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Summary 

 

Herbicides help the world to meet its ever-increasing demand for food, fibre and fuel.  

However, the intensive use of herbicides has led to the evolution of herbicide resistant weeds.  

Of these resistant weeds, some represent long-term problems in many agro-climatic regions 

across the world.  Lolium rigidum Gaud. (annual ryegrass) is an example of such a major 

herbicide resistant weed.  The cross-pollinating L. rigidum possess many biological and 

genetic attributes that ensure its success as an ever evolving resistant weed.  Besides, there 

can be operational factors that decide the pace of resistance evolution of which herbicide use 

rate is a major determinant.  Herbicides at the recommended rates ensure high weed 

mortality.  Whenever the same herbicide is used intensively, resistant weed populations 

evolve often due to the selection of major gene herbicide resistance traits.  However, recent 

laboratory studies indicate the potential of low herbicide rates to result in rapid herbicide 

resistance evolution in L. rigidum due to the selection of minor gene resistance traits.  Until 

now a crop-field study on whether the reduced herbicide rates that prevail on farms can lead 

to resistance evolution in L. rigidum, has been lacking.  Therefore, this study examined the 

impact of low rates of diclofop-methyl (ACCase herbicide) on the evolution of herbicide 

resistance in a herbicide-susceptible L. rigidum population grown either in a field wheat crop 

or in potted plants maintained in the field.  The results established the rapid evolution of 

diclofop-methyl resistance in both the crop-field and field pot studies in the selected L. 

rigidum lines.  In addition, there was resistance evolution in the selected lines to other 

herbicides to which the population had never been exposed.  For the first time, we 

demonstrated the potential of a low rates of diclofop-methyl to result in the evolution of 

diclofop-resistance and cross-resistance in L. rigidum under crop-field conditions. 



 X 

 If low rates can result in rapid herbicide resistance by selecting minor herbicide 

resistance traits in L. rigidum (previous study), is it possible to shift a population towards 

high level of herbicide susceptibility by excluding minor gene resistance traits?  Indeed, 

such a study will impart better understanding of the low rate herbicide selected resistance 

traits in the L. rigidum population and hence reconfirms the presence of minor gene 

resistance traits in L. rigidum population.  Therefore, in this study, we attempted to enhance 

the herbicide susceptibility of an already herbicide susceptible L. rigidum population.  This 

was practically feasible by plant cloning, and spraying one set of cloned L. rigidum plants 

with low rates of diclofop-methyl.  The untreated clone of an individual observed to be 

highly herbicide-susceptible was selected and bulk-crossed to obtain the susceptible 

selected seed progeny.  Two cycles of selection with low rates of diclofop-methyl resulted 

in 50% greater diclofop-methyl susceptibility (R:S LD50=0.5) of the twice-selected L. 

rigidum line.  The results of this study are discussed from the perspective of herbicide 

resistance evolution and its management. 

 Herbicide resistance models can be effective tools to understand the evolutionary 

process.  A polygenic herbicide resistance model was introduced to explore the 

evolutionary dynamics behind selection with low rates of herbicide.  This model was 

employed to identify the scenarios where herbicide rates (low/high) can have an impact on 

herbicide resistance evolution.  Broadly, low herbicide rate selection results in herbicide 

resistance evolution whenever herbicide resistance is polygenic.  This was possible due to 

the selection of minor herbicide resistance traits (polygenic) by low rates and its 

recombination by cross-pollination in L. rigidum. 

 This study provides clear evidence for the presence of minor gene resistance traits 

in L. rigidum and its possible role in herbicide resistance evolution under selection with low 

rates of herbicide.   
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Chapter 1 

General introduction 

 

1.1 Background of the study 

 The potential crop yield losses due to weeds are higher than for any other pest 

species (Oerke, 2006).  Modern intensive agriculture has been relying heavily on herbicides 

to fulfil the ever increasing demand for food, fibre and fuel.  However, intensive herbicide 

usage potentially has had an adverse repercussion in the evolution of herbicide resistant 

weeds.  Globally, many weeds have evolved resistance to herbicides (Heap, 2010).  Some 

weed species have biological and other characteristics that confer many evolutionary 

advantages.  L. rigidum is an example of such a major herbicide resistant weed (Powles and 

Howat, 1990; Powles and Matthews, 1992; Preston et al, 2009). 

 

 There are many factors that contribute to the evolution of herbicide resistance in 

weeds (Jasieniuk et al, 1996).  Genetic and biological potential of some species give 

evolutionary advantages to some weeds to rapidly evolve herbicide resistance.  There are 

operational factors that significantly affect the pace of herbicide resistance evolution 

(Jasieniuk et al, 1996).  Among such operational factors, herbicide application rates are 

very crucial in herbicide resistance evolution but have been poorly studied.  Evolved 

herbicide resistance is often due to the selection of major herbicide resistance gene traits 

(often this resistance is due to a mutation in the herbicide target site) (Delye, 2005; 

Gronwald, 1994; Powles and Yu, 2010; Tranel and Wright, 2002).  However, recent 

laboratory studies have demonstrated the evolution of herbicide resistance due to the 

selection of minor gene herbicide resistance traits when selection was at low rates of 
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herbicides (Busi and Powles, 2009; Neve and Powles, 2005a,b).  These studies have direct 

relevance to practical weed management due to the prevalence of reduced herbicide usage 

for various reasons (reviewed by Blackshaw et al, 2006; and Zhang et al, 2000).  However, 

the evolutionary implications of herbicide use rates are not yet fully understood especially 

in commercial crop-field conditions.  Therefore, this study explored the potential role of 

minor gene herbicide resistance traits in the evolution of herbicide resistance in L. rigidum 

through a combination of laboratory and field studies and by simulation modelling. 

1.2 Objectives of the study 

The main objectives of this research were:  

1. To understand herbicide resistance evolutionary potential in the resistance-prone 

species L. rigidum and to understand the factors that contribute to herbicide 

resistance evolution in L. rigidum, particularly the possible role of low herbicide 

rates in resistance evolution. 

2. To test the potential of reduced herbicide rates that prevails on Australian farms in 

herbicide resistance evolution in L. rigidum.  

3. To use selection to shift an already herbicide susceptible L. rigidum population 

towards more susceptibility by excluding the resistant L. rigidum individuals that 

survived low rates of diclofop-methyl.  The aim of this study was to confirm the 

potential role of minor gene resistance traits in herbicide resistance evolution. 

4. To develop a polygenic model that can simulate the evolution of herbicide 

resistance due to both minor and major resistance gene traits, and to use this model 

to understand the evolutionary dynamics of herbicide resistance evolution mediated 

by low herbicide rates.   
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1.3 Thesis Structure 

Chapter 2 considers relevant literature on herbicide resistance evolution in L. rigidum, 

including the herbicides to which resistance has evolved, the level of resistance, and 

mechanisms endowing herbicide resistance.  In addition, the genetic, biological and 

operational factors that contribute to herbicide resistance evolution in L. rigidum are 

discussed.  Among the operational factors, the potential role of low rates of herbicides in 

resistance evolution are specifically evaluated.  Chapter 3 demonstrates the potential of low 

herbicide rates to result in rapid herbicide resistance evolution in L. rigidum in commercial 

crop-field conditions.  Another study tested the potential contribution of minor gene 

herbicide resistance traits in the resistance /susceptibility level of a herbicide susceptible L. 

rigidum population (Chapter 4).  This Chapter also explains the methodology by which an 

already herbicide susceptible population could be shifted to even more herbicide 

susceptibility.   Chapter 5 introduces a polygenic herbicide resistance model constructed to 

explore the evolutionary dynamics of herbicide resistance due to low rates of herbicide 

selection.  This model builds on previous herbicide resistance models that can simulate the 

resistance evolution due to single genes, and is thus able to represent low rates selected 

minor gene resistance traits that are likely to have a polygenic base.  Chapter 6 calibrates 

the herbicide resistance model, employing the data generated from the crop-field study 

discussed in Chapter 3, and uses the calibrated model to predict the impact of herbicide 

resistance evolution at varying herbicide rates.  Finally, Chapter 7 discusses the results of 

this study in brief and the potential implications of these results from the perspective of 

herbicide resistance evolution and its management. 
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Chapter 2 

Herbicide resistance evolution in Lolium : a review 

2.1 Introduction 

Globally, weeds are one of the main factors causing yield loss in crops (Table 2.1), in fact 

the potential yield loss due to weeds is much higher than from other pests (Oerke, 2006).  

Herbicides have been used as a simple and reliable technology for weed control.  However, 

intensive and injudicious use of herbicides has resulted in widespread evolution of 

herbicide resistant weeds.  Worldwide, 194 weed species have evolved herbicide resistance 

in many agro-ecosystems (Heap, 2010).  This has implications for global agricultural 

productivity.   

 Rapid adoption of herbicides and their intensive usage have concomitantly selected 

for herbicide resistant weeds.  The first case of herbicide resistance was reported in 1968 in 

Senecio vulgaris L. to simazine (Ryan, 1970), a photosystem II inhibiting triazine 

herbicide.  Since then, many weeds have evolved resistance to triazines due to intensive 

triazine usage, mainly in maize cropping systems (Gronwald, 1994).  So far, 68 weed 

species have evolved resistance to photosystem II inhibiting herbicides (Heap, 2010).  Not 

many cases of resistance were reported to other herbicide groups in the following ten years 

(Shaner, 1995).  However, many novel herbicides were introduced by the end of the 1970s 

and early 1980s, and the period since 1980s witnessed a substantial increase in herbicide 

resistant weeds across many herbicide groups (Heap, 2010; Powles and Matthews, 1992).  

Especially, many weed biotypes have evolved resistance to acetohydroxyacid synthase 

(AHAS/ALS) inhibiting herbicides.  At present, 108 weed species are resistant to AHAS 

inhibiting herbicides (Heap, 2010).  Over reliance on these herbicides, high adoption due to 

low mammalian toxicity, high initial frequency of resistant individuals in the weed 
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populations and lack of pleiotropic effects associated with herbicide resistance mutations 

could have significantly contributed to the prevalence of herbicide resistance against AHAS 

inhibiting herbicides (Powles and Yu, 2010; Tranel and Wright, 2002).  Similarly, intensive 

usage of acetyl-coenzyme A carboxylase inhibiting herbicide (ACCase inhibiting 

herbicides) for grass weed control has resulted in the widespread evolution of resistance to 

these herbicides (Delye, 2005). 

 Another alarming development was the evolution of resistance to glyphosate.  

Although this novel herbicide has been widely used since the 1970s, the appearance of 

resistance was slow (Powles, 2008; Preston et al, 2009).  However, the present decade has 

witnessed a remarkable increase in glyphosate resistant biotypes the world over (Powles, 

2008; Preston et al, 2009).  Intensive usage of glyphosate without diversity, such as 

herbicide rotations or integration of other resistance management tactics, high adoption of 

glyphosate resistant crops, and prevalence of no-till systems have all contributed to the 

rapid increase in glyphosate resistant weeds (Powles, 2008; Preston et al, 2009).  To 

conclude, intensive herbicide use patterns have significantly contributed to the evolution of 

herbicide resistant weeds.   

 The major factors that influence the evolutionary dynamics of herbicide resistance 

can be broadly classified into biological, genetic, and operational (Jasieniuk et al, 1996).  

Indeed, biological and genetic factors are species dependent, and favour one or the other 

species for adaptive changes.  However, operational factors depend mainly on herbicide 

use patterns.  Among the herbicide operational factors, herbicide selection intensity has a 

crucial role in herbicide resistance evolution, of which, frequency of herbicide usage and 

herbicide use rate are two major determinants.  As explained earlier, intensive usage of the 

same herbicide has led to rapid evolution of herbicide resistance in many weed biotypes.  
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In many instances, continuous use of the same herbicide results in selection for major gene 

herbicide resistance traits (mainly target site resistance mutations) (Delye, 2005; 

Gronwald, 1994; Powles and Yu, 2010; Tranel and Wright, 2002).  However, weed 

populations could evolve herbicide resistance due to many other mechanisms that prevent 

toxic herbicide concentrations from reaching target locations in plants (non-target site 

resistance mechanisms) (Powles and Yu, 2010; Yuan et al, 2007).  The effect of  the rate 

of application of herbicide on the rate at which various resistance mechanisms are selected 

and enriched in weed populations is not fully understood, and needs more investigation.  

Lolium rigidum Gaud., one of the most troublesome herbicide resistant weed species, has 

been extensively studied over the last 20 years.  Therefore, in this review, we selected 

Lolium as a model species, and attempted to assess the herbicide resistance evolution and 

the factors that contribute to the widespread evolution of resistance, with due emphasis on 

the potential role of herbicide use rates in resistance evolution. 
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Table 2.1  The crop loss (%) worldwide due to weeds, pathogens, viruses and animal pests 

(assessment period 2001-2003). 

 

 

 

Crops 

 

Crop loss (%) 

 

Weeds 

 

Pathogens 

 

Viruses 

 

Pests 

Loss 

cumulative 

 

Wheat 

 

7.7 

 

10.2 

 

2.4 

 

7.9 

 

28.2 
 

Rice 

 

10.2 

 

10.8 

 

1.4 

 

15.1 

 

37.5 

 

Maize 

 

10.5 

 

8.5 

 

2.7 

 

9.6 

 

31.3 

 

Potato 

 

8.3 

 

14.5 

 

6.6 

 

10.9 

 

40.3 

 

Soybean 

 

7.5 

 

8.9 

 

1.2 

 

8.8 

 

26.3 

 

Cotton 

 

8.6 

 

7.2 

 

0.7 

 

12.4 

 

28.8 

 

       Adapted from Oerke, (2006) 

 

2.2 Lolium : A major weed, prone to developing herbicide resistance 

2.2.1 Botanical features 

The genus Lolium (ryegrass) is a grass (Poaceae family) growing in temperate areas with its 

origin from Europe, temperate Asia, and Africa (Terrel, 1968).  This genus includes the 

widely distributed L. rigidum Guad. (annual ryegrass), L. multiflorum Lam. (Italian 

ryegrass), and L. perenne L. (perenniel ryegrass) (Terrel, 1968).  Lolium includes 5 more 

species, L. temulentum L., L. remotum Schrank., L. canariense Steud., L. persicum Boiss., 

and L. subulatum Vis.  All these species are diploids (2n=14) (Terrel, 1968).  Of these 

species, L. rigidum, L. perenne, and L. multiflorum are obligate out-crossers with a 

gametophytically controlled self-incompatibility system (Spoor and McCraw, 1984), 

besides, these three species are inter fertile (Terrel, 1968).  The rest of the species are self 

pollinating with 20% cross-pollination observed in L. canariense (Charmet and Balfourier, 
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1994).  The self pollinating species are less widely distributed compared to the cross-

pollinating species (Terrel, 1968).  Isozyme analysis and electrophoretic studies have 

indicated considerable genetic variation among the cross-pollinated L. rigidum, L. 

multiflorum, and L. perenne compared to the self pollinating species (Loos, 1994).  

 Lolium was introduced in different parts of the world for its potential as a pasture 

(Terrel, 1968).  For example, in Australia, L. rigidum has been grown as a valuable pasture 

species for about 200 years since its introduction in the early 1800s.  The last 30 years have 

witnessed a shift in farming systems in Australia with crops such as wheat, barley and 

canola expanding the proportion of area under cropping.  Subsequently, L. rigidum, the 

earlier preferred fodder has become a major weed in these crops.  Studies have indicated 

the potential of this weed to reduce crop yield significantly by competing for nutrients, 

water, and light (Table 2.2).  Although, this pasture crop has become a weed problem for 

crop growers, it is still a preferred pasture species in Australia and elsewhere (Botha et al, 

2008; McCartney et al, 2008; Pereira et al, 2008). 

Table 2.2  Yield reduction and detrimental effects due to competition between Lolium and different 

crops 

 

Yield reduction /effects due to competition 

 

Reference 

Reduction in wheat (Triticum aestivum) tillers (40%) and grain yield (39%) due 

to L. rigidum competition.  

(Smith and Levick, 1974) 

L. multiflorum at 20 plants per m
2 

reduced wheat (Triticum aestivum) yield by 

38%. 

(Appleby and Brewster, 

1992) 

L. rigidum at 300 plants m
2
 resulted in yield reductions of 22-40% in spring 

wheat (Triticum aestivum), 10-55% in spring barley (Hordeum vulgare), 100 % 

in lupins (Lupinus angustifolius), and 100% in field pea (Pisum sativum) . 

 

(Lemerle et al, 1995) 

Only one wheat (Triticum aestivum) cultivar out of 17 screened was a good 

competitor with L. rigidum.  Wheat yield reduction up to 67% was reported due 

to competition from L. rigidum.  

(Cousens and Mokhtari, 

1998) 

L. multiflorum has shown better nitrogen use efficacy over wheat (Triticum 

aestivum) 

(Hashem et al, 2000) 

L. rigidum reduced nitrogen uptake of wheat (Triticum aestivum) by 32-59%, and 

yield loss up to 40%. 

(Palta and Peltzer, 2001) 

Reduction in tiller number and grain yield in barley (Hordeum vulgare) due to L. 

rigidum competition.  

(Paynter and Hills, 2009) 
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2.2.2 Herbicide resistance 

Thus far, Lolium rigidum has evolved resistance to 8 mode of action groups and 12 

herbicide chemistries (Burnet et al, 1994a; Burnet et al, 1991; DePrado et al, 1997; Gill, 

1995; Heap and Knight, 1986; Heap and Knight, 1990; Powles et al, 1998; Preston, 2003; 

Yu et al, 2004).  Herbicide resistance in L. rigidum is widespread in several countries 

including Australia, Chile, France, Iran, Israel, Italy, Saudi Arabia and the USA 

(California) (Heap 2010).  Among these countries, Australia has the most severe problem 

related to herbicide resistance in L. rigidum (Gill, 1995; Heap, 2010; Powles and Howat, 

1990).  Resistance surveys indicated a very high magnitude of herbicide resistance in L. 

rigidum populations in Australia (Broster and Pratley, 2006; Llewellyn and Powles, 2001; 

Owen et al, 2007) (Table 2.3).  A detailed report of herbicide resistance evolution in Lolium 

is presented in a following section (2.6) of this review.  

Table 2.3  Population level herbicide resistance (%) in L. rigidum from herbicide resistance surveys 

carried out in Western Australia 

ACCase herbicides 

 

 

AHAS 

herbicide 

Dinitroaniline

s 

 

      Reference Diclofop Sethoxydim Clethodim Chlorsulfuron Trifluralin 

 

46% 

 

* 

 

* 

 

64% 

 

* 

(Llewellyn and 

Powles, 2001) 

 

67% 

 

 

61% 

 

8.5% 

 

* 

 

24% 

 

(Owen et al, 2007) 

 

* Not studied 

  

2.2.3 Resistance mechanisms 

Broadly, the herbicide resistance mechanisms in weeds can be divided into two classes, 

target site resistance and non-target site resistance.  Target site resistance is often due to a 

point mutation in the gene that encodes for a herbicide target protein.  For example, a 
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common mutation Leu-1781-Ile confers herbicide resistance to ACCase herbicides in 

Lolium and other grass weeds (Delye, 2005; Kuk et al, 2008; Zhang and Powles, 2006).  

Interestingly, Leu-1781-Ile confers herbicide resistance to 3 herbicide chemistries across 

the ACCase mode of action group (referred as target site cross resistance) (Delye, 2005; 

Kuk et al, 2008; Zhang and Powles, 2006).  Herbicide resistance, other than target site 

resistance is referred to as non-target site resistance, this includes enhanced metabolism of 

herbicides, reduced herbicide uptake, reduced translocation and compartmentalization of 

herbicides and their metabolites (reviewed by Powles and Yu, 2010; and Yuan et al, 2007).  

Unlike target site resistance mechanisms, non-target site resistance mechanisms sometimes 

confer herbicide resistance across different herbicide mode of action groups (non-target site 

cross resistance) (reviewed by Powles and Yu, 2010; and Yuan et al, 2007).  Mainly four-

gene families P450 monooxygenase, glutathione-s-transferases, glycosyl transferases and 

ABC transporters confer non-target site herbicide resistance in weeds (reviewed by Yuan et 

al, 2007) (Table 2.4).  Among these gene families, cytochrome-P450-monooxygenases are 

very diverse and are the largest family of enzymes in plants (Nelson et al, 1993).  As the 

name indicates, P450 monooxygenases detoxify the herbicides by oxygenation reactions.  

The diversity of these enzymes enable them to metabolize many different herbicides 

(Werck-Reichhart et al, 2000).  Furthermore, a single P450 gene can sometimes confer 

resistance to several herbicides (Schuler and Werck-Reichhart, 2003).  Similar to P450s, 

glutathione-s-transferases detoxify herbicides.  They do this through conjugation of 

glutathione or homoglutathione to various substrates (Jensen et al, 1977).  Similarly, 

glycosyl-s-transferases also detoxify herbicides through conjugation reactions (Bowles et 

al, 2006).  Conversely, ABC transporters transport or compartmentalize herbicides and 

their metabolites, generally to vacuoles (Schulz and Kolukisaglu, 2006).  These gene 
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families can confer herbicide resistance in plants either alone or in combination (polygenic 

response) (reviewed by Yuan et al, 2007).  For example, glutathione-s-transferases and 

glycosyl-s- transferases in combination have enhanced the herbicide resistance level in 

Alopecurus myosuroides (Letouze and Gasquez, 2003). 

 Besides these four gene families (mechanisms) there could be other non-target site 

resistance mechanisms such as lower herbicide retention on leaves and its uptake (Michitte 

et al, 2007), and increased thickness of epicuticular wax (de Prado et al, 2005) that may 

contribute to herbicide resistance in Lolium.  From a herbicide management perspective, 

managing resistance due to non-target site resistance mechanisms is difficult as some of 

these mechanisms (eg P450) can confer herbicide resistance across several herbicide mode 

of action groups (Powles and Yu, 2010; Preston, 2004; Yuan et al, 2007). 

Table 2.4  Herbicide resistance due to non-target site resistance mechanisms (P450s and GSTs) in 

Lolium. 

 

Gene family 

 

          Herbicide/s 

 

           Reference 

 

P450 

 

Diclofop-methyl 

 

(Christopher et al, 1991) 

 

P450 

 

Diuron, atrazine & simazine 

 

(Burnet et al, 1993a) 

P450 Chlorsulfuron (Christopher et al, 1994) 

P450 Diclofop-methyl (Bravin et al, 2001b) 

P450 * Diclofop-methyl, fluazifop-p-butyl, 

tralkoxydim & isoproturon, cycloxydim 

(Cocker et al, 2001) 

GST * Diclofop-methyl, fluazifop-p-butyl, 

tralkoxydim & isoproturon, cycloxydim 

(Cocker et al, 2001) 

  

 * Lolium multiflorum, rest of the populations are L. rigidum 
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2.3 Biological factors contribute to the evolution of herbicide resistance in 

Lolium 

Seed production ability, seed dormancy, seed viability, seed and pollen movement are some 

of the factors that decide the adaptive potential in weeds.  Lolium possesses a combination 

of such biological factors (Gill, 1996) that may facilitate evolution of resistance.  Firstly, L. 

rigidum is an obligate wind cross pollinating species (Spoor and McCraw, 1984) capable of 

moving resistant pollen up to a few kilometres across cropping regions (Busi et al, 2008). 

Lolium is also a prolific seed producer, with seed dormancy and longevity characteristics 

providing adaptive advantages.   

2.3.1. Seed production, dormancy and longevity in Lolium 

L. rigidum can produce large numbers of seeds even in a highly competitive environment.  

In a pot study, the seed yield of L. rigidum was assessed under varying levels of 

competition with wheat (Pedersen et al, 2007).  The susceptible L. rigidum produced an 

average 1500 seeds per plant from varying competitive scenarios tested.  The seed yield 

enduring the competition from wheat plants (corresponding to typical Australian wheat 

density) resulted in 1368 seeds per plant, indicating substantial seed production in L. 

rigidum even under competitive environments.   

 In Australian conditions, L. rigidum flowers during spring (September-November), 

and completes seed set by the end of spring.  Seed dormancy in L. rigidum means 

prevention of germination due to spontaneous summer rains.  Subsequent release of 

dormancy by autumn means L. rigidum germinates and grows in the ideal winter growing 

conditions (Steadman et al, 2003a).  In L. rigidum, seed dormancy is mainly temperature 

dependent controlled by an after ripening process (Steadman et al, 2003b).  Normally, 70-

80% of after-ripened L. rigidum seeds germinate during the autumn and germination may 
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extend up to a period of 6 months (McGowan, 1970).  However, longevity studies indicate 

the seeds could be viable for a period of 16 months (Narwal et al, 2008) or two years 

(Peltzer and Matson, 2002).  L. rigidum seed emergence is influenced by depth of seed 

burial.  In a study, emergence was high when seeds were buried at 1 cm but no emergence 

was reported when seeds were buried at 10 cm (Chauhan et al, 2006a).  Varying emergence 

of L. rigidum at varying depths has significance in the context of high adoption of no-till 

farming systems, where it is unlikely that L. rigidum seeds will be buried as deep as 10 cm.  

However, seed decay in L. rigidum was estimated to be higher for seeds on the soil surface 

compared to the buried seeds (Chauhan et al, 2006b), indicating that no-till may contribute 

to a quicker depletion of the soil Lolium seed bank (Chauhan et al, 2006a).  

2.3.2 Seed and pollen mediated gene flow 

Seed dispersal and pollen flow are two processes through which spatial spread of resistance 

takes place in weed populations.  In many weeds, seed is extensively dispersed by wind 

(Dauer et al, 2009; Dauer et al, 2007).  Conversely, L. rigidum seeds generally adhere to 

the spike and are not adapted for dispersal by wind (Walsh and Powles, 2007).  However, 

harvest equipment such as combine harvesters can disperse L. rigidum seeds as far as 18 

meters (Blanco-Moreno et al, 2004).  Certainly, in an obligate cross pollinating species like 

L. rigidum, movement of pollen can be more important than movement of seed (Darmency, 

1996).  Indeed, wind mediated pollen movement in L. rigidum could result in cross-

pollination even up to 3 kms (Busi et al, 2008). 

