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a b s t r a c t 

Herbicide resistance has become a major issue for many weeds. Metabolic resistance refers to the bio- 

chemical processes within organisms that degrade herbicides to less toxic compounds, resulting in a shift 

of the dose response curve. This type of resistance involves polygenic inheritance. A model is presented 

linking the biochemical pathway of amino acid synthesis and the detoxifying pathway of an inhibitor of 

the key enzyme ALS. From this model, resistance factors for each biotype are derived, which are then 

applied to a polygenic population genetic model for an annual weed plant. Polygenic inheritance is de- 

scribed by a new approach based on tensor products of heredity matrices. Important results from the 

model are that low dose regimes favour fast emergence of resistant biotypes and that the emergence of 

resistant biotypes occurs as abrupt outbreaks. The model is used to evaluate strategies for the manage- 

ment of metabolic resistance. 

© 2016 Elsevier Inc. All rights reserved. 

1. Introduction 

Herbicide resistance has become a major issue for many weeds 

[1] . There are two major groups of resistance mechanisms [2] : 

• Alteration of the herbicide site of action (target site resistance). 
• Non-target site resistance comprising enhanced metabolism, se- 

questration and restricted translocation and uptake. 

Metabolic resistance is characterized by enhanced detoxification 

of xenobiotics within the target organism resulting in a gradual 

shift of the dose response curve [3–5] . After having fairly under- 

stood the target-site resistance [6,7] , the research has moved its 

focus on the evolution of metabolic resistances. Here, we anal- 

yse the biosynthetic pathway of branched chain amino acids un- 

der the action of an herbicide, which inhibits the key enzyme of 

this pathway together with the metabolism of the inhibitor. The 

branched chain amino acids isoleucine, valine and leucine are syn- 

thesized by plants, algae, fungi, bacteria and archaea. The first key 

enzyme in the biosynthetic pathway is the acetolactate synthase 

(ALS, EC 4.2.1.16). Thus, ALS inhibitors [8] such as chemicals of 

the sulfonylurea and imidazolinone families suppress the biosyn- 

thesis of the branched chain amino acids. In the case of metabolic 

resistance, the biosynthetic pathway and the detoxifying pathway 

of the inhibitor interact. It is the goal of this report, to connect 
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a model for these biochemical pathways with a polygenic inheri- 

tance model. There are many models in the literature for the dy- 

namics of target site resistance [6,7] for single locus diploid pop- 

ulations. The theoretical framework of the evolutionary dynamics 

elaborated by [9] is in a straightforward way applicable to the dy- 

namics of target site resistance. However, in most cases metabolic 

resistance involves polygenic inheritance [4] . For this case, recently 

a new theoretical framework [10] was provided capable of dealing 

with any number of loci. There are only few mathematical models 

on branched chain amino acid pathways in the literature [11] and 

probably none where the pathway of an ALS inhibitor and the 

branched chain pathway are coupled together. In this paper such 

a model is presented serving as the basis for a polygenic popula- 

tion genetic model. 

Based on this model, a much discussed question is addressed: 

do low dose treatments enhance the evolution of metabolic resis- 

tance? 

The paper is organized as follows: In Section 2 , the model for 

the biosynthesis of branched chain amino acids is presented to- 

gether with the metabolic model for an ALS inhibitor. The result- 

ing dynamical system consists of non-linear ordinary differential 

equations. They are used to perform numerical experiments in sil- 

ico and to generate dose-response curves for various activity pat- 

terns of the enzymes of the detoxifying pathway. In Section 3 a 

time discrete population genetic model for a weed population is 

presented in which metabolic resistance is conferred by polygenic 

inheritance. The degrees of resistance of the biotypes are derived 

from the metabolic model. In Section 4 the population dynamic 
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Fig. 1. Velocity of the ALS meditated reaction in dependence of an inhibitor at different concentration of the substrate pyruvate. 

model is applied to the assessment of treatment schemes with re- 

spect to the emergence times of resistant strains. 

