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"It is not the strongest species that will survive, nor the most intelligent, but the one 

most response to change". 

 
Charles Darwin 

On the Origin of Species by Means of Natural Selection 

 

 

SUMMARY 

The use of herbicides to control weed populations has been an integral tool in 

agriculture since they were first developed over 50 years ago. The selection of genetic 

variability has been an inevitable consequence of herbicide use and today biotypes of 

nearly two hundred herbicide resistant weed species have evolved in agroecosystems, 

worldwide. 

Theory on evolutionary biology predicts that in a herbicide free environment, 

herbicide-resistant individuals may exhibit an ecological disadvantage compared to 

herbicide-susceptible individuals (i.e., termed fitness cost). To assess the expression of 

fitness costs requires knowledge of which life history traits play major roles in plant 

fitness and how these interplay with environmental factors. Whether or not resistant 

plants incur fitness costs is essential information for a better understanding of the 

evolution of herbicide resistance and potentially for the design of proactive and reactive 

weed management practices that exploit differential fitness. 

The present study is the first dedicated evaluation of the potential expression 

and magnitude of fitness costs associated with enhanced herbicide metabolism 

mediated by cytochrome P450 monooxygenase enzymes and an insensitive ACCase 

enzyme (Ile (1781) to Leu mutation). Three phenotypes were examined: herbicide-

susceptible individuals (S), individuals possessing P450-based enhanced herbicide 
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metabolism (P450), and multiple herbicide-resistant individuals possessing both 

resistant ACCase and enhanced P450-based metabolism (ACCase/P450). All three 

phenotypes were isolated from a single Lolium rigidum population (SLR31) and used in 

a series of comparative experiments carried out in controlled and field conditions. 

Either constant temperatures or dark conditions markedly inhibited total 

germination and seedling emergence in seed individuals possessing the Ile (1781) to 

Leu mutation (ACCase/P450), compared to the S and P450 phenotypes. The light 

requirement for germination in the majority of individuals of the ACCase/P450 

phenotype prevented high levels of fatal germination from deep burial in soil, 

compared to the S and P450 phenotypes. Despite fatal germination at depth, the S 

phenotype showed higher emergence from deep burial than both herbicide-resistant 

phenotypes (P450 and ACCase/P450). These results denote how manipulation of the 

environment may provide conditions for the expression of fitness costs and thus be 

potentially exploited by weed management practices. 

In comparative growth experiments the P450-enhanced metabolism phenotype 

was found to incur a direct fitness cost. Both the P450 and ACCase/P450 phenotypes 

produced on average almost 20% less total biomass than the S phenotype during the 

vegetative stage. Reductions in biomass were driven by reduced CO2 assimilation rates. 

A negligible fitness cost was associated with the target site ACCase gene mutation (Ile 

(1781) to Leu) as no differences in growth were evident between the two resistant 

phenotypes. 

Individuals possessing a P450-enhanced metabolism resistance mechanism 

showed an impaired ability to compete for resources when compared to herbicide 

susceptible individuals: the P450 phenotype showed a weakened ability to reduce 

growth of neighbouring individuals (competitive effect), and diminished growth 
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(competitive response) under wheat competition at the vegetative and reproductive 

stages. The ACCase/P450 phenotype displayed a lower overall competitive effect than 

the S phenotype and was similar to the P450 phenotype, and reduced competitive 

response to wheat than the S phenotype at the reproductive stage. The results on 

competitive effects and responses conducted in this study also exemplify the lack of 

fitness costs associated with the Ile (1781) to Leu mutation of the ACCase enzyme. The 

underlying mechanisms and the evolutionary consequences of the competitive 

interactions among the S, P450 and ACCase/P450 phenotypes are discussed. 

A field experiment conducted in different agroecological environments has 

shown a significant reduction (25%) in the frequency of the P450 phenotype after two 

generations, which contrasted with a 25% increase in the frequency of individuals of 

the S phenotype. The magnitude and dynamics of the changes in the values of the 

phenotypic frequencies did not correspond with those values predicted by genetic 

equilibrium theory. After two generations, the frequency (20%) of the multiple resistant 

individuals (ACCase/P450) did not differ from the original known phenotypic 

frequency. However, an estimation of the frequency of individuals possessing 

exclusively an insensitive ACCase within the ACCase/P450 phenotype revealed an 

increase from 2% to 10-21% among the different environmental conditions after two 

generations. This evidence suggests that fitness costs associated with P450-enhanced 

herbicide metabolism were also expressed in those multiple-resistant individuals 

possessing both P450- and ACCase-based resistance mechanisms (ACCase/P450). 

This study provides robust evidence for the existence of fitness costs associated 

with a non-target site resistance mechanism endowed by cytochrome P450-enhanced 

herbicide metabolism in a L. rigidum population. Furthermore, the data in this study 

demonstrates that the magnitude of fitness costs conferred by P450 metabolism may 
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alter the evolutionary trajectory of resistant individuals possessing this mechanism 

under diverse environmental conditions. It also became clear that the Ile (1781) to Leu 

mutation of the ACCase enzyme in L. rigidum does not confer any measurable fitness 

costs. The ecological and evolutionary consequences of the results of this study are 

discussed with emphasis on the management of herbicide resistance. 
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CHAPTER 1 

General Introduction 

 

1.1 Background to the study 

Weed infestations are a major constraint on the yield potential of crop plants throughout the 

world (Radosevich et al., 1997; Zimdahl, 1999). The introduction of herbicides was a major 

advance in weed management technology resulting in increased crop productivity and 

reduced farm labor costs. However, increased reliance on herbicides to control weeds has 

resulted in the widespread evolution of herbicide resistance (Maxwell & Mortimer, 1994; 

Palumbi, 2001). Persistent application of highly efficacious herbicides to genetically diverse, 

large weed populations are the key factors which explain why more than 170 plant species 

have evolved resistance to many herbicides (Heap, 2004). 

The study of fitness costs (i.e., cost of resistance) has been an important aspect of 

herbicide resistance research. Both academic and weed management concerns make the 

evaluation of fitness costs associated with herbicide resistance a relevant area of 

investigation. Evolutionary theory predicts that herbicide-resistant individuals will express a 

fitness cost and therefore, will be at disadvantage in relation to herbicide-susceptible 

individuals when herbicides are removed from the environment (Fisher, 1958; Uyenoyama, 

1986). Predictive models and empirical evidence have shown that the expression of fitness 

costs may alter the evolutionary dynamics of resistance alleles in weed populations (Gressel 

& Segel, 1990; Maxwell et al., 1990; Plowman et al., 1999). Fitness costs have been 

considered an important biological parameter for delaying the evolution of resistance and for 

back selection towards susceptibility (Roush et al., 1990; Cousens & Mortimer, 1995), 

although the rate and occurrence of these processes will depend on the magnitude of the 
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fitness costs. As the expression and magnitude of fitness costs associated with resistance may 

vary among life history stages and may also depend on the prevailing environmental 

conditions, any fitness cost may potentially be exploited by weed management practices to 

combat resistance (Jordan et al., 1999). 

The most robust evidence for the existence of fitness costs has been found for the Ser 

(264) Gly mutation in the chloroplastic psbA gene which confers target-site resistance to the 

triazine herbicides in many weed species (reviewed by Gronwald, 1994; Bergelson & 

Purrington, 1996). However, for other herbicide resistance mechanisms, general conclusions 

about the existence of fitness costs cannot be drawn because methodological flaws have, in 

many instances, prevented conclusive and unequivocal results (Bergelson & Purrington, 

1996). Also, until now, only two studies have examined fitness costs associated with non-

target site resistance mechanisms (Purba et al., 1996; Sharples et al., 1997), and no studies 

have examined fitness costs in plants possessing both target and non-target site resistance 

mechanisms (multiple resistance). 

Lolium rigidum Gaudin (annual ryegrass), a widespread invasive weed species of 

Australian agricultural cropping systems has evolved resistance to non-selective and selective 

herbicides from at least nine different mode of actions (Burnet et al., 1994; Powles et al., 

1998). Target-site (i.e., point mutations at loci encoding herbicide target enzymes) and non-

target site (i.e., enhanced herbicide detoxification, sequestration and reduced translocation) 

resistance mechanisms have been identified in many L. rigidum populations (Hall et al., 

1994; Lorraine-Colwill et al., 2003). The accumulation of different resistance mechanisms 

within single populations or even within single individuals (i.e., multiple resistance) (Tardif 

& Powles, 1994; Preston et al., 1996) makes L. rigidum an excellent model system to 

evaluate fitness costs in individuals from a single population possessing different herbicide 
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resistance mechanisms. This approach has the additional benefit that it allows a comparison 

of fitness between individuals with a relatively homogenous genetic background. 

The objective of the present investigation is to determine the presence (i.e., 

expression), extent (i.e., magnitude) and dynamics of fitness costs associated with target and 

non-target site herbicide resistance mechanisms in a multiple resistant L. rigidum (SLR31) 

population. Assessment of fitness costs associated with enhanced herbicide metabolism 

endowed by cytochrome P450 monooxygenase enzymes (non-target site resistance) and a 

plastidic point mutation (Ile (1781) Leu) encoding an insensitive acetyl CoA carboxylase 

(ACCase) enzyme (target site resistance), has been conducted at a number of different life 

history stages under different environmental conditions. 

Chapter 2 provides an extensive review of published studies on fitness costs 

associated with herbicide resistance (with emphasis on non-triazine resistance), and critically 

evaluates and reviews the experimental methods used to assess fitness costs in those studies. 

Chapter 3 describes the methodology used to identify and isolate herbicide-susceptible 

individuals (S), individuals possessing an enhanced herbicide detoxification (P450) and 

multiple resistant individuals possessing both ACCase target-site resistance and P450 based 

enhanced metabolism (ACCase/P450) from within the SLR31 population. Chapter 3 also 

reports patterns of seed germination and seedling emergence under different thermal and light 

environments for each of the three phenotypes. Classic growth analysis was employed to 

estimate potential physiological or direct fitness costs (i.e., those derived from the expression 

of resistance genes) at the vegetative and reproductive plant stage between the S, P450 and 

ACCase/P450 phenotypes (Chapter 4). The ability to suppress the growth of target plants 

(competitive effects) and the capacity to tolerate the presence of neighbour plants 

(competitive responses) is also estimated between the three phenotypes (Chapter 5). Chapter 

6 evaluates changes of the frequencies of the S, P450 and ACCase/P450 phenotypes after two 
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generations under different agroecological environments. Finally, the results of this 

investigation are discussed in relation to the main objective proposed (this Chapter 1), as well 

as the potential implications from a methodological and practical viewpoint (Chapter 7). 
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CHAPTER 2 

Ecological fitness studies on herbicide resistance in weeds: A 
review on fitness costs (*) 

 

2.1 Abstract 

Predictions based on evolutionary theory suggest that the adaptive value of herbicide 

resistance alleles may be compromised by the existence of plant fitness costs. Previous 

reviews have largely collected robust evidence supporting the existence of fitness costs 

associated with Ser (264) Gly mutation of psbA chloroplastic gene endowing resistance 

to PSII inhibiting herbicides (triazines) in several weed species. However, since 1996, a 

systematic revision on fitness costs associated with other mutations endowing 

resistance to different herbicide classes is lacking. The present review critically 

examined the literature estimating fitness costs associated with non-triazine resistance, 

with emphasis on the experimental methodology used to assess the expression of fitness 

costs. Most studies were conducted on fitness costs associated with target-site based 

resistance (ALS resistance followed by ACCase and auxin resistance) after comparison 

of single plant history traits between herbicide-resistant and -susceptible individuals 

with dissimilar genetic backgrounds. A detailed review of the literature precludes the 

generalization of fitness costs: the potential expression of fitness costs depends on the 

molecular basis endowing resistance meaning that studies on fitness costs of herbicide 

resistance must be assessed on a case-by-case basis. This review also reveals gaps of 

essential information derived from fitness studies which are necessary to unequivocally 

assess fitness costs of resistance and potentially design weed management practices to 

exploit them. 
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(*) Some elements of this chapter have been compiled in a manuscript submitted (2004) 

to Encyclopedia of Pest Management. 

Vila-Aiub MM, Neve P & Powles SB. Fitness costs of evolved herbicide resistance.  

(Western Australian Herbicide Resistance Initiative (WAHRI), School of Plant 

Biology, Faculty of Natural & Agricultural Sciences, The University of Western 

Australia, 35 Stirling Hwy, Crawley, WA 6009, Australia). 
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2.2 Introduction 

Herbicides have been intensively used in agricultural fields for the last 50 years to 

reduce weed infestations so as to maximise crop yield and economic return (Powles et 

al., 1997). As a result, weed populations with evolved resistance to herbicides have 

developed worldwide (Powles & Shaner, 2001). Spontaneous mutations and natural 

genetic variability within weed populations results in low frequencies of herbicide 

resistance alleles which, given the extraordinary advantage they confer, are selected 

under continuous herbicide use (Maxwell & Mortimer, 1994; Palumbi, 2001). In some 

cases, as little as 3 herbicide treatments (3 generations) has resulted in a highly resistant 

weed population (Tardif et al., 1993). 