2.4 Genetic factors contribute to herbicide resistance evolution in Lolium 

Initial frequencies of herbicide resistance genes, number of different resistance genes, 

allelic interactions of resistance genes (dominance), mating system (inheritance pattern) 
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and relative fitness of resistant individuals are the major genetic factors that govern the 

evolutionary trajectory of herbicide resistance (Jasieniuk et al, 1996). 

2.4.1 Frequency of resistance  

A high initial frequency of resistance genes in a weed population will result in rapid 

evolution of herbicide resistance under herbicide selection (Preston and Powles, 2002).  

The overall initial frequency of resistant individuals in a weed population will be a function 

of the mutation frequency and the associated pleiotropic effect attached to any resistance 

gene (fitness cost) (Jasieniuk et al, 1996).  In other words, those resistance mutations with a 

small associated fitness cost will tend to be present at a higher frequency in the weed 

populations.  However, there is little data as to the frequencies of resistance mutations in 

weed species before herbicide selection.  Attempts have been made in Arabidopsis thaliana 

to estimate the frequency of mutations that produce resistance to AHAS herbicides 

(Haughn and Somerville, 1987).  Preston and Powles (2002) have estimated a high initial 

frequency of L. rigidum plants resistant to the acetohydroxyacid synthase (AHAS/ALS) 

inhibiting herbicides sulfometuron-methyl and imazapyr (Table 2.5) and they attributed this 

high frequency to a lack of fitness cost of the AHAS mutations.  In another study, Neve and 

Powles (2005a) observed a high initial frequency of diclofop-methyl resistance in L. 

rigidum (Table 2.5).   
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    Table 2.5  Estimates of the initial frequency of genes conferring resistance to different herbicides  

     in unselected populations of L. rigidum. 

 

Herbicide 

 

Frequency 

 

Type of resistance 

 

Reference 

 

Sulfometuron-methyl 

 

2.2 X 10
-5

 to 1.2 X 10
-4

 

 

AHAS target site 

resistance 

 

(Preston and Powles, 2002) 

 

Imazapyr 

 

1 X 10
-5  

to
 
5.8 X 10

-5
 

 

AHAS target site 

resistance 

 

(Preston and Powles, 2002) 

 

Diclofop-methyl 

 

4.3 X 10
-3

 

 

Non-target site (possibly 

metabolism based) 

 

 

(Neve and Powles, 2005a) 

 

2.4.2 Resistance gene number, resistance level and pattern of inheritance 

The number of herbicide resistance genes, their resistance level, and the pattern of 

interactivity among resistance genes may significantly contribute to the overall level of 

herbicide resistance of a weed plant.  There are several alleles that can confer herbicide 

resistance in L. rigidum.  For example, L. rigidum plants could survive a field rate of 

clethodim only when the common ACCase mutation Ile-1781-Leu was at its homozygous 

state or when it was in combination with other ACCase resistance mutations such as Trp-

2027-Cys or Ile-2041-Asn (Yu et al, 2007).  In brief, the overall herbicide resistance of a  

Lolium individual will be greatly decided by the level of resistance conferred by the 

resistance allele, its level of dominance and homo and hetero status of these alleles (Yu et 

al, 2007).  

  Another important factor that decides the rapidness of herbicide resistance 

evolution is the mode of inheritance.  Unlike the maternally inherited psbA mutation that 

confers triazine resistance in weeds, resistances in L. rigidum, where these have been 

documented, have been found to be nuclear inherited (Table 2.6).  For maternally inherited 
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traits, seed could be the primary source for gene flow (Darr et al, 1981), whereas for 

nuclear inherited resistance traits, gene flow could be through both pollen and seed. 

Table 2.6  The inheritance studies on herbicide resistance carried out in Lolium 

 

Herbicide/s 

 

Population/s 

 

Mechanisms 

 

Dominance 
a
 

 

Reference 

 

Haloxyfop-ethoxy-ethyl 

 

WLR 69 

 

Target site 

resistance 

 

Partial dominance (1) 

 

(Tardif et al, 1996) 

 

Diclofop-methyl 

 

VLR 1 

 

Enhanced 

metabolism 

 

Partial dominance (2) 

 

Busi Unpublished 

Chlorsulfuron, 

chlortoluron, simazine & 

tralkoxydim 

 

VLR 69 

 

Enhanced 

metabolism 

 

Partial dominance (1) 

 

(Preston, 2003) 

 
 

Paraquat 

 

AFLR 1 

 

Reduced 

translocation 

(likely) 

 

Dominance / partial 

dominance (1) 

 

(Yu et al, 2009) 

 

Glyphosate 

 

NLR 70 

 

Reduced 

translocation 

 

Partial dominance (1) 

 

(Lorraine-Colwill 

et al, 2001) 
 

Glyphosate 

 

NLR 71 

 

Reduced 

translocation 

 

Dominance (1) 

 

(Wakelin and 

Preston, 2006a) 
 

Glyphosate 

 

NLR 72, 

NLR75, 

SLR 76, 

SLR 78 

 

Reduced 

translocation 

 

Partial dominance (1) 

 

(Wakelin and 

Preston, 2006a) 
 

Glyphosate 

 

R 

 

Target site 

resistance 

 

Partial dominance (2) 

 

(Simarmata et al, 

2005) 
 

a 
 value in parenthesis indicates number genes 

2.4.3. Fitness cost 

Herbicide resistance mechanisms may sometimes have a negative pleiotropic effect on 

plant fitness (fitness cost).  In a recent review, Vila - Aiub et al., (2009b) examined the 

fitness cost associated with herbicide resistance in weeds.  For example, target site 

herbicide resistance is conferred by a point mutation that alters the herbicide target enzyme 

generally.  Such changes may affect the enzyme functionality and kinetics and 

subsequently affect the overall fitness of the plants.  Secondly, non-target site herbicide 

resistance due to the enhanced activity of P450 monooxygenase may divert resources to the 
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synthesis of P450 and this may negatively affect the reproductive and survival potential of 

plants.  Surprisingly, many resistance mechanisms do not have a measurable associated 

fitness cost.  For example, the most common ACCase resistance mutation Ile-1781-Leu 

does not impose a detectable fitness cost (Vila-Aiub et al, 2009b).  Similarly, the enzyme 

kinetics and functionality of the common AHAS mutation Pro-197-Ser are, as far as can be 

determined, on par with the wild type (Yu et al., unpublished).  The lack of fitness cost 

associated with AHAS mutations possibly explains the high frequency of resistance to 

AHAS herbicides in unselected L. rigidum populations (Table 2.5, Preston and Powles, 

2002).  Conversely, L. rigidum homozygous for the Asp-2078-Gly mutation that confers 

resistance to ACCase herbicides has clear negative effects on the vegetative and 

reproductive phases of the whole plant (Vila-Aiub et al, 2009a).  Similarly, herbicide 

resistance in L. rigidum due to metabolism based herbicide resistance mechanisms were 

found to have an associated fitness cost (Vila-Aiub et al, 2005).  In addition, glyphosate 

resistant L. rigidum plants have some fitness cost (Pedersen et al, 2007).  Thus it is 

important to note that, not all of the characterised resistance mutations in Lolium have a 

detectable associated fitness cost, so in those cases control strategies cannot exploit fitness 

cost. 

2.5. Operational factors contribute to herbicide resistance evolution in 

Lolium 

2.5.1 Herbicide selection intensity and herbicide resistance evolution 

Herbicide selection intensity (here herbicide use rates g ha
-1

) is a factor that influences the 

rapidity of herbicide resistance evolution.  Herbicides at the recommended rates will 

generally ensure high weed kill.  However, plants with rare herbicide resistance alleles will 

survive and result in a high frequency of resistance genes in the weed population (Jasieniuk 
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et al, 1996).  In many cases, intensive herbicide usage selects for target site resistance 

mutations that confer high level resistance (major resistance).  For example, intensive use 

of triazines, ACCase and AHAS herbicides have resulted in herbicide resistance in weed 

populations due to mutation in the psbA, ACCase and AHAS coding sites respectively 

(Delye, 2005; Gronwald, 1994; Tranel and Wright, 2002).  Incorporating this evolutionary 

understanding, many modelling studies forecasted delayed resistance evolution when 

herbicide use rate is low or vice versa (reviewed by Diggle and Neve, 2001).  This was 

possibly because the higher proportion of susceptible plants surviving at the low herbicide 

rates would slow down the evolution of resistance.  However, recent research findings have 

demonstrated the potential of low rates of herbicides to result in the evolution of herbicide 

resistance in L. rigidum.  In a pot experiment, Neve and Powles (2005b) demonstrated rapid 

evolution of diclofop-methyl resistance in a recurrently selected L. rigidum population at 

low rates of diclofop-methyl.  The high level of herbicide resistance evolution was 

attributed by the authors to the selection and accumulation of minor gene herbicide 

resistance traits at low herbicide rates.  Similarly, in another study, moderate level of 

glyphosate resistance was achieved by recurrently selecting the survivors from a glyphosate 

susceptible L. rigidum populations with low glyphosate rates (Busi and Powles, 2009).  

Unlike selection for major genes, the impact of low rates of application on rate of 

development of resistance is unclear.  Because low application rates of herbicide are quite 

common in practice (at least in Australia), further study of the effects of low rates of 

application on rate of development of resistance is warranted. 

 Zhang et al, (2000) gave an explanation for the prevalence of reduced rates of 

herbicide application in agriculture.  Firstly, satisfactory weed control is often possible with 

rates of herbicide application that are lower than the registered label rates.  Secondly, 
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optimum economic returns do not always demand a high level of weed control.  In addition, 

if the crop is very  competitive, farmers can achieve high level weed control at reduced 

herbicide rate (Blackshaw et al, 2006).  In commercial agriculture, rates of herbicide 

application can vary between nations, in Australia these rates (g ha
-1

) are much lower than 

in other nations.  For example, the registered rate of application for diclofop-methyl for 

control of L. rigidum in Australia is 375 g ha
-1 

compared to 640 g ha
-1

 in the United States 

and 900 g ha
-1

 in France (Bayer, 2010).  In addition, Australian farmers sometimes for 

economic reasons cut their rates of application of herbicides below the label rate.  

Similarly, in Canada herbicides are applied at reduced rates to 28% of the cropped area 

(reviewed by Beckie, 2006).  In some other countries there are also examples of herbicides 

being used at reduced rates.  For example, in Denmark, concern about the environmental 

load of herbicides has resulted in regulation to mandate the use of herbicides at reduced 

rates (reviewed by Kudsk and Streibig, 2003).  Moreover, low efficacy of herbicide 

application due to wind drift or other adverse environmental factors may result in a low and 

variable dose of herbicide being delivered to plants (reviewed by Zhang et al, 2000).  Delay 

in herbicide application means large weeds and therefore a low effective herbicide dose 

(Wauchope et al, 1997).  In brief, reduced herbicide usage for weed management for 

various reasons does occur in practice. 

2.5.1.1 Polygenic resistance. 

Intensive pesticide usage has resulted in rapid resistance evolution due to major resistance 

alleles (Brunner et al, 2008; Leroux et al, 2007; Saavedra-Rodriguez et al, 2007).  In many 

weed populations target site mutations have been selected (Delye, 2005; Gronwald, 1994; 

Tranel and Wright, 2002).  However, other than such major mechanisms, there could be 

mechanisms that confer relatively minor levels of resistance (Lande, 1983).  These minor 
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effects could take part in resistance evolution whenever the expression of these traits are 

possible especially under low selection intensity (Lande, 1983; Orr and Coyne, 1992).  

Laboratory studies of fungicide and insecticide resistance evolution have demonstrated the 

accumulation of minor gene resistance traits (polygenic traits) through repeated application 

of low rates of pesticides  (Roush and McKenzie, 1987; Shaw, 1989).  Similarly, pot 

studies have demonstrated the evolution of herbicide resistance evolution due to the 

possible selection and accumulation of minor gene herbicide resistance traits through 

repeated applications of low rates of herbicide (Busi and Powles, 2009; Neve and Powles, 

2005b).  Based on these findings it is possible that inherited non-target site resistance 

mechanisms may contribute to the overall levels of herbicide resistance in Lolium through 

additive polygenic response.   

2.5.2 Implications of reduced herbicide rate 

Herbicides at the field rate may result in high weed mortality.  The few surviving plants 

may possess major gene herbicide resistance traits.  Contrary, low herbicide rates allow 

substantial survivors that possess both major and minor gene herbicide resistance traits, 

subsequently the surviving weed population becomes a pool of resistance mechanisms 

(Doyle and Stypa, 2004).  Note that many weedy species around the world, including L. 

rigidum, are cross-pollinated (Spoor and McCraw, 1984) and can accumulate resistance 

traits.  For example, the major herbicide resistant weed Alopecurus myosuroides (Delye, 

2005; Menendez and De Prado, 1999; Moss, 1990) is an obligate out crossing species with 

high genetic variability (Chauvel and Gasquez, 1994).  Already, this weed has evolved 

resistance to different herbicides due to multiple herbicide resistance mechanisms (Cocker 

et al, 1999; Moss, 1990).  Similarly, A. tuberculatus, A. palmeri, and A. rudis are major 

herbicide resistant weeds of North America (Vencill, 2008).  Similar to Lolium, these 
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weeds could exchange any resistance genes through cross-pollination.  A. tuberculatus has 

so far evolved herbicide resistance to 9 herbicide chemistries (Patzoldt et al, 2005), its out-

crossing mating system is postulated to be the major reason for the widespread resistance in 

this species (Trucco et al, 2009).  Another herbicide resistant weed Kochia scoparia 

(Beckie et al, 2008; Cranston et al, 2001) is a predominantly out crossing species (Guttieri 

et al, 1998).  This weed has evolved herbicide resistance to triazines and AHAS-inhibiting 

herbicides (Foes et al, 1999).  Indeed, cross-pollination is not the only factor that lead to 

multiple resistance mechanisms in weed populations.  However, cross-pollination ensures 

considerable genetic variability within the population compared to self pollination 

(Clements et al, 2004).  To conclude, reduced herbicide usage may have potential 

implications in herbicide resistance evolution in many more weeds other than Lolium.  

2.6 Reported cases of herbicide resistance in Lolium 

In this section, the reported cases of resistance to herbicides from the major herbicide 

groups are summarised together with the mechanism of resistance where this is known.  

2.6.1 Resistance to photosystem II inhibitors 

Photosystem II inhibiting herbicides (triazines and ureas) disrupt the electron transport in 

the susceptible plants by binding the plastoquinone site of the D1 protein, an electron 

acceptor in the photosystem II of photosynthesis.  However, variant alleles in the psbA 

gene that codes for the D1 protein confer resistance to this group of herbicides (reviewed 

by Gronwald, 1994).  In most cases, triazine resistance is conferred by the amino acid 

substitution Ser-264-Gly (reviewed by Gronwald, 1994).  However, this substitution (Ser-

264-Gly) confers negligible resistance to phenyl urea herbicides (Devine and Shukla, 

2000), whereas a slight variant Ser-264-Thr confers resistance to both triazines and urea 
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herbicides (Masabni and Zandstra, 1999).  In brief, in many instances, resistance to 

triazines and urea herbicides is due to a base pair substitution in the psbA gene (reviewed 

by Gronwald, 1994).  In Australia, in many instances, the intensive selection pressure from 

diuron and atrazine results in selection for resistant L. rigidum to these herbicides and other 

photosystem II inhibiting herbicides (Burnet et al, 1993a; Burnet et al, 1993b; Powles and 

Howat, 1990).  Unlike most other weeds, the resistance evolution in Lolium against triazine 

and urea herbicides is mainly due to non-target site resistance mechanisms (Table 2.7).  

However, an early case of triazine resistance in L. rigidum that is most likely due to a psbA 

gene mutation was reported from Israel (Yaacoby et al, 1986).  
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        Table 2.7  Populations of L. rigidum resistant to photosystem II inhibitors 

 

Population 

 

Location 

 

Herbicides 
a
 

 

Resistance mechanisms 

 

Reference 

  Triazines   

VLR69 W. Australia Atrazine (5), simazine (6) & ametryn (10) Non-target site resistance 

(enhanced metabolism) 

(Burnet et al, 1994a) 

VLR 69 Victoria Simazine (6) Non-target site resistance 

(enhanced metabolism) 

(Preston et al, 1996b) 

WLR2 W. Australia Simazine (9), atrazine (3), propazine (3), 

prometryn (6), & ametryn (3) 

Non-target site resistance 

(enhanced metabolism) 

(Burnet et al, 1991) 

  Ureas   

WLR2 W. Australia Chlortoluron (7.2), isoproturon (2), 

metoxuron (2), diuron (2) & flumeturon (2)  

 

Non-target site resistance 

(enhanced metabolism) 

(Burnet et al, 1991) 

VLR69 Victoria Chlortoluron (8) & diuron (6) Non-target site resistance 

(enhanced metabolism) 

(Burnet et al, 1993b) 

VLR69 Victoria Chlortoluron (12) Non-target site resistance 

(enhanced metabolism) 

(Preston et al, 1996b) 

R1 Spain Chlortoluron (7*), & isoproturon (4*) Non-target site resistance 

(enhanced metabolism) 

(DePrado et al, 1997) 

R3 Spain Chlortoluron (9*) & isoproturon (6*) Non-target site resistance 

(enhanced metabolism) 

(DePrado et al, 1997) 

 

a 
 values in parenthesis are the R:S ratio computed by LD50 of the resistant line by LD50 of the susceptible line, values with * as 

superscript is the R:S ratio computed based on the ED50.
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2.6.2 Resistance to Acetohydroxyacid synthase (AHAS/ALS) inhibiting 

herbicides 

AHAS inhibiting herbicides block the formation of branched chain amino acids (valine, 

leucine and isoleucine) in susceptible plants (Kishore and Shah, 1988).  As a result, plants 

die from starvation of these amino acids.  These herbicides achieve this effect by inhibiting 

acetohydroxyacid synthase (AHAS) or acetolactate synthase (ALS), the first enzyme in the 

synthesis of branched chain amino acids valine, leucine, and isoleucine.  The AHAS/ALS 

inhibiting herbicides comprise the chemically dissimilar sulfonylureas, imidazolinones, 

sulfonamides, and triazolopyramidines.  So far, 108 weed species have evolved resistance 

to this group of herbicides, the highest number of resistant weed species to any mode of 

action group (Heap, 2010). 

 In Australia, the AHAS inhibiting herbicide chlorsulfuron was introduced in 1982, 

since then this herbicide has been used for the control of dicotyledonous and 

monocotyledonous weeds in wheat.  Interestingly, the first case of chlorsulfuron resistance 

in Australia was a case of non-target site cross resistance selected originally by exposure to 

diclofop-methyl, a herbicide from a different mode of action group (ACCase inhibitors) 

(Heap and Knight, 1986).  Similarly, another diclofop-methyl resistant L. rigidum line 

SLR31 showed non-target site cross resistance to chlorsulfuron due to enhanced 

metabolism of chlorsulfuron (Christopher et al, 1991).  Intensive use of chlorsulfuron has 

also selected for target site resistance in L. rigidum (Christopher et al, 1992).  An updated 

list of variant target site alleles that confer resistance and cross-resistance to AHAS 

herbicides is maintained on the website www.weedscience.org (Tranel et al, 2010).  Yu et 

al, (2008) identified six such variants in L. rigidum (Table 2.8).  

 

http://www.weedscience.org/
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Table 2.8  Amino acid substitutions in L. rigidum populations conferring resistance to AHAS 

inhibiting herbicides  

Population Amino acid substitution Herbicides to which 

L. rigidum is resistant 

VLR69 Pro-197-Gln Sulfometuron 

WLR50 Pro-197-Arg Sulfometuron 

RSG Pro-197-Ala Sulfometuron 

 Pro-197-Ser Sulfometuron 

 Trp-574-Leu Sulfometuron & imazapyr 

WLR1 Pro-197-Ala Sulfometuron 

 Pro-197-Arg Sulfometuron 

 Pro-197-Gln Sulfometuron 

 Pro-197-Leu Sulfometuron 

 Pro-197-Ser Sulfometuron 

 Trp-574-Leu Sulfometuron & imazapyr 

        Adapted from Yu et al., (2008) 

 

A list of cases of resistance to AHAS herbicides and their associated mechanisms in Lolium 

is presented in Table 2.9 

 

 

 

 

 

 

 

 



 

 31 

Table 2.9  Populations of L. rigidum resistant to AHAS inhibiting herbicides 

 

Population 

 

Location 

 

Herbicides 
a
 

 

Mechanisms of resistance  

 

Reference 

  Sulfonylureas   

SR4/84 South Australia Chlorsulfuron (20) Non-target site resistance (Matthews et al, 1990) 

SLR31 South Australia Chlorsulfuron, triasulfuron 

& metsulfuron 

Non-target site resistance 

(enhanced metabolism) 

(Christopher et al, 1991) 

WLR1 Western Australia Chlorsulfuron & 

sulfometuron 

Both target site and non-

target site resistance  

(Christopher et al, 1992) 

VLR69 Victoria Chlorsulfuron (20), 

triasulfuron (25) & 

sulfometuron (8) 

Target site and non-target site 

resistance  

(enhanced metabolism) 

(Burnet et al, 1994b) 

VLR69 Victoria Chlorsulfuron (67) Non-target site resistance 

(enhanced metabolism) 

(Preston et al, 1996a) 

  Imidazilones   

WLR1 Western Australia Imazapyr & imazathapyr Target site resistance (Christopher et al, 1992) 

VLR69 Victoria Imazaquin (8) Mechanism not confirmed (Burnet et al, 1994b) 

 

a 
 values in parenthesis are the R:S ratio computed by LD50 of the resistant line by LD50 of the susceptible line.
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2.6.3 Resistance to ACCase inhibiting herbicides 

The ACCase herbicides inhibit the acetyl-coenzyme A carboxylase (ACCase) enzyme in 

monocotyledonous weeds.  This enzyme is responsible for fatty acid synthesis in plants 

(Burton et al, 1991).  Dicotyledonous plants have a resistant ACCase and are not 

susceptible to this group of herbicides (Burton et al, 1991).  This mode of action group 

includes three chemical classes aryloxyphenoxypropionates (fops), cyclohexanediones 

(dims) and phenylpyrazolin (dens).  Intensive use of ACCase herbicides for grass weed 

control has resulted in widespread evolution of resistance worldwide (Delye, 2005).  So 

far, 38 grassy weeds have evolved resistance to ACCase herbicides (Heap, 2010).  In 

Australia, the ACCase herbicide diclofop-methyl was introduced in the 1970s and since 

then has been used extensively as a post-emergent herbicide for Lolium control (Powles 

and Howat, 1990).  Overreliance on this herbicide has led to the emergence of many 

diclofop-methyl resistant L. rigidum populations across Australia (Powles and Howat, 

1990; Powles and Matthews, 1992).  Surprisingly, in many instances diclofop-methyl 

resistant L. rigidum lines exhibit cross resistance to many herbicides across the mode of 

action groups (Christopher et al, 1991; Heap and Knight, 1986; Powles and Matthews, 

1992).  Many of these resistant populations have been found to contain either or both 

target site and non target site resistance mechanisms (Burnet et al, 1994a; Preston et al, 

1996b; Tardif and Powles, 1994).  The target site resistance to ACCase herbicides is due to 

an amino acid substitution in the CT domain of the ACCase gene (Delye, 2005; Yu et al, 

2007).  So far, six such substitutions have been reported in Lolium (Table 2.10) and these 

variant alleles confer herbicide resistance and cross resistance to chemical classes across 

the ACCase herbicide group (Delye, 2005).  Among the non-target site mechanisms, in 

many instances, enhanced metabolism of herbicide mediated by P450 monooxygenase 
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confer herbicide resistance in L. rigidum (Burnet et al, 1994a; Matthews et al, 1990).  In 

addition, membrane recovery response, has also been found to confer resistance to 

diclofop-methyl (Wright, 1994).  In that case, resistant plants regained membrane stability 

more quickly than susceptible plants.  The cases of herbicide resistance reported in Lolium 

to ACCase herbicides, and the associated levels of resistance and mechanisms are 

summarised in Table 2.11.  

