


Zur Angabe der Klassifizierung (VERTRAULICH etc.) 

bitte dieses Textfeld im Folienmaster verwenden





Zur Angabe der Klassifizierung (VERTRAULICH etc.) 

bitte dieses Textfeld im Folienmaster verwenden

PPO-Inhibiting Herbicide Resistance: What We 

Have Learned in Almost 10 Years of Research 

Dr. Aimone Porri, Head of Weed Resistance Laboratories, 

BASF Agricultural Solutions Deutschland GmbH

Keep up to date on my latest research on herbicide resistance Dr Aimone Porri - Google Scholar

https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fscholar.google.com%2Fcitations%3Fuser%3DDdnQ04gAAAAJ&data=05%7C01%7Caimone.porri%40basf.com%7C1c7390481780419dbb9808da4a1bcc5c%7Cecaa386bc8df4ce0ad01740cbdb5ba55%7C0%7C0%7C637903780489141131%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=7tO1zjIdpxycCEz5UPXWBFzelE4FcO%2FHS4eEHWy2Y%2BQ%3D&reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fscholar.google.com%2Fcitations%3Fuser%3DDdnQ04gAAAAJ&data=05%7C01%7Caimone.porri%40basf.com%7C1c7390481780419dbb9808da4a1bcc5c%7Cecaa386bc8df4ce0ad01740cbdb5ba55%7C0%7C0%7C637903780489141131%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=7tO1zjIdpxycCEz5UPXWBFzelE4FcO%2FHS4eEHWy2Y%2BQ%3D&reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fscholar.google.com%2Fcitations%3Fuser%3DDdnQ04gAAAAJ&data=05%7C01%7Caimone.porri%40basf.com%7C1c7390481780419dbb9808da4a1bcc5c%7Cecaa386bc8df4ce0ad01740cbdb5ba55%7C0%7C0%7C637903780489141131%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=7tO1zjIdpxycCEz5UPXWBFzelE4FcO%2FHS4eEHWy2Y%2BQ%3D&reserved=0




Zur Angabe der Klassifizierung (VERTRAULICH etc.) 

bitte dieses Textfeld im Folienmaster verwenden

9/10/20263

❖ Overview of PPO-inhibitor resistance

❖ Target-site mutations that have evolved

❖Why the PPO isoform matters

❖ New PPO inhibitors to combat resistance

❖What nearly 10 years of PPO-resistance research have taught us

Presentation outline 
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PPO-inhibiting herbicides: an important mode of action since the 

1960s

Recommended

❖ PPO inhibitors block 

protoporphyrinogen oxidase, causing 

protoporphyrin IX to accumulate. In the 

presence of light and oxygen, it 

generates reactive oxygen species 

that destroy cell membranes, leading 

to rapid tissue desiccation and 

necrosis.
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Overview of PPO-inhibitor resistance, how has it evolved?

Glyphosate 

resistance became 

problematic 

B. Scoparia (2023)

Grasses: 

E. indica, A. fatua, P. annua, Lolium  

❖ PPO resistance was first 

reported in 2001, in common 

waterhemp from Kansas. 

However, it became a major 

problem mainly between 2013 

and 2017. This happened 

because PPO inhibitors were 

increasingly used to control 

weeds already resistant to ALS 

inhibitors and glyphosate, 

creating strong selection 

pressure.
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PPO target-site resistance dominates—but the picture is increasingly 

complex

Cao et al., 2022

Key PPO2 residues targeted under selective pressure
In A. retroflexus, the involvement of P450s in fomesafen

resistance was demonstrated.
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PPO2 became the primary target of resistance evolution

❖ ΔG210

❖ R128G, L, M

❖G399A

❖ V361A

Target-site 

mutation in PPO2
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A novel catalytic-domain mutation G399A in Amaranthus palmeri

Recommended

R39P A. palmeri showed high resistance to 

fomesafen.