It is usually assumed that genes conferring an adaptation to a new environment 

will exhibit a fitness cost in their original environment (Fisher, 1928, 1958; Orr & 

Coyne, 1992). With respect to herbicide resistance, this assumption, which is indirectly 

supported by the fact that resistance genes in unselected populations remain at low 

frequencies, predicts that herbicide-resistant individuals will be at a disadvantage when 

the selection pressure (herbicide application) is not present. Conceptual models which 

support the existence of pleiotropic costs associated with resistance to environmental 

stresses have been proposed. The resource-based allocation or cost / benefit theory 

predicts that plants divert resources into different organs and functions in order to 

maximize their ecological success or adaptive strategy under the selection imposed by 

the environment (Harper, 1977; Solbrig 1994; Lerdau & Gershenzon, 1997; Strauss et 

al., 2002). As environmental resources are limited, any increase in allocation to one 

organ or function implies a decrease in allocation to other sinks (Lerdau & Gershenzon, 

1997). This theory underpins the trade-off usually found in plants between 

reproduction, growth and storage or defense functions (Grime, 1977; Coley et al., 1985; 

Chapin III et al., 1993). Herbicide sequestration and detoxification are common 
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resistance mechanisms (non-target site resistance) found in some weed species (Preston 

& Mallory-Smith, 2001). These resistance mechanisms are mediated by proteins 

(enzymes and membrane transporters) that rapidly metabolise the herbicide compound 

or prevent it from reaching its site of action. According to the resource-based allocation 

model, if further energy and resource investments are required to synthesize this 

enzymatic machinery, fitness costs may be incurred. 

Alternatively, fitness costs may arise when adaptive mutant alleles interfere at 

some level with normal plant function or metabolism (Uyenoyama, 1986; Gronwald, 

1994; Berticat et al., 2002). These harmful pleiotropic effects associated with newly 

arisen resistance mutations have been reported in bacteria (e.g., Cohan et al., 1994) and 

insects (e.g., Groeters et al., 1994; Chevillon et al., 1995). Target-site herbicide 

resistance occurs as a result of point mutations that change the dimensional 

configuration of target enzymes and prevent herbicide binding. Where these 

conformational changes compromise normal enzyme function and kinetics in the 

absence of the herbicide, a fitness penalty will be expressed. 

It is important to stress that fitness costs mediated by target or non-target site 

resistance mechanisms may be reduced over time as a consequence of ameliorative 

evolution by the acquisition of modifiers (i.e., new alleles at other locus) which 

compensate and reduce pleiotropic costs and / or by allele replacement (i.e., 

substitution of the costly allele by a less costly one at the locus involved in resistance). 

These processes create the opportunity for co-adaptation or integration of the new 

resistance gene (Fisher, 1928; Cohan et al., 1994; Guillemaud et al., 1998). 

Costs of resistance or fitness costs may also arise as a consequence of 

ecological interactions (Purrington, 2000; Strauss et al., 2002). If resistant individuals 

are for example, less attractive to pollinators or mutualists, or more susceptible to 

diseases, fitness costs will occur independently of any energetic drain or alteration of 
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normal metabolism. To date, fitness costs mediated by biotic interactions have been 

observed in plants resistant to herbivory (Strauss et al., 2002), but have not been 

reported in herbicide-resistant weeds. 

Resistance to photosystem II (PSII) inhibiting triazine herbicides is the most 

widely studied and best documented example of target-site herbicide resistance 

commonly associated with a pleiotropic fitness cost (reviewed by Holt & Thill, 1994). 

Triazine herbicides have a high affinity for binding at the QB site on the D1 protein in 

PSII, competing and displacing plastoquinone QB and preventing subsequent electron 

transport (reviewed by Gronwald, 1994, and Preston & Mallory-Smith, 2001). A point 

mutation in the chloroplastic psbA gene which encodes the D1 protein results in an 

amino acid substitution of serine 264 to glycine and reduces the affinity of PSII 

herbicides at the QB binding site (reviewed by Trebst, 1996). However, this mutation 

also reduces the electron transfer rate between QA and QB plastoquinones (Jansen & 

Pfister, 1990), leads to a lower chlorophyll a / b ratio (Vaughn & Duke , 1984) and 

increases sensitivity to high photon flux densities (Hart & Stemler, 1990a, b). These 

physiological changes result in reduced photosynthetic potential for weed species with 

resistance to triazine herbicides (Jursinic & Pearcy, 1988). This in turn results in low 

growth rates, less competitive ability and reduced seed production in the absence of 

herbicide selection (Holt & Thill, 1994). Simulation models and field observations have 

shown that these fitness costs lead to a decline in the frequency of resistant plants over 

a few generations when triazine herbicide use is discontinued (Plowman et al., 1999). 

The assessment of fitness costs in herbicide-resistant weed populations is 

necessary to understand and predict likely ecological and agronomic implications of 

resistance. Estimates of differential fitness between resistant and susceptible genotypes 

in the absence of herbicides have been recognized as important inputs for better 

prediction of the evolutionary trajectories of herbicide resistance (Gressel & Segel, 
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1990; Maxwell et al., 1990; Diggle & Neve, 2001; Neve et al., 2003). Fitness costs 

may slow the rate at which resistance evolves under selection and can be manipulated 

by management to result in selection against resistance alleles in ‘off’ years where 

herbicides are rotated, ultimately to result in resistance regression (reversion of the 

population to susceptibility) in the absence of herbicide selection (Gressel & Segel, 

1982, 1990). The rate of regression will depend on the magnitude of these fitness costs. 

Some studies have identified important ecological differences (i.e., life history 

variation) between herbicide-resistant and -susceptible weed populations. It should be 

emphasised that a difference in the ecology of, for instance, seed germination or 

flowering time between herbicide-resistant and -susceptible individuals does not 

necessarily imply a fitness cost of resistance. However, knowledge of these differences 

raises the possibility that agroecosystems may be manipulated through appropriate 

management to delay or reverse the resistance dynamics (Gressel & Segel, 1990; 

Maxwell et al., 1990; Roush et al., 1990; Powles & Matthews, 1992; Jordan et al., 

1999; Friesen et al., 2000; Diggle & Neve, 2001; Neve et al., 2003). 

A previous review (Bergelson & Purrington, 1996) reported evidence for fitness 

costs associated with herbicide resistance from many studies. However, this analysis 

had a very high proportion of cases examining costs associated with triazine resistance. 

It is not valid to extrapolate from triazine resistance to other herbicide classes. In the 

same year, two other reviews (Holt, 1996; Jasieniuk et al., 1996) concluded that 

inconclusive results and insufficient research made it difficult to generalise on costs of 

resistance to herbicides other than triazines.  

The objective of this study is to critically review published papers which have 

examined fitness costs associated with resistance to non-triazine herbicides and to 

evaluate and review the experimental methods used to conduct these studies. 
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2.3 Materials and Methods 

In order to be included in the database, papers had to fulfill two criteria: they had to 

report empirical studies which assessed fitness costs (or differential ecological 

performance) in weed/plant species with evolved resistance to non-triazine herbicides 

and have been published in indexed international journals. Papers were included from 

an unrestricted set of journals and years. The entire list of studies reviewed appears in 

Appendix A. For each article, the herbicide class and the weed/plant species involved 

were identified. Where possible, the magnitude of the fitness cost (%) was calculated 

(ratio of resistant plant to susceptible plant biomass) at the vegetative or reproductive 

stage. A detailed examination of the experimental designs (see below) used to estimate 

fitness costs was conducted. The use of proper control treatments (control of genetic 

background), the experimental conditions (competitive interactions and range of 

environments explored), the nature and number of evaluated traits associated with plant 

fitness, and the physiological mechanisms (target vs. non target-site resistance) and 

molecular basis involved in each resistance were documented for each article. 

 

The design of experiments to measure fitness costs of herbicide resistance 

Unequivocal evidence for reduced plant fitness associated with herbicide resistance 

genes requires a comparison of appropriate plant material and careful experimental 

design. Five important factores which may contribute to the success of studies that aim 

to detect and quantify fitness costs have been identified (though not all need be 

satisfied). These factors are: control of genetic background (GB), resource competition 

(RC), environmental gradients (EG), life history traits (LHT) and knowledge of 

physiological and/or molecular basis of herbicide resistance (PMB). The importance of 

each of these is discussed. 
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I. Control of genetic background (GB) 

Weed species are continuously exposed to a complex matrix of environmentally 

determined selective pressures. These include agronomic practices (grazing, herbicides, 

fertilization, cultivation, crop rotation, etc), edaphic properties (soil texture and 

structure, organic matter, pH, etc), and climatic and topographic factors. As a response 

to these varying selective forces, local adaptation occurs in weed species (ecotypic 

differentiation). Genetic variability between plant accessions exposed to different 

selective pressures may be potentially expressed in terms of allele richness, growth, 

competitive ability, and phenological and morphological traits (Snaydon, 1970, 1971; 

Warwick & Marriage, 1982; Holt, 1994; Ransom et al., 1998; Bennett et al., 2000, 

2002). If herbicide resistance fitness studies are conducted with plants from different 

environments, then this genetic variability within and between weedy plant populations 

can significantly hamper attempts to quantify fitness costs associated with herbicide 

resistance alleles as it is often difficult to unequivocally attribute these costs to the 

resistance allele (Uyenoyama, 1986; Cousens & Mortimer, 1995; Bergelson & 

Purrington, 1996; Jasieniuk et al., 1996). The expression and magnitude of fitness costs 

associated with resistance alleles may not only be affected by the biotic (see RC 

criterion) and abiotic environment (see EG criterion) but also by the genetic 

environment (genetic background). Therefore, from an experimental approach it is 

essential to minimise the variation in genetic background. To avoid these confounding 

effects, relative fitness should be measured in resistant and susceptible individuals that 

share a common genetic background. Some experimental techniques such as recurrent 

backcrossing to obtain near-isogenic lines (Barker et al., 1997; Ungerer et al., 2003), 

the production of genetically transformed herbicide resistant plants (Purrington & 

Bergelson, 1999) and the isolation of herbicide-resistant and -susceptible individuals 

within single populations (Jasieniuk et al., 1996; Vila-Aiub et al., 2004 (see Chapter 3)) 



CHAPTER 2                                                                                                                     15 

have been developed to minimise allelic differences at loci other than those conferring 

resistance. 

An approach that has been suggested to overcome differences in genetic 

background, is the exploration of fitness costs by comparing many resistant and 

susceptible populations (Cousens et al., 1997; Strauss et al., 2002). The rationale for 

these studies has been to minimise the risk of making Type I error. Basically this 

approach argues that if the mean value for any life history for several resistant 

populations is statistically different from the mean of that value for several susceptible 

populations one might conclude with greater confidence that those differences are 

caused by pleiotropic effects of a herbicide resistance gene(s) (Gill et al., 1996; 

Cousens et al., 1997; Strauss et al., 2002). One of the advantages of dealing with 

several populations relates to the fact that in field populations, resistance alleles exist in 

a range of backgrounds (within and between resistant weed populations) and we might 

expect that over time, evolution will favour those backgrounds in which the fitness cost 

is minimised (i.e., co-adaptation) (Ungerer et al., 2003). The comparison of fitness 

costs between several herbicide resistant populations might help to determine the value 

of different genetic backgrounds in influencing the fitness of resistance genes. Evidence 

of fitness penalties expressed in a variety of genetic backgrounds that may reduce the 

probability of penalties due to variation at loci other than those conferring resistance 

will be reported but remains an inferior method to studies which carefully control this 

background. 

Collection of genotypes from herbicide-resistant and -susceptible patchy stands 

in the same field does not preclude the existence of linkage disequilibrium between the 

accessions: other genes not associated with resistance may become linked to resistance 

alleles due to non-random mating between the collected genotypes (Strauss et al., 

2002). A procedure that breaks up this association consists of conducting random 
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matings between resistant and susceptible genotypes to generate segregating F2 lines. 

Comparison of fitness costs in the segregating genotypes (RR, RS, SS) is possible due 

to their similar genetic backgrounds. This methodology also provides the possibility of 

evaluating the dominance of fitness costs (Roux et al., 2004). Since heterozygotes (RS) 

will be the first genotypes selected in outcrossing species, the establishment and rate of 

spread of herbicide resistance genes in weed populations will depend on the difference 

in the magnitude of any fitness penalty between RS and RR when compared to the 

susceptible individuals. 

