15 RSV-carrying viruliferous small brown hoppers and 10
RDV-carrying leaf hoppers per plant for each 1 day, and evaluate plant
response to infection with RSV and RDV at 4 months after virus inoculation.
The forage rice cultivars in pots from left to right are: mock-inoculated
non-transgenic forage rice cultivars (Nt) exposed to virus-free insact
vectors, showing normal growth; RDV-inoculated non-transgenic forage rice
cultivars (Nt), showing typical symptoms caused by RDV infection;
RSVinoculated non-transgenic forage rice cultivars (Nt), showing typical
symptoms caused by RSV infection; RDV+RSV-inoculated transgenic
forage rice cultivars, showing healthy growth and fertility. Bar, 30 cm.

Mock-inoculated  RDV-inoculated

Mock-inoculated RGDV-inoculated

Nt T Nt

Mock-inoculated RBSDV-inoculated

FIGURE 2 | Transgenic rice plants enhanced resistance against three
rice-infecting reoviruses. (A) Phenotype of transgenic rice plants (cv.
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Table 2 | Degree of resistance against Rice stripe virus (RSV) infection in transgenic rice plants induced by different RNAi-targets of RSV genes?®.

Target gene for Location/putative function® GenBank accession Resistance®

pC1 RNA polymerase D31879 Strong

p2 Unknown D13176 Moderate

pC2 Glycoprotein-ike D13176 Absent

p3 Silencing suppressor X53563 Moderate

pC3 Nucleocapsid protein X53563 Immune

p4 Crystalline inclusion D10979 Absent

pC4 Movement protein D10979 Immune
Mock-inoculated RGSV-inoculated forage rice cultivars, showing healthy growth and fertiity. Bar, 30 cm. |

FIGURE 4 | Transgenic rice plants with enhanced resistance against
two tenuiviruses. (A) Phenotype of transgenic rice plants (cv. Nipponbare)
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FIGURE 2 | Transgenic rice plants enhanced resistance against three
rice-infecting reoviruses. (A) Phenotype of transgenic rice plants (cv. 11




TABLE 1 | RNAi-targeted editing in plants against insects.