R39P A. Palmeri showed a G399A 

substitution in PPO2
The additional methyl (-CH3) 

group of A399  creates  repulsive 

interactions that weaken the 

inhibition of the PPO2 enzyme 

by fomesafen.
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Multiple PPO2 mutations can coexist in the same weed plant 

Recommended
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Mutation accumulation has functional limits

Recommended

No homozygous double 

mutants could be found and 

the ΔG210 mutation is much 

lower represented as 

compared to Mendelian 

segregation pattern

Allele 1
ΔG210R128G

R128G

ΔG210R128G

R128GX
Allele 2 Allele 2

Allele 1

❖ Sequencing of the A. palmeri PPO2 

gene of more than 800 collected 

Palmer amaranth biotypes revealed 

❖ Population LIH1640 carrying 

R128G/ΔG210 double mutation 

on the same allele

❖ R128G being homozygous

❖ Four male x female crosses did not 

reveal any homozygous double mutant 

among 400 offspring lines analyzed
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New PPO2 substitutions continue to emerge

Recommended
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Wittmann et al.; 2024
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Arabidopsis & Tobacco Amaranth

Why the PPO isoform matters?

❖ In  Amaranthus, PPO2 is localized in 

the envelope and thylakoid 

membranes, while PPO1 is localized 

only in the thylakoid membrane

❖ PPO1 accounts for most of total PPO 

activity in green tissue. Target site 

resistance mutations  would have a 

detrimental effect on plant fitness.

❖ This is the reason why PPO2 and not 

PPO1 target site resistance 

mutations were selected through 

selective pressure.
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PPO1 can also become a resistance target; the E. indica case 

Recommended
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PPO1 resistance has now evolved in Bassia scoparia from North 

Dakota

Recommended
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Modeling of saflufenacil into the B. scoparia PPO1 active site

The phenyl group of 

F454 is involved in pi-

stacking interaction 

with saflufenacil

Substitutions of F454 to 

L, V and I disrupt the 

pi-staking interaction
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New PPO inhibitors to combat resistance; Trifludimoxazin

BASF has a solid 

portfolio of next-

generation PPO 

herbicides to 

manage resistance

Trifludimoxazin

Recommended

❖ Trifludimoxazin

shows high 

efficacy against 

broadleaf and 

some grass 

weeds. Tank mix 

with saflufenacil

shows improved 

efficacy 
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Trifludimoxazin is a potent inhibitor of PPO1 and PPO2 isoforms   

Herbicide IC50 (nM)

Fomesafen 7.72

Saflufenacil 3.58

Trifludimoxazin 0.71

Herbicide IC50 (nM)

Fomesafen 64.2

Saflufenacil 41.2

Trifludimoxazin 9.8

PPO2 Inhibition* PPO1 Inhibition*

Comparative enzyme inhibition studies

*IC50 against wildtype AMATU-PPO, 

overexpressed in E. coli; for PPO1 

additional non binding site modifications 

© 2019 BASF SE - All Rights Reserved - No reproduction or dissemination is authorized
17

Trifludimoxazin is highly active against the two PPO isoforms
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Trifludimoxazin retains activity against the most widespread PPO2 

target site mutations 

Selection of PPO2 mutations: ΔG210, R128G and G399A

Expression of A. Tuberculatus PPO2 mutant 

enzymes in E. Coli

Enzyme 
Variant 

AMAPA
Trifludimoxazin Epyrifenacil Tiafenacil Oxadiazon Saflufenacil

Remaining 

protein activity 

%

PPO2 Wild type 4.79E-10 2.11E-10 6.27E-10 5.89E-09 7.76E-10 100

PPO2 ΔG210 1.78E-09 2.56E-07 1.43E-07 1.09E-06 2.04E-06 10

PPO2 R128G 4.80E-10 1.59E-09 4.56E-09 8.57E-09 6.61E-07 60

PPO2 G399A 3.48E-010 6.87E-08 7.30E-08 5.89E-07 6.27E-07 15

Inhibited Resistant 

IC50 [M]
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Trifludimoxazin retains efficacy against PPO2 double mutants, in 

vitro and in vivo

Mutant Variant Trifludimoxazin 

IC50 (M) 

Saflufenacil 

IC50 (M)

Lactofen IC50 

(M)

Fomesafen 

IC50 (M)