 

II. Resource competition (RC) 

Experiments in which herbicide-resistant and -susceptible individuals compete for a 

common pool of limited resources may make the detection of fitness costs easier 

(Harper, 1977; Weiner, 1990; Reboud & Till-Bottraud, 1991; van Dam & Baldwin, 

1998; Glawe et al., 2003). Under competitive interactions, individuals are “forced” to 

make demands on the same limiting environmental resources and, consequently, 

differential abilities to tolerate low resource levels (i.e., response to resources) and/or 

capture efficiently more resources (i.e., effect on resources) are able to be expressed 

(Grime, 1977; Tilman, 1982; Goldberg, 1990). Provided that resource partitioning 

between resistant and susceptible individuals is precluded by the conditions in which 

the experiments are conducted (Tilman, 1982; Wright, 2002), it has been shown, for 

example, that lack of differential responses to resources between resistant and 

susceptible individuals may lead to plant coexistence (Tilman, 1982). Conversely, 

events of competitive displacement are predicted if, as manifest as fitness costs, 

herbicide-resistant individuals, for example, exhibit an impaired ability to capture 

resources, or possess less efficient metabolism of captured resources (energy). 
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Individuals of the same species differing only in a single point mutation that 

endows herbicide resistance are expected to compete intensely for resources. 

Competitive experiments help detect dissimilar plant tolerances under different limiting 

resources and plant traits conferring advantages in resource use, resulting in a useful 

approach to explore and evaluate the existence of fitness costs in herbicide-resistant 

species. 

 

III. Environmental gradient (EG) 

The study of plant performance in relation to variation in some environmental factor 

has two implications: it defines species tolerance levels (physiological response) and 

reveals those conditions in which a species may dominate or be dominated by others 

(ecological response) (Austin & Austin, 1980; Osborne & Whittington, 1981; Shipley 

& Keddy, 1988). 

In connection with defining plant tolerance along environmental gradients, there 

is the general assumption that plant fitness costs may be more evident when plants are 

growing under stressful conditions (Coley et al., 1985). Although this prediction has 

not always been validated (Bergelson & Purrington, 1996), it may be of greater 

relevance when the mechanism endowing herbicide resistance depends on 

environmental conditions. For instance, if herbicide sequestration or detoxification 

require the synthesis or regulation of constitutively expressed N-rich proteins, then 

plant growth may be reduced in nitrogen poor environments according to the resource 

allocation theory (Lerdau & Gershenzon, 1997). 

If, as stated before, studying resource competition represents a useful way to 

detect fitness costs associated with herbicide resistance, it must be acknowledged that 

the absence of any impairment in competitive ability under certain environmental 

conditions does not preclude the existence of differential ability in capturing resources 
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between herbicide-resistant and -susceptible individuals in other set of conditions. 

Many studies (Picket & Bazzaz, 1976, 1978; Austin & Austin, 1980; Grace & Wetzel, 

1981; Berendse, 1983; Elberse et al., 1983; Tilman, 1984, 1987; Helgadottir & 

Snaydon, 1985; Berendse & Elberse, 1990; Goldberg, 1990) provide evidence that 

morphological and physiological traits that confer a competitive advantage in one 

environment, are not necessarily advantageous when the environment changes. Hence, 

differential responses to environmental gradients (water, temperature, nutrient, light, 

disease, etc.) may modify the outcome of competitive interactions between phenotypes 

(Austin & Austin, 1980; Osborne & Whittington, 1981; Shipley & Keddy, 1988). 

Studying the response of herbicide-resistant weeds to a wide range of biotic and 

abiotic environmental conditions allows the existence of any physiological and 

ecological costs of resistance to be assessed (Plowman & Richards, 1997; Strauss et al., 

2002). It also enables weed managers to “design environments that potentially exploit 

functional weaknesses of herbicide resistant weeds” (i.e., biorational herbicide 

resistance management) (Jordan et al., 1999). 

 

IV. Life history traits (LHT) 

The estimation of costs associated with herbicide resistance requires comparison of 

plant traits at all life history stages. Aboveground vegetative biomass or plant fecundity 

has often been regarded as the “common currency” to compare relative fitness between 

individuals. However, the assumption that, for example, an individual that produces 

many seeds has an ecological advantage (i.e., is more fit) over an individual that 

produces fewer seeds is only true provided that seed dispersal, germination and 

colonization rates, seed longevity, seedling vigour and resistance to pathogens, diseases 

or insects are identical between seeds of those two individuals (Harper, 1977; Primack 

& Kang, 1989; Solbrig, 1994). In other words, the number of progeny produced is only 
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one component of plant fitness and trade-offs between different life history stages and 

strategies will often mean that changes in one component of plant fitness will involve 

compromises in other traits (Harper, 1977; Solbrig, 1994). 

Fitness studies should ideally examine all life stages. One general approach that 

encompasses this goal is the study of the changes of the frequency of resistance alleles 

over a number of generations. Then, initial and final (genotypic and/or phenotypic) 

frequencies of resistance could be compared under no herbicide selection. Significant 

deviations from the expected final frequencies of resistance providing similar fitness 

between resistant and susceptible forms would indicate the existence (or not) of 

pleiotropic effects associated with resistance. 

 

V. Physiological and/or molecular basis conferring herbicide resistance (PMB) 

More than one mechanism may potentially endow resistance to the same herbicide. For 

example, either enhanced detoxification or an insensitive target site may be involved in 

resistance to acetyl-CoA carboxylase (ACCase) inhibitors in Alopecurus myosuroides 

and Lolium rigidum populations (Tardif & Powles, 1994; Preston et al., 1996; Cocker 

et al., 1999). Moreover, the same mechanism of herbicide resistance may be conferred 

by different point mutations (see review by Preston & Mallory-Smith, 2001; Sibony & 

Rubin, 2003) with different pleiotropic effects (Roux et al., 2004) or contrasting 

ecological performance (Thompson et al., 1994a; Guttieri et al., 1995). The work of 

Roux et al. (2004) in particular has demonstrated that different mutations on the same 

gene (isoxaben herbicide resistance) or different mutations on different genes (2,4-D 

herbicide resistance) may have very different fitness costs. Given this evidence, it is 

difficult to compare studies on fitness costs that do not report the physiological or 

molecular basis of herbicide resistance. This may be particularly important in studies 

that compare a number of resistant populations to infer fitness costs associated with 
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resistance to a particular class of herbicide (for example, Murphy et al., 1986; Gill et 

al., 1996; Poston et al., 2002). 

 

2.4 Results and Discussion 

This review has identified a total of 39 fitness studies on non-triazine herbicide-

susceptible and -resistant weed populations found in 35 published articles from indexed 

scientific journals (Table 2.1). Most (36/39 studies) fitness studies have been conducted 

on weed populations with resistance to selective herbicides (i.e., pre and postemergence 

herbicides that are applied in-crop conditions) (Table 2.1). To date, there have been 

considerably more studies assessing fitness costs or differences in ecology associated 

with ALS resistance (44%), than associated with ACCase herbicides (15%) and auxin-

like herbicides (15%). Of those 39 studies, only 2 explored fitness costs and ecology in 

weeds with resistance to PSI [see Appendix A for references 14, 15], PSII [18, 19] and 

mitosis inhibiting herbicides [16, 17]. Only one investigation concentrated on fitness 

costs associated with EPSPS [7] and cellulose synthase inhibitors [13], and organic 

arsenic [20] and multiple resistance [35]. 

 

I. Control of genetic background (GB) 

Six investigations compared herbicide-resistant and -susceptible alleles in a common 

genetic background [13, 27, 28]. Two types of experimental protocol were employed to 

create suitable herbicide-resistant and -susceptible lines for comparison: (1) creation of 

transgenic plants by cloning the resistance allele and inserting it into a susceptible 

Arabidopsis thaliana genetic background (Purrington & Bergelson, 1999), and (2) 

EMS-mutagenised A. thaliana lines crossed to a known susceptible genetic background 

to generate the F1 which is selfed to produce herbicide-resistant and -susceptible 
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genotypes (Roux et al., 2004). The work conducted by Roux et al. (2004) is the first to 

examine fitness costs in heterozygote and homozygote resistant individuals. 

Some investigators have recognised the confounding effect of having dissimilar 

genetic backgrounds when assessing fitness costs and aimed to compare several 

herbicide-resistant and -susceptible populations to minimise the influence of dissimilar 

genetic background. Eleven studies used this approach, either comparing several 

resistant vs. several susceptible populations, pairs of resistant and susceptible 

populations, several resistant populations vs. one susceptible population or one resistant 

population vs. several susceptible populations [4, 11, 16, 17, 20, 24, 25, 26, 31, 33, 35]. 

The molecular basis endowing resistance has been seldom reported in these studies. 

Thus, a potential problem involves the comparison of populations which possess 

different mechanisms and/or molecular basis endowing resistance. A support for this 

assertion is that these reports (Murphy et al., 1986; Haigler et al., 1994; Gill et al., 

1996; Bonner et al., 1998; O’Donovan et al., 1999; Poston et al., 2002) invariably 

reveal through explicit or implicit statistical analysis the existence of significant 

variance within the resistant populations tested. Results from these studies show that 

even in those cases when the mean of the fitness attribute when compared between the 

whole set of resistant and susceptible populations could not differ, there were always 

pairwise combinations that did show differences in fitness costs. The potential risk of 

dealing with a set of herbicide-resistant populations and comparing their fitness costs to 

herbicide-susceptible populations without knowing the molecular basis involved is 

provided by Thompson et al. (1994a). Two chlorsulfuron-resistant K. scoparia 

populations differing in a single change in the amino acid sequence (Thr (173) Pro, Arg 

(173) Pro) (Guttieri et al., 1995) of the ALS protein have different germination 

responses (lag phase, germination rate and total germination) when compared to each 
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other; additionally, significant differences in germination with chlorsulfuron-

susceptible populations were only evident for some pairwise comparisons. 

Studies comparing several resistant and susceptible populations provide a good 

indication of the limits of the phenotypic variation that correspond to populations 

originated from different environments. However, clear conclusions from these studies 

that make multiple comparisons are difficult to draw in regards to fitness costs of 

herbicide resistance. 

 

II. Resource competition (RC) 

Those studies evaluating phenological phenomena or germination/emergence 

characteristics or not identifying conditions of competition in the field were not 

considered to evaluate the resource competition criterion. Ecological costs of resistance 

are those that are differentially expressed depending on environmental conditions or the 

presence of competitors (Strauss et al., 2002). Seventy percent of the studies (21/30) 

have recognised the importance of evaluating the ability of herbicide-resistant and -

susceptible individuals to compete for resources to determine the existence of fitness 

costs (Table 2.1). Among these studies, (16/21) 76% explored competition for 

resources between herbicide-resistant and -susceptible plants while 10% examined 

competition with crops to evaluate fitness costs (Table 2.1). Three publications 

explored both types of competition [5, 6, 17]. However, it is noteworthy that all 

evaluations on competitive abilities were performed on resistant and susceptible 

populations with dissimilar genetic backgrounds, so results should be interpreted with 

caution. 

Lack of significant differences in competitive ability have been usually reported 

when no differences in values of various competition indexes calculated over different 

mixture plant ratios were found (Alcocer-Ruthling et al., 1992b; Thompson et al., 
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1994b; Sterling et al., 2001). Alcocer-Ruthling et al. (1992b) reported similar relative 

competitive abilities for herbicide-resistant (0.94) and -susceptible (0.91) L. serriola 

individuals. However, a closer look at the biomass attained by individuals competing in 

a 1:1 ratio over 3 densities (100, 200 and 300 plants m-2) reveals a growth advantage 

for the susceptible plants for the lowest two plant densities. A phenotype whose 

average dry biomass in the 1:1 mixture is significantly higher than the other is judged 

to be more competitive (Harper, 1977). It would be useful to determine what 

environmental conditions are associated with the lowest densities in which the 

susceptible individuals showed a competitive advantage over the resistant individuals. 

 

III. Environmental gradient (EG) 

Provided that studies evaluating competitive ability between resistant and susceptible 

individuals over a range of plant densities are considered to meet EG criteria (i.e., 

variations in plant densities are correlated to some degree of environmental variation), 

fifteen studies (38%) evaluated fitness costs or differential ecology between herbicide-

resistant and -susceptible weeds under different abiotic environmental conditions 

(Table 2.1). However, only nine studies examined responses over a specific 

environmental gradient. Thermal regimes were frequently manipulated to characterise 

germination responses [1, 7, 8, 19, 24, 25, 34, 35]. Two single studies examined the 

effects of water stress, sowing depth and soil type [7], or light/darkness [8] on 

germination of resistant and susceptible seeds. One article evaluated fitness costs at the 

reproductive stage under two levels of nutrient availability [28]. 