Table 2.10  Resistance mutations in L. rigidum populations to ACCase  

inhibiting herbicides 

 

Amino acid substitution 

 

Reference 

Ile-1781-Leu (Delye et al, 2002; Tal and Rubin, 2004; Yu et al, 2007; 

Zhang and Powles, 2006) 

 Trp-2027-Cys (Yu et al, 2007) 

Ile-2041-Asn (Delye et al, 2003; Yu et al, 2007; Zhang and Powles, 2006) 

Ile-2041-Val (Delye et al, 2003) 

Asp-2078-Gly (Yu et al, 2007) 

Cys-2088-Arg (Yu et al, 2007) 
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Table 2.11  Populations of L. rigidum and L. multiflorum resistant to ACCase herbicides 

 
 

Population 
a
 

 

Location 

 

Herbicides 
b
 

 

Mechanisms of resistance 
b
 

 

Reference 

  Aryloxyphenoxypropionates   

SLR31-B Western Australia Diclofop-methyl (234) & fluazifop-p-butyl (226) Target site resistance (Preston and Powles, 

1998) 
SLR31-A South Australia Diclofop-methyl (26) & fluazifop-p-butyl (9) Non-target site resistance  

(enhanced metabolism) 

Preston & Powles, 1998) 

SLR31 South Australia Diclofop-methyl (30) 

 

 

Non-target site resistance  

(membrane response) 

(Holtum et al, 1991) 

VLR 69 Victoria Diclofop-methyl (267) 

 

 

Target site / non-target site 

mechanisms (enhanced metabolism) 

(Preston et al, 1996b) 

VLR69 Victoria Diclofop-methyl (37), fluazifop-p-butyl (100) & 

haloxyfop-R-Methyl (10) 

Non-target site resistance  

(not confirmed) 

(Burnet et al, 1994a) 

SLR3 South Australia Diclofop-methyl (55), fluazifop-p-butyl (300) & 

haloxyfop -R-Methyl (70) 

Target site resistance (Tardif et al, 1993) 

R Greece Diclofop (98*), fluazifop (7*) & clodinafop (34*) Target site resistance (Kotoula-Syka et al, 

2000) 
R France Diclofop-methyl Target site resistance (Delye et al, 2002) 

SR4/84 South Australia Diclofop-methyl (>80) Non-target site resistance  (Matthews et al, 1990) 

Roma-94 Italy Diclofop-methyl & fluazifop-p-butyl Not confirmed (Bravin et al, 2001a) 

Tuscania 97 Italy Diclofop-methyl & fluazifop-p-butyl Not confirmed (Bravin et al, 2001a) 

  Cyclohexanediones   

SLR31-B South Australia Sethoxydim (350) Target site resistance (Preston and Powles, 

1998) 

SLR31-R2 South Australia Sethoxydim (600) Target site resistance (Tardif and Powles, 1994) 
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Population 
a
 

 

Location 

 

Herbicides 
b
 

 

Mechanisms of resistance 
b
 

 

Reference 

VLR 69 Victoria Tralkoxydim (7) Target site resistance (likely) (Preston et al, 1996b) 

SLR3 South Australia Sethoxydim (18), tralkoxydim (6) & clethodim (4) Target site resistance (Tardif et al, 1993) 

Roma-94 Italy Sethoxydim Non-target site-resistance (likely) (Bravin et al, 2001a) 

Tuscania 97 Italy Sethoxydim Not confirmed (Bravin et al, 2001a) 

R France Cycloxydim 

 

 

Target site resistance (Delye et al, 2002) 

R Greece Sethoxydim (10*) & tralkoxydim (6*) Target site resistance (Kotoula-Syka et al, 

2000) 
Yorks-A2** United Kingdom Sethoxydim (487) & cycloxydim (150) Target site resistance (White et al, 2005) 

PYL** United Kingdom Sethoxydim (32) & cycloxydim (23) Target site resistance (White et al, 2005) 

 

a 
values with ** as superscript is L. multiflorum rest are L. rigidum

 

b 
 values in parenthesis are the R:S ratio computed by LD50 of the resistant line by LD50 of the susceptible line, values with * as 

superscript is the R:S ratio computed based on the ED50. 
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2.6.4 Resistance to EPSPS inhibiting herbicides  

Glyphosate, inhibits 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), an enzyme 

responsible for the synthesis of the aromatic amino acids (Steinrucken and Amrhein, 1984).  

Glyphosate is a non-selective systemic herbicide with no soil residual activity used for 

broad spectrum pre-seeding weed control.  This herbicide is also widely used in fallows, for 

spot application or directed spray in crops or for broad application in genetically-modified 

glyphosate tolerant crops (Powles et al, 1998).  Glyphosate has been widely used since 

1974, yet glyphosate resistance evolution has been slow compared to several other 

herbicides (Powles et al, 1998).  More recently, however, many cases of glyphosate 

resistance have been reported from different parts of the world (Powles, 2008; Preston et al, 

2009).  Overreliance on this herbicide, high levels of adoption of glyphosate tolerant crops 

under minimum or no tillage systems and lack of diversity in weed management have all 

contributed to the rapid increase in glyphosate resistance in weeds (Powles, 2008; Preston 

et al, 2009). 

 The first reported case of glyphosate resistance in weeds was in L. rigidum in 

Australia (Powles et al, 1998).  Since then, other weed species have been found to be 

glyphosate resistant in different parts of the world (Powles, 2008; Preston et al, 2009).  

Resistance to glyphosate can be due to an alteration in the herbicide target site (EPSPS).  

Glyphosate resistance can also be due to altered translocation of the herbicide in plants.  

Interestingly, in most instances, the resistance mechanism that endows glyphosate 

resistance in the majority of resistant weeds that have been characterised to date is altered 

translocation (a non-target site mechanism) (Powles, 2008; Preston et al, 2009).   
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Indeed the systemic herbicide, glyphosate, needs to be transported to root and shoot tissues 

to kill the weed and in resistant weeds glyphosate is restricted to leaf tips (Lorraine-Colwill 

et al, 2002).  Where target site resistance to glyphosate has been found it has been due to an 

altered EPSPS gene causing amino acid substitution at the Pro-196 site (Jasieniuk et al, 

2008; Preston et al, 2009).  Glyphosate resistance mechanisms in Lolium have been 

reviewed recently by Preston (Preston et al, 2009) (Table 2.12 & Table 2.13). 

Table 2.12  Populations of L. rigidum and L. multiflorum resistant to glyphosate due to target site 

mutation. 

 

Population 

 

Location 

 

R:S 
a
 

 

Amino acid substitution 

 

Reference 

L. rigidum     

SLR77 Australia -- Pro-106-Thr (Wakelin and Preston, 2006b) 

AFLR2 Australia 14 Pro-106-Ala (Yu et al, 2007) 

R Australia 100 Pro-106-Ser (Simarmata and Penner, 2008) 

L. multiflorum     

SF Chile 5 Pro-106-Ser (Perez-Jones et al, 2007) 

POP-2 USA 15 Pro-106-Ala (Jasieniuk et al, 2008) 

POP-9 USA 5 Pro-106-Ser (Jasieniuk et al, 2008) 

POP-10 USA 15 Pro-106-Ala (Jasieniuk et al, 2008) 

POP-11 USA 10 Pro-106-Ala (Jasieniuk et al, 2008) 

 

 

a 
 values in parenthesis are the R:S ratio computed by LD50 of the resistant line by LD50 of 

the susceptible line. 
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Table 2.13  Populations of L. rigidum and L. multiflorum resistant to glyphosate due to altered 

translocation 

 

Population 

 

Location 
 

R:S 
a
 

 

Reference 

L. rigidum    

NLR 70 Australia 7 (Lorraine-Colwill et al, 2002) 

NLR 71 Australia 5 (Wakelin et al, 2004) 

NLR 72 Australia 4 (Wakelin et al, 2004) 

NLR 76 Australia 7 (Preston and Wakelin, 2008) 

NLR 79 Australia 6 (Preston and Wakelin, 2008) 

NLR 84 Australia 4 (Preston and Wakelin, 2008) 

SLR76 Australia 10 (Wakelin et al, 2004) 

SLR78 Australia 12 (Preston and Wakelin, 2008) 

VLR15 Australia 5 (Preston and Wakelin, 2008) 

WALR50 Australia 3 (Preston and Wakelin, 2008) 

AFLR2 South Africa 9 (Yu et al, 2007) 

L. multiflorum    

OR USA 5 (Perez-Jones et al, 2007) 

R Chile 9 (Michitte et al, 2007) 

T1 USA 3 (Nandula et al, 2008) 

T2 USA 3 (Nandula et al, 2008) 

 

a 
 values in parenthesis are the R:S ratio computed by LD50 of the resistant line by LD50 of 

the susceptible line. 
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2.6.5 Resistance to inhibitors of photosynthesis in photosystem I  

Paraquat, the major photosystem I inhibiting herbicide, is being used worldwide for non-

selective weed control.  Similar to glyphosate, this herbicide is used pre-seeding and for 

weed management in fallow fields.  So far, 34 weed species have evolved resistance to this 

herbicide (Heap, 2010).  Paraquat disrupts the electron transport in photosystem I of 

photosynthesis and subsequently increases the concentration of native oxygen in plants.  

This highly reactive oxygen destroys plant tissues and thereby results in the death of the 

plants (Preston, 1994).  So far, two paraquat resistance mechanisms have been reported in 

plants.  In most cases, resistance is due to reduced translocation of paraquat due to 

sequestration in plant tissues (Preston, 1994).  In some other cases, paraquat resistance is 

due to detoxification of reactive oxygen (Harper and Harvey, 1978; Preston, 1994).  The 

first case of paraquat resistance in L. rigidum was found in a population from South Africa 

(AFLR 1) (Yu et al, 2004).  The resistance in that case is due to reduced translocation of 

paraquat.  In an earlier study, slight tolerance to paraquat was reported in a L. rigidum 

population (VLR 69) that had been exposed to diuron and chlorsulfuron (Burnet et al, 

1994a).  Similarly, a L. rigidum population recurrently selected with low rates of 

glyphosate has shown reduced sensitivity to paraquat (Busi et al, unpublished).  
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2.7 Simulation models as tools to predict and manage herbicide resistance 

Models in herbicide resistance (Dauer et al, 2007; Diggle et al, 2003; Maxwell et al, 1990; 

Monjardino et al, 2003; Neve et al, 2003a; Pannell et al, 2004), pesticide resistance (Birch 

and Shaw, 1997; Comins, 1986; Crowder et al, 2006; Hillier and Birch, 2002), and 

xenobiotics (Austin and Anderson, 1999; Koella and Antia, 2003; Massad et al, 1993; 

Peck, 2001) are very effective tools for predicting and evaluating evolution of resistance 

and options for its management. 

2.7.1 Development of simulation modelling 

Early models in weed management specifically addressed the rates of application of 

herbicides that would result in satisfactory weed control from economic and environmental 

perspectives (Doyle, 1997).  The prime objective of these models was to minimize the rate 

of herbicide that was applied.  However, these models were criticized as they did not 

account for the real weed management issues such as resistance evolution and its 

management (Doyle, 1997).  Later, many weed models addressed yield loss due to crop 

weed competition.  In most of these models, empirical relationships between weed density 

and crop yield were employed to predict the yield loss (Firbank and Watkinson, 1985).  

These crop-weed competition models were important because they later became sub-

routines in many herbicide resistance models (Diggle et al, 2003; Pannell et al, 2004).  In 

addition, some competition models attempted to account for heterogeneity in weed density 

in fields in groups or cohorts (Jones and Medd, 2000; Swinton and King, 1994).  Other 

early models focused on the impact of alternative management practices, such as 

cultivation, pasture phases and biological methods, used in combination with herbicides.  

These models aimed particularly to reduce herbicide usage (Cousens et al, 1986; Pandey 

and Medd, 1990). 
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 With the widespread evolution of herbicide resistance, it became necessary for 

models to include a population genetics component in order to make useful predictions of 

the dynamics of selection for resistance (Gressel and Segel, 1990; Maxwell et al, 1990).  

These models of development of herbicide resistance accounted for genetic factors such as 

initial gene frequency, dominance and mating system to simulate the population dynamics 

of target weed populations (reviewed by Diggle and Neve, 2001).  Many models 

specifically addressed the herbicide selection intensity in herbicide resistance evolution for 

the case of resistance conferred by monogenic nuclear genes (ie equivalent to strong target 

site genes) (reviewed by Diggle and Neve, 2001).  In all cases, these models predicted 

faster evolution of herbicide resistance at high herbicide selection intensity.  On the 

contrary, the high-level of herbicide resistance evolved due to recurrent selection with low 

rates of diclofop-methyl is non- target site based and most likely has a polygenic base 

(Neve and Powles, 2005b).  Therefore, a polygenic herbicide resistance model may give 

better insight to herbicide resistance evolution due to non-target site mechanisms and 

resistance arising from multiple mechanisms. 

2.7.2 Models as herbicide resistance management tools. 

Models are used to understand or forecast the role of herbicide mixtures, herbicide 

rotations, integration of pasture phases, and other cultural operations as resistance 

management tactics.  An update of herbicide resistance management models in Lolium is 

presented in Table 2.14. 
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Table 2.14  Models addressing management of herbicide resistance in Lolium 

 

Resistance management tactics tried in 

the model 

 

Reference 

 

Crop pasture phases.  

 

(Doole, 2008; Monjardino et al, 2004) 

Delayed seeding, high crop density and 

seed catching. 

(Gonzalez-Andujar and Fernandez-

Quintanilla, 2004) 

Evaluated the effect of herbicide 

application timing in resistance evolution 

in L. rigidum   

(Neve et al, 2003a) 

Double knockdown (follow up 

application of paraquat after glyphosate) 

(Weersink et al, 2005) 

 

Herbicide mixtures 

 

(Diggle et al, 2003) 

 

Cultural control, herbicide rotations 

 

(Diggle and Neve, 2001) 

Integrating herbicide and non herbicide 

weed management options  

(Pannell et al, 2004) 

 

2.8 Summary 

L. rigidum possesses great biological and genetic diversity that help it to evolve in response 

to stress.  Intensive selection and repeated herbicide use has further contributed to the 

widespread evolution of herbicide resistance in Lolium.  In many cases, repeated use of the 

same herbicide at the recommended rate, rapidly selected for major gene resistance traits in 

L. rigidum.  Whole plant and enzymatic bioassays together with genetic and molecular 

studies have clearly identified the factors involved in target-site resistance.  Similarly, for 

non-target site resistance mechanisms biochemical and molecular studies have helped to 

understand the physiological complexity of these herbicide resistance types in plants.  

However, the potential of herbicide use rates to select for resistance traits in this species has 
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not been yet fully understood.  Further studies and modelling work will help improve the 

current understanding of the evolutionary dynamics of herbicide resistance at low rates of 

herbicide application. 
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Chapter 3 

 Rapid evolution of herbicide resistance when selection occurs at a low 

herbicide rate 

 

3.1 Abstract 

 

Herbicide rate cutting is an example of poor use of agrochemicals that can have potential 

adverse implications due to rapid herbicide resistance evolution.  Recent laboratory level 

studies revealed that herbicides applied at lower than recommended rates can result in rapid 

herbicide resistance evolution in Lolium rigidum Gaud. (annual ryegrass) populations.  

However, crop-field level studies have until now been lacking.  In this study we examine 

the impact of low rates of diclofop-methyl (ACCase herbicide) on the evolution of 

herbicide resistance in a herbicide-susceptible L. rigidum populations grown either in a 

field wheat crop or in potted plants maintained in the field.  Subsequently, dose response 

profiles are conducted with diclofop-methyl and other herbicides to test the evolution of 

herbicide resistance in the selected lines.  The results show the rapid evolution of diclofop-

methyl resistance in the selected L. rigidum lines from both the crop-field and field pot 

studies.  In addition, there is resistance evolution in the selected lines against other tested 

herbicides to which the population has never been exposed.  This resistance evolution is 

possible because low rates of diclofop-methyl allow substantial L. rigidum survivors and 

subsequent accumulation of minor gene herbicide resistance traits present in this cross-

pollinated species.  The practical lesson from this research is that herbicides should be used 

at the recommended rates that ensure high weed mortality so as to minimise the likelihood 

of minor gene herbicide resistance traits leading to rapid herbicide resistance evolution. 
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3.2 Introduction  

In most parts of the world, herbicides are the dominant technology used for the control of 

weeds that infest crops.  Consequently, in situations of intense herbicide usage, there are 

many examples of the evolution of weed populations resistant to herbicides (Heap, 2010; 

Powles and Yu, 2010).  From an evolutionary perspective, many factors influence the 

dynamics of herbicide resistance evolution under herbicide selection (Darmency, 1994; 

Jasieniuk et al, 1996).  One crucial factor in herbicide resistance evolution is the intensity 

of herbicide selection, of which a major determinant is the herbicide use rate (i.e. g ha
-1

).  

Herbicides, when used at the correct plant growth stage and at the registered label rate, 

cause very high mortality.  However, there are situations where herbicides are used at rates 

that do not always cause such high weed mortality.  Indeed, herbicide use rates can vary 

markedly between nations, regions and enterprises.  As one example, herbicide use rates in 

Australia are often only 50% of that in other parts of the world.  For example, the registered 

use rate for the herbicide diclofop-methyl for L. rigidum control in Australia is 375 g ha
-1 

compared to 640 g ha
-1

 in the United States and 900 g ha
-1

 in France (Bayer, 2010).  

Additionally, using herbicides at rates below the already low registered use rate (rate 

cutting) does occur in Australia as farm size is very large and profitability is low.  In some 

other countries there are also examples of herbicides being used at reduced rates.  For 

example, in Denmark, concern about the environmental load of herbicides resulted in 

regulation to mandate the use of herbicides at reduced rates (reviewed by Kudsk and 

Streibig, 2003).  Similarly, 28% of the cropped area in Canada manage weeds with reduced 

herbicide rates (reviewed by Beckie, 2006).  In addition to rate cutting, environmental 

variability under field conditions and decay kinetics for soil residual herbicides can result in 

lower than normal rates of herbicides being applied to target weed species (reviewed by 
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Zhang et al, 2000).  Also, if herbicide treatment occurs to bigger plants that are well past 

the optimum plant growth stage for control this effectively constitutes a reduced herbicide 

rate (Wauchope et al, 1997).  It is emphasised that where herbicides are used at low rates 

there can be weed survivors. 

 Recent studies have demonstrated that low rates of herbicides can result in the 

evolution of herbicide resistance.  Laboratory level studies (potted plants) with a herbicide 

susceptible L. rigidum population recurrently selected with low rates of diclofop-methyl 

resulted in the evolution of resistance (Neve and Powles, 2005a,b).  Similarly, recurrent 

selection of the same herbicide susceptible L. rigidum population with low rates of 

glyphosate resulted in the evolution of a modest level of glyphosate resistance (Busi and 

Powles, 2009).  These laboratory-level studies demonstrate the potential for low herbicide 

use rates to result in herbicide resistance evolution (Busi and Powles, 2009; Neve and 

Powles 2005a,b).  However, thus far this phenomenon has not been studied in the field with 

crop and weeds growing in normal commercial agro-ecosystem conditions.  Therefore, to 

examine the potential for low herbicide use rates to lead to herbicide resistance evolution 

we have conducted experiments in a crop-field environment as well as in the laboratory 

environment with potted plants.  We demonstrate the potential for low herbicide use rates 

to lead to rapid herbicide resistance evolution.  

3.3 Materials and Methods 

3.3.1 Recurrent selection with low rates of diclofop-methyl in a pot study 

A L. rigidum population (WALR1) established to be susceptible to diclofop-methyl (Figure 

3.2) and other herbicides was used in this study.  In July 2006 (normal growing season), 

seeds (40) were sown in each of seven plastic trays (28 × 33 × 5 cm) filled with fresh 
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potting mixture (sand and peat at 1:1 ratio) and maintained in the field (at the University of 

Western Australia) and kept well-watered.  When the majority of the seedlings were at the 

2- to 3-leaf stage, they were thinned to give 200 uniform seedlings at the 2- to 3-leaf stage.  

These 200 seedlings were treated with half the Australian registered label rate (i.e. 187 g 

ha
-1

) of diclofop-methyl (aryloxyphenoxypropionate herbicide inhibiting the enzyme 

acetyl-CoA carboxylase (ACCase) involved in the first step of fatty acid biosynthesis) plus 

0.25% BS1000 (a non-ionic surfactant) using a twin nozzle laboratory sprayer calibrated to 

deliver 113 L of spray volume ha
-1

 at 210 kPa.  Most plants were killed but 10%, although 

showing symptoms, survived and these surviving 20 seedlings were repotted, (3 per pot) in 

250 mm plastic pots filled with fresh potting mixture and maintained in the field under 

well–watered conditions.  These 10% survivors grew vigorously and at flowering, they 

were placed in pollen proof enclosures to ensure random mating (L. rigidum is an obligate 

cross-pollinator) and prevent the ingression of foreign pollen (watering was continued 

using a drip irrigation system).  At maturity, seeds were harvested, cleaned and stored in 

dry conditions until use.  The collected seeds were designated as the 1P line, indicating the 

progeny of the first cycle of low dose diclofop-methyl selection in pots.   

 In the next growing season (May 2007), a diclofop-methyl dose-response study was 

conducted with the once- low dose diclofop-methyl selected 1P line in comparison with its 

parent WALR1 line.  Seeds of both lines were sown in plastic trays (28 × 33 × 5 cm) as 

above and when seedlings were at the 2- to 3-leaf stage 150 plants were treated each at 

rates of 23, 47, 94, 187 and 375 g diclofop-methyl ha
-1

 (with 0.25 % BS1000), using the 

same laboratory sprayer (untreated controls were treated with water plus the surfactant).  

All seedlings were maintained in the field after treatment and scored for herbicide mortality 

after 21 days.   
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Specifically for the 150 plants that were treated at 375 g diclofop-methyl ha
-1

, there was 

12% survival.  These 18 survivors were repotted and grown to maturity for seed production 

(foreign pollen excluded) as described above.  Seeds collected from these plants were 

designated as the 2P line, indicating the progeny of the second cycle of low dose selection.  

In May 2008, a dose-response study with diclofop-methyl at rates of 94, 187, 375 and 750 g 

ha
-1

 was conducted to compare the response of the once- and twice-selected lines versus the 

parent WALR1 line.  After 21 days, plant survival was recorded and aboveground fresh 

biomass from all plants was determined and expressed as a percentage of the untreated 

control. 

3.3.2 Recurrent selection with low rates of diclofop-methyl 

in a crop-field (wheat) 

The crop-field experiment was conducted in 2006 and 2007 at the experimental field station 

of the University of Western Australia (115°50'E, 31°55'S) (Figure 3.1).  This experimental 

site is separated by at least 100 kilometres from cropping regions and it was chosen to 

avoid any pollen flow from herbicide resistant L. rigidum which is widespread in the 

cropping region (Owen et al, 2007).  The density of L. rigidum plants growing naturally 

within a 500 m radius from the experimental site was approximately 1 plant m
-2 

(400 

random points assessed with a 0.25 m
2
 quadrat).  L. rigidum plants growing within the 

immediate 15 m of the experimental site were manually removed or destroyed with 

glyphosate application in both 2006 and 2007 to avoid the external pollen from the 

immediate vicinity of the experimental site affecting the experiment.  To assess the 

herbicide resistance status of the native L. rigidum population, seeds were collected from 

plants growing in the vicinity of the experimental site (representing 500m radius) and 

herbicide screened.  To achieve this, seeds (40) were sown in plastic trays (28 × 33 × 5 cm) 
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filled with potting mixture and 100 uniform seedlings at 2-to 3- leaf stage, (3 replicates) 

were treated with 93 sethoxydim ha
-1

 using the laboratory sprayer and that resulted in 100 

% mortality. 

 Early in the 2006 growing season the area (0.5 ha) was irrigated and cultivated 

several times to stimulate L. rigidum germination and thus exhaust any weed seed bank.  In 

July 2006, this weed-free field was seeded in 18cm rows with 60 kg ha
-1 

wheat using a 

Massey Ferguson seeder.  On the same day, 2 kg of herbicide susceptible WALR1 L. 

rigidum seed was carefully hand broadcast over the 0.5 ha site and then lightly hand-raked 

to achieve shallow incorporation.  The experimental plot was fertilised with P 25, K 50, S 

30 and Ca 55 (all kg ha
-1

) while seeding with the seeder, and N at 180 kg ha
-1

 was broadcast 

as 3 splits, one week after seeding and twice during wheat tillering.  Irrigation was provided 

at regular intervals using an overhead sprinkler system.  The broadcast-seeded herbicide 

susceptible WALR1 L. rigidum seed emerged and established to give a density of 

approximately 20 seedlings m
-2

, which is representative of the densities of L. rigidum 

infesting commercial wheat and other crops in Australia.  When these infesting L. rigidum 

seedlings were at the 2- to 3- leaf stage, a below-label 281 g diclofop-methyl ha
-1 

(75 % of 

the Australian label rate) was applied (0.25 % BS1000 surfactant) using a boom sprayer 

calibrated to deliver 133 L total volume ha
-1

.  The L. rigidum seedlings were counted before 

and 21, 33 and 45 days after diclofop-methyl treatment with a quadrat of 0.25 m
2
 at 50 

random points within the 0.5 ha site.  In total, around 100,000 L. rigidum seedlings within 

the wheat crop were diclofop-methyl treated and this caused high mortality (95% at 45 days 

after treatment) but leaving survivors at approximately one L. rigidum survivor m
-2

.  Most 

of these diclofop-methyl survivors (around 5000 in total over the 0.5 ha) grew to maturity 

within the wheat crop, flowered and produced seed.  It is emphasised that there were no 
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interventions, these surviving L. rigidum plants had to mature in the prevailing competitive 

environment within the crop and flowering and pollen movement occurred naturally.  

Although, L. rigidum growing within 15m of the experimental site were removed, there 

existed the possibility of pollen movement of native herbicide susceptible L. rigidum 

growing in the vicinity of the experimental site.  As the experimental site is at least 100 

kilometres from crop-fields there was no possibility of resistance being introduced by 

pollen flow from resistant plants.  When the diclofop-methyl surviving L. rigidum plants 

were mature in the crop, their seed was hand-harvested, then threshed and stored in dry 

conditions until use.  This collected seed was designated as 1F line indicating the first cycle 

of selection in the field conditions.  In May 2007 a dose-response study similar to that 

described above was conducted to compare the response of the field-selected 1F line to the 

susceptible WALR1 line (parent).  

In 2007, the wheat crop-field selection with diclofop-methyl was repeated in the 

same manner on the same area as described for 2006 (on a smaller plot of 225 m
2
).  The 

2006 seed progeny 1F was hand broadcast-seeded in 2007 as previously described and 

resulted in a population of 27 L. rigidum seedlings m
-2 

, giving a total of 6000 L. rigidum 

seedlings that were subsequently diclofop-methyl treated in the wheat crop.  When these L. 

rigidum seedlings were at the 2- to 3-leaf stage, 375 g diclofop-methyl ha
-1

 was applied 

with 0.25 % BS1000 using the same boom sprayer.  This treatment caused high mortality, 

but there was 11% survival.  These 11% survivors grew to maturity within the wheat crop, 

flowered and produced seed which was harvested, threshed and stored and designated as 

the 2F line.  In May 2008, the two field-selected lines were included in the final dose-

response study as described above in the pot study conducted in May 2008.  After 21 days, 
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plant survival was recorded; above ground fresh biomass was determined and expressed as 

the percentage of the mean of the untreated control. 

