METABOLISM-BASED HERBICIDE RESISTANCE:
WHY SHOULD WE BE AFRAID?
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* Herbicide resistance

* The familiar: Target-site resistance
* The unfamiliar. Non-target-site resistance

 Management implications
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« Herbicide resistance: A decrease in the herbicide
sensitivity of a population due to evolution

e Cross resistance: When evolution of resistance
to one herbicide results in resistance to another
herbicide

« Multiple resistance: When a plant (or population)
possesses more than one resistance mechanism
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Number of Resistant Species for Several Herbicide Sites of Action (WSSA Codes)
ACCase Inhibitors (1) ==ALS Inhibitors (2) ===EPSP Synthase Inhibitors (9)
= Synthetic Auxins (4) ===PS| Electron Diverter (22) Microtubule Inhibitors (3)

e HPPD Inhibitors (27) ==PS|| Inhibitors (5,6,7) Note: PSII Inibitors Combined
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PS Il inhibitors
ALS inhibitors
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Timeline of herbicide
resistances in waterhemp
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PS Il inhibitors
ALS inhibitors
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Timeline of herbicide
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* Herbicide resistance
« The familiar: Target-site resistance
* The unfamiliar. Non-target-site resistance

 Management implications
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 Herbicide resistance: A decrease in the herbicide
sensitivity of a population due to evolution

A common way in which this occurs:

1. A mutation occurs in gene encoding herbicide target site

2. Individual carrying that mutation survives herbicide and
reproduces

3. Over time, the % of individuals in the population carrying
that mutation increases
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Target-site resistance

L ar

Sensitive enzyme Resistant enzyme
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Herbicides with known target site
resistance in weeds

Photosystem Il inhibitors (5-7) (1983)
Acetolactate synthase inhibitors (2) (1992)
Dinitroanilines (3) (1998)

ACCase inhibitors (1) (2001)

Glyphosate (9) (2002)

Phytoene desaturase inhibitors (12) (2004)
PPO inhibitors (14) (2006)

glufosinate (10) (2012)

Auxinics (4) (2018)
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|t usually occurs due to a simple mutation
In a single gene
- It is easy to diagnose
- It is easy to predict and model
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Practical implications of TS resistance
(cont.)

* It only affects herbicides with the same
SOA

- If my weed population only has TS
resistance to group 2 herbicides, what other

herbicides can | use?

- TS resistance can be effectively mitigated by
mixing herbicides with two different SOAs
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. Probgbility of TS resistance to herbicide “A”
=10-

. Pr1o(t))%1bility of TS resistance to herbicide “B”

* Probability that a single plant will possess
resistgmce to both “A” and “B” = 10° x 10°
=10
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* Anything other than a TS change that

confers resistance Glyphosate

resistance in

- Decreased uptake SRR

- Altered translocation
- Increased detoxification (metabolism) >
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In most cases, why do
herbicides not injury the crop?
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* Multi-step process

* Plant enzymes convert the “parent”
molecule into “metabolites”

* |n general, metabolites have decreasing
toxicity and increasing water solubility
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* Phase | — initial reactions
- Oxidation, hydrolysis, reduction

* Phase Il — conjugation
* Phase lll — transport to vacuole

* Phase |V — subsequent metabolism
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Glutathione
1
CH; N7 N

LA A o~

HaC” N7 N7 N7 CH,
H H HaC

GST-mediated conjugation of atrazine
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* Herbicide metabolism occurs by enzymes that
normally have other functions

- Primary or secondary biochemical processes

- Responding to environmental stresses

- Detoxification of naturally occurring “foreign”
chemicals (xenobiotics)

« Sometimes, these same enzymes also are able to
work on herbicide molecules
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« Cytochrome P450s
* Glycosyl transferases
* Glutathione-S-transferases

* Transporter proteins
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* Cytochrome P450s — 246
» Glycosyl transferases — 146
* Glutathione-S-transferases — 56

* Transporter proteins — 939
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* Metabolic resistance occurs when a weed
population evolves the ability to metabolize a
herbicide (or metabolize it faster)

 Examples:
- Increased expression of a P450

- Mutation in a GST allowing it to recognize the
herbicide

- Combining multiple genes that each contribute to
metabolism of the herbicide
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Decrease in diclofop
sensitivity after two

generations of low-dose
selection
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Manalil et al. Weed Sci. 59 (2011)



* Single metabolism gene also can confer a
high level resistance on its own

ntreated)

Atrazine resistance in
waterhemp due to a GST
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Relative GST
expression in two
resistant waterhemp
populations
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Metabolic resistance is becoming more common

1995
i ALS Trp574Leu

Non-target-site Target-site

PSII Ser264Gly
2000

i

Atrazine NTS 2005 PPO AGIy210
i ALS Ser653Thr/Asn

2010
:I: EPSPS gene amplification

EPSPS Pro106Ser
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1995
Non-target-site i

2000

i

Atrazine NTS 2005

Glyphosate NTS i

HPPD P450 X““’
Atrazine GST i

ALS NTS
2015
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TS and NTS resistance can
co-exist in populations

Waterhemp plants from a
single population with TS
(uninjured) and NTS
(chlorotic) resistance to
ALS inhibitors
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* The unfamiliar. Non-target-site resistance
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Cross resistance: When evolution of resistance to
one herbicide results Iin resistance to another
herbicide

« Metabolic resistance can confer cross
resistance that is difficult to predict

* What other herbicides can the enzyme(s)
metabolize?
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Decrease in diclofop
sensitivity after two

generations of low-dose
selection
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Imazethapyr (g a.i. ha-1)
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Fluazifop-P (g a.i. ha'1)

% survival
)

10
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Also reduced sensitivity to
other herbicides, including
herbicides with different

SOAs

Manalil et al. Weed Sci. 59 (2011)



Dry weight (% of control)

Dry weight (% of control)
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* Enlist

- 2,4-D and “fop”
resistance

o-qH-é-OH
CH;

quizalofop



But wait... there might be another
level of complexity to cross
resistance in weeds selected for
metabolic resistance!
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Scaffold location (Mbp)

“Hot-spot” of elevated
gene expression

Are other herbicide-
metabolism genes also
overexpressed?

- e.g., 2,4-D selects a P450,

adjacent to which is a GST that can
metabolize another herbicide



« Unlike with TS resistance, we cannot make
informed recommendations regarding herbicide
mixtures to delay resistance
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A waterhemp population with resistance to HPPD
Inhibitors also showed resistance to 2,4-D

 A2,4-D resistant population also showed
resistance to HPPD inhibitors

« Both populations showed resistance to
chloroacetamides
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* Mitigating resistance is more dependent on
non-chemical weed management strategies
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« With current herbicides, we are selecting for

populations that have resistance to herbicides
not yet commercialized

* Yet another hurdle for commercialization of new
herbicides
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Metabolic resistance (and other forms of NTS resistance) is increasingly
common in weed populations

Our evolutionary understanding of metabolic resistance is in its infancy
- Therefore, we do not know best strategies for mitigating such evolution

We do know that it can and does confer unpredictable cross resistance

Worst-case scenario: as weeds, such as waterhemp, continue to stack
diverse herbicide-metabolism genes, this could be the beginning of the
end of the chemical era of weed control

We should start now to increase use of non-chemical weed-control
strategies
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