 

IV. Life history traits (LHT) 

Two studies [9, 23] used the methodological approach of studying the changes of the 

frequency of resistance alleles over time: in both cases (resistance to auxinic and ALS 
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herbicides) a decline in the level of herbicide resistance was observed in the absence of 

herbicide selection (see below). The remainder of the studies chose to compare fitness 

components (germination, vegetative growth, etc.) of resistant and susceptible 

individuals to assess costs of resistance (Table 2.1). A total of 69 experiments 

(replicated experiments on similar LHT were considered as one experiment) were 

identified. Regardless of the herbicide class, experiments evaluating fitness costs at the 

whole plant (vegetative/ reproductive), seed germination or seedling emergence stage 

comprised 72%, 19% and 9% of all cases respectively. The same methodological 

emphasis was observed when considering life history traits evaluated for each herbicide 

class. The number of fitness studies for resistance to each class of herbicides and the 

life cycle stages at which fitness was assessed are summarised in Table 2.2. 

 

V. Physiological and molecular basis (PMB) 

The physiological basis of herbicide resistance has been documented in 49% (19/39) of 

investigations in which 95% (18/19) corresponded to target-site resistance mechanisms 

(Table 2.1). Only one article [18] examined fitness associated with a non-target site 

resistance mechanism (enhanced cytochrome P450-metabolism). The molecular basis 

of resistance has been reported in 94% of fitness costs associated with ALS resistance, 

while only one article [13] of six reported the molecular basis of resistance to auxin 

herbicides and no articles reported this for ACCase resistance (Table 2.1). The only 

study [13] reporting fitness costs associated with resistance to cellulose synthase 

inhibiting herbicides documented the molecular basis responsible for resistance.  
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Magnitude of fitness costs 

ALS resistance 

Research efforts have been concentrated towards evaluating fitness costs associated 

with resistance to ALS inhibiting herbicides more than to any other herbicide class 

(Table 2.1), perhaps reflecting the prevalence of resistance to these herbicides (Heap, 

2004). An indication of fitness costs associated with a His to Pro substitution at amino 

acid 197 in the ALS protein (Guttieri et al., 1992) is supported by a study examining 

changes in the frequency of herbicide-resistant Lactuca serriola individuals over time: 

a decline of the level of resistance (25-86%) was observed after three years in absence 

of herbicide selection (Alcocer-Ruthling et al., 1992a). Related studies have suggested 

that this apparent cost of resistance associated with His (197) to Pro mutation is due to 

reduced vegetative biomass of herbicide-resistant individuals in both competitive and 

non-competitive conditions though results were obtained after comparison of 

susceptible and resistant individuals with different genetic backgrounds (Alcocer-

Ruthling et al., 1992b). Three experiments with a well controlled genetic background 

have also revealed that amino acid substitution Pro (197) to Ser in the ALS gene 

resulted in a 26-37% reduction in reproductive biomass (seeds) in A. thaliana 

(Bergelson et al., 1996; Purrington & Bergelson, 1997; Roux et al., 2004). 

Although all comparisons were performed without genetic background control, 

consistent results suggest a correlation between the ability to germinate at low 

temperatures and ALS resistance. Two investigations report results on germination 

rates of chlorsulfuron-resistant and -susceptible Kochia scoparia populations over a 

thermal gradient: resistant seeds exhibited greater and more rapid germination when 

incubated at low temperatures (Dyer et al., 1993; Thompson et al., 1994a). In the latter 

publication the Thr (173) to Pro or Arg (173) to Pro amino acid changes in the ALS 

enzyme were identified as the molecular basis of ALS resistance associated with the 
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rapid germination for two resistant populations. A recent report has also found that 

Bromus tectorum seeds with resistance to ALS inhibitors (Pro (197) to Ser) started to 

germinate 27 hours earlier than the susceptible seeds at 5°C (Park et al., 2004). 

Dyer et al. (1993) have shown that seeds of ALS resistant K. scoparia have 

higher concentrations of branched chain amino acids and have questioned the role of 

this difference in differential germination and emergence of resistant and susceptible 

seeds. Purrington and Bergelson (1999) found over-activity in mutated ALS enzymes 

and presented preliminary results that suggest that Pro (197) to Ser mutation in the ALS 

gene may alter feedback regulation and gene expression leading to the overproduction 

of branched chain amino acids. They argue that altered ALS activity may antagonise 

normal metabolism and growth exerting a pleiotropic physiological cost of resistance. It 

is noteworthy that although fitness costs associated with ALS resistance are expressed 

during the reproductive stage, herbicide-resistant individuals are at a clear advantage 

when seed germination occurs at low temperatures. Further studies with populations 

expressing known ALS resistance conferring mutations are needed to validate Dyer et 

al.’s results and Purrington and Bergelson’s hypothesis. 

Mutations endowing resistance to ALS inhibiting herbicides do not always incur 

costs. The amino acid substitution Ser (653) to Asn which endows resistance to 

imazapyr did not incur any fitness disadvantage when compared with imazapyr-

susceptible A. thaliana individuals (Roux et al., 2004). Although Tranel and Wright 

(2002) have reviewed the existence of thirteen different ALS mutations selected in 

weed populations in the field, it is still remarkable that there is little available 

information on fitness costs for eight mutations of the ALS gene that endow resistance 

to ALS herbicides. 

 

 



CHAPTER 2                                                                                                                     27 

Resistance to auxin-like herbicides 

In common with ALS resistance, Roux et al. (2004) have shown that some point 

mutations endowing resistance to 2,4-D incur severe fitness costs while others 

expressed no costs. Large fitness costs associated with 2,4-D resistance in A. thaliana 

individuals with point mutations in the AXR1 (Cys (154) to Tyr) or AXR2 (Pro (87) to 

Ser) genes have been found. These lines displayed 78% and 89% less reproductive 

biomass than 2,4-D susceptible individuals, respectively (Roux et al., 2004). However, 

no reductions in fitness was associated with 2,4-D resistance endowed by a point 

mutation (Gly (459) Asp) in the AUX1 gene (Roux et al., 2004). 

The evidence for regression of resistance (4% per year) under no herbicide 

selection in an MCPA resistant Ranunculus acris population suggests higher fitness of 

susceptible individuals (Bourdôt et al., 1996). It is suggested in the same study that 

regression of resistance could have been driven by differences in competitive ability at 

high plant densities in which MCPA susceptible individuals showed a higher advantage 

than resistant individuals. 

Fitness costs associated with resistance to MCPA have been reported in 

different broad-leaved weed species in other articles, though results should be 

interpreted with some caution since they lacked control of genetic backgrounds 

(Table 2.1). 

 

Cellulose synthase resistance 

The magnitude of fitness costs associated with isoxaben resistance in A. thaliana has 

been studied for three discrete mutations (Roux et al., 2004). A Thr to Ile substitution at 

position 942 of the gene encoding the cellulose synthase catalytic isoform CESA3 

resulted in a 43.2% reduction in reproductive biomass. However, a Gly (998) to Asp 
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substitution in the CESA3 protein or a Arg (1064) to Trp substitution in the CESA6 

protein did not result in fitness costs in isoxaben resistant A. thaliana individuals (Roux 

et al., 2004). It is noteworthy that this second mutation of the CESA3 gene is located 

only 56 amino acid positions upstream from the mutation that incurred a 43% 

reproductive cost. 

 

Expression of fitness costs in heterozygote resistant individuals (ALS, auxin and 

cellulose synthase resistance) 

The adaptive value of newly arisen resistance alleles in the absence of herbicide 

selection depends on the dominance of the fitness cost. Roux et al. (2004) have 

provided the first experimental approach to evaluate resistance costs of heterozygotes 

(RS) in relation to homozygote resistant (RR) individuals. They found that fitness costs 

associated with Pro (197) to Ser (ALS enzyme), Cys (154) Tyr (AXR1 gene) and Thr 

(942) Ile (CESA3 gene) mutations are only expressed in homozygous resistant 

individuals (a recessive fitness cost): that is, heterozygote (RS) individuals are as 

equally fit as homozygote susceptible individuals (SS) and both are more fit than 

homozygote RR individuals. The absence of a visible cost for RS individuals 

maximises the rate of spread of resistance under no herbicide selection (Roux et al., 

2004). 

 

ACCase resistance 

An indication of fitness costs associated with ACCase resistance is provided by Ghersa 

et al. (1994) who found a decline in ACCase resistance over time (5.5% year-1) driven 

by differences in timing and abundance of flowering between resistant and susceptible 

individuals. It is important to consider that this investigation involved a comparison 

between resistant and susceptible populations with different genetic backgrounds and, 
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as stated by the authors, the differential responses (flowering timing) were more likely 

due to ecotypic differences between the two populations. 

Investigations evaluating fitness costs associated with ACCase resistance have 

been reported in four articles (Table 2.1), however, the lack of control of the genetic 

background and absence of knowledge of the molecular basis endowing resistance in 

all of these investigations makes it difficult to draw general conclusions on the cost of 

ACCase resistance. 

Similarly, a combination of few studies (only one in some cases) and a lack of 

genetic control make it impossible to generalise on the existence of fitness costs 

associated with resistance to EPSPS, PS I, PS II and mitosis inhibiting herbicides. 
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Table 2.1 Experimental designs, magnitude of resistance costs and ecology reported in published studies on plant species with evolved resistance to 

different non-triazine herbicide classes. 

 
Herbicide 

classa 

 
Plant  

species 

 
GBb 

 
RCc 

 
EGd 

 
LHTe 

 
PMBf 

 
Resistance costg  

[(resistant/susceptible)x100] / 
Differential ecology 

 
Referenceh 

 
ACCase inhibitors 

Diclofop-methyl 

 
 

Lolium 
multiflorum 

 
 

No 

 
 
- 

 
 

Temperature  
(shade vs. sun light 

under field conditions) 

 
 

Germination (dormancy) 
/Emergence 

 
 

No 

 
 

Higher seed dormancy /delayed 
seedling emergence linked to the 

resistance trait (1) 

 
 

1 

 
 

Diclofop-methyl 
 

 
 

L. multiflorum 

 
 

No 

 
 
- 
 

 
 

No 

 
 

Flowering phenology 

 
 

No 

 
 

S* individuals flower earlier and 
release more pollen than R* 
individuals. Under no herbicide 
selection resistance declines 
5.5% year-1 

 
 

2 

 
Several herbicides 

 
Eleusine 
indica 

 
No 

 
No 

 
No 

 
Vegetative/reproductive 

growth 

 
No 

 
 Vegetative biomass     45.3 
Reproductive biomass 202.6 (2) 

 
 

3 
 
 

Not specified 
 

 
 

L. rigidum 

 
 

No 

 
 
- 
 

No 

 
 

No 
 
 
 

 
 

Germination/Emergence 
       

/Vegetative growth (3) 
/Flowering phenology 

 
 

No 

 
 

Six R and S populations are 
evaluated. In average, the R 
populations show a higher 

emergence rate (tE50)‡ 
 

 
 

4 
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Table 2.1 (Cont.) 

 
Herbicide 

classa 

 
Plant  

species 

 
GBb 

 
RCc 

 
EGd 

 
LHTe 

 
PMBf 

 
Resistance costg 

[(resistant/susceptible)x100]/ 
Differential ecology 

 
Referenceh 

 
Fluazifop-P/ 
Sethoxydim 

 

 
Digitaria 

sanguinalis 

 
No 

 
Yes 

(IASC/IESC)  

 

Three plant ∗⋕ (IASC) 
No (IESC) 

 

 
Vegetative/reproductive 

growth 

 
No 

 
No observed differences  

 
5 

 
Fluazifop-P/ 
Sethoxydim 

 
Setaria faberi 

 

 
No 

 

 
Yes 

(IASC/IESC) 

 
Three plant ∗ (IASC) 
No (IESC) 

 

 
Vegetative/reproductive 

growth 

 
No 

 

 
No observed differences  

 

 
6 
 

 
EPSPS 

inhibitors 

Glyphosate  

 
 

E. indica 

 
 

No 

 
 
- 

 
 

Temperature 
Water stress 

Sowing depth 
Soil type  

 

 
 

Germination 
/Emergence 

 

 
 

No 

Higher final germination for 
R seeds at some constant and 

fluctuating temperature 
regimes. 

Secondary dormancy is 
imposed in S seeds after 

water stress. S seeds more 
susceptible to water stress. 

Higher rates and final 
seedling emergence for the R 
population regardless of the 
sowing depth or soil type (4) 

 
 
 

7 
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Table 2.1 (Cont.) 