3.3.3 Effect of herbicides of different chemistries and modes of action 

In 2008, herbicide resistance profiling of the twice-selected L. rigidum progenies from both 

the field-grown pot (2P) and the crop-field experiments (2F) was conducted in comparison 

to the susceptible WALR1 line to assess any change in sensitivity to various herbicides.  

Seeds (20) were sown in plastic pots (180 mm size) filled with fresh potting mixture and 

maintained in the field and watered as required.  When the majority of the seedlings were at 

the 2- to 3- leaf stage, seedlings were thinned to give 48 uniform seedlings (3 replicate pots 

with 16 seedlings) for each herbicide treatment rate.  These seedlings were treated with a 

series of rates of haloxyfop-R-methyl (0, 8, 15, 50 g ha
-1

), fluazifop-P-butyl (0, 20, 40, 90 g 

ha
-1

), (both ACCase–inhibiting aryloxyphenoxypropionates), sethoxydim (0, 15, 30, 65 g 

ha
-1

), clethodim (0, 5, 12, 30 g ha
-1

) (both ACCase-inhibiting cyclohexanediones), 

chlorsulfuron (0, 8, 15, 30 g ha
-1

) and imazethapyr (0, 20, 40, 90 g ha
-1

) (both 

acetohydroxyacid synthase –AHAS/ALS inhibitors).  All the seedlings were maintained in 

the field and plant survival was assessed 21 days after herbicide application. 
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Figure 3.1  Wheat crop and L. rigidum established for first cycle of selection in 2006 at Shenton 

park field station.  

3.3.4 Data analysis 

 A logistic model  

)log()log(exp1 exb

d
Y     Eqn 1 

 

was fitted to the survival data, where Y is plant survival as a percentage and d the upper 

asymptotic values of Y.  The parameter e is the herbicide rate producing a survival rate half 

way between the lower limit zero and upper limit d, the parameter x is herbicide dose and 

the parameter b denotes the relative slope around e (Ritz and Streibig, 2005).  The same 

logistic model was also fitted to the biomass data.  These fitted logistic models were used to 

estimate the rate of herbicide that causes 50% mortality (LD50) and the rate that causes 50% 

growth reduction (GR50) using the statistical software R (version 2.7) (R Development Core 

Team, 2009) with its drc package (Knezevic et al, 2007).  The null hypothesis that the LD50 
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values of the selected and unselected L. rigidum populations were the same was tested 

using the SI function in the drc package.  The same function was also used to test the GR50 

values of the selected and unselected L. rigidum populations.  The response to selection for 

the different selected progenies was measured as the R:S ratio (resistant: susceptible) of the 

estimated LD50 and GR50 values.  Plant survival dose-response graphs are presented with 

untransformed data (not in log scale). 

3.4 Results 

3.4.1 Confirmation of diclofop-methyl susceptibility of the parent L. rigidum 

population WALR1 

In a preliminary herbicide screening in 2006, the L. rigidum population WALR1 was 

confirmed to be diclofop-methyl susceptible (100% mortality at 375 g diclofop-methyl ha
-1

 

the registered label rate in Australia).  Further, dose-response experiments have confirmed 

the susceptibility of this population, with mortality ranging from 98 to 100% at the 

registered diclofop-methyl label rate (375 g diclofop-methyl ha
-1

).  The estimated LD50 

values of this WALR1 population were 40 and 69 g diclofop-methyl ha
-1 

in the 2007 and 

2008 experiments, respectively.  As expected, at lower diclofop-methyl rates there was 

plant survival, indicating phenotypic variation for diclofop-methyl sensitivity in this 

population (Figure 3.2).  In the pot study, with 2- to 3-leaf stage seedlings treated at 187 g 

diclofop-methyl ha
-1 

(50% of the registered label rate), there was 10% survival in the 

unselected parent WALR1 population.  Similarly, in the crop-field experiment at 281 g 

diclofop-methyl ha
-1 

(75% of the registered label rate) there was 5% survival.  It is 

emphasised that in both pot and field experiments these survivors were affected by the 
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diclofop-methyl treatment but they recovered and then grew vigorously, flowered and 

produced viable seed. 
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Figure 3. 2  Dose-response curve for L. rigidum biotype WALR1 following application of a series 

of doses of diclofop-methyl in 2007.  The symbols are mean observed percentage survival; error 

bars are ± one standard error of the mean (n=3).  The solid line is the predicted value for percentage 

survival 

3.4.2 Resistance evolution in L. rigidum population WALR1 under diclofop-

methyl selection in pots 

Even after just one cycle of low rate of diclofop-methyl selection, there was clear evidence 

of diclofop-methyl resistance in the pot experiment (Table 3.1 & Figure 3.3a).  The LD50 of 

the once-selected 1P line (LD50=150 g diclofop-methyl ha
-1

)
 
was substantially higher 

compared to its parent line (LD50=69 g diclofop-methyl ha
-1

) (Table 3.2), the corresponding 

R:S LD50 was 2.2.  The second cycle of selection resulted in high-level diclofop-methyl 

resistance, (Figure 3.3a).  The LD50 of the twice-selected 2P individuals (1272 g diclofop-

methyl ha
-1

) was much higher compared to the originating parent population (69 g diclofop-
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methyl ha
-1

) (Table 3.2), the corresponding R:S LD50 was 18.4.  The GR50 and R:S GR50, 

computed from the fresh plant biomass assessment following diclofop-methyl treatment, 

followed a similar trend to the LD50 and R:S LD50 (Table 3.1 & 3.2).  The GR50 of the once-

selected pot 1P line was 388 g diclofop-methyl ha
-1 

compared to 60 g diclofop-methyl ha
-1

 

for its parent line, the corresponding R:S GR50 value was 6.5.  Similar to the survival data, a 

many-fold increase in GR50 was apparent with the second cycle of selection; the GR50 of the 

2P line was 1065 g diclofop-methyl ha
-1

and the corresponding R:S GR50 value was 17.8.   
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Figure 3.3  Dose-response curves for L. rigidum biotypes after the second cycle of selection in 2008 

in (a) the pot experiment and (b) the crop-field experiment, following application of a series of 

doses of diclofop-methyl. WALR1: solid line, solid triangle; first-generation selected line: broken 

line, solid circle; second-generation selected line: dotted line, open circle.  Symbols are mean 

observed percentage survival; error bars are ± one standard error of the mean (n=3).  Lines are the 

predicted values for percentage survival 
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 Table 3.1 Parameters and estimated LD50  and GR50  values from the logistic model: )log()log(exp1 exb
dY

 fitted to the dose-

response data for the WALR1 biotype and the selected lines 1P, 2P,1F and 2F with a series of doses of diclofop-methyl in 2008 

 

 

a
 Residual mean square, 

 b  
adjusted R

2
 

c 
LD50 R:S ratios calculated as LD50 for selected line/LD50 for unselected WALR1 biotype 

d 
GR50 R:S ratios calculated as GR50 for selected line/GR50 for unselected WALR1 biotype

 

Biotype 

 

% survival % biomass 

d e b RMS 
a
 LD50  R

2 b
 

 

R:S 

ratio 
c
 

d e 

 

b RMS 
a
 GR50  R

2 b
 

 

R:S 

ratio 
d
 

WALR1 

 

100 69 2 25 69 0.98 1 100 60 0.4 40 60 0.94 1 

1F 

 

100 

 

120 1 31 120 0.97 1.7 100 252 0.6 73 252 0.88 4.2 

1P 

 

 

100 150 1 49 150 0.95 2.2 100 388 0.7 65 388 0.88 6.5 

2F 

 

 

100 258 1 70 258 0.92 3.7 100 575 1 74 575 0.85 9.6 

2P 

 

 

100 1272 2 14 1272 0.90 18.4 100 1065 1 116 1065 0.84 17.8 
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Table 3.2  Estimates of LD50  or GR50 ratios and corresponding p values from the comparison 

between the unselected and selected populations. 

Biotypes 

compared 

% survival % biomass 

Estimate of 

LD50  ratio 
a
 

p-value 
b
 Estimate of 

GR50  ratio 
a
 

p-value 
b
 

 1F : WALR1 1.7 (0.09) 0.001 4.2 (0.11) <0.0001 

2F : WALR1 3.7 (0.05) <0.0001 9.6 (0.5) <0.0001 

2F : 1F  2.2 (0.08) <0.0001 2.3 (0.13) <0.0001 

1P : WALR1 2.2 (0.07) <0.0001 6.5 (0.07) <0.0001 

 2P : WALR1 18.4 (0.01) <0.0001 17.8 (0.03) <0.0001 

2P : 1P 8.5 (0.02) <0.0001 2.8 (0.14) <0.0001 

 
 a 

standard errors are shown in parenthesis 

  

 
b 
The p –value indicates there is significant difference between all the populations 

compared 

 

3.4.3 Effect of other herbicides in pot selected line  

In addition to the evolution of diclofop-methyl resistance (Figure 3.3a), there was evidence 

of moderate level of resistance to other ACCase herbicides haloxyfop-R-methyl or 

fluazifop-P-butyl and the AHAS herbicides chlorsulfuron or imazethapyr (Table 3.3 & 

Figure 3.4a-d).  The observed resistance against all four of these herbicides was not of the 

magnitude observed for diclofop-methyl.  The R:S LD50 estimated for fluazifop-P-butyl and 

haloxyfop-R-methyl was 1.5 and 1.4 respectively.  There was clear evidence of resistance 

to chlorsulfuron and imazethapyr with R:S LD50 of 3.8 and 2.4 respectively.  There was no 

evidence of increased resistance to sethoxydim and clethodim, where the response of the 

selected population was the same as that of the susceptible parent line (Table 3.3 & Figure 

3.4e-f).  
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3.4.4 Resistance evolution in L. rigidum population WALR1 under diclofop-

methyl selection in a crop-field 

As for the pot experiment (Figure 3.3a), the wheat field experiment revealed resistance 

evolution from recurrent selection at low diclofop-methyl rate (Figure 3.3b).  In 2008, the 

once and twice crop-field diclofop-methyl selected lines 1F and 2F were compared with 

their unselected susceptible parent (WALR1).  The LD50 of the once-selected line 1F line 

(120 g diclofop-methyl ha
-1

) was significantly higher compared to its parent (69 g diclofop-

methyl ha
-1

) (Table 3.2), the corresponding  R:S LD50 ratio was 1.7.  The twice crop-field 

selected 2F line showed significantly higher levels of resistance with the second cycle of 

selection (Table 3.1 & Figure 3.3b).  There was an increase in the LD50 of the twice-

selected 2F line (258 g diclofop-methyl ha
-1

) compared to its susceptible parent (69g 

diclofop-methyl ha
-1

) (Table 3.2) the corresponding R:S LD50 was 3.7.  The GR50 and R:S 

GR50, computed from the fresh plant biomass assessment in the crop-field selected lines, 

indicated increased diclofop-resistance as for the LD50 and R:S LD50 (Table 3.1& 3.2).  The 

GR50 of the once crop-field selected 1F line was 252 g diclofop-methyl ha
-1 

compared to 60 

g diclofop-methyl ha
-1

 of its susceptible parent, the corresponding R:S GR50 was 4.2.  

Similarly, there was an increase in the estimated GR50 of the twice crop-field selected 2F 

line (575 g diclofop-methyl ha
-1

), the corresponding R:S GR50 was 9.6. 

3.4.5 Effect of other herbicides in crop-field selected line 

Similarly to the pot experiment (Table 3.3 & Figure 3.4a-d), increased survival of the twice 

crop-field selected L. rigidum line was observed for haloxyfop-R-methyl, fluazifop-P-butyl, 

chlorsulfuron and imazethapyr (Table 3.3 & Figure 3.4a-d).  As for the pot selected line, 

the response of the crop-field selected population to sethoxydim and clethodim was the 
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same as that of the susceptible line (Table 3.3 & Figure 3.4e-f).  There was moderate 

resistance to haloxyfop-R-methyl and fluazifop-P-butyl, the respective R:S LD50 values 

were 1.4 and 1.6.  Similarly, there was resistance to chlorsulfuron and imazethapyr, the R:S 

LD50 values were 2.6 and 1.4 respectively. 
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Figure 3.4  Dose-response curves for L. rigidum biotype WALR1 (solid line, black triangle), the 

second generation field-selected line 2F (broken line, open circle) and the second generation pot 

selected line 2P (dotted line, solid circle) treated with a range of doses of imazethapyr (a), 

chlorsulfuron (b), fluazifop-P-butyl (c), haloxyfop-R-methyl (d), clethodim (e), sethoxydim (f).  

Symbols represent mean percentage survival; error bars are ± one standard error of the mean (n=3). 

Lines are the predicted values for percentage survival. 
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Table 3.3 Parameters and estimated LD50  values from the logistic model:
)log()log(exp1 exb

dY   fitted to the dose-response 

data for the WALR1, 2P and 2F lines treated with a series of doses of selected ACCase- and AHAS-inhibiting herbicides 

 

 
a
 Residual mean square, 

 b  
adjusted R

2 

c 
LD50 R:S ratios calculated as LD50 for selected line/LD50 for unselected WALR1 biotype, 

d 
significant difference between  

selected line and unselected line at p ≤ 0.05

 

Biotype 

Imazethapyr Chlorsulfuron  

d e b RMS 
a
 R

2 b
 

 

LD50 R:S 

ratio 
c
 

d e b RMS 
a
 R

2 b
 

 

LD50 R:S 

ratio 
c
 

WALR1 100 13 2 15 0.99 13 1.0 100 16 1 112 0.84 16 1.0 

2F 100 18 1 17 0.98 18 1.4 
d
 100 41 1 37 0.86 41 2.6 

d
 

2P 100 31 1 104 0.90 31 2.4 
d
 100 60 3 11 0.80 60 3.8 

d
 

 

 

Fluazifop-P-butyl Haloxyfop-R-methyl 

WALR1 100 26 4 18 0.99 26 1.0 100 8 4 51 0.98 8 1.0 

2F 99 41 5 146 0.91 41 1.6 
d
 100 11 5 49 0.97 11 1.4 

d
 

2P 100 40 3 131 0.91 40 1.5 
d
 100 11 4 53 0.96 11 1.4 

d
 

 

 

Clethodim Sethoxydim 

WALR1 99 10 3 22 0.99 10 1 100 30 6 6 0.99 30 1 

2F 98 11 3 25 0.99 11 1.1 101 32 4 37 0.98 32 1.1 

2P 99 11 3 109 0.93 11 1.1 101 31 3 104 0.92 31 1 
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3.5 Discussion 

3.5.1 Herbicide resistance evolution in pot-selected L. rigidum lines 

 

The high level diclofop-methyl resistance that evolved in the initially herbicide susceptible 

pot-selected L. rigidum (Figure 3.3a) illustrates the potential of reduced rates of diclofop-

methyl to select and enrich any weak herbicide resistance traits present in a herbicide-

susceptible L. rigidum, confirming the previous results of Neve and Powles (2005a,b).  This 

resistance evolution of susceptible L. rigidum (Figure 3.2) was undoubtedly due to the 

survivors possessing genetically endowed traits enabling survival at low rates of diclofop-

methyl.  It is emphasised that L. rigidum is strictly cross-pollinated, meaning that gene 

traits endowing low-level diclofop-methyl resistance were enriched in the selected L. 

rigidum lines (Figure 3.3a). 

3.5.2 Evolution of herbicide resistance in the crop-field selected L. rigidum 

Our wheat crop-field study demonstrates for the first time the herbicide resistance evolution 

resulting from low herbicide rate application in a crop-field environment (Table 3.1 & Figure 

3.3b).  The first cycle of selection was carried out at 75% of the registered label rate of 

diclofop-methyl, a reduced rate that is representative of that which prevailed in Australian 

cropping.  As was found with the pot experiments, this low dose selection resulted in evolved 

resistance in the field (Table 3.1 & 3.2).  After only two rounds of selection, there was a four 

times increase in the LD50 of the twice selected 2F line over the susceptible line (Table 3.1).  

Although the resistance evolution that occurred in the field was substantial, it was lower than 

that observed in the pot experiment (Table 3.2 & Figure 3.3b).  We attribute this difference to 

the conditions prevailing in the crop-field.  In the pot experiment, pollen flow could only 

occur amongst the herbicide survivors.  In the crop-field situation, wind-borne pollen from 
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susceptible L. rigidum outside the experimental area and from late emerging susceptible L. 

rigidum within the field could dilute pollen from herbicide survivors and thus slow the 

evolution of resistance.   

3.5.3 Herbicide cross-resistance profile 

The diclofop-methyl resistant lines (twice-selected 2F and 2P) from both the pot 

experiment and the crop-field experiment exhibited higher survival against the ACCase-

inhibiting herbicides haloxyfop-R-methyl and fluazifop-P-butyl and the AHAS-inhibiting 

herbicides chlorsulfuron and imazethapyr (Table 3.3 & Figure 3.4a-d).  This phenomenon 

is referred to as cross-resistance, where evolution of resistance to one herbicide results in 

resistance to herbicides of a same/different chemical group or mode of action (Hall et al, 

1994).  The results of the current study (Table 3.3 & Figure 3.4a-d) are in agreement with 

an earlier study, where resistance to haloxyfop-R-methyl, fluazifop-P-butyl and 

imazethapyr was evident in an initially herbicide susceptible L. rigidum selected with low 

rates of diclofop-methyl (Neve and Powles, 2005b).  Overall, this suggests that the selected 

herbicide resistance traits are likely metabolic rather than specific target-site-based traits.  

All of the herbicides for which cross-resistance was observed (Table 3.3 & Figure 3.4a-d), 

are known to be metabolised by herbicide resistant L. rigidum populations through the 

activity of cytochrome P450 monooxygenases (Christopher et al, 1994; Hidayat and 

Preston, 2001).  In addition, no cross-resistance occurred to clethodim or sethoxydim 

(Table 3.3 & Figure 3.4e-f), these are lethal to wheat because, unlike some other herbicides 

(Anderson et al, 1989; Forthoffer et al, 2001) wheat cannot detoxify these herbicides by 

P450 monooxygenase metabolism.  The results of the cross-resistance profile thus indicate 

that the herbicide resistance traits selected by low-rates of diclofop-methyl are probably 

metabolism-based.  However, genetic analysis of the selected L. rigidum is necessary to 
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understand the exact resistance mechanisms and whether the evolved resistance is due to 

monogene (Mendelian inheritance) and /or polygenic (quantitative inheritance).  

3.5.4 Possible genetic basis of evolved herbicide resistance at low rates of 

herbicide selection  

In the pot study, herbicide resistance evolution occurred commencing with small population 

of only 200 L. rigidum individuals.  This indicates that when selection occurs at low 

herbicide dose there is a high frequency of weak resistance traits.  Obviously, the initial 

frequency of resistance is one of the major factors that decides the rapidness of herbicide 

resistance evolution (Darmency, 1994; Jasieniuk et al, 1996).  If herbicide selection occurs 

at a high dose that causes very high mortality then resistance genes are rare, but at a low 

herbicide dose, weak resistance genes can be frequent (Figure 3.2).  Adaptation through 

polygenic response is possible, because, contrary to high selection intensity, less intense 

selection allow the expression of minor effects and these minor effects would additively 

contribute (polygenic /quantitative response) towards a high level of phenotypic response 

(Lande, 1983).  In particular, polygenic response towards resistance evolution has been 

suggested/modelled in insects (Roush and McKenzie, 1987), fungi (Shaw, 1989), bacteria 

(Olofsson and Cars, 2007) and weeds (Gressel, 2002).  It is reasonable to think that 

genetically variable cross-pollinating L. rigidum with multiple herbicide resistance 

mechanisms (de Prado et al, 2005; Powles and Matthews, 1992) could evolve herbicide 

resistance through polygenic response.   

 In many instances, weeds have evolved herbicide resistance through target site 

mutations that alter the properties of herbicide target enzymes (reviewed by Powles and Yu, 

2010).  Some of these target site mutations confer high level herbicide resistance 

(Darmency, 1994; Powles and Yu, 2010).  However, there are non-target site mechanisms 
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that endow herbicide resistance (Powles and Yu, 2010; Yuan et al, 2007).  Especially in 

cross-pollinated species like L. rigidum (de Prado et al, 2005) or Alopecurus myosuroides 

(Letouze and Gasquez, 2003), these mechanisms may confer varying levels of herbicide 

resistance.  Therefore, the selection and enrichment of these non-target site mechanisms 

may greatly depend on the herbicide use rates.  From a herbicide resistance management 

perspective, the resistance due to non-target site resistance mechanisms are difficult to 

manage by changing the herbicide as these mechanisms confer herbicide resistance across 

the herbicide mode of action groups (Powles and Yu, 2010; Preston, 2004; Yuan et al, 

2007) 

3.5.5 Implications of reduced herbicide rate 

Registration herbicide rates are set at a level designed to provide a high degree of weed 

control under a wide range of environmental conditions and weed growth stages (Doyle and 

Stypa, 2004).  A reduced herbicide rate is risky because its efficacy depends strongly on 

factors such as the competitive ability of the crops, the efficiency of herbicide application, 

the prevailing environment and the crop growth stage (Blackshaw et al, 2006).  If a reduced 

herbicide rate results in substantial weed survivors then there is a sizeable gene pool 

capable of augmenting multiple herbicide resistance mechanisms in the weed population: 

note that many weedy species around the world, including L. rigidum, are cross-pollinated 

(Spoor and McCraw, 1984) and can accumulate resistance traits.  Similar to L. rigidum 

(Busi et al, 2008), of the herbicide resistant weeds Alopecurus myosuroides (Chauvel and 

Gasquez, 1994), Kochia scoparia (Guttieri et al, 1998) or many Amaranthus genus weed 

species (Trucco et al, 2009) could exchange resistance traits by cross-pollination.  
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3.5.6 Future research priorities 

Estimation of the heritability of herbicide resistance traits becomes important in deciding a 

safe herbicide rate, as environmental variation may have a substantial influence upon the 

phenotypic expression of polygenic traits.  Another important area for future work is 

employing simulation modelling as a tool to identify the effect of different herbicide rates 

in the selection of minor gene herbicide resistance traits.  Once a model that can predict the 

patterns of herbicide resistance evolution observed in the present study is developed, this 

model can be used to identify optimal management options. 

3.6 Summary 

Our study demonstrates, for the first time in the field in a commercial crop, the potential 

implications of herbicide rate cutting to result in the rapid herbicide resistance evolution in 

L. rigidum through the selection and accumulation of minor gene herbicide resistance traits.  

The similar pattern of resistance and cross-resistance of the selected populations from the 

pot and crop-field indicates the similarity in the evolutionary process in both the pot and 

crop-field.  Future work by simulation modelling is warranted to identify the effect of 

different herbicide rates in the evolution of herbicide resistance as evidenced in the present 

study.  This should help to identify optimal management options.  The results of this study 

illustrate the advantage of using herbicides only at rates that cause very high target weed 

mortality, thus avoiding rapid evolution of herbicide resistance and cross–resistance in 

genetically variable L. rigidum. 
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Chapter 4 

A herbicide susceptible Lolium rigidum population is made even more 

herbicide susceptible 

4.1 Abstract 

This is the first study to increase the herbicide susceptibility of an already herbicide 

susceptible weed population.  This was achieved by recurrently excluding the clones of 

survivors of low rates of diclofop-methyl (an ACCase inhibiting herbicide) from a well-

characterized herbicide-susceptible Lolium rigidum Gaud. (annual ryegrass) population.  

Susceptible L. rigidum plants were divided into two identical portions (clones). One series 

of cloned plants was treated with a low diclofop-methyl dose (94g diclofop-methyl ha
-1

).  

The untreated clone of individuals that did not survive the herbicide treatment (highly 

herbicide-susceptible) were selected and bulk-crossed to obtain the once-selected 

susceptible progeny.  The selection was similarly repeated on the once-selected progeny 

with a lower diclofop-methyl dose (47 g diclofop-methyl ha
-1

), to produce a twice-selected 

susceptible progeny.  Diclofop-methyl dose response profiles indicated significant increase 

in herbicide susceptibility in both the selected L. rigidum progenies in comparison with the 

parent line.  Screening the twice-selected susceptible progeny with herbicides other than 

diclofop-methyl indicated enhanced herbicide sensitivity to two other ACCase herbicides 

(haloxyfop-R-methyl and sethoxydim) and also to a third herbicide with a different mode of 

action (chlorsulfuron, AHAS herbicide).  The results indicate the likelihood that minor gene 

herbicide resistance traits present in a herbicide susceptible population allowed survival of 

L. rigidum at low rates of diclofop-methyl, and the removal of these survivors from the 

population enhanced the herbicide susceptibility of the selected progenies.  The information 
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obtained in this study will contribute to understanding the genetic basis and evolutionary 

dynamics of herbicide resistance mediated by low rates of herbicide selection. 