Wild type 2.45E-10 1.89E-09 4.15E-10 7.13E-09

ΔG210 1.83E-09 2.04E-06 5.44E-7 >1E-05

R128A ΔG210 3.30E-08 >1E-05 >1E-05 >1E-05

R128C ΔG210 3.11E-08 >1E-05 2.15E-06 >1E-05

R128D ΔG210 Inactive Inactive Inactive Inactive

R128F ΔG210 Inactive Inactive Inactive Inactive

R128G ΔG210 Inactive Inactive Inactive Inactive

R128H ΔG210 3.02E-08 >1E-05 1.59E-06 >1E-05

R128I ΔG210 9.93E-08 >1E-05 1.95E-06 >1E-05

R128E ΔG210 8.61E-09 >1E-05 6.49E-07 >1E-05

R128K ΔG210 Inactive Inactive Inactive Inactive

R128L ΔG210 5.68E-09 >1E-05 6.49E-7 >1E-05

R128M ΔG210 1.82E-07 >1E-05 >1E-05 >1E-05

R128N ΔG210 1.75E-07 >1E-05 >1E-05 >1E-05

R128Q ΔG210 1.45E-08 >1E-05 1.75E-06 >1E-05

R128T ΔG210 7.48E-08 >1E-05 3.92E-06 >1E-05

R128Y ΔG210 Inactive Inactive Inactive Inactive

R128P ΔG210 Inactive Inactive Inactive Inactive

R128S ΔG210 Inactive Inactive Inactive Inactive

R128V ΔG210 Inactive Inactive Inactive Inactive

R128W ΔG210 Inactive Inactive Inactive Inactive

Recom

mended

SaflufenacilSaflufenacil

Saflufenacil

Trifludimoxazin

Trifludimoxazin Trifludimoxazin

0.5X 1X 2X

IC50 [M]
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Trifludimoxazin retains activity against the Amaranth ΔG210 PPO2 

mutant biotype  

Trifludimoxazin 50 g ai/ha Saflufenacil

100 g ai/ha

Sulfentrazone

560 g ai/ha

Untreated 

Check

post-emergence 

spray at 4–6-inch 

AMAPA plants 

(photo taken 20 

days after 

treatment)

Trifludimoxazin shows high performance in the field against 

Amaranthus mutant harboring ΔG210 deletion

Recommended
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❖ Trifludimoxazin has more binding interactions than 

other PPO actives

❖ Quantity and quality of binding moieties increase 

binding strength 

❖ 2 fluorine atoms bind to the beta wall

❖ Propargyl group allows additional binding

Trifludimoxazin based products like Tirexor® can be expected to be a 

powerful tool against PPO target site resistant weeds in the near 

future

Recommended
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New PPO inhibitors to combat resistance; Fendioxypyracil

BASF has a solid 

portfolio of next 

generation PPO 

herbicides to 

manage resistance

Fendioxypyracil

Recommended

❖ Fendioxypyracil

shows high 

efficacy against 

broadleaf and 

grass weeds. 
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Recommended

Fendioxypyracil is a potent inhibitor of PPO1 and PPO2   
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Fendioxypyracil expands the resistance-breaking potential

Enzyme
Variant

(AMAPA)
Fendioxypyracil Epyrifenacil Tiafenacil Oxadiazon Saflufenacil

Remaining protein

activity %

PPO2 Wild type 4.79E-10 2.11E-10 6.27E-10 5.89E-09 7.76E-10 100

PPO2 ΔG210 1.14E-07 2.56E-07 1.43E-07 1.09E-06 2.04E-06 10

PPO2 R128G 4.20E-09 1.59E-09 4.56E-09 8.57E-09 6.61E-07 60

PPO2 G399A 2.58E-08 6.87E-08 7.30E-08 5.89E-07 6.27E-07 15

Inhibited Resistant 

Fendioxypyracil

IC50 [M]
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Fendioxypyracil retains activity against engineered grass PPO2 

target site mutations 

Compounds Fendioxypyracil Epyrifenacil Tiafenacil Oxadiazon Pyraclonil Saflufenacil Remaining protein activity % Likelihood 