 
Herbicide 

classa 

 
Plant  

species 

 
GBb 

 
RCc 

 
EGd 

 
LHTe 

 
PMBf 

 
Resistance costg 

[(resistant/susceptible)x100] / 
Differential ecology 

 
Referenceh 

 
Auxin-like 

Dicamba/ 
MCPA/ 

picloram/ 
2,4-D 

 
 

 
 
 

Sinapis 
arvensis 

 
 
 

No 

 
 
 
- 
 
 
 

No 

 
 
 

Temperature 
/Light 

 
 
 

Germination 
 
 
 

Vegetative growth 

 
 
 

No(5) 

 
 
 

Higher final germination for R seeds at 
higher temperatures in darkness. 

 
Higher R seedling survival after chilling 

(-5°C) exposure. 
Vegetative biomass 64.9% (6) 

 
 
 

8 

 
MCPA 

 

 
Ranunculus 

acris 

 
No 

 
 

- (7) 

 
Yes 

(IASC) 

 
Several 
plant ∗ 

 
Vegetative growth 

 
No 

 
At high densities S individuals show 

higher ∀†. 
Under no herbicide selection resistance 

declines 4% year-1 (8) 

 
 
 

9 

 
Dicamba/ 
MCPA/ 

picloram/ 
2,4-D 

 

 
 

S. arvensis 

 
 

No 

 
 

Yes 
(IESC) 

 
 

No 

 
 

Vegetative/ 
reproductive growth 

 
 

No(5) 

 
 

Vegetative biomass 50% - 33% (9) 
 

 
 

10 

2,4-D  Carduus 
nutans 

No - 
 

Yes 
(IASC) 

No  
 

Emergence/ 
 

Vegetative growth 
 

No Several R populations with different 
resistance levels are evaluated.  

No observed differences between R and S 
populations 

 
11 
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Table 2.1 (Cont.) 

      

 
Herbicide 

classa 

 
Plant  

species 

 
GBb 

 
RCc 

 
EGd 

 
LHTe 

 
PMBf 

 
Resistance costg 

[(resistant/susceptible)x100] / 
Differential ecology 

 
Referenceh 

Picloram 
 
 

 

Centaurea 
solstitialis 

 

No 
 

Yes 
(IASC) 

 

No 
 

Vegetative/ 
reproductive growth 

 

No (10) 
 

Equal ∀ between R and S individuals is 
reported.  

(11) Vegetative biomass 27% 
Reproductive biomass 50% 

 

 
12 

 

2,4-D 
 

Arabidopsis 
thaliana 

Yes 
(segregating 

F2 by 
crossing each 
R line with a 

S control 
line) 

Yes 
(IASC) 

No Vegetative/ 
reproductive growth/ 

some phenological traits 

AUX1 gene  
(Gly (459) Asp)(12) 

 
AXR1 gene 

(Cys (154) Tyr)(13) 
 

AXR2 gene 
(Pro (87) Ser)(14) 

No observed differences 
 
 

Reproductive biomass 21.8% 
 
 

Reproductive biomass 11.0% 

13 

PS I 
inhibitors 
Paraquat 

 

 
 

Hordeum 
glaucum 

 
 

No 

 
 
- 

 
 

No 

 
 

Germination 
(dormancy) 

 
 

No 

 
 

No observed differences 

 
 
 

14 

Paraquat H. leporinum No Yes 
(IASC) 

 

Two plant ∗ Germination (dormancy) 
/Emergence/Vegetative/ 

reproductive growth 

No NCC††: vegetative biomass 66% 
CC††: reproductive biomass 116% 
                                           135% (15) 
R plants flower earlier 

15 
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Table 2.1 (Cont.) 

 
Herbicide 

classa 

 
Plant  

species 

 
GBb 

 
RCc 

 
EGd 

 
LHTe 

 
PMBf 

 
Resistance costg 

[(resistant/susceptible)x100] / 
Differential ecology 

 
Referenceh 

 
Cellulose 

synthase 

inhibitors 

 
Isoxaben  

 
 
 
 
 

A. thaliana 

 
 
 
 
 

Segregating 
F2 by crossing 

each R line 
with a S 

control line 

 
 
 
 
 

Yes 
(IASC) 

 
 
 
 
 

No  
 

 
 
 
 
 

Vegetative/ 
reproductive growth/ 

some phenological traits  
 

 
 
 
 
 

CESA3 gene 
(Gly (998) Asp)(16) 

 
CESA3 gene 

(Thr (942) Ile)(16) 
 

CESA6 gene 
(Arg (1064) Trp)(17) 

 
 
 
 
 

No observed differences 
 
 

Reproductive biomass 56.8% 
 
 

No observed differences 

 
 
 
 
 

13 

Mitotic 
inhibitors 
Trifluralin 

 
E. indica 

 
No 

 
No 

 
No 

 
Vegetative/ 

reproductive growth 

 
No 

 
 
 

 
Six R and four S populations are 

evaluated. In average, the S 
populations show higher production 

of reproductive structures 
 

 
 
 

16 

Trifluralin E.indica 
 
 
 

 

No Yes 
(IASC/IESC) 

No Vegetative/ 
reproductive growth 

No One R population is compared with 
two S populations (18) 

NCC:vegetative biomass 143.0% 
IASC:vegetative biomass 131.2% 

IESC:vegetative biomass 229.5% (19) 

 
17 



CHAPTER 2                                                                                                                     35 

  
Table 2.1 (Cont.) 

      

 
Herbicide 

classa 

 
Plant  

species 

 
GBb 

 
RCc 

 
EGd 

 
LHTe 

 
PMBf 

Resistance costg 

[(resistant/susceptible)x100] / 
Differential ecology 

 
Referenceh 

 
PS II 

inhibitors 

Chlorotoluron 
 

 
 
 

Alopecurus 
myosuroides 

 
 
 

No 

 
 
 

No 

 
 
 

No 

 
 
 

Vegetative growth 

 
 
 

Cytochrome P450 
metabolism (20) 

 
 
 

No observed differences 

 
 
 
 

18 

 
Propanil 

 

 
Echinochloa 

crus-galli 

 
No 

 
- 

 
 
 

 
Temperature 

 
Germination/ 
Emergence 

 
No 

 
No observed differences 

 
 

19 

Organic 
arsenic 
DSMA 

Xanthium 
strumarium 

No No No Vegetative/ 
reproductive growth 

No Four R and three S populations are 
evaluated. 

No observed differences 

 
20 

ALS 
inhibitors 

 
Chlorsulfuron/

metsulfuron 

 
 
 

Lactuca 
serriola 

 
 
 

No 

 
 
 

Yes 
(IASC) 

 
 
 

Three plant δ 

 
 
 

Vegetative growth 

 
 
 

ALS gene 
(His (173) Pro)(21) 

 
 
 

NCC: vegetative biomass 54% 
CC: vegetative biomass 84.6%(22) 

(Similar α) 

 
 
 

21 
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Table 2.1 (Cont.) 

      

 
Herbicide 

classa 

 
Plant  

species 

 
GBb 

 
RCc 

 
EGd 

 
LHTe 

 
PMBf 

Resistance costg 

[(resistant/susceptible)x100] / 
Differential ecology 

 
Referenceh 

Chlorsulfuron/
metsulfuron 

 
 
 

L. serriola No - 
 
 
- 
 

Yes 
(IASC) 

Sowing 
depth 

Seed longevity  
 
 

/Germination 
 

/Reproductive growth 

ALS gene 
(His (173) Pro)(21) 

No observed differences 
 
 

No observed differences 
 

No observed differences 

 
22 

 
Chlorsulfuron/

metsulfuron 

 
L. serriola 

 
-(7) 

 
Yes 

 
Field 

conditions 

 
Overall fitness 

(Resistance regression) 
 

 
ALS gene 

(His (173) Pro)(21) 

 
Resistance reverts 25-86% in three 

years 

 
23 

Chlorsulfuron 
 
 

Kochia 
scoparia 

No - Temperature Germination No Three R and two S populations are 
evaluated. R populations show 

higher rates and final germination 
than S populations at low 

temperatures (5°C) 

 
 

24 

Chlorsulfuron 
 

K. scoparia No -  Temperature Germination  
ALS gene 

 
(Thr (173) Pro)(21,23) 

 
 
 
 
 

(Arg (173) Pro)(23) 

 
Two R-S population pairs are 

evaluated. 
The R population show higher final 

germination at all temperatures, 
although the greatest germination 

difference is at the lowest 
temperature (8°C) 

The R population show higher rate 
of germination at 8°C 

 
25 
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Table 2.1 (Cont.) 

 
Herbicide 

classa 

 
Plant  

species 

 
GBb 

 
RCc 

 
EGd 

 
LHTe 

 
PMBf 

Resistance costg 

[(resistant/susceptible)x100] / 
Differential ecology 

 
Referenceh 

Chlorsulfuron 
 
 
 
 

K. scoparia No Yes 
(IESC) 

Three plant δ Vegetative/ 
reproductive growth 

ALS gene 
 

(Thr (173) Pro)(23)  
 

(Arg (173) Pro)(23) 

Two R-S population pairs are 
evaluated. 

CC: vegetative biomass 129%(22) 
(Similar α) 

No observed differences 
 

 
 

26 

 
Chlorsulfuron 
 

 
A. thaliana 

 
Transgenic 

mutants 

 
No 

 
No 

 
Reproductive growth 

 
ALS gene 

(Pro (197) Ser)(24) 

 
Reproductive biomass 66% 

 
27 

 
 

Chlorsulfuron 
 

 
 

A. thaliana 

 
 

Transgenic 
mutants 

 

 
 

No 

 
 

Nutrients  
(N-P-K) 

 
 

Reproductive growth 

 
 

ALS gene 
(Pro (197) Ser)(24) 

 
 

Reproductive biomass 74%(25) 
 

 
 

28 

Chlorsulfuron 
 

K. scoparia No No No 
 

Vegetative growth (Arg (173) Pro)(23) No observed differences  
29 

 
Chlorsulfuron 

 
 

 
Sisymbrium 

orientale 

 
No 

 
- 

 
No 

 
Germination 

(dormancy release rates) 

 
ALS gene 

(Trp (591) Leu)(26) 

 
No observed differences 

 
 

30 

Several 
herbicides 

 
 

 

Amaranthus 
hybridus 

No Yes 
(IASC) 

 

No Vegetative growth Altered ALS 
gene(27) 

Four R and one S population are 
evaluated. NCC: Three R 

populations show reduced biomass 
production: 

77%, 75%, 56% (28) 

 
 

31 
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 Table 2.1 (Cont.)       

 
Herbicide 

classa 

 
Plant  

species 

 
GBb 

 
RCc 

 
EGd 

 
LHTe 

 
PMBf 

Resistance costg 

[(resistant/susceptible)x100] / 
Differential ecology 

 
Referenceh 

Several 
herbicides 

 
 

Several 
herbicides 

A. 
retroflexus  

 
 

A. blitoides 

No 
 
 
 

No 

Yes 
(IASC) 

 
 

Yes 
(IASC) 

No 
 
 
 

No 

Vegetative growth 
 
 
 

Vegetative growth 

ALS gene 
(Pro (248) Leu)(29) 

 
 

ALS gene 
(Pro (188) Ser) /  

(Trp (569) Leu)(30) 

No observed differences 
 
 
 
No observed differences(31) 

32 
 
 
 

32 

Chlorsulfuron/ 
metsulfuron-

mehtyl/ 
thifensulfuron 
+ tribenuron-

methyl 

 
Sonchus 

asper 

 
No 

 
Yes 

(IASC) 

 
No 

 
Vegetative/ 

reproductive growth 

 
Altered ALS 

gene(32) 

 
Two R and two S populations are 
evaluated. 
Both R populations show higher α 
than one of the S populations. 

 
33 

 
Chlorsulfuron 

 
 

 
A. thaliana 

 
Segregating 

F2 by crossing 
each R line 

with a S 
control line 

 
Yes 

(IASC) 

 
No  

 

 
Vegetative/ 

reproductive growth/ 
some phenological traits  

 

 
ALS gene 

(Pro (197) Ser)(24) 

 
Reproductive biomass 63.1% 

 
 

13 

 
Imazapyr 

 
 

 
A. thaliana 

Segregating 
F2 by crossing 

each R line 
with a S 

control line 

 
Yes 

(IASC) 

 
No  

 

 
Vegetative/ 

reproductive growth/ 
some phenological traits 

 
ALS gene 

(Ser (653) Asn)(33) 

 
No observed differences 

 
13 
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Table 2.1 (Cont.) 