4.2 Introduction 

Herbicides are integral to modern agriculture and serve the world to help produce food and 

fibre to cater for its ever-increasing human population.  Herbicides are a powerful and 

unique technology but over-reliance on this technology without diversity, has resulted in 

the rapid emergence of many herbicide-resistant weeds (Powles and Yu, 2010).  It is almost 

inevitable that genetically variable plant/weed populations will evolve resistance to biotic 

or abiotic stresses, so it is not surprising that 194 weed species around the world have been 

identified to be herbicide resistant in an era of herbicide intensive farming (Heap, 2010).  L. 

rigidum is one of the most important of these species, and is a classic example of a 

continually evolving herbicide resistant weed (Burnet et al, 1994a; Gill, 1995; Heap, 2010; 

Llewellyn and Powles, 2001; Powles and Howat, 1990; Powles and Matthews, 1992; 

Preston et al, 2009) 

 The biological, genetic and operational factors contributing to herbicide resistance 

evolution in weeds or L. rigidum in particular have been reviewed by various scientists 

(Darmency, 1994; Jasieniuk et al, 1996; Neve, 2007; Powles and Matthews, 1992; Powles 

and Yu, 2010).  Among the operational factors, herbicide dose (use rate) has a dominant 

role in deciding the pace of herbicide resistance evolution  (Darmency, 1994).  Until 

recently, much of the evolutionary thinking on the possible role of herbicide use rate in 

resistance evolution has revolved around the potential to rapidly select for major gene 

herbicide resistance traits using high dose rates.  Conversely, Neve and Powles (2005b) 

demonstrated the potential for a low rate of diclofop-methyl to select for minor gene 

resistance traits in a L. rigidum population, thus resulting in the rapid evolution of herbicide 
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resistance.  Similarly, in another study, Busi and Powles (2009) demonstrated that 

recurrently selecting L. rigidum populations at low rates of glyphosate could result in the 

evolution of glyphosate resistance. 

 It is likely that the observed rapid herbicide resistance evolution in L. rigidum was 

caused by application of low rates of herbicides selecting for relatively minor gene 

resistance traits present in herbicide  susceptible L. rigidum populations.  This would have 

been less likely at high rates of herbicides due to lack of survival at these high rates (Neve 

and Powles, 2005b).  Therefore, these results raise another interesting question: if low rates 

can result in rapid herbicide resistance by selecting minor gene herbicide resistance traits in 

L. rigidum, is it possible to exclude these resistance traits from the population?  Indeed, 

such a study would improve understanding of the low-rate herbicide-selected resistance 

traits in L. rigidum populations and their overall contribution towards the 

susceptibility/resistance level of a population.  

 In this Chapter, we explain how we were able to shift a herbicide susceptible L. 

rigidum population to being even more herbicide susceptible.  Besides providing a better 

understanding of the herbicide resistance traits selected by low rates, the academic and 

practical implications of this study in herbicide resistance research and management are 

discussed in this Chapter. 

4.3 Materials and Methods 

4.3.1 Selecting diclofop-methyl susceptible L. rigidum  

VLR1, a well characterized, herbicide susceptible biotype of L. rigidum with proven 

susceptibility to diclofop-methyl and other commercial herbicides (Neve and Powles, 

2005b) was the plant material chosen for this study.  The experiment was conducted 

outdoors at the University of Western Australia during the normal growing season.  In 
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August 2006, 180 uniform seedlings (7 days old), germinated in agar medium, were 

transplanted to pots of 180 mm diameter (3 per pots) filled with potting mixture (sand and 

peat at 1:1 ratio).  After transplanting, the pots were maintained outdoors and watered well.  

Plants grew vigorously and tillered.  One month after planting, each individual was divided 

into two clones by carefully pulling apart the tillers with roots and shoots intact.  The 

shoots and roots of the clones were trimmed to approximately 20 mm using scissors, 

resulting in two sets of 180 ryegrass clones ready for planting.  One set of theses clones 

were planted in cell trays (28 × 33 × 5 cm) (20 plants per tray) filled with potting mixture, 

and the corresponding clones were planted in another set of cell trays.  Labelling was used 

to identify the cloned counterparts in both sets of trays.  The clones were maintained 

outdoors and allowed to re-establish.  After one week, the clones were treated with the very 

low rate of 94 g diclofop-methyl ha
-1

 plus surfactant (0.25 % of BS1000) using a twin 

nozzle laboratory sprayer, calibrated to deliver 113 litre of spray volume per hectare at 210 

kPa.  After the herbicide treatment, the trays were returned outdoors.  After 21 days, plant 

survival was assessed.  As expected, the majority of plants survived with only 30% 

mortality (55 dead plants).  Unsprayed clones corresponding to dead plants (24 plants) were 

excavated from the trays, repotted in 250 mm plastic pots (3 per pot) and maintained 

outdoors, while all surviving plants and their corresponding unsprayed clones were 

discarded. Prior to anthesis, all the remaining plants were placed in pollen proof enclosures 

to ensure cross-pollination exclusively between these selected plants (L. rigidum is an 

obligate cross-pollinating species).  At maturity, the seeds were harvested, threshed and 

stored in dry conditions until use.  The collected seeds were designated as „1S‟, indicating 

the once-selected line towards susceptibility. 
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 In June 2007, a dose response study was conducted to compare the response of the 

selected 1S line to the original VLR1 line.  Seeds (40) of both the lines were sown in plastic 

trays (28 × 33 × 5 cm) filled with potting mixture and maintained outdoors.  At the 2- to 3 

leaf stage, these seedlings were treated with diclofop- methyl at rates of 0, 23, 47, 94, 187 

and 375g diclofop-methyl ha
-1

 using the same laboratory sprayer described previously 

(untreated control was treated with water plus surfactant).  Three replicate trays with 

approximately 30 plants per tray were treated with each herbicide rate.  After the herbicide 

treatment, plants were returned outdoors.  Plant mortality was assessed 21 days after the 

herbicide treatment. 

4.3.2 Recurrent selection of L. rigidum for susceptibility 

The selection towards susceptibility was continued in 2007 on the once-selected 1S L. 

rigidum line using a similar procedure to that described earlier but lowering the herbicide 

rate to only 47 g diclofop-methyl ha
-1

.  Three hundred 1S L. rigidum plants were cloned 

into two, planted in two sets of cell trays and maintained outdoors (as previously 

described).  One week later, one set of clones (300 plants) were sprayed with 47 g diclofop-

methyl ha
-1

 using the laboratory sprayer.  Plants were returned outdoors after the herbicide 

treatment.  Twenty-one days after the herbicide treatment, mortality was assessed and there 

was only 18% mortality (54 dead plants).  The twenty-four unsprayed clones corresponding 

to the dead plants were excavated from the trays, and repotted.  At the time of anthesis, 

these plants were placed in a pollen-proof enclosure to ensure cross-pollination.  The seeds 

were harvested and the collected seeds were designated as the 2S line, indicating the twice-

selected susceptible L. rigidum. 

In May 2008, a dose response study was carried out to compare the response of the 

selected lines 1S and 2S with their parent VLR1 line.  This was similar to the dose response 



Chapter 4 

 

 78 

study described earlier except that diclofop-methyl rates of 0, 11, 23, 47, 94 and 187 g ha
-1

 

were used.  After 21 days, plant survival was recorded, and the above-ground fresh biomass 

of all the plants was recorded and expressed as a percentage of the untreated control. 

4.3.3 Susceptibility of the selected progenies to other herbicides  

The susceptibility of the twice-selected L. rigidum line 2S was compared with the 

unselected line VLR1 for herbicides other than diclofop-methyl.  Seeds (25) of the twice 

selected and unselected line were sown in plastic pots (180 mm size) filled with potting 

mixture and maintained outdoors.  At the time of herbicide spray, there were 60 uniform 

seedlings (3 replicate pots with 20 seedlings) at 2- to 3- leaf stage for each herbicide rate.  

Theses seedlings were treated with a series of rates of fluazifop-P-butyl (0, 7.5, 15, 30 70 g 

ha
-1

) haloxyfop-R-methyl (0, 4, 8, 15, 30 g ha
-1

) (both ACCase-inhibiting 

aryloxyphenoxypropionates), sethoxydim (0, 7.5, 15, 30, 60 g ha
-1

) (ACCase-inhibiting 

cyclohexanedione), imazethapyr (0, 10, 20, 40, 80 g ha
-1

) and chlorsulfuron (0, 4, 8, 15, 30 

g ha
-1

) (both AHAS inhibitors).  Plants were returned outdoors after the herbicide 

treatment.  Plant survival was assessed 21 days after the herbicide treatment. 

4.3.4 Data analysis 

A three parameter logistic model was fitted to the survival and biomass data (Ritz and 

Streibig, 2005):  

 

)log()log(exp1 exb

d
Y  

 

where Y is plant survival as a percentage, d is the upper asymptotic bound on Y, e is the 

herbicide rate producing a survival rate half-way between the lower limit zero and the 
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upper limit d, x is herbicide dose and b denotes the relative slope around e.  The model was 

fitted to the survival and biomass data and used to estimate the LD50 (herbicide dose 

corresponding to 50% mortality) and GR50 (herbicide dose corresponding to 50% growth 

reduction) using the statistical software R (version 2.7) (R Development Core Team, 2009) 

with its drc package (Knezevic et al, 2007).  Response to selection or the increase in 

susceptibility (reduction in resistance) of the selected lines over the unselected lines was 

assessed by computing the R:S LD50 ratio (LD50 of the selected line divided by LD50 of the 

unselected line).  Similarly, the R:S GR50 ratio was also computed.  The selectivity index 

function of the drc package was used to assess the difference in susceptibility level between 

the selected and unselected L. rigidum lines.  This was done by testing the null hypothesis 

that the estimated LD50 or GR50 values of the selected and unselected lines were the same, 

or equivalently, that the ratio was equal to one.  All plant survival dose response graphs are 

presented with untransformed data (not in log scale). 

4.4 Results: 

4.4.1 Diclofop-methyl susceptibility of VLR1 L. rigidum  

The diclofop-methyl dose response profiles reconfirmed the high-level susceptibility of the 

VLR1 L. rigidum population (Figure 4.2a-b & Table 4.1).  This was evident from the LD50 

(33 g diclofop-methyl ha
-1

) and GR50 (24 g diclofop-methyl ha
-1

) values, estimated for this 

line (Table 4.1).  In addition, there was 100% mortality in VLR1 at the Australian 

registered rate of diclofop-methyl (375 g diclofop-methyl ha
-1

) in the experiments 

conducted in 2007 and 2008.  Note that despite the high level of diclofop-methyl 

susceptibility, there was survival at low rates of diclofop-methyl (Figure 4.2a-b).  The 

differential survival at a range of low diclofop-methyl rates has resulted in a decreasing 
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„dose response curve” (Figure 4.2a-b) rather than a perfectly abrupt threshold, indicating 

genetic variability in the level of diclofop-methyl susceptibility in this L. rigidum 

population (VLR1).  This existing genetic variability in the L. rigidum population enabled 

us to shift the population towards more susceptibility.   

4.4.2 Increased level of susceptibility in the selected L. rigidum lines 

The removal of surviving VLR1 plants at 94 g diclofop-methyl ha
-1

 from the population has 

increased the susceptibility of the once-selected line, 1S (Table 4.1).  The LD50 of the 1S 

line was 23 g diclofop-methyl ha
-1

 compared to 33 g diclofop-methyl ha
-1

 of the parent 

VLR1 line, the corresponding R:S LD50 ratio was 0.7.  Similarly, the GR50 of the once-

selected line (18 g diclofop-methyl ha
-1

) was reduced compared to the parent line (24 g 

diclofop-methyl ha
-1

), with a corresponding R:S GR50 of 0.8.  Continuing the selection by 

excluding the 1S L. rigidum that survived 47 g diclofop-methyl ha
-1

 has shifted the 

population even further towards susceptibility (Figure 4.1 & 4.2).  With the second cycle of 

selection, the LD50 of the twice-selected line was reduced to 15 g diclofop-methyl ha
-1

, and 

the corresponding R:S LD50 value was 0.5.  The biomass of the population followed trends 

similar to survival, showing a reduction in the GR50 value of the selected line (11 g 

diclofop-methyl ha
-1

)  compared to the parent line (24 g diclofop-methyl ha
-1

), the 

corresponding R:S GR50 was 0.5.  Overall, with two cycles of selection, the population level 

resistance of the original VLR1 population had been almost halved (Table 4.1). 
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Figure 4.1  VLR1 and the selected lines 1S and 2S, 21 days after treatment with 47 g diclofop-

methyl ha
-1

 in 2008. 
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Figure 4.2  Dose-response curves for L. rigidum biotypes selected for susceptibility in 2007(a) and 

2008 (b), following application of a series of doses of diclofop-methyl.  VLR1: dotted line, solid 

circle; once-selected line 1S: broken line, solid triangle; twice-selected line 2S: solid line, open box.  

Lines are the predicted values for percentage survival.  Symbols are mean observed percentage 

survival; error bars are ± one standard error of the mean (n=3) 
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Table 4.1  Parameters and estimated LD50  and GR50  values from the logistic model:
)log()log(exp1 exb

dY  fitted to 

the dose-response data for the VLR1 biotype and the selected lines 1S and 2S lines with a series of doses of  

 diclofop-methyl in 2008. 

 
 

a
 Residual mean square, 

 b  
adjusted R

2
 

c 
LD50 R:S ratios calculated as LD50 for selected line/LD50 for unselected VLR1 biotype 

d 
GR50 R:S ratios calculated as GR50 for selected line/GR50 for unselected VLR1 biotype 

e 
 P-value for testing the null hypothesis  that R:S ratio the same  
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4.4.3 Increased sensitivity of the selected lines to other herbicides 

Besides diclofop-methyl, there was evidence that the twice-selected susceptible line 2S was 

more sensitive to two other ACCase herbicides, haloxyfop-R-methyl and sethoxydim, and 

to the AHAS herbicide chlorsulfuron, which has a completely different mode of action 

(Figure 4.3 & Table 4.2).  The LD50 of the twice-selected line was lowered to 2 g 

haloxyfop-R-methyl ha
-1

 from the 4 g haloxyfop-R-methyl ha
-1

 of the parent line (Figure 

4.3 & Table 4.2), and the corresponding R:S LD50 ratio was 0.5.  There was a slight 

increase in sensitivity to the other ACCase herbicide sethoxydim (Figure 4.3 & Table 4.2).  

A substantial increase in the sensitivity to chlorsulfuron was evident in the twice selected 

line (LD50 = 6 g chlorsulfuron ha
-1

) compared to the parent line (LD50 = 14 g chlorsulfuron 

ha
-1

); the corresponding R:S LD 50 ratio was 0.4.  There was no significant difference 

observed for the response of the 2S line over the VLR1line to herbicides fluazifop-P-butyl 

and imazethapyr (Table 4.2). 
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Figure 4.3  Dose-response curves for L. rigidum biotype VLR1 (dotted line, closed circle) and twice-selected susceptible line 2S (straight 

line, open box) treated with a range of doses of chlorsulfuron (a), haloxyfop-R-methyl (b) and  sethoxydim (c).  Lines are the predicted 

values for percentage survival.  Symbols are mean percentage survival; error bars are ± one standard error of the mean (n=3) 
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Table 4.2  Parameters and estimated LD50 values from the logistic 

model:
)log()log(exp1 exb

dY  fitted to the dose-response data for the VLR1and 2S 

lines treated with a series of doses of selected ACCase- and ALS-inhibiting herbicides 

 

 

Biotype 

Chlorsulfuron 

d e b RMS 
a
 R

2 b
 

 

LD50 R:S 

ratio 
c
 

VLR1 99 6 1 129 0.88 6 1 

2S 99 14 1 99 0.86 14 0.4 
d
 

 

 

Imazethapyr 

VLR1 100 10 2 77 0.94 10 1 

2S 100 8 1.6 62 0.95 8 0.8 

 

 

Haloxyfop-R-methyl 

VLR1 99 4 2 117 0.92 4 1 

2S 99 2 2 12 0.99 2 0.5 
d
 

 

 

Sethoxydim 

VLR1 99 10 3 49 0.97 10 1 

2S 100 8 4 22 0.98 8 0.8 
d
 

 

 

Fluazifop-P-butyl 

VLR1 97 15 3 97 0.95 15 1 

2S 96 15 3 50 0.97 15 1 

 
a
 Residual mean square, 

 b  
adjusted R

2
 

c 
LD50 R:S ratios calculated as LD50 for selected line/LD50 for unselected VLR1 biotype 

d 
significant difference between VLR1 line and 2S line at p ≤ 0.05 

4.5 Discussion 

4.5.1 A diclofop-methyl susceptible L. rigidum population can be made 

even more diclofop-methyl susceptible 

For the first time, we have shown that it is possible to use selection to enhance the herbicide 

susceptibility of a weed population that is already herbicide susceptible.  In this study, with 
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just two cycles of selection towards susceptibility, the diclofop-methyl susceptibility of a 

herbicide susceptible L. rigidum population was doubled (Figure 4.2 & Table 4.1).  This 

was achieved by recurrently excluding genotypes that survived low rates of diclofop-

methyl from the population.  Some of these plants could survive low rates of diclofop-

methyl (Figure 4.2) because they may possess minor gene traits enabling their survival only 

at low rates of diclofop-methyl.  Recurrent selection has resulted in a progressive increase 

in the susceptibility of a L. rigidum population (Figure 4.2a-b) and that illustrates the 

possible role of minor gene traits in the overall herbicide susceptibility/resistance level of a 

L. rigidum population.  

4.5.2 Increased sensitivity to herbicides other than diclofop-methyl 

The twice-selected susceptible 2S line showed an enhanced level of herbicide sensitivity to 

three herbicides other than diclofop-methyl (Figure 4.3 & Table 4.2).  Of these herbicides, 

chlorsulfuron belongs to a different mode of action group and has a target site different 

from diclofop-methyl, which indicates the probability that non-target site based genetic 

traits were removed from the L. rigidum population.  The herbicides chlorsulfuron and 

haloxyfop-R-methyl, to which there was also substantially increased sensitivity in the 

selected line (Figure 4.3 & Table 4.2), can be metabolized by the activity of P450 

monooxygenase in L. rigidum (Christopher et al, 1994; Hidayat and Preston, 2001) which 

indicates that the excluded gene traits may be metabolism based.  

4.5.3 Potential genetic basis of increased susceptibility 

Our study supports the findings of Neve and Powles (2005b) or the earlier study (Chapter 

3), where very high magnitude of herbicide resistance in L. rigidum population was 

achieved by recurrently selecting the survivors of low rates of diclofop-methyl.  The exact 
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genetic basis of susceptibility/resistance traits selected/excluded in these studies has not yet 

been determined, but it is still possible to draw some conclusions.   

 L. rigidum is an obligate cross-pollinating weed (Spoor and McCraw, 1984) with 

substantial genetic variability for herbicide resistance due to a range of possible resistance 

mechanisms (de Prado et al, 2005; Powles and Matthews, 1992).  In many instances, a 

significant level of herbicide resistance is conferred by target site mutations that alter the 

properties of herbicide target enzyme (Preston and Powles, 1998; Tardif et al, 1993).  

However, herbicide resistance can also be due to non-target site resistance mechanisms (de 

Prado et al, 2005; Powles and Matthews, 1992; Powles and Yu, 2010; Yuan et al, 2007).  

These mechanisms may vary in their herbicide resistance level; for example, the diclofop-

methyl resistance level of L. rigidum populations due to non target site mechanisms such as 

epicuticular wax thickness or herbicide detoxification (likely due to P450 monooxygenase) 

was found to be only moderate and not as high as the resistance due to target site mutation 

(de Prado et al, 2005).  Therefore, it is likely that substantial genetic variability for 

herbicide resistance is possible in cross-pollinating species such as L. rigidum.  It also 

seems likely that some of the resistance traits are selected by low rates of herbicides, and 

subsequent exclusion of these traits has resulted in enhanced herbicide susceptibility in L. 

rigidum.   

4.5.4 Research and practical implications 

L. rigidum is a preferred pasture in many parts of the world (Botha et al, 2008; McCartney 

et al, 2008; Pereira et al, 2008).  In Australia in particular, there are many commercial 

pasture seed stocks of L. rigidum available.  This being the case, the possibility of creating 

a highly herbicide susceptible L. rigidum cultivar and releasing it as a commercial pasture 

stock after agronomic evaluation should be explored.  From a herbicide resistance 
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evolutionary perspective, the pollen from such highly herbicide susceptible L. rigidum 

pastures would not enrich the herbicide resistance levels of existing local L. rigidum 

populations; in fact, it may even reduce the herbicide resistance levels of these populations  

due to susceptible pollen immigration.  Indeed, the success of such a management strategy 

may depend on the relative proportion of susceptible and resistant pollen. 

 

 Many agricultural pests are more effectively managed by integrating other pest-

management strategies, such as bio-control, alongside pesticide-based strategies.  For 

example, sterile insect technology has been employed successfully as a cost-effective bio-

control method against many agricultural pests in various parts of the world (IAEA, 1999).  

Similarly, Powles and Matthews (1992) envisaged the potential of tetraploid herbicide 

susceptible ryegrass as a bio-control for herbicide resistant L. rigidum.  This is possible 

because tetraploid ryegrass, when pollinated with diploid ryegrass, will result in sterile 

triploid (Myers, 1944) or reduced seed set in the diploid L. rigidum due to ineffectual 

pollinations (Ferris, 2007).  The two major milestones required to develop this strategy are 

production of a highly susceptible L. rigidum and doubling the chromosome number, in 

order to produce highly herbicide susceptible tetraploid ryegrass.   

 Similarly to this experiment, reverse selection for agronomic traits was carried out  

as a part of a long-term selection experiment entitled “the Illinois long term experiment for 

grain protein and oils concentration in Maize” (Moose et al, 2004).  In that experiment, 103 

cycles of recurrent selection for high protein and high oil content in maize was carried out, 

simultaneously selecting for low oil and low protein content.  Later, these selected lines 

were utilized as functional genomic tools for phenotyping and to understand the genetic 

architecture of quantitative traits corresponding to oil and protein in maize (Moose et al, 
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2004).  In addition, these lines were used to explore the continuous genetic variation of 

quantitative traits corresponding to protein and oil content in maize (Dudley, 2007; Dudley, 

2008).  We believe, in a similar fashion, the highly herbicide susceptible L. rigidum will be 

a potential tool for exploring the genetic basis of the resistance traits selected under low 

herbicide rates. 

4.6 Summary 

We have demonstrated for the first time how it is possible to shift an already herbicide-

susceptible weed population to being more herbicide-susceptible.  This was done by 

recurrently excluding the survivors that survived low rates of diclofop-methyl from a L. 

rigidum population.  Two cycles of selection towards susceptibility made the population 

more susceptible not only to the selecting herbicide but also to other herbicides with both 

similar and different modes of action.  We believe this highly susceptible L. rigidum 

population can provide a tool for future herbicide resistance research and management. 
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Chapter 5 

Does cutting herbicide rates threaten the sustainability of weed 

management in cropping systems?  

5.1 Abstract  

 Evolution of herbicide resistance in weeds is a growing problem across the world, and 

it has been suggested that low herbicide rates may be contributing to this problem.  We 

present an individual-based simulation model that represents the development of 

polygenic herbicide resistance in the field and explain how this model was used to 

investigate the issue of whether using lower herbicide rates could reduce the 

sustainability of cropping systems by causing faster increase in weed population 

density as herbicide resistance develops.  A number of different possible genetic bases 

for resistance were considered, including monogenic resistance and polygenic 

resistance conferred by several genes, and various levels of gene dominance.  In some 

polygenic situations, cutting herbicide rates substantially reduces sustainability, due to 

a combination of faster increase in resistance gene frequency and reduced kill rates in 

all genotypes, while in other polygenic situations the effect is small.  In the situation 

where resistance can be conferred by both a single dominant major gene or a number of 

semi-dominant minor genes in combination, the difference made by low rates depends 

on the relative initial frequency of the major and minor genes.  The results sound a 

warning that careful consideration of herbicide rate is an important part of weed 

management.  Cutting herbicide rates could threaten the sustainability of weed 

management in global cropping systems and other ecosystems due to a combination of 

reduced weed kill rate and increased rate of development of resistance. 
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5.2 Introduction 

“Do you think that using low rates of herbicides will reduce the sustainability of weed 

management by causing faster evolution of herbicide resistance?” Recently this 

question was asked to an audience of eminent international weed scientists at a 

conference.  About half the audience raised their hands to answer “yes”, while the other 

half shook their heads to indicate “no”.  It seems that there is still no clear answer to 

this perennial question, probably due to the long time scales involved, the 

impracticality of very large-scale experimentation, spatial and temporal variability, and 

the inherent complexity of the problem. 

 There is no doubt that the evolution of herbicide resistant weeds is a growing 

problem across the globe (see www.weedscience.com, Heap, 2010), and it seems 

possible that this problem is being exacerbated by the practice of reducing herbicide 

rates.  It has been suggested that the development of polygenic resistance is likely to be 

faster at lower rates of herbicide or other pesticide, due to reduced kill rates of 

intermediate resistant individuals and subsequent accumulation of resistance alleles 

producing highly resistant individuals, particularly in cross-pollinated species 

(Christoffers, 1999), and modelling work using quantitative genetics approaches has 

supported this hypothesis (Gardner et al, 1998; Gressel, 2002; Groeters and Tabashnik, 

2000; Shaw, 1989).  Glasshouse experiments have shown that using lower-than-

recommended rates of the selective herbicide diclofop-methyl can result in rapid 

development of resistance to that herbicide in annual ryegrass (Lolium rigidum Gaud.) 

(Neve and Powles, 2005b), as well as cross-resistance to other herbicides (Chapter 3).  

Similar results have been shown for glyphosate (Busi and Powles, 2009) and in the 

field for diclofop-methyl (Chapter 3).  In addition to concerns that low rates of 

herbicide resistance will hasten the development of herbicide resistance, low rates also 

increase the risk of ineffective or variable control (Doyle and Stypa, 2004).    
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 Conversely, there may be advantages to be gained from reducing herbicide 

rates.  Using lower herbicide rates can be an attractive economic option because of 

reduced input costs, at least in the short term (Zhang et al, 2000).  Applying herbicides 

at significantly reduced rates can result in kill rates that are only slightly lower than the 

kill rate achieved at the full regulation rate, and can thus maintain good weed control 

(Friesen et al, 2000).  Even if low rates reduce longer-term sustainability, any longer 

term losses from more rapid development of herbicide resistance would have to exceed 

the short term saving in dollar value in order to offset them, while taking into account 

economic discounting.  It has also been argued that selection pressure for monogenic 

herbicide resistance may be decreased by using lower rates (Friesen et al, 2000).  There 

are also many concerns regarding the environmental effects of high herbicide rates 

(Kudsk and Streibig, 2003).   