PPO2 WT SETVI 2,32E-09 1,81E-09 2,62E-09 1,53E-08 3,15E-08 1,12E-08 100,00

PPO2 A213N 4,52E-08 4,11E-08 4,66E-07 1,59E-05 6,33E-09 6,32E-09 2,60 more than 1 nucleodite change 

PPO2 A213C 4,00E-09 1,83E-09 5,26E-09 8,26E-08 4,90E-08 1,33E-07 100,00 more than 1 nucleodite change 

PPO2 A213Q 2,12E-06 2,56E-06 1,00E-05 1,00E-05 1,00E-05 1,00E-05 0,60 more than 1 nucleodite change 

PPO2 A213G 8,41E-10 8,70E-10 2,48E-09 7,23E-08 5,19E-08 9,36E-09 69,00 1 nucleodite change 

PPO2 A213I 1,54E-09 3,30E-09 4,68E-09 2,65E-07 9,78E-08 1,89E-07 3,70 more than 1 nucleodite change 

PPO2 A213L 3,03E-09 8,49E-09 2,05E-08 1,52E-06 2,11E-07 9,51E-07 14,00 more than 1 nucleodite change 

PPO2 A213M 2,76E-08 1,17E-07 1,83E-07 6,23E-06 4,42E-06 3,06E-06 8,60 more than 1 nucleodite change 

PPO2 A213F 1,25E-07 1,82E-07 5,67E-06 1,00E-05 1,00E-05 1,00E-05 0,80 more than 1 nucleodite change 

PPO2 A213P 4,67E-07 1,80E-06 4,93E-06 1,00E-05 1,00E-05 1,00E-05 1,00 1 nucleodite change 

PPO2 A213S 8,63E-10 1,22E-09 2,90E-09 4,57E-08 8,71E-08 1,01E-08 17,00 1 nucleodite change 

PPO2 A213T 1,27E-09 2,16E-09 2,88E-09 4,22E-07 2,31E-07 1,34E-07 13,70 1 nucleodite change 

PPO2 A213V 6,59E-10 1,87E-09 4,15E-09 5,69E-07 1,67E-07 1,97E-07 11,70 1 nucleodite change 

Inhibited Resistant 

G210 of A. palmeri corresponds to A213 in S. viridis

Fendioxypyracil Epyrifenacil Tiafenacil Saflufenacil Oxadiazon Pyraclonil Remaining protein activity % Likelihood 

WT SETVI 2,32E-09 1,67E-09 1,81E-09 1,02E-08 1,31E-08 2,29E-08 100,00

PPO2 G409A 2,20E-09 1,06E-09 2,89E-08 3,81E-07 1,07E-06 1,00E-05 6,80 1 nucleodite change 

PPO2 G409E 1,11E-09 5,52E-10 1,98E-08 3,33E-07 8,29E-07 1,00E-05 0,23 1 nucleodite change 

PPO2 G409S 4,06E-09 3,91E-09 3,52E-08 2,74E-07 4,46E-07 6,17E-07 0,35 more than 1 nucleodite change 

G399 of A. palmeri corresponds to G409 in S. viridis

IC50 [M]

IC50 [M]
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Epyrifenacil Fendioxypyracil Tiafenacil Oxadiazon Pyraclonil Saflufenacil Remaining protein activity % Likelihood 

PPO2 WT SETVI 1,67E-09 2,32E-09 1,81E-09 1,31E-08 2,29E-08 1,02E-08 100,00 more than 1 nucleodite change 

PPO2 R128A 2,39E-10 2,97E-10 1,85E-09 7,09E-09 1,31E-08 1,38E-07 4,60 more than 1 nucleodite change 

PPO2 R128N 1,26E-09 1,92E-09 6,55E-09 1,59E-08 4,43E-08 2,65E-07 23,60 more than 1 nucleodite change 

PPO2 R128D 6,24E-09 4,40E-09 1,83E-08 1,38E-07 2,97E-07 2,42E-06 8,20 more than 1 nucleodite change 

PPO2 R128C 7,36E-10 1,29E-09 5,16E-09 1,27E-08 4,00E-08 4,06E-07 20,30 1 nucleodite change 