Insects Target gene Plant Phenotype References TABLE 2 | RNAi-targeted editing in plants against fungi.
Helicoverpa armigera (Cotton Ecdysone receptor Tobacco Reduction of growth followed Zhuet al., 2012 Fungi Target gene Plant Phenotype References
boliworm) death
D:abrow;wgfua (Westem com V-ATPaseA Maizo :mtadgrowth Baum et al, 2007 Puccinia triticina PIMAPK1 Wheat Significant reduction of fungal growth and Panwar et al., 2013
rootworm) disease suppression
Spodoptera exigua Ecdysone recaptor Tobacco Death rate increased Zhuetal, 2012 Blumenia graminis f.sp. tritici MLO Wheat Inhibition of fungal growth Riechen, 2007
Sitobion avenae (Grain aphid) Salivary proteins Wheat Death rate increased Wang et al., 2015 F. graminearum IRT containing Grain and legume crops Significant reduction in mycotoxin McDonald et al., 2005
DSR32/DSR33 mycotoxin reguiatory production
Glossina morsitans morsitans Transferrin Pea, clover, alfalfa Mortality rate significantly low Waishe et al., 2009 Sequencas
Acyrthosiphon pisum Aquaporin Pea, clover, alfalfa Osmotic pressure increased Shakesby et al., 2009 Blumeria graminis Avral0 Barley and wheat Inhibition of fungal growth Nowara et al., 2010
Acyrthosiphon pisum SHP Pea, clover, alfalfa Reduced fertility Will and Vikcinskas, Phytophthora parasitica PnPMA1 Arabidopsis Elucidation of a compatible interaction Wang et al., 2011
2015 between Arabidopsis and P, parasitica
Acyrthosiphon pisum V-ATPasa E Pea, clover, alfalfa dsRNA degradation in saliva Christiaens and Fusarium verticilioides GUS Tobacco Reduced exprassion of GUS Tinoco et al., 2010
Smagghe, 2014 Phytophthora parasitica var. Glutathione Tobacco Increase resistance of Nicotiana to infection Hernandez et al., 2009
Nilaparvata lugens (brown plant Trehalose PO4 synthase Rice Lethality Chen et al., 2010 nicotianae S-transferase
hopper) Puccinia striformis f. sp. tritici PSTha12J12 Barley and wheat Significant improvement in rust resistance Yin et al., 2011
Aphis gossypii (Cotton aphid) AgOBP2 Cotton Failure of recognizing host Rebijth et al,, 2016 Botrytis cinerea MAP Kinase Bmp3 Lettuce Delay in conidial germination, reduction of Spada et al., 2021
Sitobion avenae (Grain aphid) Catalase gene CAT Wheat Survival rate reduced Deng and Zhao, 2014 necrotic lesions
Sitobion avenae Grain aphid Cytochrome c oxidase Wheat Increased mortalty Zhang etal., 2013 Botrytis cinerea DCL1, DCL2 Tomato, Strawberry, Grape,  Significant inhibition in gray mold disease Wang M. et al.,, 2016
Greenbug Schizaphis graminum Salivary protein C002 Wheat Lethal Zhang Y. et a., 2015 Lettuce, Onion, Rose
Peregrinus maidis V-ATPase B&D Corn Reduced fertility Yao et al., 2013 Botrytis cinerea DND1 Tomato and Potato Reduced susceptibility to Botrytis Sun et al., 2017
Lygus lineofaris Apoptosis inhibitor Cotton, alfalfa, beans Digestion of dsRNA Allen and Walker, 2012 Botrytis cinerea BcTOR Arabidopsis, Potato, Enhanced resistance against gray moid Xiong et al., 2019
Phyfiotreta striolata Arginine kinase Cruciferae crops Retarded development/ Zhao et al., 2008 Tomato
increased mortality
TABLE 3 | RNAi-targeted editing in plants against nematodes.
Nematodes Target gene Plant Phenotype References
Meloidogyne incognita Splicing factor and Tobacco >90% reduction in established nematodes Yadav et al., 2006
integrase
Heterodera glycines Prp-17, Con-1, MRNA  Soybeans Significant reduction in number of nematode eggs Lietal., 2010
spiicing factor
Radopholus similis Rs-cb-1 Tobacco Inhibition of development, reduced pathogenicity Lietal, 2015
Ditylenchus destructor Unc-15 Swest potato Reduced rate of infection area Fanetal., 2015
Meloidogyne enterolobii MeTCTP Tomato Attenuation in parasitism Zhwo et al., 2017
Pratylenchus vuinus P10 Walnut Significant reduction in number of nematodes per root Walawage et al., 2013
Heterodera glycines Spliceosomal SR Soybean Significant reduction in number of female cysts Klink et al., 2009
protein
Meloidogyne chitwoodi Mc16D10L Potato Significant reduction (~68%) in number of egg masses Dinh et al., 2014a
Heterodera schachtii 3805, 4G06, 8HO7, Arabidopsis 23-64% reduction in number of mature nematode Sindhu et al., 2009
and 10A06 females
Heterodera glycines Major sperm protein Soybeans 68% reduction in eggs per gram of root tissue Steaves et al., 2006
(MSP)
Meloidogyne javanica Putative transcription Tobacco Consistent silencing of MTis11 Fairbaim et al., 2007
factor, MjTis11
Meloidogyne chitwoodi Mci16D10L Arabidopsis Significant reduction (~60%) in number of egg masses Dinh et al., 2014b

Halder et al, 2022

12



natnire
biOtCChHOIOgy mps://donorg/mnoas/sLMEs:I-:)IEoBo-Sx a a7 kb
M) Check for updates 1
f \
A five-transgene cassette confers broad-spectrum - N N N N N N n
resistance to a fungal rust pathogen in wheat <« 35S hyg | Srd5 I Sr55 | sso W sras W g2 L,
Ming Luo’, Ligiong Xie?, Soma Chakraborty’, Aihua Wang', Oadi Matny ©3, Michelle Jugovich?, P P P P P -

James A. Kolmer?, Terese Richardson', Dhara Bhatt', Mohammad Hoque', Mehran Patpour®*,
Chris Serensen®5, Diana Ortiz(®$, Peter Dodds 7, Burkhard Steuernagel ©7, Brande B. H. Wulff©7,
Narayana M. Upadhyaya®', Rohit Mago ©®', Sambasivam Periyannan’, Evans Lagudah®’, 5

Roger Freedman®, T. Lynne Reuber®®, Brian J. Steffenson©? and Michael Ayliffe 1=
100 -~ 3 I
h I i
80 + : 5
—_ . Te
2 ¥ +
= 4
£ 60 - -
2
s
Multi-transgene lines Single-gene transgenics Nontransgenic controls £ i
o
i 1 i
f W Y =
% - .
o 0
3 2 [8) 2
= E S 8 e A
¢ 3 © © v o g @ 2 B&S i 1.
o(‘égommmoo?‘?gﬁﬁi’&ﬁgtsag B o @ 00 gy LI
% ¥ h TR s s VR i TR T (N < J J ) B 8 = P N A N
R EEEEFFEEEE I I I eéi\qwqe%e"qqxw I IE E S
ek R K B E S &6 LB W O W 6 6 W e w 5 e 6 e ‘\ ‘.’

