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Fungicide Resistance 101 – Knowledge is Power!

Craig Austin Ph.D.

Agronomic Service Representative 
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FRAC
• What is FRAC and their codes

MoA
• How are they discovered/studied?

Resistance
• What kinds of resistance exist and risk of developing

Monitoring
• Baseline sensitivity and sequencing

Application
• How do we use this knowledge in disease management 
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Crop protection compounds require considerable investment and evaluation to 
bring to market.  Only a few survive!

A new ai typically costs $300+ million and 
takes 7-12 years to develop for market.

Profile

Support

Evaluate

Discover

100’000

compounds

5000 

compounds

1 – 2 compounds

30 compounds

Time

Between 1 and 2 compounds out of 100,000 pass 
the safety and efficacy tests required to make it to 
market…..

RESEARCH CHEMISTS / BIOLOGISTS

DEVELOPMENT FIELD SCIENTISTS

CLASSIFICATION: PUBLIC, NOT FOR DISTRIBUTION
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Discovery and development of new fungicides has nearly doubled over the last ~20 years

AgriFutura, April 2016, no 198

CLASSIFICATION: PUBLIC, NOT FOR DISTRIBUTION
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AgriFutura, April 2016, no 198

The number of new agricultural active ingredients has declined 
over the last 2 decades…  

CLASSIFICATION: PUBLIC, NOT FOR DISTRIBUTION
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Fungicides with new modes of action are limited to between 1 
and 4 discoveries per decade
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Source: A short history of fungicides, Morton and Staub

Where will it go 
from here?

CLASSIFICATION: PUBLIC, NOT FOR DISTRIBUTION
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Advances in fungicides over time have delivered more potent active ingredients that 
are applied with lower rates

1960’s Today
Higher 
rates

Lower 
rates

Higher 
selectivity & 

potency

Broader 
Spectrum

ie.

Chlorothalonil

Mancozeb / Maneb

Dithianon

ie.

Strobilurins / QoI

SDHI’s

Oomycete

Increased potency

Lower rates

Multi-site Single-site

CLASSIFICATION: PUBLIC, NOT FOR DISTRIBUTION
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Global fungicide market by mode of action versus resistance risk 
demonstrates most fungicides used are higher risk…

Resistance Risk 
(FRAC)

The fungicide market by value is dominated by only a limited number 
of different modes of action, which tend to be medium to high 

resistance risk (6 MOA).

Sales data source: AMIS database  Total = $13,305 Million (2011)

QoI / Strobilurins, 
benzimidazoles, phenylamides

(single-site)

SBI / triazoles 
(single-site)

EBDCs (mancozeb etc)
Chlorothalonil (multi-site)

carboxamides
(single-site)
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Definition of resistance

Lab Resistance 

Resistance can be measured 
under controlled conditions, e.g. 
with single spore isolates or 
artificial mutants. 

Fungicide Resistance

Ability of field plant pathogens to 
grow on media or infect plants 
containing/treated with rates of 
fungicides that were able to 
control wild type populations

Field Resistance 

Resistance present in field 
populations, detectable effects on 
fungicide performance

FRAC Resistance Video
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Resistance risk assessment

Fungicide risk

Mode of action: Single site vs multi-site 

Mechanisms of resistance

Fungicide
Risk

Pathogen risk

Pathogen characteristics

Pathogen
Risk

Agronomic risk

Use regime of fungicides

Other measures to control diseases

Agronomic
Risk

Overall
Resistance

Risk
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Combined fungicide risk & 
pathogen risk & agronomic risk

Kuck 2005
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Mechanisms of resistance to fungicides

ATP ADP+Pi
PM

Fungicide

Xray of SDHI in complex 
with an inhibitor

Target related

Target site mutation(s)

Overexpression of the target

Non target related

Metabolism / degradation of the AI

Efflux / lower accumulation of the AI

Bypass – metabolic adaptation

All these mechanisms have a genetic 
origin
Mutations of different kind
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SDH

SDHI

Click to add text
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Qualitative vs Quantitative effects of resistance

Brent and Hollomon, 2007
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QoI-DMI-SDHI comparison

QoI

Single site

Few mutations (G143A, F129L)

Single gene, mitochondrial

RF high (G143A), low (F129L)

No fitness penalty (G143A)

High impact on field performance

Complete cross resistance

More than 40 species

SDHI

Single site

Many mutations

3 genes, nuclear

RF high to low

Fitness penalty variable

Variable impact on field 
performance

Incomplete cross resistance 

14 species

DMI

Single site

Many mutation

Single gene

RF moderate to low

Fitness penalty variable

Variable impact on field 
performance

Incomplete cross resistance

More than 40 species
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Baseline monitoring

CONFIDENTIAL

10,000

Concentration of Active Ingredient (ppm)

C
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tr
ol

Sensitive pathogen

Resistant pathogen
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Mode of Resistance (MoR) to active ingredients: mutagenesis is the 
starting point

MT Survival Fungicide SurvivalBillions cells

Zymoseptoria tritici
Botrytis cinerea

Fusarium graminearum
Alternaria sp.
Phakopsora 
Plasmopara

Phytophtora etc...

~20% survival

Approx 
0.0001% survival
(1 cell for 1 million)

Resistant strain 

Genome sequence 
analysis of R mutants

Identification of 
putative R mechanism

MUTAGENIC TREATMENT
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RRE using random mutagenesis 
in Zymoseptoria tritici

B_S221P

B_S218F

B_P220T

Fluopyram

B_P220Y

B_N225H

Carboxin

B_N225I

B_R265P
B_H267L

Boscalid

B_H267Y

B_H267N

B_H267Q

B_I269V

B_N271K

C_S83G
Isopyrazam

C_A84V

C_A84I

C_L85P

C_N86K

C_R87C

C_H145R

C_H152RD_D129G

D_D129S

D_D129T

D_D129E

C_T79I

C_V88D

Found upon selection with all 
compounds (evidence for XSD)

Extremely wide range of different mutants could be generated (27 types)

Different SDHIs can select for different mutation

SDHI 4

SDHI 3

SDHI 2

SDHI 1
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Resistance studies during the development of a crop protection product

Research Stage

Resistance Risk EvaluationResistance Risk Evaluation

Mode of Action
Investigation
Mode of Action
Investigation

Development and 
pre-registration

Baseline susceptibility 
measurements
Baseline susceptibility 
measurements

Development of 
resistance monitoring 
tools

Development of 
resistance monitoring 
tools

Regulatory Support 
Resistance risk analysis 
Regulatory Support 
Resistance risk analysis 

Global IRM strategy 
development
Global IRM strategy 
development

Internal and external 
communication

Internal and external 
communication

Post-registration

Resistance monitoring Resistance monitoring 

Validation of resistance and 
resistance profiling
Validation of resistance and 
resistance profiling

Evaluating current and future 
impact of resistance
Evaluating current and future 
impact of resistance

IRM development and 
implementation
IRM development and 
implementation

Cross-industry working group 
representation (e.g. FRAC) 
Cross-industry working group 
representation (e.g. FRAC) 

Conferences, consultants, 
extension, advisors, etc
Conferences, consultants, 
extension, advisors, etc


