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AHAS inhibitor herbicides 

•
SU

    (34 ai)       Chlorsulfuron 
•

IM
I   (6)              Im

azethapyr 
•

TP 
  (7) 

         Penoxsulam
 

•
PTB  (6)              Bispyrbac-sodium

 
•

SCT  (3) 
         Thifencarbazone-m

ethyl 

First introduction in 1982 
N

ow
 five chem

ical fam
ilies, 54 active ingredients 



AHAS inhibitor herbicides 
•

High efficacy at low
 use rates 

•
Low

 m
am

m
alian toxicity 

•
W

ide crop selectivity 
•

Soil residue activity 
 Globally, persistently and w

idely used! 



Resistance evolution 
•

First case in 1987 in U
SA (M

alllory-Sm
ith et al. 1990)  

•
N

ow
 129 R biotypes of w

eed species, w
orld w

ide 
•

Random
 surveys in som

e cropping areas show
 

resistance is now
 m

ore com
m

on than 
susceptibility in som

e m
ajor w

eed species! 
 

     



Lolium
 rigidum

, W
estern Australia, 98%

 R pops  
(O

w
en et al.2013, poster) 



 
   Raphanus raphanistrum

, W
A,  84%

 R pops  

 
(O

w
en et al.2013, poster) 



Kochia scoparia, W
estern Canada: 90%

 R pops  
(Beckie et al. 2011) 

 

Courtesy, Hugh Beckie 



Am
aranthus tuberculatus,  Illinois: >50%

 R pops  
(Tranel et al. 2011) 

 

Tranel, U
I 



m
utation

over production

target site based

uptake

translocation

m
etabolism

other

non-target site based

R
esistance m

echanism
s



Target-site AHAS resistance m
utations 

•
First identified in Kochia scoparia and Lactuca serriola 
(Guttieri et al. 1992) 

•
N

ow
 26 resistance-endow

ing am
ino acid substitutions, at 8 

positions of AHAS gene 

M
ore new

 m
utations?  

376 

AHAS 

122 
197 

205 
377 

574 
653 

654 
121 

124 

351 
578 

570 571 
352 

256 
373 

375 
199 

206 
196 



Target-site AHAS resistance m
utations 

•
Som

e m
utations are m

ore frequent than others! 
   ◊

 M
utations at Pro-197 and the Trp-574-Leu are m

ost   
frequent, reflecting herbicide use patterns (Su, SU

+IM
I) and 

selection pressure 
    ◊

 The frequency of m
utations requiring only one nucleotide 

changes is higher than those requiring tw
o nucleotide change  

               Pro-197-Ser:  >20 w
eed species  

 
 

  Pro-197-Asn/Ile/M
et/Lys/Trp: once 

 



•
Cross-resistance patterns: according to position ? 

 
 

 
 

            SU
 

 
            IM

I 

    122    
                               S

 
 

 
R 

    197                                  R 
 

 
S 

    574                                  R 
                       R 

 Targe-site AHAS resistance m
utations 



Targe-site AHAS resistance m
utations 

•
Cross-resistance patterns:  case by case! 

      Am
ino acid substitutions:             Ala-122-Thr (R to IM

I) 
                                                               Ala-122-Val (R to SU

+IM
I) 

                                                               Ala-122-Tyr (HR to SU
+IM

I) 
      Herbicide m

olecules:            Asp-376-Glu      R to im
azethapyr (IM

I)  
 

 
 

                                               S to im
azapyr  (IM

I) 
      Plant species:                         Asp-376-Glu      R (Am

aranthus) 
                                                                                  r (Raphanus) 
      

(Krysial et al 2011; Beckie and Tardif, 2012; Han et al. 2012; Yu et al. 2012; Riar et al.2013) 



Targe-site AHAS resistance m
utations 

•
AHAS resistance m

utations are diverse!  
      
   Population level:  
 

            
    
   Individual level: 
                             
    Allele level:  

122 
197 

574 

  574 
197 

197 

574 197 
574 

  
574 

197 



Target-site AHAS resistance m
utations 

•
Som

e m
utations strong, som

e w
eak! 

                     

Chlorsulfuron (20g/ha) Trp-574-Leu 
Pro-197-Ser 

Asp-376-G
lu 

Ala-122-Tyr 
Susceptible 

(Yu et al. 2011, Han et al. 2011) 



•
PCR-based diagnostic tools: a great help! 