. Py a—

Susceptibility controls Multi-transgene lines Single-transgene fielder Apr




Genes de sensibilité

Fungus/
Oomycete

Bacterium

P

Nematode

.
¢

Wheat S genes

S genes supporting pathogen
(pre)penetration
@ TaWIN1, TaKCS6, TaECR, TaMLO

S genes suppressing plant immunity

@ 7oMLO, TaMDHAR4, Ta Inv1, TalSP, TaPsIPK1,
~ TaNUDX23, TaBIn1, TaMCA1, TaBCAT1, TaEDR1,

TaCSNS5, TaClpS1, TaRop10, TaEIL1, TaNAC21/22/30,

TaWRKY19, TaMED25, TaHOS15, TaHDAG, TaHDT701

Susceptible wheat varieties
(with functional S genes)

Fungus/
Oomycete

Bacterium

P

R breeding strategies

Genome editing

@ CRISPR-Cas9, TALENs

Breeding by non-transgenic
targeted mutagenesis
@ TILLING

Cross-breeding
@ GB, MAS, MABC

Resistant wheat varieties
(with inactive S genes)
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Mutagénese par TILLING
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Mutagenese ciblée par Genome Editing - CRISPR

A cas operon

I I Spacer Repeat
tractRNA cas9  casl cas2 CSn2 p—— | |

=060
|

CRISPR spacer-repeat Array

CRISPR/Cas Technology

v Regulation of Genes

Gene Editing

Guiding sequence

FIGURE 2 | CRISPR locus in genome comprises of CRISPR spacer-repeat array, Cas operon, and fracrBNA. Apart from being able to specifically target nucleotides
in the genome (gene editing), using impaired Cas9 enzymes such as dCas9 and nickase Cas9, gene regulation and targeted base editing without double-strand
breaks can also be achieved, respactively. (A) CRISPR locus in genome; (B) CRISPR/Cas9-mediated gene editing; (C) CRISPR/dCas9-mediated gene regulation;
(D) CRISPR/nCas9-mediated base editing.
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Table 1 A summary of the studies on CRISPR-mediated plant disease resstance Table 1 A summary of the studies on CRISPR-mediated plant disease resistance (Continued)

Table 1 A summary of the studies on CRISPR-mediated plant disease resstance (Continued)

Pathogen Plantis) Desired Targeted DNA/  Targeted Results Referenae Pathogen  Plantis) Desired Targeted DNA/  Targeted Results Reference
type modfication RNA pathogenis)/ type modfication RNA pathogenis)/ Pathogen  Plantis) Desired Targeted DNA/  Targeted Results Reference
dise asels) dise asels) type modification RNA pathogenis)/
m Aabidopsis Vims ANA Vieus ANA genome  Tumip moasaic virss Indels invis 169] sympioms diseasels)
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dismupion Tobaco maai viers  and disease maaic virus-W Sedd 1l
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Les facteurs de sensibilite peuvent éetre
partagés par plusieurs agents pathogenes

Ouvre la voie a la construction de
resistances multi-pathogéenes
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Mutant MNR 220 (Campbell et al, TAG 2012)
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Fig. 1 A scheme showing steps of mutant identification, confirmation and genetic analysis. M, , | line is used to describe n,; generation seods 21

that derived from one selected n generation plant



Mutant MNR 220 (Campbell et al, TAG 2012)

Puccinia triticina (wheat leaf rust)
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Possibilités offertes par les biotechnologies

Création de novo de sources de résistance pour des maladies « orphelines »
Remplacement d'alleles simple ou multiplex
Suppression du linkage drive

Possibilités de créer de nouvelle combinaison d'alleles pour des genes tres
étroitement lies

Transfert rapide d'alléles exotiques vers des variétés « Elites »
Réactivation des pseudogenes

Création de séries alleliques originales pour des genes R clonés
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Rendre plus durable les résistances aux pathogénes et
bioagresseurs face au changement climatique

4 N

Identifier des

: N

Interactions

plante-
sources de .
. . pathogéne-
resistances .
environnement
durables
. Effets des
Bases génétiques .
associations

et moléculaires

plante-plante

Mécanismes

. : . e ™ Roéle des
(Eeeligsleleeieles Solutions agronomiques microbiotes
Systémes de culture
K / Gestion des résistances (parcelles, paysage, K /
territoire)
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