 There is often substantial difference in regulation rates of herbicides between 

countries.  For example, regulation rates for diclofop-methyl control of the same weed 

species in various countries range between 375 g ha
-1

 in Australia, 640 g ha
-1

 in the 

United States, 900 g ha
-1

 in France, 560 g ha
-1

 in Argentina, 850 g ha
-1

 in India and 925 

g ha
-1

 in China (Bayer, 2010).  In some countries with low regulation rates, it may be 

common to use rates that are even lower than regulated rates for the above-mentioned 

economic reasons.  For example, in Australia, which has some of the lowest regulated 

rates in the world, rates are often cut still lower in practice, which has been suggested 

as one reason among many why the incidence of herbicide resistance is higher in 

Australia than other countries (Gardner et al, 1998; Neve and Powles, 2005b).  

However, herbicide efficacy varies between environments due to factors such as crop 

density, so it is unclear whether and to what extent these differences in regulation rates 

translate into real differences in effective application rate at the level of individual 

weeds and thus into real differences in levels of control. 
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 There is a long history of using simulation modelling of genetics and population 

dynamics to predict how different management strategies will influence the rate at 

which resistance to biocides evolves for various organisms, including weeds, insects, 

fungal pathogens and bacteria (Cavan et al, 2000; Comins, 1977; Comins, 1979; 

Comins, 1986; Crowder et al, 2006; Diggle et al, 2003; Gardner et al, 1998; Gressel 

and Segel, 1990; Groeters and Tabashnik, 2000; Jaffe et al, 1997; Jasieniuk and 

Maxwell, 1994; Josepovits and Dobrovolszky, 1985; Levy et al, 1983; Maxwell and 

Mortimer, 1994; Neve, 2008; Neve et al, 2003b; Richter et al, 2002; Roush, 1990; 

Roux et al, 2008; Shaw, 1989; Shaw, 1993; Shaw, 2000; Thornby and Walker, 2009; 

van den Bosch and Gilligan, 2008; Vendite and Ghini, 1999).  Much of this modelling 

has focused on monogenic resistance, where a high degree of resistance is conferred by 

the presence of a single allele of a single gene.  However, for cross-pollinated weed 

species, reducing herbicide rates is much more likely to decrease the sustainability of 

weed control systems in the polygenic case, where significant resistance is the result of 

the additive or multiplicative effect of a number of minor alleles that each individually 

has a relatively minor effect.  While it is commonly assumed that polygenic resistance 

is likely to be rare in the field (Roush and McKenzie, 1987), there is now evidence that 

non-target-site metabolism-based resistance in weeds, which is likely to be polygenic, 

may be much more common in the field than previously thought (Delye et al, 2007).  

Polygenic resistance can also be more problematic than monogenic resistance because 

organisms with quantitative resistance often have cross-resistance to totally unrelated 

chemicals (Gardner et al, 1998). 

 Some previous modelling has focussed on the relationship between pesticide 

rate and build-up of resistance, and has thus considered polygenic resistance (Birch and 

Shaw, 1997; Gardner et al, 1998; Groeters and Tabashnik, 2000; Shaw, 1989; Shaw, 

2000).  However, these studies have usually followed other previous modelling work in 
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using a deterministic population density approach based on quantitative genetics 

assumptions, which implicitly assumes an infinite population (Holst et al, 2007), and 

thus neglects the possibility of rare genotypes being eliminated from the population; 

this may be of particular importance with polygenic resistance where the number of 

possible genotypes is relatively large and thus individual genotype frequencies are 

likely to be relatively small.  More recently developed stochastic individual-based 

approaches that represent populations as finite (Diggle et al, 2003; Neve et al, 2003b) 

have been used to give new insight into questions regarding the probability and rate of 

developing herbicide resistance, but these approaches have not yet been used to address 

polygenic resistance.  Groeters and Tabashnik (2000) used an individual-based 

approach with a finite population to represent insects, with a population that was 

assumed to remain constant over generations and complex agent-based multi-locus 

models have been used to study the emergence of resistance to biocides in theoretical 

systems (Jaffe et al, 1997).  However, individual-based population dynamics 

approaches have not been applied to represent the interaction between changes in 

population density and the evolution of polygenic resistance to herbicides in weeds.  

There is therefore a clear need to return to the question of low herbicide rates and to use 

individual-based modelling with a focus on polygenic resistance to examine this issue 

in more detail and in a new light. 

 This paper addresses this need by presenting an individual-based modelling 

approach for predicting the possibility of cross-pollinated weeds developing both 

monogenic and polygenic resistance, and describes how this approach was used to 

address the question of low rates.  The approach taken is stochastic and explicitly takes 

into account the fact that weed populations consist of a finite number of individual 

organisms each of a particular genotype, and that some genotypes may thus be very 

rare or completely absent in a particular population.  It also explicitly represents the 
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fact that each individual receives a particular rate of herbicide, but that this rate will 

vary between individuals.  In this way it captures more of the real complexity of the 

interactions between herbicide rates, genetics, kill rates, population dynamics and 

variation between individuals than a more traditional deterministic population density 

approach or previous individual-based approaches that represented only monogenic 

resistance. 

 Does this new polygenic individual-based approach show that low rates can 

cause faster or more frequent evolution of resistance in some situations? If so, in what 

situations will this occur? Will this significantly affect the sustainability of cropping 

systems or will it only have a minor effect on the length of time before weeds become a 

problem? How do other factors, such as the number of genes involved in herbicide 

resistance, and the strength of the resistance affect this issue? 

5.3 Methods 

5.3.1 Model Dynamics Overview 

The overall dynamics of the Polygenic Evolution of Resistance To Herbicides 

(PERTH) model are illustrated in Figure 5.1.  The model represents the life-cycle of a 

cross-pollinated annual weed in an annual seasonal cropping system, such as the 

winter-cropping summer-fallow system common in Australia.  A number of weed seeds 

exist in a weed seedbank at the start of each season.  A small number of weed seeds 

may then be added to the seedbank, to represent seed being introduced for example by 

wind.  Each seed in the weed seedbank then has a chance of germinating and becoming 

established before the crop is sown.  Each of these established weed seedlings then has 

a chance of surviving pre-emergent management and sowing.  Each seed remaining in 

the seedbank then has another chance of germinating and becoming established.  Seeds 

that have not germinated by this point may remain dormant through the rest of the 
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season or may die during the season.  A post-emergent herbicide is then applied, and 

each weed has a chance of surviving this spray.  Weeds that survive the post-emergent 

herbicide application are assumed to reach maturity and produce seed.  The number of 

weed seeds produced depends on the density of both the weeds and the crop and the 

genotype of each of the seeds produced depends on the relative proportions of the 

genotypes of the weeds producing seed.  Produced seed is added to the pool of 

ungerminated weed seeds remaining from the start of the season and all seeds in this 

pool then have a chance of dying before the break of the following season.  Surviving 

seed in this pool then makes up the weed seedbank at the start of the next cycle.  The 

genotype of every seed and weed in every pool in the PERTH model is represented 

separately.  The parameters and variables used in the model are summarised in Table 

5.1 and Table 5.2. 
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Table 5.1  Model parameters and default values assumed.  ** all rates written as percentage of 

recommended (label) rate, *** note Rmx is a derived value rather than a parameter and is equal 

to threshR/thresh, ^ as the focus parameter of the paper, rate is only varied when all other 

parameter values have been fixed 

 

Parameter Explanation Value(s) Used 

area simulated area 1,000,000 m
2 
(10 ha) 

den0 initial weed seedbank density 100 m
-2

 

Pindeath probability of in-season seed death 0.1 

Pbetweendeath probability of between-season seed death 0.2 

chsprem probability of surviving pre-emergent management 0.1 

germ1 probability of germinating before sowing 0.4 

germ2 probability of germinating after sowing 0.4 

ng number of genes involved in resistance 4 

iaf  initial allele frequency 0.01 

dom Dominance 0.5  

ep epistasis  0  

put probability of weed completely escaping herbicide 0.05 

sdrate rate variability parameter 40 

thresh ** threshold herbicide level to kill fully susceptible weeds 20 

threshR ** threshold herbicide level to kill fully resistant weeds 200 

Rmx *** resistance level when all R alleles present 10  

dc crop sowing density 150 m
-2

 

kc crop size/competitiveness parameter 1/11 
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kw weed size/competitiveness parameter 1/33 

SSmax maximum weed seed production 30,000 m
-2

 

penlate Competitiveness penalty for weeds emerging in-crop  0.5 

rate ^ selective herbicide rate applied various 

 

Table 5.2  Model variables. 

 

Variable Explanation 

gt weed genotype 

r weed resistance level 

seedset total annual weed seed produced 

pyield yield as a percentage of weed-free crop yield 

dw weed density 
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Figure 5.1  Graphical representation of the dynamics of the model.   

 

5.3.2 Modelled System 

We parameterised the model to represent annual ryegrass (L. rigidum), an important 

weed in global cropping systems that has evolved resistance to many herbicides 

(Burnet et al, 1994a; Gill, 1995; Heap, 2010; Powles and Matthews, 1992).  For 

simplicity, and in order to focus on the reduced rates issue that is the focus of this 

paper, we chose to model a continuous cropping system.  Every year, the same pre-

emergent management is applied, wheat is the crop, and the same selective herbicide is 

applied in-crop.  For the purpose of this paper, it does not matter what the pre-emergent 

management is, or what the actual selective herbicide is.  The model assumes a 

constant average season, so parameters such as seed death, pre-emergent kill rate, 

germination rates and competition parameters maintain a constant value from year to 

year. 
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5.3.3 Initial Seedbank 

Model initialisation requires defining the area simulated, area, and the initial weed 

seedbank density, den0.  The number of seeds in the initial seedbank is then simply 

area × den0.  The initial resistance allele frequency, iaf, for each gene (locus) related to 

resistance must also be specified at the beginning of a model run and the genotype of 

each seed in the initial seedbank is then generated according to these specified initial 

frequencies.  For this study, the area simulated by the model was set to be 1,000,000 m
2
 

(10 ha) and the initial ryegrass seedbank density was assumed to be 100 m
-2

, so the 

initial seedbank population was always 100,000,000 seeds.  The initial resistance allele 

frequency iaf was set to be 0.01 for all four genes in the default four gene example. 

5.3.4 Weed Dormancy Characteristics 

The parameter values used to represent the dormancy and germination characteristics of 

the modelled ryegrass are based on the published RIM model of ryegrass seedbank 

dynamics and are shown in Table 5.1(Pannell et al, 2004). 

5.3.5 Death, Survival, Genetics and Resistance 

For the purpose of this paper, we focussed on resistance to post-emergent (selective) 

herbicides.  Therefore, the chance of a seed dying during the season or during the 

break-of-season and the chance of a weed surviving pre-emergent management were all 

set to a constant value that was independent of the seed or weed genotype (Table 5.1).  

The genotype of a weed determines its level of resistance to the post-emergent 

herbicide, and the resistance level of a weed determines its chance of surviving the 

post-emergent spray, as we now explain.  Note that although the model is explained in 

terms of weeds surviving or dying, a proportion of weeds dying is equivalent to weeds 

surviving but with a penalised seed production.  For example, 80% of weeds dying is 

equivalent to all weeds surviving but producing 80% less seed. 
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 The number of genes or loci involved in resistance (ng) is a model parameter 

that can vary from one for monogenic resistance to any positive integer greater than 

one for polygenic resistance.  We assume that the weed is a cross-pollinated diploid, 

and that each allele is either a susceptible (S) allele or a resistance allele (R), so that at 

each locus the possibilities are that there are either zero, one, or two R alleles.  The 

genotype gt of a given weed or seed can thus be represented as a list of lengths ng  

 

],,,[ 21 gtxxxgt        (1) 

where each element of the list xg is either 0, 1 or 2.  For example, if three loci are 

involved in resistance, then gt=[1,0,2] represents a genotype with one R allele at the 

first locus, no R alleles at the second locus and two R alleles at the third locus.  The 

number of possible genotypes is thus 3
ng

.  Every seed and weed in the model at a given 

time in the simulation has a genotype that is represented in this way, and whenever a 

seed germinates it results in a weed of the same genotype.   

 In this model, the resistance level r of a weed is defined by stating that if a weed 

has a resistance level r, then the rate of herbicide required to kill this weed is exactly r 

times the rate of herbicide required to kill a weed that is completely susceptible (one 

that has no R alleles at all).  This resistance level r of a weed is then assumed to be a 

function of its genotype.  The model was constructed to allow any map between 

genotype and resistance level, but in this paper we assume that the relationship between 

genotype and resistance depends on four model parameters: the threshold herbicide 

level to kill fully susceptible weeds thresh, the threshold herbicide level to kill fully 

resistant weeds threshR, dominance d and epistasis ep.  The derived value Rmx, which 

is the ratio of threshR to thresh, represents the resistance level of a genotype that has all 

possible R alleles (is homozygous resistant) at all possible loci.  Rmx can take any 
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value greater than or equal to one.  The parameter d represents whether the genes 

involved are dominant (d=1), recessive (dom=0) or intermediate (0<dom<1).  The 

parameter ep represents the way that genes at different loci combine, and can take any 

value.  Negative values of ep represent negative or antagonistic epistasis, where the 

effect of two genes is less than twice the effect of one gene; positive values represent 

positive or synergistic epistasis, where the effect of two genes is more than twice the 

effect of one gene; and ep=0 represents neutral or additive epistasis, where the effect of 

two genes is exactly the same as  twice the effect of one gene.   

 The chance of a weed surviving post-emergent herbicide treatment depends on 

the level of resistance r of the weed, the rate of herbicide application rate and a number 

of other model parameters, including the thresh, sdrate, and put.  In this paper, for the 

sake of generality, herbicide rate is usually presented as a percentage of some standard 

rate, which could represent the standard field application rate (recommended or label 

rate) for a given country.  For example, if the field rate for a herbicide is actually 375 g 

ha
-1

 then rate=80% means that the herbicide is applied at 300 g ha
-1

.  Similarly, an 

actual application rate of 520 g ha
-1

 would be presented as 140%.  The parameter thresh 

represents the threshold herbicide rate that is just enough to kill a fully susceptible 

weed (no R alleles) of an „average‟ phenotype in an „average‟ environment.  We 

assume that even though herbicide is applied at a nominal rate rate, the actual effective 

rate received by individual plants will vary due to environmental and phenotypic 

variability, and the parameter sdrate represents this variability.  To be more precise, the 

effective rate received by an individual plant will be a normally distributed random 

variable with mean rate and standard deviation sdrate  rate.  The parameter put 

represents the proportion of plants that completely escape (are completely untouched 

by) the herbicide, due to being covered or sheltered by other plants for example.   
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 In summary, whether a given plant does or does not survive a selective 

herbicide application is thus decided in the model as follows.  First, the plant has a put 

chance of avoiding the herbicide application altogether.  Otherwise, the genotype of the 

plant is translated to a resistance level r.  An effective rate is stochastically generated 

for the plant, using the parameters rate, sdrate, and put.  If this rate is greater than or 

equal to the threshold herbicide rate thresh×r then the plant dies, otherwise it survives.  

This process is carried out individually for every weed plant each time the selective 

herbicide is applied.  The net result of this process is that the chance of a weed 

surviving the post-emergent herbicide application depends on the spray rate and the 

resistance status r of the individual weed, as illustrated in Figure 5.2.   

 

Figure 5.2  Chance of a weed surviving the post-emergent herbicide application for different 

spray rates if the weed has different resistance level (r=1, 1.1, 1.2, 1.5, 2, 4 from the left curve 

to the right (dotted) curve).  The inflection point of the r=1 curve is at thresh, the slope of the 
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curve is proportional to sdrate, and the curve asymptotes to survival rate equals put.  Parameters 

are at default values (thresh=20, sdrate=40 and put=0.05). 

 Note that r is a variable that describes the resistance level of an individual weed 

or a genotype, rather than a population.  On the other hand, the standard meaning of 

LD50 is the herbicide rate needed to kill 50% of a given weed population, which would 

normally consist of a mix of genotypes, and the standard meaning of the resistance 

level of a given population is then the ratio between the experimentally determined 

LD50 of that population and the experimentally determined LD50 of some reference 

population.  However, the parallel between r as we have defined it and the standard 

concept of the resistance level of a population can be demonstrated as follows.  If we 

1. set  put equal to zero, as it would be in a controlled experimental situation, 

2. generate a „resistant‟ population consisting entirely of individual weeds of a 

genotype with resistance level r=r0 where r0>1, 

3. generate a reference susceptible population of weeds consisting entirely of 

individuals without R alleles, and thus of resistance level r=1,    

4. simulate selective herbicide application as described in the previous paragraph 

for a range of herbicide rates for both these populations, 

5. use the results of the simulated herbicide application to calculate the LD50  for 

both populations,  

then the LD50 for the susceptible population will be approximately equal to thresh 

(because of environmental variability plants will receive an effective dose that is more 

or less thresh), and the LD50 for the resistant population will be approximately equal to 

thresh×r0.  The ratio between these two LD50 values, which corresponds to the standard 

concept of resistance level, will thus be approximately equal to r0.  Note that the 

simulated population resistance will only be approximately equal to r0 because of the 

stochasticity and variability incorporated into the model.  Moreover, simulated 
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populations, like real populations, will usually consist of a mix of genotypes, each with 

a different resistance level r, and so the relationship between r and population 

resistance level is more complex.   

5.3.6 Competition, Seed Production and Seed Genotype 

The amount of weed seed produced is calculated using the hyperbolic competition 

function commonly used in weed population models (Diggle et al, 2003; Firbank, 

1985; Firbank and Watkinson, 1985; Pannell et al, 2004), and depends on the crop and 

weed densities.  The equation can be written as 

ccww

ww

dkdk

dkSS
seedset

1

max ,     (2) 

where seedset is the actual weed seed produced (m
-2

), SSmax is a model parameter 

representing the theoretical maximum possible weed seed production (seeds m
-2

), kw is 

a model parameter representing the size or competitiveness of the weed, kc is a model 

parameter representing the size or competitiveness of the crop species, dw is the weed 

density (plants m
-2

) and dc is the crop density (plants m
-2

).  This function is also 

modified to give the crop yield, 

ccww

cc

dkdk

dkYield
cropyield

1

max ,     (3) 

and thus calculate pyield, which is the crop yield as a percent of the potential weed-free 

crop yield, using the equation 

ccww

cc

dkdk

dk
pyield

1

1
,     (4) 

For this paper, we assume that the crop species is always wheat.  The parameter values 

used to represent the competition of the modelled ryegrass and wheat are based on the 
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published RIM model of ryegrass seedbank dynamics and are shown in Table 5.1 

(Pannell et al, 2004).   

 Once the number of seeds produced has been determined, the genotype of each 

of these seeds is chosen by randomly choosing a father and a mother from the weed 

population, and then randomly choosing an allele from the chosen mother and an allele 

from the chosen father at each relevant locus.  Thus the number of R alleles at each 

locus in the new seed depends on the number of R alleles at the same locus in the 

mother and father plant (Table 5.3).  It is assumed that there is no linkage between 

genes. 

Table 5.3  The probability of a new seed having 0, 1 or 2 R alleles at a given locus, given the 

number of R alleles that the mother and father plant have at that locus. 

number R 

alleles mother 

0 1 2 

number R 

alleles father 

0 1 2 0 1 2 0 1 2 

number 

R 

alleles 

child 

0 p=1 p=0.5 p=0 p=0.5 p=0.25 p=0 p=0 p=0 p=0 

1 p=0 p=0.5 p=1 p=0.5 p=0.5 p=0.5 p=1 p=0.5 p=0 

2 p=0 p=0 p=0 p=0 p=0.25 p=0.5 p=0 p=0.5 p=1 
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5.3.7 Model Implementation 

The model was implemented using the Python programming language (Python, 2009). 

5.3.8 Stochasticity  

At various points in the simulated life cycle, plants may either survive or die with a 

certain probability, effective herbicide rates are drawn from a random distribution, and 

parents and alleles are chosen at random from a number of possibilities.  All of these 

processes occur stochastically and individually, which means that different results will 

occur each time the model is run.  For this reason, three repetitions were carried out for 

every model run, although in most cases the results for repetitions are impossible to 

distinguish visually in Figures. 

5.3.9 Model Output Examples 

The model outputs various results, including yearly weed densities before pre-emergent 

management, before selective herbicide application, and at harvest; seedbank density at 

the start of the season; crop yield as a percent of the weed-free crop yield (pyield); the 

percentage of all alleles in the weed population or seedbank that are R alleles; the 

percentage of weeds at harvest that are „resistant‟, which means they have a greater 

than 25% chance of surviving the selective herbicide (if it were to be applied at the 

standard rate), the kill rate actually achieved with a given selective herbicide 

application; and the year of collapse of the system, which is defined to be the year in 

which pyield falls below 75%.  Note that simulation always halts when the system 

collapses. 

 In order to see the effects of changing herbicide rates, the model can be run for 

a number of different herbicide rates while holding all other parameters constant, and 

the output for the different rates compared.  We compared three herbicide rates: a 

reduced rate (75% of label rate), a standard rate (100%) and an increased rate (150%).  
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First we ran the simulation, generated output and compared rates for the default 

parameter values (Table 5.1) describing weak four-gene polygenic resistance 

(threshR=200).  We then chose some similar semi-dominant polygenic examples with 

contrasting results to illustrate the range of possible outcomes.  These included default 

parameter values but with a higher final level of resistance (threshR=500); default 

parameter values but with a higher final level of resistance (threshR=500) and a lower 

initial resistance allele frequency (iaf=5×10
-6

); and default parameter values but with a 

higher final level of resistance (threshR=500) and a greater number of genes (ng=8).  

Finally we ran the simulation and generated output assuming strong rare dominant 

monogenic resistance (ng=1, d=1, threshR=2000, iaf=10
-6

). 

5.3.10 Sensitivity Analysis 

As we were particularly interested in the interaction between the strength of resistance, 

the number of genes, herbicide rate and the sustainability of the system, we conducted 

sensitivity analyses by varying the threshR parameter for cases where the number of 

genes conferring resistance was assumed to be one, two, three, four and five.  For this 

analysis, all other model parameters were fixed to their standard values (Table 5.1).   

 We then conducted further sensitivity analyses on the model to investigate 

whether and to what extent the value of other model parameters would affect the 

relationship between herbicide application rate and the sustainability of the system.  

The model parameters that were varied for this analysis were thresh, chsprem, dom, iaf, 

and put.  Each of these parameter was considered separately, in five separate analyses.  

The particular parameter being considered in a given analysis was varied through a 

range of values, while all other parameters were held constant at default values.  For 

each value of the parameter being considered, simulations were carried out assuming 

selective herbicide application rate was 75%, 100% and 150%.  The average year of 

collapse for each of the three rates was recorded.  By plotting how the average year of 
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collapse for the three rates changed with the changing parameter value we could then 

identify parameter combinations where low rates reduced sustainability, increased 

sustainability or made no real difference.   

5.3.11 Mixed Resistance 

We also considered the situation where there are two possible genetic mechanisms for 

conferring resistance present in the same population: a relatively rare dominant gene 

where the presence of a single allele confers effective resistance and several other 

relatively common semi-dominant genes where each allele confers a relatively weak 

resistance.  More precisely, we considered a situation based on the default parameters 

(four relatively common semi-dominant genes conferring relatively weak resistance 

iaf=0.01, threshR=200), but then assumed that there was also a single rare dominant 

gene conferring strong resistance.  This strong gene was based on the monogenic 

example described above (ng=1, dom=1, threshR=2000, iaf=10
-6

).  We then conducted 

a sensitivity analysis by examining the effect of varying iaf for the major and minor 

genes on the sustainability of the system at various herbicide rates. 

5.4 Results 

5.4.1 Detailed Example Model Outputs  

Figure 5.3 illustrates detailed model output for a single herbicide rate (100% of 

standard rate).  This example assumes the default parameter values given in Table 5.1, 

except that for illustration purposes the initial allele frequencies have been set to 

different values (0.005, 0.01, 0.015, and 0.02), so that they can be distinguished in the 

Figure. 
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Figure 5.3  Detailed results from simulating with all parameter values taking their standard 

values (Table 5.1).  Except that initial allele frequencies have been set to 0.005, 0.01, 0.015, 

and 0.02, for the four genes (labelled 0,1,2,3 respectively).  All graphs show model output 

values changing over time.  The top left graph shows the percentage of weeds resistant, the 

percentage of all alleles in the population that are R alleles, and the yield as a percentage of 

weed-free yield.  The top right shows the R allele frequency for the four genes separately.  The 

bottom left shows the seed bank density, separating genotypes that have only S alleles, 

genotypes that have only R alleles and genotypes that have a mix of R and S alleles.  The 

bottom right shows the weed densities before knockdown herbicide application, before 

selective herbicide application and at harvest. 

5.4.2 Contrasting Examples of Effects of Herbicide Rate 

Some contrasting examples to illustrate the range of effects of changing herbicide rate, 

as predicted by the model, are presented in Figures 5.4 and 5.5.  The simulation outputs 

for the five contrasting examples paint a clear picture of the range of possibilities for 
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how herbicide rates can affect the sustainability of cropping systems, and how changes 

to a single model parameter can significantly change the results.  For the first example 

with polygenic semi-dominant resistance (default parameter values, Figure 5.4), the 

different herbicide rates make a clear difference to the rates at which weed numbers 

increase and a smaller difference to the rate at which the proportion of „resistants‟ in 

the population increases.  For the lowest rate, weed density is approximately constant at 

the beginning, and then begins to increase; for the intermediate rate, weed density 

decreases at first, and then begins to increase, while for the higher rates weed densities 

initially decrease and then eventually begin to increase again.  