      CAPS/dCAPS 
       Allele Specific PCR 
       TILLIN

 
       TaqM

an assay  
       SN

aPshot m
ultiplex 

       Pyrosequencing 

Targe-site AHAS resistance m
utations 

(Corbett and Tradif, 2006; M
arshall et a. 2012; Burgos et al. 2013) 

M
edium

/high throughput 

accuracy 

Robustness 

Large scale genotyping for  
 Target-site resistance surveys  
 Fitness studies  
 Population dynam

ics 
 Resistance evolution  

Diploid/polyploid? 



Targe-site AHAS resistance m
utations 

•
Fitness cost is generally negligible for know

n AHAS resistance 
m

utations, except for Trp-574-Leu 
      
       W

ith fitness cost :    A. pow
ellii (Tardif et al. 2006) 

       

               N
o fitness cost :   L. rigidum

 (Yu et al. 2010) 
                                     

B. subalternans (Lam
ego et al. 2011) 

                                     
R. raphanistrum

 (Li et al. 2012) 
                                     

K. scoparia (Legere et al. 2012)    
    ◊

 Resistance AHAS alleles, w
eak or strong, once selected w

ill not 
decline in the absence of herbicide selection pressure. 

        



 
Structure basis of AHAS resistance m

utations  
 

•
Herbicide binding sites in AtAHAS 

         not in the active site 
         but w

ithin the substrate access channel 
         block substrate access to the active site 
 

 

(M
cCourt et al. 2006; Duggleby et al. 2008)  



Herbicide binding on substrate access channel   

Courtesy Fran Lopez Ruiz 
Please note this is N

OT a real m
odel of AHAS!  



 
Structure basis of AHAS resistance m

utations  
  

•   SU
 and IM

I binding site overlapping but not identical 
•   18 am

ino acid residues involved in herbicide binding 

SU
 

IM
I 



•
Highly resistant and catalytic efficient m

utant AHAS 
(i.e. 574, 122) (in contrast to EPSPS 106 m

utations) 
•

Lack of m
ajor fitness cost at the AHAS level 

•
Cross-resistance patterns  

•
Predict, validate resistance m

utations by m
odelling 

(but speculative due to substantial structure changes 
upon herbicide binding) 

  
 

 
Structure basis of AHAS resistance m

utations 
 



Targe-site AHAS resistance m
utations in polyploids 

 
•

Polyploid w
eed species (allotetraploids or allohexaploids) 

            
         Avena fatua 
         Bidens subalternans 
         Cyperus difform

is 
         Echinochloa spp 
         Lindernia spp 
         M

onochoria vaginalis 
         Poa annua 
         Polygonum

 convolvulus 
         Salsola tragus 
         Schenoplectus spp 
         Sorghum

 halepense  
 

A 
A 

B 
A 

B 

C 

Diploid 

Tetraploid 

Hexaploid 



◊
 M

ulticopies and introns  

    Lindernia spp. (Uchino and W
atanabe, 2002)  

      Schenoplectus spp. (Uchino et al. 2007; Scarabel et al. 2010) 

◊
 Heterozygosity 
 Target-site AHAS resistance m

utations: Polyploids 

Double peak! 

N
o RR genotype! 

S R 



Target-site AHAS resistance m
utations: Polyploids 

 

R 
S 

R 
R 

R 
S 

S 
S 

R 
R S 

S 

Diploid  
Polyploid 

G
ene copy-specific PCR-m

arkers!  

A 
B 

A 
B 

A 
A 



Target-site AHAS resistance m
utations: Polyploids 

 

R 
R 

S 
R 

R 
R 

s 
s 

s 
s 

S 
R 

1/2 
1/3 

Assum
e equal expression, the higher the ploidy, the higher the dilution 

(Yu et al 2012, Panozzo et al. 2013) 

◊
 Dilution effect by m

ultiple S alleles 

Diploid 
Tetraploid 

Hexaploid 



Target-site AHAS resistance m
utations: Polyploids 

◊
 Expression of m

ultiple gene copies  
    Pseudogenes (O

hsako and Tom
inaga 2007) 

    Silenced genes (Iw
akam

i et al. 2012) 

    Differentially expressed genes (Iw
akam

i et al. 2012) 
     Epigenetic regulations (Scarabel et al. 2010) 

 ◊
 Im

plications in resistance evolution? 
 