The results are discussed in the final Section 5 . 

2. Metabolic model 

In this section, a model for the branched amino acid pathway 

is presented, which is coupled with the metabolism of an ALS in- 

hibitor. 

2.1. General model framework 

The following notations are employed: 

ALS: acetolactate synthase EC 4.1.3.18 

P450: cytochrome P450 monooxygenase 

GST: glutathion-S-transferase EC 2.5.1.18 

ABC: ATP binding cassette transporter 

KARI: keto-acid-reductoisomerase EC1.1.86 

DH: dihydroxy-acid dehydratraseEC4.2.1.19 

TA: transaminase EC2.6.1.42 

ATP: adenosine trriphosphate 

GT: glutathion 

I 1 ,…,I 4 : concentrations of an ALS inhibitor and its metabolites 

x 1 ,…,x 5 : concentrations of the metabolites of isoleucine biosyn- 

thesis 

y 1 ,...,y 5 : concentrations of the metabolites of valine biosynthesis 

z 1 ,...,z 4 : concentrations of the metabolites of leucin biosynthesis 

v i : enyzmatic law of reaction i 

K m 

: Michaelis constant 

K i : general: binding constants 

K eq : equilibrium constant 

n ij : elements of stochiometric matrix 

V max : maximal velocity 

S i : substrate concentration 

L : allosteric constant 

The dynamics of general metabolic networks consisting of m 

substances with concentrations S 1 ,…,S m 

and r enzymatic reactions 

is modelled by a system of differential equations for the metabolite 

concentrations of the form 

d S i 
dt 

= 

r ∑ 

j=1 

n i j v j ( S 1 , . . . , S m 

) i = 1 , . . . , m (1) 

where the coefficients n ij are the elements of the stoichiometric 

matrix and the v j are the reaction velocities expressed by enzy- 

matic laws which may depend on other metabolite concentrations 

of the network. In our model we employ the following enzymatic 

forms. The first one is the reversible Michaelis–Menten kinetics: 

v i (S, P ) = 

V i 

K s 

S − P/ K eq 

1 + S/ K s + P/ K p 
(2) 

The index i denotes the enzyme. Reactions involving cofactors such 

as ATP are assumed to be saturated with respect to cofactors. If 

this equation is used with only one argument, the reaction is as- 

sumed to be non-reversible and Eq. ( 2 ) is reduced to the classic 

Michaelis–Menten form v i (S) = 

V i S 
S+ K i . 

The classical Michaelis–Menten form is just Eq. (2) with P = 0. 

The second one is the Monod model for one substrate and two 

inhibitors: it applies to the key enzyme acetolactate synthase ALS. 

A Monod model for ALS kinetics was published by V inogradov 

et al. [12] with two active binding sites for pyruvate and two 

binding sites for valine, which is one of the end products of the 

branched chain biosynthesis. ALS is feedback regulated by valine, 

which acts as an inhibitor. This model was extended to a further 

inhibitor, an herbicide, which is assumed to have also two binding 

sites. 

v ALS (S, I, V ) = 

V max α(1 + α) 

L ′ (1 + c s α2 ) + (1 + α) 
2 
, α = 

S 

K s 
, β = 

V 

K V 

and 

γ = 

I 

K I 

with 

L ′ = L 
(1 + c V β) 

2 
(1 + c I γ ) 

2 

(1 + β) 
2 
(1 + γ ) 

2 
(3) 

Fig. 1 shows the ALS reaction velocity in dependence of herbi- 

cide concentrations at different levels of pyruvate. 

2.2. Branched chain amino acids and detoxification pathway 

The metabolic network for branched chain amino acid biosyn- 

thesis was extended to the degradation pathway of the herbicide. 

The latter comprises the following phases: 

Phase I: Oxidation of the inhibitor I 1 to I 2 by cytochrome P450 

monooxygenase [13] . 

Phase II: Glutathione conjugation of the product I 2 catalysed by 

glutahione-S-transferase (GST). 
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