 

Figure 5.4  Results of simulating with all parameter values taking their standard values (Table 

5.1).  Each graph shows results for three different herbicide rates (75%, 100%, 150%).  The top 

left shows weed density at knockdown application, the top right shows crop yield as a 

percentage of weed-free yield, the bottom left shows the percentage of all weeds that are 
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resistant (>25% chance of surviving selective herbicide) and bottom right shows the selective 

kill rate achieved. 

 Figure 5.5 shows the contrasting results of four further examples, illustrating the 

range of possible outcomes.  For the example with default parameter values except 

threshR=500 (Figure 5.5, top row), the different herbicide rates make only a small 

difference to the rates at which weed numbers increase and no clear difference to the 

rate at which the proportion of „resistants‟ in the population increases.  For this 

example, for the lowest herbicide rate, weed density is already increasing at the 

beginning; for the intermediate rate, weed density is approximately constant at first, 

and then begins to increase, while for the higher rates weed densities initially decrease 

and then eventually begin to increase again. 

 In contrast, for the example with default parameter values except threshR=500 

and iaf=5×10
-6

 (Figure 5.5, second row), the different herbicide rates again make a 

clear difference to the rates at which weed numbers increase and a smaller difference to 

the rate at which the proportion of „resistants‟ in the population increases.  In this 

example, for all herbicide rates weed densities decrease to begin with, and then increase 

rapidly when the proportion of „resistants‟ becomes high enough. 

 In the example with threshR=500 and ng=8 (Figure 5.5, third row), the different 

rates again make a clear difference to the rates at which weed numbers increase, but a 

less clear difference to the rate at which the proportion of „resistants‟ increases.  For 

this example, for the lowest herbicide rate, weed density is already increasing at the 

beginning, while for the other rates it is decreasing. 

 In the example with strong monogenic dominant resistance (Figure 5.5, bottom 

row), the different herbicide rates make no discernible difference to the rates at which 

weed numbers increase.  Proportion of resistants increase slightly more quickly at 
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higher herbicide rates, but the lower rate of kill at the lower herbicide rates cancels out 

this effect in terms of total weed population.  In this last example, for all herbicide rates 

weed densities decrease to begin with, and then increase rapidly when the proportion of 

„resistants‟ becomes high enough. 
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Figure 5.5  Results of simulating four different contrasting examples where all parameter 

values take their standard values (Table 5.1) except threshR=500 (top row), threshR=500 and 

iaf=5×10
-6

 (second row), threshR=500, ng=8 (third row) and threshR=2000, ng=1, d=1 and 

iaf=10
-6 

(bottom).  Each graph shows results for three different herbicide rates (75%,100%, 

150%).  For each example, the left graph shows weed density at knockdown application, while 

the right shows the percentage of all weeds that are resistant (>25% chance of surviving 

selective herbicide).  Note that in the bottom graphs stochasticity means that repetitions for a 

given rate give visually distinguishable results, although lines are still hard to distinguish 

because they still lie very close to each other. 

5.4.3 Sensitivity Analysis 

Figure 5.6 shows the results of the sensitivity analysis focussing on varying values of 

threshR (and thus Rmx) in models with one, three, four and five genes.  The difference 

between the lines corresponds to the effects of increasing or decreasing herbicide rates, 

and the graphs show how these effects change as different parameters are varied.  Note 

that in general difference in herbicide rate makes more difference to sustainability 
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when the number of genes is greater.  Figure 5.7 shows the results of the sensitivity 

analysis for other model parameters (chsprem, thresh, dom, iaf, and put) on the four-

gene model with other parameters held constant at default values.   

 

Figure 5.6  Results of sensitivity analysis on the effect of varying the threshR model parameter 

(and thus also Rmx) on sustainability of the system at three different herbicide rates (75%, 

100%, 150%), with iaf=0.01 and ng=1 (top left), ng=3 (top right), ng=4 (bottom left), ng=5 

(bottom right), while holding other parameters at default values (Table 5.1).  Results for ng=2, 

not shown, are intermediate between ng=1 and ng=3. 
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.

 

Figure 5.7  Results of sensitivity analysis on the effect of varying five model parameters 

on sustainability of the system at three different herbicide rates (75%,100%, 150%), 

while holding other parameters at default values (Table 5.1).  From the top, left to right, 

the parameters varied are the chance of surviving the pre-emergent treatment (chsprem), 

dominance (dom), initial allele frequency (iaf), the selective herbicide threshold 

required to kill fully susceptible weeds (thresh), and the probability of an individual 

weed being completely untouched by a selective herbicide application (put). 
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5.4.4 Mixed Resistance 

Figure 5.8 shows the results of the sensitivity analysis on the „mixed resistance‟ 

situation where there is a „strong‟ gene and four „weak‟ genes.  Note how the difference 

between rates decreases as the initial frequency of the strong allele increases, and how 

the difference between rates also varies with the weak allele‟s initial frequency.  At the 

default initial allele frequencies, the major gene puts an upper bound on the year of 

collapse, which means different rates makes little difference, but if the major alleles are 

rarer, or the minor alleles are more common, then differences in sustainability due to 

differences in rates are evident again. 

 

Figure 5.8  Results for a mixed resistance situation of sensitivity analysis on the effect of 

varying the initial allele frequency (iaf) of minor (left) or major (right) genes on the 

sustainability of the system at three different herbicide rates (75%, 100%, 150%).  In this mixed 

resistance situation, resistance can be conferred by either a single strong dominant gene (d=1, 

threshR=2000, iaf=10
-6

) or a combination of four semi-dominant genes (d=0.5, threshR=200, 

iaf=0.01).  All other parameter at default values (Table 5.1.) 

 

5.5 Discussion 

Our results indicate that changing herbicide rates can potentially affect the sustainability 

of herbicide-based weed management in cropping systems to a significant degree.  For 

example, for the modelled polygenic resistance situation with our assumed default 
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parameter values (Figure 5.4), cutting herbicide rate from 100% to 75% of standard 

label rate decreased the longevity of the cropping system from 10 to 7 years, while 

increasing the herbicide rate from 100% to 150% increased the longevity of the weed 

management system from 10 to 19 years.  The rate at which resistant weeds appeared in 

the population was also higher at lower herbicide rates.  Similar results can be observed 

for the examples illustrated in Figure 5.5 (second row) and Figure 5.5 (third row).  

Conversely, the results indicate that changing herbicide rate does not always affect the 

sustainability of cropping systems to a significant degree.  For example, for the 

modelled monogenic resistance situation (Figure 5.5 bottom), cutting or increasing 

herbicide rate made no difference to the sustainability of the system and cutting 

herbicide rates slightly decreased the rate at which resistant weeds appeared in the 

population.  Similarly for the polygenic example shown in Figure 5.5 (top), cutting or 

increasing herbicide rate made only a small difference to the sustainability of the system 

and almost no difference to the rate at which resistant weeds appeared in the population.  

Note that these results indicate that when population dynamics and kill rates are taken 

into account, higher herbicide rates do not reduce the sustainability of the system in the 

face of monogenic resistance due to increased selection pressure, despite previous 

concerns (Christoffers, 1999; Friesen et al, 2000). 

 We argue that these results can be summarised by saying that low rates will have 

a significantly detrimental effect on the sustainability of cropping systems when 

resistance is „effectively poly-allelic‟.  By „effectively poly-allelic‟ we mean that a 

significant increase in the ability of a weed to resist the effect of a herbicide is conferred 

only by the presence of a number of alleles at a single locus or across a number of loci, 

and not by any single allele.  This contrasts with „effectively mono-allelic‟ where 

significant resistance is conferred by a single allele, even if more alleles can confer still 

higher resistance.  This argument is supported by considering Figure 5.7, as follows.  
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When dominance is greater, the number of alleles required to give the same boost to 

resistance is lower, and it can be seen in Figure 5.7 that this corresponds to a reduced 

effect of difference in herbicide rate.  Even more clearly in Figure 5.6, when the number 

of genes involved in resistance is higher, then the effect of difference in herbicide rate is 

greater.  And when resistance is stronger (higher threshR), and thus any one allele 

makes a greater contribution to resistance, then the effect of difference in herbicide rate 

is lower.  Thus, even for relatively strong resistance, herbicide rate can have a 

significant effect on the sustainability of the system if the initial allele frequency is low 

enough (Figure 5.5, second row) or if the number of genes involved in conferring that 

resistance is high enough (Figure 5.5, third row).  If the number of genes involved in 

conferring resistance is relatively low, herbicide rate will only have a significant effect 

on the sustainability of the system at relatively weak resistance levels (Figure 5.6).  

Note that even with a single gene there are resistance levels where herbicide rate can 

have an effect.  However, at those very low resistance levels, weed control could 

probably be maintained even after development of resistance by raising the herbicide 

rate or by increasing the other control levels in the system. 

 In the modelled mixed resistance case, resistance can be conferred by either a 

single strong dominant „major‟ gene or the additive effect of a number of relatively 

common and relatively weak „minor‟ alleles across several loci.  Our analysis shows 

that in this case the effect of difference in herbicide rate on the sustainability of the 

system depends on the relative initial frequency of the major and minor alleles (Figure 

5.8).  In effect, it is simply a race between the two types of resistance.  If the frequency 

of the major gene allele is high enough, compared to the frequency of the minor gene 

allele, then „major gene‟ mono-allelic resistance occurs first, and there is no real effect 

due to difference in herbicide rate.  On the other hand, if the frequency of the minor 

gene allele is high enough, compared to the frequency of the major gene allele, then 
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„effectively poly-allelic‟ resistance occurs first, and there is an effect due to difference 

in herbicide rate. 

 The main default example and the subsequent analyses illustrate that there are at 

least three interrelated causes for the observed cases where lower rates reduced 

sustainability.  The first and perhaps the most obvious cause is that lower herbicide rates 

mean lower kill rates, which in turn means weed populations are not driven down as 

quickly, even in the absence of differences in resistance allele frequency or in the 

absence of any resistance alleles at all.  This is illustrated clearly in Figures 5.4 and 5.5.  

If effective resistance should appear in the population, the weed numbers will then be 

building from a higher baseline and thus reach critical thresholds more quickly.  This 

mechanism is not related to herbicide resistance; instead it is the accumulated effect of 

lower kill from using lower rates. 

 A second closely related cause is that the presence of some resistance alleles in 

the population, even at the assumed low initial frequencies, combined with the assumed 

variability in effective application rate between individual weeds, reduces the selective 

herbicide kill rate even without any evolution occurring.  At low rates, this may be 

enough to reduce the kill rate below the threshold needed to drive down the weed 

population, even without evolution and even though the population would be easily 

driven down at this same low rate in the absence of these resistance alleles.  This is 

illustrated in Figure 5.5, where for some examples weed density is increasing from the 

start for the cut 75% rate, where in others this same rate is enough to drive down the 

weed density at the beginning.   

 A third cause is real differences in rates of resistance evolution, which shows in 

the examples in Figures 5.4 and 5.5 as a difference in the rate of increase in the 

percentage of resistants.  At low rates the small difference in kill rate between 
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genotypes with one or two resistance alleles compared to genotypes with no resistance 

alleles allows these resistance alleles to remain in the population at reduced numbers but 

increased frequencies over successive generations.  Even though the numbers of 

resistance alleles in the population may be dropping, as their frequency increases they 

will eventually combine to produce genotypes with three or four alleles, and then five or 

six, and eventually enough alleles to effectively confer resistance.  At this point their 

numbers will begin to increase again.  The difference between rates is that at high rates 

the difference in kill rate between genotypes with one or two resistance alleles 

compared to genotypes with no resistance alleles will be smaller, so resistance allele 

frequencies do not increase as quickly.  Also kill rates for all genotypes are higher, so 

resistance allele numbers are driven down faster, which means that there is a greater 

chance of the alleles being eliminated completely from a local population.  Of course 

for the strong dominant monogenic example the converse is true; high rates increase the 

rate of selection for resistance because more of the susceptible individuals are killed, 

resulting in higher selection pressure. 

 In most of the examples shown in this paper, the three causes all contributed to 

the observed differences.  This is clearly illustrated in Figure 5.4, where weed densities 

are driven down at different rates in the period before significant resistance appears, but 

there are also different amounts of time before significant resistance appears and weed 

populations start increasing. 

 In this paper, we have considered a particular ecosystem, a cropping system 

where each year weeds compete with the same crop and the same selective herbicide is 

applied, but we argue that the results would apply to any system where herbicides are 

used regularly to control weeds.  There is no doubt that adding diversity to the system, 

such as using alternative herbicides with different modes of action, rotating different 

crops that allow different herbicide options, or employing non-herbicide weed control 
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measures, would increase the longevity of the system.  However, we argue that the 

pattern of lower rates leading to decreased sustainability will still be found for many 

polygenic cases if alternative controls were included in the system, since in the absence 

of large fitness penalties, cross-resistance, or local elimination of resistance genes, the 

effect of alternative weed controls is simply to delay the increase of resistance genes by 

a certain number of years.  Conversely, it is important to note that farmers should not 

rely only on high rates to keep herbicide resistance under control.  If major herbicide 

resistance genes are present in the population at high enough levels relative to minor 

resistance genes then the effect of different rates will be minimal or non-existent.  If 

farmers think that they can control resistance with high rates without using alternative 

methods to control resistance, then they will hasten the development of major gene 

resistance and may miss important opportunities for local elimination of minor and 

major resistance genes.  Maintaining herbicide rates should be considered as just one 

possible tool for delaying resistance and further research is clearly needed to determine 

in exactly which situations in the field low rates of herbicide application will make an 

important difference. 

 We also considered a particular weed: ryegrass.  However, we argue that the 

pattern of lower rates leading to decreased sustainability may be found for many cross-

pollinated weed species, since the effect of differences in weed biology characteristics 

such as competitiveness, maximum seed production and longevity is probably just to 

delay or hasten the increase of resistance genes.  On the other hand, the effect of 

different dormancy rates is not clear, as higher dormancy is likely to cause a delay in the 

evolution of resistance, but also effectively provides a refuge for non-resistant weeds, 

with the potential to delay development of resistance where recessive genes are present.  

Certainly, in cases where the genetics of the weed is different (self-fertilising rather than 

out-crossing for example) or the biology affects factors such as the variability of 
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effective herbicide rate among individuals (more variable growth rates for example) 

then the results found in this study may not hold, and further investigation is required.   

 Although lower rates commonly lead to decreased sustainability in the set of 

conditions considered in this paper, further modelling work needs to be done to clearly 

identify and delineate the range of situations where low rates lead to faster increase of 

weed numbers.  These results then need to be accompanied by experimental 

investigations to identify what range of situations is likely to occur in real field 

situations.  There are also many other questions and issues related to the evolution of 

herbicide resistance that could be addressed with an individual-based stochastic model 

that accounts for polygenic herbicide resistance.  These include: 

 simulating polygenic resistance to pre-emergent herbicides; 

 finding optimal strategies and farming systems for avoiding, minimising, or 

delaying the development of polygenic herbicide resistance; 

 investigating what effect strategies for minimising the development of polygenic 

herbicide resistance are also likely to have on the development of monogenic 

herbicide resistance and determining what sorts of strategies would be effective 

for both major and minor gene resistance; 

 determining whether weed biology factors such as breeding system (cross-

pollinated or self-pollinated), dormancy, competitiveness, longevity, fecundity or 

dispersal mechanisms will make some species develop resistance faster or more 

often than other species, and determine if this depends on whether the resistance is 

monogenic or polygenic; 

 simulating controlled experiments that have selected for herbicide resistance in 

weeds at relatively low rates over several generations, with the aim of determining 

what resistance genetics could possibly have lead to the observed results. 
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 evaluating the tradeoffs involved in reducing herbicide rates between possible 

beneficial economic and environmental effects and possible negative effects of 

reduced overall system sustainability  

In conclusion, since the results show that it is possible in different conditions for lower 

herbicide rates to either decrease the sustainability of cropping systems or alternatively 

to have no significant effect, perhaps we can argue that all of the weed scientists, 

whether they put up their hand or not, were at least partially correct.  The results 

certainly show that it is possible that low rates could have an important detrimental 

effect on the sustainability of cropping systems when resistance is effectively polygenic, 

that they will have little or no effect if single major resistance genes are present at 

significant frequencies, and that further research is needed to determine whether and 

how often circumstances in which low rates will promote resistance actually occur in 

the field. 
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Chapter 6 

Simulation modelling reveals rapid evolution of herbicide resistance in 

Lolium rigidum at low rates of herbicide selection 

6.1 Abstract  

The potential of low rates of diclofop-methyl to result in rapid evolution of herbicide-

resistance in a herbicide susceptible Lolium rigidum Gaud. population was demonstrated in 

a recent crop-field study.  In this study, the data from the crop-field study were used 

together with simulation modelling to estimate the possible genetics of herbicide-resistance 

evolution under crop-field environments.  This analysis indicated the involvement of 

polygenic herbicide resistance traits in the evolution of herbicide resistance.  Subsequently, 

the estimated genetic parameter possibilities were used to calibrate a model of herbicide 

resistance evolution in a simulated crop-field situation, and the potential of low or high 

rates of diclofop-methyl to result in herbicide resistance evolution in L. rigidum was 

explored and compared using the calibrated model.  The calibrated model outputs indicated 

that the evolution of diclofop-methyl resistance is faster at low rates compared to high 

rates.  This was possible due to rapid selection of minor gene herbicide resistance traits at 

low rates and their subsequent recombination by cross-pollination.  The results of the study 

therefore indicate the risks of reduced herbicide use rate in a grass weed species such as L. 

rigidum, because this practice can result in rapid evolution of herbicide resistance. 

6.2 Introduction 

One of the major factors which decides the evolutionary dynamics of herbicide resistance is 

the intensity of herbicide selection (Jasieniuk et al, 1996), in which herbicide use rate has a 
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crucial role.  The high selection intensity imparted by herbicides, and their usage without 

diversity have resulted in the rapid emergence of herbicide resistant weed populations the 

world over (Powles, 2008; Powles and Yu, 2010).  High selection intensity and subsequent 

high plant mortality seems to primarily select for target-site herbicide resistance traits that 

confer high level of herbicide resistance to a particular herbicide or herbicide group 

(Darmency, 1994; Delye, 2005; Gronwald, 1994; Tranel and Wright, 2002).  However, 

recent pot studies in L. rigidum revealed the potential of low herbicide rates to lead to rapid 

evolution of herbicide resistance (Busi and Powles, 2009; Neve and Powles, 2005b).  In a 

field study described in Chapter 3, we obtained a similar result showing substantial level of 

evolved herbicide resistance in a wheat crop infested with L. rigidum.  These studies are 

pertinent as low herbicide application rates can occur in weed management for various 

reasons (reviewed by Zhang et al, 2000), and that necessitates further attempts to 

understand the herbicide resistance evolutionary pattern due to low rates of herbicide 

selection. 

 In this study, we used simulation modelling to understand the evolutionary 

dynamics of herbicide resistance in L. rigidum due to low rate of diclofop-methyl.  To 

accomplish this, the data generated from the crop-field study (Chapter 3) was used in 

conjunction with a simulation model of polygenic herbicide resistance to estimate the 

possible genetics of the herbicide-resistance traits selected by low rates of diclofop-methyl 

in the crop-field conditions.  Subsequently, we used the simulation model calibrated with 

the experimental data to test a series of low to high rates of diclofop-methyl for their 

potential to result in the rapid evolution of herbicide-resistance in commercial field 

conditions.   



Chapter 6 

 

 133 

6.3 Methods 

6.3.1 Experiment for model calibration 

The experiment demonstrating the evolution of herbicide resistance in crop-field conditions 

at low rates of diclofop-methyl has been explained in detail in Chapter 3 (see sections 3.3.2 

& 3.4.4).  The experiment is summarised here for the purpose of this study.  A susceptible 

population of L. rigidum WALR1 was subjected to two cycles of selection by low rates of 

diclofop-methyl in a wheat field.  The first cycle of selection in the field was carried out at 

281 g diclofop-methyl ha
-1 

(75% of the Australian registered rate) in WALR1 (in 2006).  

The L. rigidum survivors were then allowed to cross-pollinate in the field, and that resulted 

in L. rigidum progeny 1F.  A second selection with diclofop-methyl was conducted in 2007 

at the Australian registered rate of diclofop-methyl (375 g diclofop-methyl ha
-1

) on the 

once-selected line 1F, and that resulted in 2F line.  In May 2008, the two selected lines 

were compared with the original susceptible L. rigidum in a diclofop-methyl dose response 

study at the University of Western Australia.  This showed an increase in herbicide-

resistance in the once- and twice- selected L. rigidum lines compared to the original 

population, with 2%, 21%, and 33% survival at 375 g diclofop-methyl ha
-1

 (the Australian 

registered rate of diclofop-methyl) for WALR1, 1F, and 2F respectively.  For this 

simulation study, the entire process of field selection and screening of the original and 

selected L. rigidum lines described in Chapter 3 (section 3.3.2) was simulated using a 

herbicide resistance model, in order to identify possible genetic bases for the results of that 

study. 

6.3.2 Model structure 

 The model presented here is based on the PERTH (Polygenic Evolution of Resistance To 

Herbicides) model (Chapter 5).  As explained above, this study has two modelling 
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components: first, simulating the small-scale field experiment conducted previously 

(described above) to explore the genetic determinants of the herbicide resistance that 

evolved in that study, and second, simulating broad-scale field conditions using the 

estimated genetic parameters to explore the effects of a range diclofop-methyl rates on 

herbicide resistance evolution.  The second component uses the model structure, dynamics 

and parameters as described in Chapter 5 (section 5.3.1) to represent broad-scale crop-field 

conditions (Table 5.1), while the simulation of the smaller-scale selection experiment 

(hereinafter referred to as „the selection experiment‟) was done by modifying some of the 

parameters and model environment. 

6.3.3 Model adaptation for simulating the selection experiment  

To simulate the selection experiment, changes were made to some of the parameters 

presented in Table 5.1.  In the experiment, seeding of L. rigidum was carried out along with 

the wheat crop, and the entire L. rigidum seed was hand harvested.  Therefore, using the 

model, 100, 000 WALR1 and then 5,000 1F L. rigidum seedlings were treated respectively 

with 281 and 375 g diclofop-methyl ha
-1

 to simulate the two cycles of herbicide selection as 

in the field experiment (see Chapter 3, section 3.3.2).  The plants that survived diclofop-

methyl were assumed to flower, evenly and randomly cross-pollinate and produce seeds 

that were „collected‟ as two simulated L. rigidum lines matching the two actual lines 

resulting from the experiment.  To simulate the actual dose response evaluation of these 

two lines, three replicates of 50 seeds were stochastically chosen from the simulated seed 

pools of the two selected and one unselected L. rigidum lines.  These were then assumed to 

germinate, and application of 375 g diclofop-methyl ha
-1

 was simulated, and the number of 

survivors recorded.   
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6.3.4 Factorial analysis to determine the possible genetics 

Model calibration was done by comparing the actual mean survival percentage with the 

simulated mean survival percentage (at 375 g diclofop-methyl ha
-1

) for a given set of 

assumed parameter values, to see if that set of assumed parameter values could have 

resulted in the observed data.  A set of simplified genetic assumptions was established with 

semi-dominant resistance alleles and additive gene interaction.  The parameters that were 

varied and tested were the number of resistance genes (ng), the initial gene frequency (iaf), 

and the maximum resistance (Rmx).  We tried a range of maximum resistance values from 

12 to 22 (11 values), which means the diclofop-methyl rate that results in kill of a 

completely homozygous resistant L. rigidum plant is thresh times Rmx (see Chapter 5, 

section 5.3.5 for more details).  The thresh value or LD50 of the reference susceptible 

population WALR1 is 69 g diclofop-methyl ha
-1

.  Therefore, in this case, the Rmx values 12 

and 22 roughly corresponds to 800 and 1500 g diclofop-methyl ha
-1

.  For each of these 

resistance values (Rmx) (11 values) we then tried a range of number of genes (ng) values: 

one, two, three, four or five.  For each combination of Rmx value and ng value, a range of 

possible values for initial gene frequency (iaf) was then tested through simulation.  Through 

this factorial analysis, we identified possible combinations of number of resistance genes, 

initial gene frequency, and maximum resistance that resulted in simulated survival 

percentages matching actual survival percentages at 375 g diclofop-methyl ha
-1

 in the 

twice-selected and once-unselected L. rigidum lines (Figure 6.1).   

6.3.5 Running the calibrated model to simulate actual field conditions  

Eleven possible genetic scenarios were identified through the factorial analysis (Table 6.1), 

each one corresponding to a different Rmx value.  These eleven possible genetic scenarios 

were then used to simulate the impact of different herbicide rates on the evolution of 
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diclofop-methyl resistance in a more realistic crop-field (area=100, 000 m
2
, non-genetic 

parameters set to the values in the original model as in Table 5.1).  For this analysis, the 

model was run for up to 40 years with a series of assumed doses of diclofop-methyl, 

starting from 70 percent of the Australian recommended rate up to 253 percent.  The 

herbicide rates were 263, 300, 338, 375, 563, 656, 750, 800, 850, 900 and 950 g diclofop-

methyl ha
-1

.  For each of these assumed doses, and for each possible genetic scenario from 

Table 6.1, several model outputs were recorded. 