N
on-target-site resistance (N

TSR) 

•
U

ptake               X  
•

Translocation    X 
•

M
etabolism

       √    
9

  M
im

ic herbicide tolerant crops  
9

  Enhanced rates of herbicide m
etabolism

 
9

  Involve cytochrom
e P450s, GTs 

9
  Cross resistance to certain herbicide chem

istries  



(M
odified from

 Christopher et al. 1991) 

Glucosyl transferase (GT) 

Chlorsulfuron m
etabolism

 in tolerant crops 
 

Tolerant dicots 
W

heat 



S  L. rigidum
 

R   L. rigidum
 

 Chlorsulfuron 

M
ajor m

etabolite 

  flax (dicot) 

w
heat 

(Christopher et al. 1991) 

Chlorsulfuron m
etabolism

 
        in Lo

liu
m

.rig
id

u
m

 



Chlorsulfuron m
etabolites in L. rig

id
u

m
 

(Cotterm
an and Saari, 1992) 

Glucose conjugate 
Chlorsulfuron 

Triazine am
ine 



(Cotterm
an and Saari, 1992) 

At least tw
o P450s! 

√ √ 



M
etabolite A 

M
etabolite B 

Etham
etsulfuron-m

ethyl 

Etham
etsulfuron-m

ethyl m
etabolism

 in Sin
a

p
is a

rven
sis (dicot) 

 

(Lichtner et al. 1995; Van Eerd and Hall, 2000; Veldhuis  et al. 2000) 
At least tw

o P450s! 



Propoxycarbzone-sodium
 (SCT) in B

ro
m

u
s tecto

ru
m

 
 

(Park et al. 2004; Yasuor et al. 2009) 

Penoxsulam
 (TP)  in Ech

in
o

ch
lo

a
 p

h
yllo

p
o

g
o

n
   

Enhanced m
etabolism

 involving P450s   



•
G

enetic control 
    ◊ N

uclear-encoded 
     ◊ Sem

i- to dom
inant 

     ◊ Polygenic (betw
een 1-3 genes)  

     ◊ Q
uantitative (interaction w

ith environm
ent) 

 •
Fitness 

      U
nknow

n 
 •

G
enes involved largely unknow

n! 
     ◊   Plants have high num

ber P450 genes (200-400) 
     ◊  For a given herbicide, different P450/GT m

ay be involved, in  
        different w

eed species, in different populations of a given   
        species, or even in different individuals of a given population. 

 

N
on-target-site resistance (N

TSR) 

 (Preston 2003; Petit et al. 2010; Busi et al 2011, Han et al. 2013 unpub.) 



•
Rapid progress in P450/GT gene discovery is 
expected! 

    L. rigidum
: AHRI-Bayer CropScience, Germ

any 
    A. m

yosuroides: Delye-Bayer CropScience, Germ
any 

    E. phyllopogon : Japan 
     N

on-target-site resistance (N
TSR) 



W
orse case scenario:  

Target-site + non-target-site resistance 
 

•
Consequence of using a low

 chlorsulfuron rate for 6 years on 
L. rig

id
u

m
  

     This resistant population has six AHAS gene m
utations as w

ell 
as all plants possessing enhanced m

etabolism
 based 

resistance (Christopher et al. 1992; Yu et al. 2008) 
•

Im
plications 

    Risk using low
 rates and m

etabolisable herbicides 
com

plication in resistance m
anagem

ent  



Sum
m

ary 
•

Target site – AHAS resistance is m
ostly studied 

    M
any AHAS resistance m

utations can occur and be 
rapidly enriched because: 

      ◊
 High initial resistance gene frequency (Preston and Pow

les, 2002) 

        ◊
 N

uclear-encoded, pollen-transm
itted, dom

inant 
       ◊

 N
o m

ajor fitness cost  
    



•
N

on-target-site m
etabolic resistance is im

portant, 
but m

asked, and understudied 
        ◊

 Positive identification of m
etabolic resistance 

        ◊
 M

etabolic resistance gene discovery  
        ◊

 Diagnostic tools 
        ◊

 Synergists to overcom
e m

etabolic resistance is a 
            possibility (e.g. m

alathion). 
 

Sum
m

ary 






