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Abstract   Results are presented from a three gene
population genetics and dynamics model of herbicide
resistance in annual ryegrass. The models predictions
are compared with those of other one and two gene
resistance models to validate the modelling approach
which will ultimately be used to develop a five-gene
herbicide resistance model. The importance of initial
gene frequencies for resistance in unselected ryegrass
populations and of the selection pressure imposed by
herbicides in determining rates and patterns of multi-
ple and cross-resistance development is demonstrated.

INTRODUCTION

Most previously published simulation models of the
population dynamics of herbicide resistance (Gressel
and Segel, 1978, Maxwell et al., 1990 and Mortimer
et al., 1992) have been concerned with resistance to a
single herbicide class, conferred by a mutation at a sin-
gle gene locus. Whilst these have been useful tools for
highlighting the relative importance of intrinsic and
extrinsic population processes to the development and
spread of herbicide resistance, they have limited ap-
plication when considering options for managing mul-
tiple- and cross-resistance conferred by several discrete
gene loci.

More recently, the scope of herbicide (Diggle et al.,
1994 and Gardner et al., 1998) and pesticide (Roush,
1998) resistance modelling has been widened by the
development of two and three gene models. These
models are capable of simulating the development of
different mechanisms of resistance (target-site and
metabolic) and of resistance to different herbicide
chemistries within a single weed population.

In Australia, biotypes of the ubiquitous cropping weed
annual ryegrass (Lolium rigidum Gaud.) have devel-
oped resistance to a broad spectrum of herbicide classes
and chemistries. Of particular note has been the rapid
evolution of complex and diverse patterns of multi-
ple- and cross-resistance (Hall et al., 1994). In order
to better understand the dynamic and evolutionary
processes which underpin the development of these

patterns, multi-gene population genetics models are re-
quired. These will increase understanding of the de-
velopment and spread of multiple and cross-resistance,
highlight research priorities and, perhaps most impor-
tantly, be a valuable tool for predicting the long-term
outcome of multi-faceted herbicide and integrated weed
management strategies.

Preliminary results are presented from a multi-gene
population genetics model of herbicide resistance in
annual ryegrass.

MODEL DEVELOPMENT

The model is being developed using the Stella pro-
gramming language. Ultimately, a five gene model will
be constructed enabling complex patterns of multiple-
and cross-resistance to be simulated. Results are pre-
sented from an interim three gene model which is used
to validate the modelling approach. A detailed math-
ematical consideration of the model structure and
parameterization will be presented elsewhere. Details
of basic assumptions, concepts and structure are given
below.

Assumption 1: Resistance is a diallelic (R and S) trait
conferred by mutations at single gene loci   In the
current model one gene (R1) confers target-site resist-
ance to Group A (ACC’ase inhibitors) herbicides. A
second gene (R2) confers target-site resistance to Group
B (ALS inhibitors) herbicides. The third gene (R3)
endows individuals with metabolic cross-resistance to
both herbicide groups.

Assumption 2: Resistance is a completely dominant
trait    Heterozygotes (RS) are phenotypically resistant
and cannot be distinguished from individuals which
are homozygous for resistance (RR). This assumption
is central to the structure of the multi-gene model. A
potential five gene model would represent 243 (35)
genotypes for possible multiple- and cross-resistance
patterns. A computation of the frequency of each of
these genotypes at each iteration of the model would
constitute a level of complexity that the proposed
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modelling approach could not accommodate. An al-
ternative approach is to model phenotype frequencies,
making no distinction between homozygous and het-
erozygous resistance. This approach does, however,
have considerable implications for the segregation of
resistance alleles during mating. Annual ryegrass is an
obligate outcrossing species. When two heterozygote
(RS) individuals cross, Mendelian genetics dictates that
one quarter of the progeny will be homozygous sus-
ceptible (SS). By assuming that resistant individuals
produce resistant seed, the proposed model will
understimate the proportion of susceptibles in the popu-
lation. A major purpose of results presented here is to
compare predictions from the three gene model with
those from a previous two gene ‘genotype’ model
(Diggle et al., 1994) and a simple one gene model
which assumes allelic segregation according to the
Hardy-Weinberg equilibrium.

Assumption 3: No fitness penalties are associated
with the resistance trait   The population dynamics
of germination, establishment, competition and seed
production are identical for resistant and susceptible
individuals.

Assumption 4: No gene flow occurs into, or out of
resistant populations   Variable model parameters,
together with default values are given in Table 1. The
efficacy of post-emergent applications of group A and
group B herbicides depends on an individuals pheno-
type. Possession of the R1 allele endows 100% resist-
ance to group A chemicals, R2 endows 100% resist-
ance to group B chemicals. The R3 cross-resistance
allele endows 50% resistance to both herbicide groups.
95% control of susceptible individuals is assumed.