6.3.6 Model outputs recorded  

The recorded model outputs included the weed density at harvest corresponding to the L. 

rigidum survivors after the diclofop-methyl treatment (weeds per m
-2

).  The model outputs 

classified as „resistant‟ are the percentage of plant survival at harvest greater than 25% 

chance of surviving the selective herbicide diclofop-methyl..  The model output, „resistance 

allele frequency‟, is the frequency of resistance alleles expressed as a percentage of the 

total alleles in the L. rigidum population at harvest.  The first year in which crop yield (p 

yield) fell below 75% of the maximum possible crop-yield was recorded as „year of 

collapse‟.  This indicates the number of years the system remains sustainable.  A further 

analysis was carried out for each of the eleven genetic scenarios, determining the lowest 

diclofop-methyl application rate for which resistance allele frequency eventually reaches 

zero.  For this analysis, we started at a diclofop-methyl rate of 600 g diclofop-methyl ha
-1

 

and increased the rate by 50 g until the simulation showed resistance allele frequency 

reaches zero.  This rate was then recorded as the threshold diclofop-methyl rate for that 

genetic scenario.   
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6.4 Results 

6.4.1 Exploring the possible genetics of herbicide resistance evolution 

mediated by low-rates of diclofop-methyl by factorial sensitivity analysis 

Figure 6.1 (a-d) compares the simulated and actual survival of susceptible and field selected 

L. rigidum lines, when tested at the Australian registered rate of diclofop-methyl (375 g 

diclofop-methyl ha
-1

).  The simulated survival values presented in each Figure (Figure 1a-

d) represent the results of simulations based on assuming a range of initial resistance gene 

frequencies.  The four sub-Figures then show this for each possible gene number (1-4) at 

the Maximum Resistance (Rmx) value of 12.  These Figures show that the simulated 

survival for the susceptible and selected lines matched best with the actual survival when 

the gene number was two at an initial gene frequency(iaf) of 0.02 (for both the genes) 

(Figure 1b).  For one, three and four genes a good match was not obtained for the range of 

initial gene frequencies tried.  Initial gene frequencies above 0.1 and below 0.01 were also 

tried for gene numbers (ng) (1-4) to rule out any further matching genetic possibilities at 

this Maximum Resistance (Rmx) level of 12.  Similar Figures were generated using 

simulation to identify possible combinations of initial gene frequency and gene number/s 

for the rest of the Maximum Resistance values (13-22) (not shown).  For all eleven 

scenarios (1-11), the estimated number of genes was more than one (Table 6.1), indicating 

the probable involvement of polygenes in herbicide resistance evolution in this situation. 
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Figure 6.1  Sensitivity analysis on initial resistance gene frequency at a maximum resistance value 

of 12.  Graphs a, b, c and d represent model runs corresponding to one gene, two genes, three genes 

or four genes respectively.  The lines parallel to x-axis indicates the actual mean survival (n=3) of 

the unselected WALR1 (dotted line), 1F (broken line) and 2F (solid line) respectively at 375 g 

diclofop-methyl ha
-1

.  The symbols represent the mean value (n=10) of the simulated survival for 

each gene frequency:  WALR1 (broken line, open circle), 1F line (broken line, open square) and 2F 

(broken line, open triangle).  Error bars are ± one standard deviation from the mean.  The circle in 

graph b denotes the matching (simulated and actual survival) gene frequency (0.02) for two genes.  
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Table 6.1  Eleven possible genetics identified by increasing the parameter value for maximum 

resistance (12-22) and the corresponding threshold diclofop-methyl rates  

 

Scenarios 

Maximum 

Resistance (Rmx) 

Number of 

genes (ng) 

Gene 

Frequency (iaf)  

Threshold 

herbicide rate 

 

1 

 

12 

 

2 

 

0.02 

 

800 
 

2 

 

13 

 

2 

 

0.02 

 

850 

 

3 

 

14 

 

3 

 

0.02 

 

900 

 

4 

 

15 

 

3 

 

0.02 

 

950 

 

5 

 

16 

 

3 

 

0.01 

 

1050 

 

6 

 

17 

 

4 

 

0.02 

 

1100 

 

7 

 

18 

 

4 

 

0.02 

 

1150 

 

8 

 

19 

 

4 

 

0.01 

 

1100 

 

9 

 

20 

 

4 

 

0.01 

 

1150 

 

10 

 

21 

 

5 

 

0.02 

 

1350 

 

11 

 

22 

 

5 

 

0.02 

 

1350 

 

 Table 6.2 shows how the simulated resistance gene frequencies and the frequencies 

of different genotypes change over the three generations when scenario 1 is assumed.  The 

results indicate an increase in the proportion of the resistant genotypes (%) in the selected 

lines with a concomitant increase in the frequency of resistance gene frequency.  There was 

no completely homozygous resistant plant present in the original population, but recurrent 

selection resulted in an increase in the proportion (%) of the completely homozygous 

resistant genotype from its initial value of zero to 0.01 and 0.35 in the first and second L. 

rigidum lines respectively (Table 6.2). 
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Table 6.2  The simulated genotypic frequency of the susceptible line WALR1 and selected lines 1F 

and 2F indicating a progressive increase in resistant genotypes in the low rate diclofop-methyl 

selected L. rigidum lines (for scenario 1). 

 

Genotypes 
a
 

Genes 
b
 Frequency (%) 

R1 R2 WALR1 1F 2F 

1 0 0 92.24 56.06 18.53 

2 1 0 3.8 18.69 22.10 

3 2 0 0.04 1.55 6.70 

4 0 1 3.72 17.91 20.86 

5 1 1 0.17 4.08 19.31 

6 2 1 0.00 0.17 3.05 

7 0 2 0.03 1.36 6.21 

8 1 2 0.00 0.18 2.89 

9 2 2 0.00 0.01 0.35 

   Freq R1 
c 
=0.02  

Freq R2 
d 
=0.02

 
 

Freq R1 
c 
=0.13  

Freq R2 
d 
=0.12 

Freq R1 
c 
=0.32  

Freq R2 
d 
=0.31 

 

a
 Nine genotypes corresponds to a two gene scenario (with an equal resistance allele frequency of 0.02) 

b
 R1 and R2 corresponds to the two resistance genes, the values 0, 1 and 2 indicate zero, one and two 

(homozygous) resistance alleles in the genotype. 

Freq R1
c 
 & 

  
Freq R2 

d 
 indicate the resistance gene frequency for the three L. rigidum lines. 

6.4.2 Effect of diclofop-methyl rates on model outputs 

Simulated weed densities of L. rigidum at harvest following continuous application of 

various rates of diclofop-methyl, assuming genetic scenario 1 (Table 6.1), are presented in 

Figure 6.2.  Similar to the actual crop-field, there were high weed densities at low rates, and 

weed density decreased with an increase in herbicide rates.  The weed density was higher 



Chapter 6 

 

 141 

for diclofop-methyl rates 263, 300, 338 g ha
-1

 compared to the Australian registered rate 

(375 g ha
-1

).  Subsequent increase in herbicide rates from Australian registered rate has 

lowered the weed density in the simulated crop-field environments.  A very similar trend in 

the way that weed density changed over time with varying levels of diclofop-methyl was 

observed for all the other genetic scenarios tried (data not shown). 
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Figure 6.2  The simulated weed density of L. rigidum at harvest corresponding to scenario 1 

following continuous application of low to high rates of diclofop-methyl for 40 years in a wheat 

crop. 

 The model output „resistants‟ followed trends similar to weed density (Figure 6.3).  

The proportion of resistant weeds (resistants) increased faster at lower rates.  This is true 

when rates were lower than the registered Australian rate, although the difference was 

greater as herbicide rates increased above the registered Australian rate.  The same trend in 

„resistants‟ with varying levels of diclofop-methyl was observed for all the other genetic 

scenarios tried (data not shown). 



Chapter 6 

 

 142 

 

0

5

10

15

20

25

30

1 6 11 16 21

year

re
s

is
ta

n
ts

 (
%

)

263

300

338

375

563

656

750

800

 

 

Figure 6.3  The simulated „resistants‟ (resistant weeds with > 25% chance of surviving selective 

herbicide) corresponding to scenario 1, following continuous application of low to high rates of 

diclofop-methyl for 40 years in a wheat crop.  

 

 Simulated resistance allele frequencies of L. rigidum at harvest are shown in Figure 

6.4.  The rate of increase in resistance allele frequency was generally slower with 

increasing herbicide rates, and some higher rates (850, 900 and 950 g diclofop-methyl ha
-1

) 

resulted in resistance alleles being eliminated from the population.  Table 6.1 shows the 

threshold herbicide rate that resulted in the resistance alleles being eliminated from the 

population for all eleven genetic scenarios.  The results indicate that in all cases the 

threshold herbicide rate are more than double the current Australian registered rate of 

diclofop-methyl (375 g ha
-1

).  Unlike the model outputs for weed density and resistant 

weeds (resistants), differences in resistance allele frequency between the registered 

Australian diclofop-methyl rate and lower rates were not clearly observed.  However, a 
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clear reduction in resistance allele frequency was observed for rates higher than the 

registered Australian diclofop-methyl rate. 
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Figure 6.4  The simulated resistance allele frequency of L. rigidum at harvest corresponds to 

scenario 1 (Table 6.1), following continuous application of from low to high rates of diclofop-

methyl for 40 years in a wheat crop.   

 

  The years in which the simulated cropping system became unsustainable due to 

weed competition as indicated by the p yield for different diclofop-methyl rates are 

presented in Figure 6.5.  The results indicate low system viability at low rates of diclofop-

methyl application.  In all the scenarios tested, there was an increase in cropping system 

sustainability with the progressive increase of diclofop-methyl rates (Figure 6.5), although 

the extent of the difference clearly depended on the genetic scenario. 
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Figure 6.5  The year of collapse following continuous application of low to high rates of diclofop-

methyl for 40 years corresponding to eleven possible genetic scenarios (11 scenarios).  

6.5 Discussion 

6.5.1 Likely role of polygenes in herbicide resistance evolution at low rates  

This study demonstrates how simulation modelling can be used to identify possible genetic 

scenarios underlying the evolution of herbicide resistance observed in selection 

experiments or trials.  An important conclusion of this analysis is the probable involvement 

of polygenes in the evolution of herbicide resistance observed in this study.  The sensitivity 

analysis exploring the genetic basis of herbicide resistance evolution observed in L. rigidum 

at low rates of diclofop-methyl in a real crop-field provided several possible scenarios for 

the initial frequencies and strengths of the genes that conferred this resistance (Table 6.1).  

No genetic scenario was found in which resistance conferred by a single gene could 

produce simulated results matching the experimental observations.  Instead, in all of the 

possible scenarios that were identified, resistance is conferred by the additive effect of at 
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least two semi-dominant genes.  This means that under all these scenarios, the L. rigidum 

plants express maximum herbicide resistance when the resistant genotype is completely 

homozygous resistant (for all loci), minimum herbicide resistance when the resistant 

genotype is completely homozygous susceptible (for all loci), and importantly, that there 

are several possible intermediate levels of resistance for intermediate genotypes.  

 The polygenes at their initial frequency (Table 6.2) imparted low levels of herbicide 

resistance in the parent L. rigidum population due to a high proportion of the fully 

susceptible genotype, low levels of intermediate genotypes and the complete absence of the 

most highly resistant genotypes (Table 6.2).  However, selection at low rates of diclofop-

methyl then resulted in a rapid increase in the proportion of resistant genotypes.  This 

included the low-level-resistant genotypes that were present in low frequencies in the initial 

population, but also included more highly resistant genotypes, such as the completely 

homozygous resistant genotype, that were not present in the original L. rigidum population 

(Table 6.2).  Importantly, this indicates that selection at low rates of diclofop-methyl 

allowed genotypes with low and intermediate levels of resistance to survive with 

subsequent recombination of resistance genes by cross-pollination, thus resulting in novel 

genotypes with higher levels of resistance.  The observed increase in herbicide resistance 

level of L. rigidum plants in the field would thus appear to be have been a result of both a) 

differential rates of survival between fully susceptible genotypes and genotypes with low 

and intermediate levels of resistance, and b) sexual recombination resulting in the 

appearance of novel genotypes with higher levels of resistance than any genotypes found in 

the initial population.  These simulations showing the likely role of polygenes thus also 

indicate that the low herbicide rates used in the field trial may have played a significant part 

in the observed evolution of herbicide resistance, because they did not provide sufficiently 
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high kill rates against genotypes with low and intermediate levels of resistance. This in turn 

raises the possibility that higher herbicide rates might be more effective in minimising the 

time over which herbicide resistance evolution occurred in these genetic scenarios.  

6.5.2 High rates slow resistance evolution mediated by polygenic herbicide 

resistance traits 

Importantly, when calibrated to the possible genetics matching the real trial data, the 

simulations of long-term broad-scale crop-field situations showed reduced sustainability at 

lower rates of diclofop-methyl.  The different model outputs indicated that this was partly 

due to faster evolution of herbicide resistance; for example, there was reduction in the rate 

of increase of the proportion of resistant weeds (resistants) (Figure 6.3) as diclofop-methyl 

rate increased from low to high.  There was also reduction in the rate of increase of the 

proportion of resistance alleles (Figure 6.4) as diclofop-methyl rate increased from lower 

rates to higher rates.  The model output „threshold herbicide rate‟ denotes the diclofop-

methyl rate that resulted in the extinction of resistance alleles in the L. rigidum population 

(Figure 6.4 and Table 6.1) when used recurrently each year.  Obviously, this model output 

is somewhat hypothetical, as in the larger weed populations found at the commercial field 

scale farms or regions it would be much less likely to completely eradicate herbicide 

resistance.  However, these threshold herbicide rates results (Table 6.1) show the potential 

for certain higher diclofop-methyl rates to eliminate the polygenic herbicide resistance 

traits identified in this population at a local scale at least, while lower rates result in the 

accumulation of herbicide resistance traits at the same scale (Figure 6.4).  Overall, low rates 

resulted in an unsustainable cropping system within just a few years of herbicide usage 

while higher rates provided a much more long-lived system (Figure 6.5). 
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 Modelling studies exclusively addressing herbicide resistance due to strong 

monogenic target site mutations have advocated for lower herbicide use rates that do not 

result in the rapid increase in the frequency of major genes due to extremely high kill rates 

of susceptible plants (reviewed by Diggle and Neve, 2001).  The modelling work presented 

in Chapter 5 has confirmed that higher rates can increase the speed of development of 

monogenic resistance, but have also shown that this effect is probably offset by higher kill 

rates, and thus that herbicide rate is likely to have little effect on weed density and system 

sustainability in the case of monogenic resistance.  Nonetheless, theoretically there could be 

an ideal herbicide rate that is not low enough to select for accumulated low-level polygenic 

resistance traits but not high enough to result in more rapid herbicide resistance evolution 

due to strong monogenic herbicide resistance traits.  Accurately identifying such herbicide 

rates through modelling would require knowledge of the genetic basis of the relevant 

herbicide resistance mechanisms, but when such knowledge is available or when reasonable 

assumptions can be made, this kind of modelling could provide insight into the precise 

herbicide application rate that should be followed in a herbicide management system to 

delay resistance as long as possible, or avoid it completely. 

6.6 Summary 

Eleven possible genetic scenarios were identified that could result in simulated patterns of 

herbicide resistance that matched the herbicide-resistance evolution found in L. rigidum in 

a field trial under selection at low rates of diclofop-methyl.  All the estimated genetic 

scenarios were polygenic.  Modelling with all the possible estimated genetic parameters in 

simulated crop-field conditions has shown rapid evolution of herbicide resistance at lower 

rates of diclofop-methyl.  This was possible because low herbicide rates could select and 

accumulate (by cross-pollination) the low-level herbicide resistance traits  
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present in L. rigidum.  Overall, these modelling studies warn against herbicide rate-cutting 

and indicate the need for careful consideration of herbicide rates. 
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Chapter 7 

General Discussion 

 

This Chapter discusses the methodological approaches and the key research findings of this 

study in the context of the objectives proposed in Chapter 1.  In addition, this Chapter 

highlights the practical implications of this study, and the future research priorities from the 

perspective of herbicide resistance evolution and its management. 

7.1 Main observations 

Chapter 2 discusses the herbicide resistance evolutionary potential of L. rigidum in the 

context of genetic, biological, and operational factors.  It was noted that the competitive 

ability, seed production, seed dormancy characteristics, obligate cross-pollination and 

nuclear inheritance of resistance traits provide evolutionary advantages to L. rigidum.  

Thus, the review (Chapter 2) indicated the herbicide resistance evolutionary potential of L. 

rigidum and thereby this species could be an ongoing problem in the absence of herbicide 

resistance management strategies.  An analysis of the mechanisms endowing herbicide 

resistance evolution in L. rigidum indicated that the resistance evolution has been due to 

both target site and non-target site resistance mechanisms.  In many instances, the 

metabolism based herbicide resistance across several herbicide mode of action groups 

(mainly mediated by P450 monooxygenases) have significantly contributed to resistance 

evolution in L. rigidum (Powles and Yu, 2010; Preston, 2004; Yuan et al, 2007).  

Importantly, the review indicated the prevalence of low herbicide use rates in Australia, due 

to various reasons, and data indicated that low herbicide rate was likely to contribute to 

rapid herbicide resistance evolution in L. rigidum (Busi and Powles, 2009; Neve and 



Chapter 7 

 

 152 

Powles, 2005a,b).  However, a study testing the impact of low rates on herbicide resistance 

evolution in a crop-field has until now been lacking.  Further, the review on herbicide 

resistance models indicated the need for a polygenic model to simulate herbicide resistance 

evolution mediated by polygenes.  Overall, the review highlighted the evolutionary 

potential of L. rigidum, the diverse pattern of herbicide resistance evolution in L. rigidum, 

the possible role of low rates in herbicide resistance evolution, and the herbicide resistance 

evolutionary questions that need to be addressed. 

 Chapter 3 presents a study that demonstrates the rapid evolution of herbicide 

resistance in L. rigidum selected at low herbicide rates under crop-field conditions.  In this 

study, we examined the impact of low rates of diclofop-methyl (ACCase herbicide) on the 

evolution of herbicide resistance in a herbicide-susceptible L. rigidum population grown 

either in a field wheat crop or in potted plants maintained in the field.  The results 

established the rapid evolution of diclofop-methyl resistance in the selected L. rigidum lines 

in both the crop-field and field pot studies.  Overall, the crop-field study and the pot study 

demonstrated that lower than recommended rates of herbicides can result in rapid evolution 

of herbicide resistance in L. rigidum.  The observed resistance evolution was possibly due 

to the selection of minor gene herbicide resistance traits present in the L. rigidum 

population and their accumulation through cross-pollination of survivors at low herbicide 

rate. 

 Chapter 4 presents a novel study that demonstrates that it is possible to use selection 

to make an already herbicide susceptible L. rigidum population even more susceptible.  

This was achieved by plant cloning, spraying one set of L. rigidum clones with low rates of 

diclofop-methyl and selecting the counterpart of the dead susceptible herbicide-treated 

individuals from the unsprayed set of clones.  Two cycles of selection with low rates of 
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diclofop-methyl resulted in 50% greater diclofop-methyl susceptibility (R: S LD50=0.5) of 

the twice-selected L. rigidum line.  In addition, the twice-selected L. rigidum showed 

increased sensitivity to herbicides such as chlorsulfuron, haloxyfop-R-methyl, and 

sethoxydim.  This study thus indicated the possible role of minor gene herbicide resistance 

traits in herbicide resistance/susceptibility of L. rigidum.  

 Chapter 5 introduces a polygenic herbicide resistance model.  The model is used to 

identify the scenarios where herbicide rates (low/high) are likely to impact on herbicide 

resistance evolution.  Broadly, we conclude that low rates will result in herbicide resistance 

evolution whenever herbicide resistance genes are polygenic.  On the other hand, there is 

little or no difference between high rate and low rate in herbicide resistance evolution if a 

single dominant gene exclusively confers resistance.  In the situation where resistance can 

be conferred by both a single major gene or a number of semi-dominant minor genes in 

combination, the difference made by low rates depends on the relative initial frequency of 

the major gene and minor genes.  That is, if polygenes occur at high frequency compared to 

the single gene, low rates will result in faster resistance due to the selection and 

accumulation of polygenes.  On the contrary, if the monogene occurs at a high enough 

frequency, both low rate and high rate will result in resistance evolution (difference 

between low rates and high rates will be minimal) due to major monogenic traits.  These 

modelling results are important, as it is likely that minor gene resistance traits are common 

in L. rigidum populations (Chapter 3, Neve and Powles, 2005a,b), and thereby low rates 

have the potential to result in rapid resistance evolution as observed in the studies 

conducted in crop-field and pot (Chapter 3, Neve and Powles, 2005a,b). 

 In Chapter 6 we illustrate how it is possible to estimate the possible genetics 

(number of genes, frequency, and resistance level of genes) behind herbicide resistance 
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evolution that occurs from low herbicide rate selection.  This was done using the data 

generated from the crop-field study presented in Chapter 3.  In this analysis, of all of the 

possible scenarios that were identified, resistance conferred by the additive effect of at least 

two semi-dominant genes best fitted the experimental results.  Subsequently, the estimated 

genetic parameters were used to calibrate the polygenic model to assess the impact of low 

to high rates of diclofop-methyl in herbicide-resistance evolution under crop-field 

conditions.  The results of this simulation indicated that the evolution of diclofop-methyl 

resistance was faster at low herbicide rates compared to high rates when the resistance 

genes involved are polygenic.  This was possibly due to the selection of minor herbicide 

resistance genes (polygenic) by low rates and their recombination by cross-pollination in L. 

rigidum.  Overall, these modelling studies warn against herbicide rate-cutting and indicate 

the need for careful consideration of herbicide rates. 

7.2 Research implications  

From a herbicide resistance management perspective, these studies are important and need 

immediate attention because herbicide resistance management strategies have not yet 

accounted for the likely role of minor gene herbicide resistance traits in herbicide resistance 

evolution.  In addition, there is no legal obligation barring users from using herbicides at 

lower than registered label rates.  Therefore, herbicide rates should be fixed carefully and 

herbicide rate cutting should be discouraged so as to minimize resistance evolution due to 

minor gene herbicide resistance traits.   

 Our findings may also have significance to resistance evolution in many other 

weeds.  Similar to L. rigidum (Busi et al, 2008), there are many other weeds that can 

accumulate resistance traits by cross-pollination.  For example, Alopecurus myosuroides 

(Chauvel and Gasquez, 1994), Kochia scoparia (Guttieri et al, 1998) or many Amaranthus 



Chapter 7 

 

 155 

genus weed species (Trucco et al, 2009) could accumulate resistance traits by cross-

pollination.  However, these results may have limited applicability in self-pollinating weed 

species, therefore, the effect low herbicide rates in resistance evolution in self-pollinating 

weeds require further evaluation.  

 The highly herbicide susceptible L. rigidum that was produced in this work (Chapter 

4) could be used as a pasture, that could be easily herbicide controlled at the end of pasture 

phases.  It might also be possible to convert the diploid herbicide susceptible L. rigidum to 

a tetraploid ryegrass line as a bio-control agent to regress the herbicide resistance evolution.  

A tetraploid ryegrass might be useful as a bio-agent because a hybrid between diploid 

ryegrass (herbicide resistant) and tetraploid susceptible ryegrass is usually sterile (Myers, 

1944).  Furthermore, the highly herbicide susceptible line together with the recurrently 

selected herbicide resistant L. rigidum line can be a potential functional genomic tool to 

explore the genetics and biochemistry of the low rate selected resistance traits. 

 The polygenic model we have developed has potential to be utilized to test the 

importance of genetic, biological and operational factors in herbicide resistance evolution.  

Besides, the potential usefulness of various herbicide resistance management options can be 

evaluated.  It is worth mentioning that in Chapter 6 we estimated a threshold diclofop-

methyl rate that on continuous usage resulted in the local extinction of resistance alleles in 

the L. rigidum population.  Obviously, this model output is somewhat hypothetical because 

it is less likely to eradicate herbicide resistance at larger scales.  However, this threshold 

herbicide rate indicated the possibility of using simulation modelling to estimate an ideal 

herbicide rate that can minimize both minor and major herbicide resistance evolution, at 

least once the model is precisely parameterized with the exact genetic basis of the 

resistance traits, such as number of genes, allelic interaction or gene interaction, and the 
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resistance level of these genes.  When such knowledge is available through genetic analysis 

of recurrently low herbicide rate selected L. rigidum populations and subsequently using 

the generated data in simulation models may bring insight into the precise herbicide 

application rate that should be followed in a herbicide management system to delay 

resistance as long as possible, or avoid it completely. 

7.3 Future research Priorities 

  

 The effect of low herbicide rates in resistance evolution may be tested on self-

pollinating weed species. 

 Selection of minor gene resistance traits by a particular herbicide rate will 

depend on the herbicide resistance level of these traits.  The types of these minor 

resistance mechanisms (monogene (Mendelian inheritance) and/or polygenic 

(quantitative inheritance), the number of genes behind each mechanism, the 

allelic interaction and gene interaction are not yet fully understood.  Therefore, 

further research exploring such details is important. 

 The environment may have significant effect on the herbicide resistance 

endowed by polygenic traits.  Therefore, the effect of weather parameters on the 

overall resistance level of these polygenic traits needs further exploration and 

that may have practical utility for on farm weed management.  This study may 

have further relevance in the context of global climate change. 

 The fitness of the selected highly susceptible L. rigidum to grow and multiply in 

normal agro climatic conditions and regions may be worth testing.  Besides, 

success of this susceptible line in agronomic trials may lead to the release of the 

susceptible L. rigidum as a potential pasture species.  In addition, as mentioned 
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earlier, the possibility of converting the susceptible L. rigidum to a tetraploid L. 

rigidum is worthy of evaluation. 

 The polygenic model can be updated with appropriate research results on 

herbicide resistance evolution, and subsequently the model can be used to 

evaluate the potential of various herbicide resistance management strategies 

such as herbicide rotation, herbicide mixtures, seed catching, crop rotations, 

restricting pollen and seed dispersal, and windrow burning. 
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