 
Herbicide 

classa 

 
Plant  

species 

 
GBb 

 
RCc 

 
EGd 

 
LHTe 

 
PMBf 

Resistance costg 

[(resistant/susceptible)x100] / 
Differential ecology 

 
Referenceh 

 

Primisulfuron/ 
sulfosulfuron/ 
propoxycarba-
zone-sodium 

 
 

 
Bromus 
tectorum 

 
No 

 
- 
 

No 
 

Yes 
(IASC) 

 
Temperature 

 
No 

 
No 

 
Germination 

 
Reproductive growth 

 
Vegetative growth 

 
Pro (197) Ser (34) 

 
Earlier germination for R seeds at 

low temperatures. 

 
34 

 

Multiple 

resistance 

 
Triallate/ 

difenzoquat 
(lipid 

biosynthesis 
/nucleic acid 
biosynthesis, 

photosynthesis
, ATP 

production 
inhibitor)  

 
 
 
 

Avena fatua 

 
 
 
 

No 

 
 
 
 
- 
 
 
 
 

Yes 
(IASC) 

 
 
 
 

Temperature 
 
 
 
 

No  
 

 
 
 
 

Germination 
 
 
 
 

Vegetative/reproductive 
growth 

 
 
 
 

No 

 
 
 
 

Two S and ten R populations were 
evaluated.  

At both 20°C and 12°C the 
average final germination (%) for 

R populations is higher  
 

Two R populations show a higher 
competitive ability at both the 

vegetative and reproductive stage 

 
 
 
 

35 
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Table 2.2 Life history traits or fitness components evaluated by experiments seeking 

fitness costs or differential ecology between resistant and susceptible individuals to 

different herbicide classes. The number of experiments belongs to research 

investigations identified in Table 2.1. 

 

  
Life history traits (LHT) 

 

 

 
Herbicide class 

 

 
Germination 

 
Emergence 

 
Vegetative 

growth 

 
Reproductive 

growth 

 
Total 

experiments 
 

ACCase 
 

 
2 

 
2 

 
4 

 
5 

 
13 

ALS 
 

5 0 11 8 24 

PSI 
 

2 1 1 1 5 

PSII 
 

1 1 
 

1 
 

0 
 

3 

Organic arsenic 
 

0 0 1 1 2 

Auxin-like 
 

1 1 6 3 11 

Mitosis 
 

0 0 2 2 4 

Cellulose synthase 
 

0 0 1 1 2 

EPSPS 
 

1 1 0 0 2 

Multiple resistant 
 

1 0 1 1 3 

 
Total 

 

 
13 

 
6 

 
28 

 
22 

 
69 
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a Herbicide classes were divided according to herbicide modes of action: inhibitors of 

ACCase (acetyl coenzyme-A carboxylase), ALS (acetolactate synthase), cell division, 

cellulose synthase, chlorophyll (organic-arsenical herbicides), endogenous auxin 

function disrupters, EPSPS (5-enolpyruvylshikimate-3-phosphate synthase), 

photosystem (PS) I and PS II. In those cases where resistance has evolved towards 

different herbicide classes in the same population, the term multiple resistance has been 

employed. 
 

b Denotes whether (Yes/No) comparisons have been conducted between herbicide-

resistant and -susceptible individuals/populations that share a common genetic 

background (GB) otherwise but the resistance gene/s. 
 

c The inclusion (Yes/No) of experiments that explore intra- (resistant vs. susceptible) 

(IASC) or interspecific (resistant/susceptible vs. crop) (IESC) resource competition 

(RC) is only considered as an essential methodological design in those studies assessing 

the magnitude of herbicide resistance costs. 
 

d Implies the evaluation of plant performance across environmental abiotic or biotic 

gradients (EG) experimentally designed. The EG criterion is relaxed for those studies 

comparing fitness components at different plant densities (∗): changes in either growth 

or dominance hierarchies between herbicide-resistant and susceptible plants across 

different plant densities might give insights regarding differential expression of 

resistance costs or ecological success at those environmental factors potentially 

associated with increasing plant densities such as water, light, nutrient, etc. The use of 

different plant ∗ is discriminated for experiments assessing intra- (resistant vs. 

susceptible) (IASC) or interspecific (resistant/susceptible vs. crop) (IESC) resource 

competition (RC). 

 
e Refers to those life history traits estimated or measured (LHT) within the life cycle of 

the species to assess herbicide resistance costs. Reproductive growth denotes estimation 

of variables associated with sexual reproduction: number/weight of inflorescences, seed 

mass/number, individual seed weight, etc. 
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f Denotes knowledge of the physiological mechanisms or molecular basis (PMB) 

involved in herbicide resistance when the study was conducted. In some cases the 

molecular or physiological basis for resistance has been documented for certain plant 

biotypes after the assessment of their ecological fitness. When available this 

information is provided.   

  
g When significantly demonstrated, either the magnitude of the resistance cost (shown 

as the R/S ratio in terms of plant biomass), or the differential response (physiological, 

biological or ecological) associated with the herbicide-resistant individuals is shown. 

For those studies evaluating several herbicide-resistant populations in comparison to 

susceptible populations and not reporting the physiological or molecular basis involved 

in resistance a qualitative description of the outcome of the experiments is reported 

provided that significant differences were found.  

 
h Investigations on fitness studies are encoded with sequential numbers. Full list of the 

cited literature appear in Appendix A. 

 

* S: herbicide-susceptible, * R: herbicide-resistant. 

‡ tE50: time to reach 50% emergence 

⋕ ∗: density 

† ∀: competitive ability 

†† NCC: non-competitive conditions, †† CC: competitive conditions 

 

 

(1) This study reflects differences between herbicide-resistant and –susceptible 

populations driven by selection pressures imposed by weed management practices 

rather than by differences ascribed to pleiotropic effects of the herbicide resistance 

genes. 

 

(2) The resistant individuals displayed a higher seed production by allocating 15% of 

total resources to reproductive structures while the susceptible individuals allocated 

5.3%.  
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(3) In this study the growth of plants (RGR) was estimated mainly during the 

reproductive stage (late tillering-complete spike emergence) but the reproductive output 

was not recorded. 

 

(4) This study shows a remarkable intriguing result: a higher ability to emerge from 

increasing sowing depths was observed for the glyphosate-resistant seeds in relation to 

the susceptible seeds. However, this differential response was not supported by 

differences in seed germination which resulted to be similar (90%) for both populations 

in an independent experiment (30°C in darkness). 

  

(5) Differential rates of herbicide (picloram, 2,4-D and dicamba) absorption, 

translocation and metabolism have been discarded as potential mechanisms of 

resistance in this population (Peniuk et al., 1993).  

  

(6) Resistance cost estimated in plants growing for two months after planting. 

 

(7) As the frequency of herbicide resistance was periodically estimated on a per year 

basis in absence of herbicide selection, the GB criterion does not apply.  

  

(8) The annual herbicide resistance decline (%) was estimated as the mean difference in 

plant survival after MCPA selection between the population subjected to discontinuing 

herbicide treatment for 5 years and the population under annual herbicide application. 

The values of plant survival (n = 4) used to estimate the mean difference represented 

those under the lineal relationship between MCPA rates and mortality. 

  

(9) Resistance costs obtained after two independent experiments where plant biomass 

was estimated at 69 days after emergence. 

 

(10) The mechanism of resistance in the picloram-resistant population used in this 

study has not been fully elucidated, although there is some evidence suggesting reduced 

uptake and translocation (Fuerst et al., 1996). 

 

(11) Although equal competitive ability between herbicide-resistant and –susceptible 

individuals has been reported, at post-flowering stage, the susceptible plants produced 
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significantly higher vegetative and reproductive biomass when competing in a 1:1 ratio 

with resistant plants.  

 

(12) Bennett et al. (1996). 

 

(13) Leyser et al. (1993). 

 

(14) Nagpal et al. (2000). 

 

(15) Results at the reproductive stage observed in two independent experiments 

conducted at two different densities in mixtures with 1:1 ratio. 

 

(16) Sheible et al. (2001). 

 

(17) Desprez et al. (2002). 

 

(18) Based on vegetative and reproductive traits, one of the triafluralin-susceptible 

populations used in this study had markedly ecotypic differences in comparison to the 

resistant population. The magnitude of resistance costs displayed by the resistant 

population reported in this review is based on the comparison with the susceptible 

population that showed similar vegetative and reproductive traits to the resistant 

population. 

 

(19) Resistance costs expressed under non-competitive conditions (NCC) and in 

competition with a crop (IESC) were estimated considering the vegetative biomass 

attained by the resistant and susceptible population 13 weeks after transplanting. 

Resistance cost under intraspecific competition (IASC) (resistant vs. susceptible) was 

estimated considering the mean biomass across different mixture ratios 8 weeks after 

transplanting.  

 

(20) Hall et al. (1995). 

 

(21) Guttieri et al. (1992). 
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(22) Resistance cost estimated as the average R/S biomass ratio over three densities 

with equal mixture proportions of the resistant and susceptible populations. 

 

(23) Guttieri et al. (1995). 

 

(24) Haughn et al. (1988). 

 

(25) Mean estimate of resistance costs over two environmental conditions (fertilized vs. 

not fertilized) and four transgenic resistant lines. 

 

(26) Boutsalis et al. (1999). 

 

(27) Poston et al. (2002). 

(28) Resistance costs estimated 28 days after planting.  

 

(29) Sibony et al (2001). 

 

(30) Sibony et al (2003). Two different ALS gene mutations are alternatively present in 

individuals comprising the resistant-Amaranthus blitoides population evaluated. These 

resistant individuals also showed resistance to triazines herbicides due to a point 

mutation (Ser (264) to Gly) in the plastidic psbA gene. 

 

(31) This study shows strong evidence that ALS resistance gene is not associated with 

resistance costs. It is not possible to unequivocally associate the results with either of 

the ALS mutations potentially involved since the competition experiments were 

conducted using a mixture of resistant individuals possessing those different point 

mutations (Sibony et al., 2003). 

 

(32) An insensitive ALS form was only determined for metsulfuron-methyl. 

 

(33) Sathasivan et al. (1990). 

 

(34) Park & Mallory-Smith (2004). 
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2.5 Conclusions 

A knowledge of the existence and magnitude of fitness costs associated with herbicide 

resistance is crucial to understand the evolution of resistance and to help design, 

implement and advocate appropriate management to prevent or delay resistance in the 

field. Without some degree of control of the genetic background in which the resistance 

allele(s) is expressed it is not possible to unequivocally ascribe costs to that allele 

(Bergelson & Purrington, 1996). One of the most striking features of this review is the 

discovery that 85% of studies compared herbicide-susceptible and -resistant individuals 

originated from different locations and therefore have different genetic backgrounds. 

Conclusions should be made with caution from such studies. 

Those studies that controlled the genetic background have revealed that 

different mutations even located on the same gene and endowing the same level of 

resistance to the same herbicide may or may not express fitness costs. This gives 

credence to the assertion that it is the molecular basis of resistance and not the 

mechanism of resistance itself that will ultimately determine the existence and 

magnitude of fitness costs. This makes comparisons between studies that do not report 

the molecular basis of resistance complicated if not possible. 

 

Areas for future research 

Future investigations to estimate fitness costs of herbicide resistance in weed 

populations should recognise the requirement for proper control of genetic background 

for results to be unequivocally interpreted. A number of methodological approaches for 

producing this plant material, including transgenic methods and the production of near-

isogenic lines by traditional plant breeding approaches, were outlined by Purrington & 

Bergelson (1999). Additionally, Vila-Aiub et al (2004) (see Chapter 3) have developed 

a method which enables the identification and isolation of resistance and susceptible 
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individuals from a single population to produce discrete resistant and susceptible lines 

with an otherwise similar genetic background. 

This review has revealed a common trend in most of the studies on fitness costs: 

little or no information has been documented for two life history stages (seed 

germination and seedling emergence and establishment) which are critical determinants 

of individual success (Benech-Arnold et al., 2000; Forcella et al., 2000). Although 

most research efforts have been put into evaluation of fitness costs associated with ALS 

resistance, to date there have been no experiments examining seedling emergence and 

establishment processes in ALS resistant weeds. 

The few studies that have explored germination requirements of herbicide-

resistant and -susceptible populations and individuals have only considered the effects 

of temperature (Table 2.1). Modern cropping systems may potentially present a range 

of environmental conditions in which germination and emergence occurs. Seeds may 

occur at different soil depths, be under a dense canopy/stubble or on bare soil and 

resistant and susceptible individuals may respond differently to these contrasting 

microclimates. On this basis, different light conditions (darkness, red/far red ratios), 

burial depths, physical and chemical soil properties (pH, impedance) and fluctuating 

thermal regimes are experimental conditions that merit investigation. 