MODEL COMPARISONS

The three models were run with default values as shown
in Table 1 with 10 years continuous application of a
group A herbicide. Predictions for the frequency of
the R1 resistance phenotype are in Figure 1.

The genotypic and Hardy-Weinberg models, both of
which account for random mating and allelic segrega-
tion, have produced identical predictions. This analy-
sis has indicated that, as predicted, the three-gene
phenotypic model will underestimate the proportion
of susceptible individuals within the population. It is
posited, however, that the trend towards resistance and
the timescales over which this occurs are sufficiently
similar to justify the approach being taken given the
assumptions implicit in the model.

Table 1. Variable parameters in the three-gene popu-
lation dynamics model.

Parameter Default value

Initial Frequency R1 1 × 10-6

Initial Frequency R2 1 × 10-6

Initial Frequency R3 1 × 10-6

At seeding control (pre-seeding 80%
ryegrass control)

Efficacy of Gp A herbicide R1 0%

R2 95%

R3 50%

Efficacy of Gp B herbicide R1 95%

R2 0%

R3 50%

At harvest control (i.e. seed 0%
catching, spray topping)

Initial population size (weeds m-2) 100

Germination rate 100%

Seed bank mortality 0%

Crop density (plants m-2) 100

THE THREE-GENE MODEL: A SIMPLE
ANALYSIS

Initial gene frequencies and the selection pressure im-
posed by herbicides have been well established as key
determinants of the rate and extent of evolution of re-
sistance in plant populations (Maxwell et al., 1990,
Mortimer et al., 1992 and Maxwell and Mortimer,
1994).

In previous models, the frequency of resistance genes
in unselected populations has been assumed to range
between 10-4 and 10-8 and is typically set at 10-6. In the
simulation presented in Figure 2, initial gene frequen-
cies for all three genes are 10-6. A group A and a group
B herbicide are applied alternately for 20 years, with a
group A application in year 1. Both herbicide groups
have 95% efficacy against susceptible individuals.
Possession of R1 and R2 phenotypes results in 0% kill
by group A and group B herbicides, respectively. The
R3 phenotype, which confers metabolic cross-resist-
ance results in 50% survival when either herbicide
group is applied. Other parameter values are as indi-
cated in Table 1.
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Results in Figure 2 indicate that, under constant selec-
tion pressure from either a group A or a group B her-
bicide, 100% of individuals develop metabolic cross-
resistance by year 8, notwithstanding a reduced selec-
tion pressure (50% kill) compared to target-site resist-
ance (0% kill). Group A and group B target-site resist-
ance levels increase steadily during the 20 year rota-
tion, but are negligible before year 10.

Predicted patterns and rates of resistance development
alter when initial gene frequencies are varied. Results
are presented in Figure 3 from a simulation where ini-
tial gene frequencies were set at 10-6 for the group A
target-site gene, 10-4 for the group B gene and 10-8 for
the cross-resistance gene. Under this scenario group
A and group B target-site resistance develops rapidly,
whilst cross-resistance development is slower and does
not exceed levels of 25% in the population. Initial fre-
quencies of this order have been mooted and predicted
patterns of resistance development are closer to those
observed in resistant populations of annual ryegrass
in Australia than those presented in Figure 2.
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Figure 1. Predicted rate of resistance development from
genotypic and phenotypic resistance models

Figure 3. Predicted resistance frequencies for a 20 year
A/B rotation (initial gene frequencies: 10-6 group A,
10-4 group B, 10-8 cross-resistance)

Figure 2. Predicted resistance frequencies for a 20 year
A/B rotation (initial gene frequencies 10-6)

Finally, the effect of selection presure on the develop-
ment of resistance is considered. Results in Figure 4
are from a simulation where herbicide efficacy against
susceptibles was reduced to 80%. Under this scenario,
time to the development of 50% resistance is 13 and
17 years for group B and group A target-site resist-
ance, respectively, compared to 8 and 10 years when
selection pressure is set at 95%. Also of note is the
suppression of cross-resistance development. This re-
sult clearly demonstrates the importance of the strength
of selection pressure on rates and patterns of resist-
ance development.
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Figure 4. Predicted resistance frequencies for a 20 year
A/B rotation (80% herbicide efficacy)

CONCLUSION

The three-gene ‘phenotype’ model gives similar, if
somewhat overestimated, predictions for trends in rates
and patterns of resistance development to previous
genotypic models. On this basis further development
is being undertaken to extend this to a five gene model.
This will be a valuable tool for assessing potential long-
term herbicide and integrated weed management strat-
egies which will reduce the future impact of herbicide
resistance on Australian broadacre cropping.
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