PPO2 R128E 1,87E-09 3,83E-09 3,68E-09 1,81E-08 2,68E-08 7,67E-07 0,60 more than 1 nucleodite change 

PPO2 R128Q 5,88E-10 7,84E-10 5,46E-09 1,07E-08 1,47E-08 2,86E-07 5,90 more than 1 nucleodite change 

PPO2 R128G 3,48E-10 7,36E-10 6,21E-09 4,94E-08 5,08E-08 3,70E-07 4,30 1 nucleodite change 

PPO2 R128H 4,28E-10 1,03E-09 3,36E-09 4,55E-09 1,09E-08 4,87E-08 23,50 1 nucleodite change 

PPO2 R128I 5,70E-10 1,27E-09 1,77E-09 8,09E-09 3,39E-08 2,00E-07 12,30 more than 1 nucleodite change 

PPO2 R128L 7,05E-10 2,03E-09 3,36E-09 1,22E-08 1,11E-07 6,54E-07 10,20 1 nucleodite change 

PPO2 R128K 1,09E-09 2,07E-09 5,11E-09 1,94E-08 4,41E-08 3,03E-07 7,20 more than 1 nucleodite change 

PPO2 R128M 4,95E-10 1,09E-09 5,93E-09 1,60E-08 1,80E-08 7,57E-07 9,40 more than 1 nucleodite change 

PPO2 R128F 5,65E-10 1,02E-09 4,98E-09 1,45E-08 3,00E-08 5,05E-07 5 more than 1 nucleodite change 

PPO2 R128P 2,62E-10 8,61E-10 1,40E-09 2,57E-09 1,74E-08 1,16E-07 4 1 nucleodite change 

PPO2 R128S 9,41E-10 1,72E-09 5,69E-09 2,41E-08 1,78E-08 2,68E-07 78 1 nucleodite change 

PPO2 R128T 4,30E-10 8,37E-10 7,05E-10 6,70E-09 3,88E-08 6,02E-08 23 more than 1 nucleodite change 

PPO2 R128W 3,78E-09 7,63E-09 3,77E-08 2,37E-08 3,32E-07 1,93E-06 2,86 more than 1 nucleodite change 

PPO2 R128Y 5,71E-10 1,23E-09 2,90E-09 7,39E-09 4,26E-08 7,53E-07 4,44 more than 1 nucleodite change 

PPO2 R128V 1,51E-09 3,98E-09 4,07E-09 8,02E-09 5,13E-08 2,98E-07 30 more than 1 nucleodite change 

Inhibited Resistant 

R128 of A. palmeri corresponds to R128 in S. viridis

Fendioxypyracil retains activity against engineered grass PPO2 

target site mutations 

IC50 [M]
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What has nearly 10 years of PPO-resistance research taught us?

❖ PPO resistance continues to evolve — and diversify new target-site mutations are emerging in 

both PPO2 and PPO1.

❖ Resistance evolution is constrained by PPO function. Not every mutation — or combination of 

mutations — is compatible with maintaining sufficient PPO activity and plant fitness.

❖ The PPO isoform matters. The biological role and cellular localization of PPO1 and PPO2 

strongly influence which resistance mechanisms can evolve.

❖ New PPO inhibitors can overcome established resistance. Compounds such as trifludimoxazin

and fendioxypyracil retain activity against important PPO target-site mutations and expand the 

resistance-breaking potential of the mode of action.

❖ Staying ahead of resistance requires more than chemistry. Mechanistic understanding + 

functional validation + new chemistry + stewardship will be essential to preserve the PPO mode 

of action.
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“over 50 research reports on herbicide 

resistance published since 2019”

Keep up to date on my latest 

research on herbicide resistance Dr 
Aimone Porri - Google Scholar

https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fscholar.google.com%2Fcitations%3Fuser%3DDdnQ04gAAAAJ&data=05%7C01%7Caimone.porri%40basf.com%7C1c7390481780419dbb9808da4a1bcc5c%7Cecaa386bc8df4ce0ad01740cbdb5ba55%7C0%7C0%7C637903780489141131%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=7tO1zjIdpxycCEz5UPXWBFzelE4FcO%2FHS4eEHWy2Y%2BQ%3D&reserved=0
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