The idea that an organism’s survival or fitness varies along environmental 

gradients has been largely neglected in research to assess costs of resistance associated 

with non-triazine herbicides. Weed populations are adapted to multidimensional 

environments and more research is needed to better understand the biological 

performance of herbicide-resistant and -susceptible plants over a range of different 

ecological conditions in order to manipulate the potential weaknesses of resistant plants 

with judicious management. 
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The common finding of herbicide sequestration or detoxification as mechanisms 

conferring resistance to different herbicide classes in many weed species (see review by 

Preston & Mallory-Smith, 2001) did not correspond with the number (only one) of 

studies assessing fitness costs. Since energetic drain could be involved in these 

mechanisms (Herms & Mattson, 1992) it is imperative to determine the existence of 

pleiotropic effects on plant fitness. 

 

Final remark 

The existence and magnitude of fitness costs associated with herbicide resistance are 

strongly influenced by the environment, both physical, abiotic/biotic and genetic, in 

which they are measured. Future research efforts which assess fitness costs should 

compartmentalise the effects of these ‘environments’ by comparing the effects of the 

physical and biotic environment on fitness of resistant and susceptible types which have 

a similar genetic background. Only investigations following this methodological 

approach will allow us to systematically elucidate whether and under which 

environmental conditions fitness costs are expressed in herbicide-resistant populations. 
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CHAPTER 3 

Dynamics of seed germination and seedling emergence of 
target-site versus metabolism-based resistant and susceptible 

phenotypes (*) 
 

3.1 Abstract 

Quantification of fitness differences between herbicide-resistant and -susceptible weeds 

permits better prediction of herbicide resistance in simulation models and the design of 

weed management strategies to exploit those distinct traits which result in reduced 

ecological performance. This paper reports the first attempt to compare the germination 

and seedling emergence characteristics of herbicide susceptible and target- and non 

target site resistant phenotypes from a single weed population. A series of experiments 

were carried out in controlled conditions to study seed germination and seedling 

emergence in L. rigidum phenotypes possessing target-site and non-target site 

mechanisms of herbicide resistance. Discrete lines composed of herbicide susceptible 

individuals (S), individuals possessing P450-based enhanced herbicide metabolism 

(P450) and multiple herbicide resistant individuals possessing a resistant ACCase and 

enhanced P450-based metabolism (ACCase/P450) were isolated from a single Lolium 

rigidum population and used in the comparative experiments. No major differences in 

seedling emergence were found among the phenotypes when exposed to alternating 

25/15°C with 12-hourly photoperiod. However, the absence of light associated with soil 

burial (1-8 cm) markedly inhibited total germination and seedling emergence in the 

ACCase/P450 phenotype compared to the S and P450 phenotypes. Germination at 

constant temperatures was also inhibited in seeds of the ACCase/P450 phenotype, 

which showed the highest base temperature (Tb) for germination and required 
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significantly more time to reach 50% emergence (tE50) than the S and P450 phenotypes. 

Seedling emergence from deep burial (8 cm) in soil promoted significantly higher fatal 

germination in the S and P450 phenotypes compared to the ACCase/P450 phenotype. 

Despite fatal germination, the herbicide susceptible phenotype showed higher 

emergence from deep burial than both herbicide resistant phenotypes. This study 

uncovers differential germination and emergence responses to different light and 

thermal environments between herbicide susceptible phenotypes and phenotypes 

possessing target-site and non-target site herbicide resistance within a single L. rigidum 

population. Shallow seed burial (1 cm) by any cultivation tool will potentially inhibit 

seedling recruitment of the ACCase/P450 phenotype in contrast to the S and P450 

phenotypes which possess less restricted conditions to germinate and emerge. 

 

 

(*) This chapter has been re-submitted (2004) after revision as a manuscript to Journal 

of Applied Ecology.  

Vila-Aiub MM, Neve P, Steadman KJ & Powles SB. Ecological fitness of a multiple  

herbicide resistant Lolium rigidum population: Dynamics of seed germination 

and seedling emergence of target-site versus metabolism-based resistant and 

susceptible phenotypes. (Western Australian Herbicide Resistance Initiative 

(WAHRI), School of Plant Biology, Faculty of Natural & Agricultural Sciences, 

The University of Western Australia, 35 Stirling Hwy, Crawley, WA 6009, 

Australia). 
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3.2 Introduction 

Almost 50 years after Harper (1956) predicted that weed species would evolve 

resistance to herbicides, modern cropping agriculture contends with the existence of 

herbicide resistant populations in 171 weedy plant species worldwide (Heap, 2004). In 

Australia, although persistent herbicide use has resulted in the evolution of herbicide 

resistant populations in 27 weedy plant species, the dominant problem is with Lolium 

rigidum Gaudin. This allogamous annual grass weed is very widespread, often at high 

densities, is genetically diverse and following persistent herbicide selection has evolved 

multiple herbicide resistance to selective and non-selective herbicides across at least 9 

different modes of action (Burnet et al., 1994b; Powles et al., 1998; Preston & Powles, 

2002a). 

A major feature of herbicide resistance in Australian L. rigidum populations is 

the ability to accumulate several resistance mechanisms within individuals and within 

populations (i.e., multiple resistance) (Tardif & Powles, 1994; Preston et al., 1996). 

The most studied L. rigidum population (SLR31) exhibits, at the population level, 

multiple resistance to aryloxyphenoxypropionate (APP), cyclohexanedione (CHD), 

sulfonylurea (SU), imidazolinone (IM), dinitroaniline, carbamate and chloroacetamide 

herbicides (Christopher, et al., 1992; Burnet et al., 1994a; Holtum et al., 1994; Tardif 

& Powles, 1994; McAlister et al., 1995). Each of these herbicide classes inhibit 

different and specific target enzymes. APP and CHD herbicides inhibit fatty acid 

biosynthesis by inhibiting acetyl-CoA carboxylase (ACCase herbicides), whereas SU 

and IM herbicides inhibit branched-chain amino acid biosynthesis by inhibiting 

acetolactate synthase (ALS herbicides) (see review by Preston & Mallory-Smith, 2001). 

It is well established that both target-site and non-target-site mechanisms confer 

resistance to ACCase and ALS herbicides in the L. rigidum SLR31 population and that 

individuals may possess one or more of these resistance mechanisms (reviewed by Hall 
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et al., 1994, Preston & Powles, 2002b). Approximately 15% of SLR31 individuals are 

target-site resistant to ACCase herbicides due to a resistant ACCase (Tardif & Powles, 

1994) endowed by a point mutation changing isoleucine to leucine at position 1781 of 

the ACCase protein (Zhang & Powles, unpublished data). A larger proportion of the 

SLR31 population is resistant to ACCase, ALS and other herbicides, due to enhanced 

rates of herbicide metabolism mediated by the cytochrome P450 monooxygenase 

enzyme complex (Christopher et al., 1991; Christopher et al., 1994; Tardif & Powles, 

1994; Preston & Powles, 1998). 

A major challenge in elucidating the effects of mutations that endow herbicide 

resistance is determining whether these mutations have pleiotropic effects on plant 

fitness. Fitness, can be defined as “the relative numbers of descendants left to future 

generations by one form compared with others” (Harper 1977) and is relative to the 

environment (biotic and abiotic) in which it is measured. Understanding which 

biological attributes play a major role in determining greater relative fitness and how 

these interplay with environmental factors is essential information for the prediction of 

the impact of herbicide resistance in weed populations. Any determination of the 

relative ecological fitness of herbicide-resistant and -susceptible phenotypes must 

assess traits that contribute to success throughout the entire life cycle (e.g., seed 

germination, seedling survival, relative growth rate). In addition, the response of these 

fitness components along environmental gradients should be assessed (Harper, 1977; 

Primack & Kang, 1989). 

Fitness studies require comparison of herbicide-resistant and -susceptible plants 

in which, ideally, there is specific knowledge of the resistance-endowing mechanism 

and/or mutation, since different resistance genes are likely to confer different 

pleiotropic effects (Roux et al., 2004). Furthermore, herbicide resistant individuals 

should be compared with susceptible individuals of a similar genetic background 
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(Bergelson & Purrington, 1996). Such relatively unequivocal fitness studies have been 

performed with weed biotypes resistant to triazine herbicides in which triazine 

resistance was known to be endowed by a specific serine to glycine mutation of the 

psbA gene. This mutation endows a reduction in photosynthetic efficiency and many 

studies have shown that plants containing this triazine resistance mutation exhibit a 

fitness penalty (reviewed by Gronwald, 1994; and Preston & Mallory-Smith, 2001). 

Studies with the model experimental plant Arabidopsis thaliana containing a specific 

mutation of the ALS enzyme (proline 197-serine) which confers resistance to certain 

ALS herbicides reveal that this mutation results in a fitness penalty (Purrington & 

Bergelson, 1997; Roux et al., 2004). In other published fitness studies with field 

evolved weed biotypes resistant to ACCase or ALS herbicides, in which the genetic 

background could not be controlled, fitness penalties have not been identified 

(Thompson et al., 1994; Gill et al., 1996; Wiederholt & Stoltenberg, 1996; Poston et 

al., 2002; Rashid et al., 2003). 

In the abovementioned studies, the resistant populations likely possessed only 

one resistance mechanism and in some studies the specific mechanism and/or gene 

mutation(s) endowing resistance were unknown. Increasingly, herbicide-resistant weed 

populations exhibit multiple herbicide resistance due to possession of multiple 

herbicide resistance mechanisms/genes. Until now, no attempt has been made to 

determine plant fitness associated with non-target herbicide resistance mechanisms. 

Here, we examine the relative fitness of individuals within a multiple herbicide 

resistant population that exhibits two different resistance mechanisms. We employed a 

plant cloning technique to identify and isolate target-site (ACCase mutation), non-

target site (enhanced P450 metabolism), and herbicide susceptible phenotypes within a 

single L. rigidum population (SLR31). Individuals possessing each of these three 

phenotypes were identified and multiplied to produce SLR31 lines for each phenotype. 
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This enabled studies to be conducted with resistant versus susceptible plants in an 

otherwise similar genetic background. Here, we report the dynamics of seed 

germination and seedling emergence under different thermal and light environments for 

each of the three phenotypes and reveal an unexpected difference between biotypes. 

 

3.3 Materials and Methods 

Plant material and selection of susceptible and resistant phenotypes 

The multiple herbicide-resistant L. rigidum population SLR31 originates from 

Bordertown, South Australia (140°46'E, 36°18'S). Since first collected from the field, 

several generations have been produced under controlled conditions. Most individuals 

within the SLR31 population possess enhanced herbicide metabolism mediated by 

cytochrome P450 (P450 phenotype) (Christopher et al., 1991; Tardif & Powles, 1994; 

Christopher et al., 1994; Preston & Powles, 1998), and a subset of the population 

exhibits a point mutation changing (Ile (1781) to Leu) in the ACCase protein (Zhang & 

Powles, unpublished data). Individuals of the SLR31 population with the resistant 

ACCase also have enhanced P450-mediated herbicide metabolism and are therefore 

multiple resistant individuals (ACCase/P450 phenotype) (see Results). The P450 and 

ACCase/P450 phenotypes exhibit differential responses to the ACCase inhibiting APP 

and CHD herbicides. For instance, the resistant ACCase confers resistance to certain 

CHD herbicides (e.g., sethoxydim), while those individuals in the population 

possessing only enhanced herbicide metabolism (P450) are susceptible to these CHD 

herbicides, but resistant to diclofop-methyl (Tardif & Powles 1994). Based on this 

difference, susceptible (S), and P450 and ACCase/P450 based resistant individuals 

could be identified within the SLR31 population (Fig. 3.1). 

In 2001, 500 SLR31 seeds were sown in 40 plastic containers on 0.7% (w/v) 

agar and incubated at 12-hourly alternating 25/15°C with a 12 hour photoperiod. Light 
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was provided by two 40W fluorescent white tubes giving a photon flux density of 20 

μmol m-2 s-1. After 10 days, 300 randomly chosen seedlings were transplanted into 10 

trays (28 x 33 x 5 cm) (30 per tray) containing a standard potting mixture (50% 

peatmoss : 50% river sand) and were maintained under glasshouse conditions. At the 

three to four tiller stage, plants were excavated from trays and one tiller per plant (one 

clone) was carefully excised. These ‘clones’ were trimmed to 1cm of shoot material, 

repotted and maintained under glasshouse conditions. The parent plants were also 

repotted (5 per 25 cm diameter pot) and allowed to continue growing outdoors in 

normal winter growing conditions. Parent plants and their respective clones were 

numbered to ensure subsequent identification. 

When the clones reached the 2-3 leaf stage, they were sprayed with 450 g ha-1 

of diclofop-methyl (Hoegrass EC 375 g L-1 plus 0.25% wetting agent (BS1000)). 

Herbicides were applied in a laboratory spray cabinet, with a 2 nozzle boom travelling 

at 3.6 km h-1 and delivering a volume of 100 L ha–1 of water at 200 kPa. Thirty days 

after diclofop-methyl treatment, six percent of the 300 clones had died and were 

classified as the herbicide susceptible (S) phenotype within the SLR31 population. The 

surviving 94% were therefore known to be resistant to diclofop-methyl. Previous 

research has established that it is possible to use herbicide sethoxydim to discriminate 

between L. rigidum possessing an ACCase gene target site mutation versus a non target 

site P450 metabolism resistance mechanism (Tardif & Powles, 1994). Accordingly, 

those individuals resistant to diclofop-methyl were sprayed with 186 g ha-1 sethoxydim 

(Sertin EC 1 L plus 1% wetting agent (Hasten). Diclofop-methyl resistant plants that 

were susceptible to sethoxydim were classified as the P450 phenotype. The remaining 

fraction of the SLR31 population (28%), which survived exposure to diclofop-methyl 

and then to sethoxydim, was classified as the ACCase/P450 phenotype.  
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Figure 3.1 Overview of the herbicide selection protocol carried out to isolate the three 

phenotypes possessing different mechanisms of resistance in SLR31. (1) Selection with 

diclofop-methyl allowed identification of herbicide susceptible plants (S). (2) 

Individuals resistant to diclofop-methyl but susceptible to sethoxydim are identified as 

enhanced metabolism based-resistant plants (P450), whereas sethoxydim resistant 

plants are confirmed as target site based-resistant mutants (ACCase/P450) (see text for 

details). 

 

Following herbicide application and the classification of SLR31 clones as 

herbicide susceptible (S), target site (ACCase/P450) or metabolic (P450) resistant, their 

corresponding parent plants were identified. Plants of each phenotype (n = 18 for S, n ~ 

80 for P450 and n ~ 80 for ACCase/P450) were repotted into 25 cm diameter pots (5 

plants per pot when possible) and grown to maturity in a common environment 

(experimental garden). The smaller sample size for bulk-crossed S plants was 

unavoidable as only 18 S clones (6% of 300) were identified. As a result, the 

expression of the S phenotype may have been compared in relatively fewer genetic 
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backgrounds. We do not consider that this will significantly bias estimates of relative 

fitness. Similar flowering time was observed for the three phenotypes. Each phenotype 

was independently bulk-crossed by surrounding all pots containing that phenotype with 

pollen proof enclosures. Mature seed was collected from senescing plants at the end of 

the growing season. After threshing and seed cleaning, seed water content was 

evaluated by drying a seed sample (n = 150) of each phenotype at 103°C for 17 hours 

(Steadman et al. 2003b). Expressed on a dry weight basis, 9-9.5% moisture content was 

found in all three phenotypes. Seeds were placed inside aluminium foil bags (1 bag for 

each phenotype) with minimal airspace to maintain water content and stored at constant 

20°C. 

 

Characterisation of selected S, P450 and ACCase/P450 phenotypes 

Seedlings of the putative S, P450 and ACCase/P450 phenotypes were sprayed with 

appropriate herbicides to confirm their resistance status. Seeds were germinated in 

plastic containers as described previously. Similar sized seedlings were transplanted 

into 18 cm pots (20 per pot) containing a standard potting mix and kept outdoors during 

the normal growing season for L. rigidum. For each treatment, three (diclofop-methyl 

and sethoxydim) or four (chlorsulfuron) replicates were used. When plants reached the 

2-3 leaf stage, they were sprayed with diclofop-methyl (APP) (EC 375 g L-1, BS1000 

adjuvant (0.25%)) at 93.75, 187.5, 375, 750, 1500 and 3000 g a.i. ha-1, sethoxydim 

(CHD) (EC 186 g L-1, Hasten adjuvant (1%)) at 12, 23, 47, 93, 186, 372, 744, 1488, 

2976 and 5952 g ha-1 or chlorsulfuron (SU) (WDG 750 g kg-1, BS1000 adjuvant 

(0.1%)) at 0, 4, 8, 15, 30, 60, 120 and 240 g ha-1. Dose response curves were obtained 

by assessing plant mortality following diclofop-methyl or sethoxydim treatments. For 

chlorsulfuron treated plants, above ground biomass of green plants was harvested five 

weeks after treatment and dried at 70°C for 72 hours then weighed. These values were 
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used to calculate biomass per phenotype as a percentage of the untreated control. A 2-

way analysis of variance (ANOVA) was performed to determine principal effects of 

phenotype and herbicide on plant survival and biomass. Plant biomass (% of control) 

and survival (%) values were angular-transformed (y = arcsine √x) to increase 

normality and variance homogeneity. The GR50 (herbicide rate required to cause 50% 

growth reduction) was estimated for the phenotypes under chlorsulfuron selection by 

regression analysis using the logistic model:  

 

                                                                           a 
                                          B (%) =                                                                      (1) 
                                                                                x        b 
                                                              1 +        
                                                                             GR50   
  
 
where B is the biomass as a percentage of the mean control at herbicide rate x, a is the 

maximum biomass (%), and b is the slope at GR50. 

 

Seedling emergence: effect of burial depth 

Following seed collection and storage for nine months in the conditions previously 

described, mean seed weight was measured for each of the three phenotypes and found 

to be identical (mean seed weight = 2.2 mg ± 0.34 (n = 300)). Twenty seeds of each 

phenotype (mean weight 1.9 - 2.5 mg ± 15%) were seeded in a standard potting mixture 

in 9 cm diameter pots at six seeding depths (0, 1, 2, 4, 6 and 8 cm). Pots were arranged 

in a completely randomised design in a controlled environment room at alternating 

25/15°C with a 12 hour photoperiod. Air and soil temperature was monitored hourly by 

data loggers at the soil surface and at 8 cm depth, respectively (Gemini Data Loggers, 

NSW, Australia). Pots were watered to field capacity twice a day. A photon flux 

density of 280 µmol m-2 s-1 was provided by six metal halide lamps (1500 Watt) and 2 
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high-pressure sodium lamps (1500 Watt). The experiment was conducted twice with 

four and six replicates used for the first and second experiment, respectively. Seedling 

emergence was evaluated daily until no further emergence was recorded. Buried seeds 

were considered emerged when the coleoptile was visible at the soil surface. Seeds 

sown on the soil surface (0 cm) were considered emerged when coleoptiles were 3 mm 

long. When no further emergence was recorded, substrate from the pots was sieved to 

determine if un-emerged seeds remained ungerminated or had germinated but failed to 

reach the soil surface (fatal germination). Any ungerminated seeds were tested for 

viability by exposing the endosperm to 1% 2,3,5-triphenyl-tetrazolium chloride 

solution (TZ) for 24 hours in the dark at 30°C (Steadman et al., 2003b). 

 

Seedling emergence: regression model and statistical analysis 

Cumulative seedling emergence values for each phenotype were fitted to a functional 3-

parameter sigmoidal model using least-squares non-linear regression (SigmaPlot V6, 

SPSS Science). The model used was: 

                                                                       a 
                                         E (%) =                                                                       (2) 
                                                                             x - tE50                                                                        -        
                                                                                 b 
                                                              1 + e  
 

where E is cumulative emergence over time x, a is the maximum emergence (%), tE50 is 

the time to reach 50% of final seedling emergence (days) and b indicates the slope 

around tE50. Parameter b provides an indication of the distribution of the response 

(emergence) over time (i.e., low b values indicate that a high proportion of the 

population germinates around tE50). 

When no statistically significant differences were found by ANOVA (P < 0.05) 

between regression models from individual experiments, data were combined. 



CHAPTER 3                                                                                                                                              72  

Emergence values were angular transformed. Parameter estimates were compared by 

one-way ANOVA and means separated using Tukey’s HSD multiple comparison test 

(α = 5%). Two-way ANOVA was performed to determine the effect of phenotype and 

depth of burial on seedling mortality by fatal germination. Mortality values were 

angular transformed and means separated using Tukey’s HSD multiple comparison test 

(α = 5%). 

 

Seed germination: effect of light regimes 

Germination of fresh seed of each phenotype was tested immediately after collection 

from mature plants and seeds were subsequently stored at constant 20°C. Germination 

was tested on three occasions during the following 16 months. Fifty seeds of each 

phenotype were incubated at 25/15°C on 6mm deep solidified 0.7% (w/v) agar water in 

9 cm diameter Petri dishes under three light regimes: 14 days with 12-hours light 

(14dL); 14 days in darkness (14dD), or 14 days in darkness followed by 14 days 

exposure to 12-hourly light (14dD+14dL). There were 3 or 4 replicates per treatment 

depending on seed availability. Exclusion of light was achieved by wrapping the plates 

in aluminium foil. At the end of the experiment ungerminated seeds were evaluated for 

viability as described above. 

 

Seed germination: statistical analysis 

All data were analyzed using SAS Version 8.02 statistical package (SAS Institute, 

Cary, NC). Three- and two-way ANOVA was performed on germination data. The 

main effects (phenotype, light regime and time) and interactions were tested using the 

General Linear Model procedure. Angular transformations were performed on 

germination percentage to meet the assumptions of ANOVA. Additional comparisons 
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of means were performed by Tukey’s HSD multiple range test. A probability level of P 

< 0.05 was used to delineate significant main and interaction treatment differences. 

To control for the difference in total incubation time between the 14 day regime 

(14dL) and the 28 day treatment (14dD + 14dL), germination in the 14dL treatment 

was assessed for a further 14 days. An ANOVA was conducted to compare total 

germination over 28 days in the two treatments. A significant difference would indicate 

an effect of dark-imbibition of seeds on subsequent germination in the light. 

 

Seed germination: effect of thermal regimes 

Seeds stored at 20°C for approximately nine months were germinated on solidified 

0.7% (w/v) agar water (6mm depth) in 9 cm diameter Petri dishes. Fifty seeds of each 

phenotype were incubated at: constant 5, 8, 12, 15 and 20°C, and 12-hourly alternating 

25/15°C (three replicates per treatment). All temperature treatments had a 12 hour 

photoperiod with 20 µmol m-2s-1 provided by 40W fluorescent white light tubes. The 

number of germinated seeds was counted on a daily basis until no further germination 

was observed. Seeds were classified as germinated when a protruded radicle was 

visible. Seeds were removed from the plate once they germinated and ungerminated 

seeds were assessed for viability as previously described. Incubating temperatures were 

monitored using portable data loggers and recorded once per hour until the end of the 

experiment. 

 

Seed germination: regression model, calculation of base temperature and statistical 

analysis 

Cumulative germination was fitted to the sigmoidal model described in equation 2. 

Least-squares nonlinear regression curves were generated with SigmaPlot (version 6.0; 

SPSS Science). Parameter estimates describing the percentage of seed germination (G) 
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were, a maximum germination (%), tG50 (the time to reach 50% final germination 

(days)) and b (slope around tG50). A regression model was used to calculate the number 

of days required to reach each decile from 10 to 90% of germinated seeds for each 

constant temperature and for each phenotype by rearranging equation 2. Germination 

rates for each decile were calculated as the inverse of the time (i.e. 1 / t) required to 

reach that decile of germination and were plotted against the incubation temperature. 

The base temperature (Tb) (temperature where rate of germination is zero) was 

calculated from a linear regression of germination rate and incubation temperature. 

Thermal time required for 50% of germination of each phenotype was calculated as: 

 
                                                       n 

                                           θ = ∑
         
(Ti – Tb)                                   (3) 

                                                 i=1 

 

where θ is the accumulated thermal time (measured in degree days, °Cd) up to day n 

required to reach 50% of germination, Ti is the incubation temperature and Tb is the 

estimated base temperature. 

To comply with the assumptions of ANOVA, daily percentages of germination 

and Tb values were angular and log-transformed (y = log x), respectively. One-way 

ANOVA was performed to compare parameters obtained from the sigmoidal model and 

Tb values between L. rigidum phenotypes. Means were separated using Tukey’s HSD 

multiple comparison test (α= 5%). Due to unequal variances, values for thermal time to 

50% germination were compared with a non-parametric test (Kruskal-Wallis). 
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3.4 Results 

Characterisation of selected S, P450 and ACCase/P450 phenotypes from SLR31 

Herbicide dose response experiments confirmed significant differences in the herbicide 

resistance profiles of the three phenotypes within the SLR31 population (P < 0.0001, 

Fig. 3.2 A-C). As expected, the S phenotype was confirmed as susceptible to 

sethoxydim (Fig. 3.2A), diclofop-methyl (Fig. 3.2B), and chlorsulfuron (GR50 = 28.2 ± 

5.4) (Fig. 3.2C). 

The P450 phenotype was confirmed to be resistant to chlorsulfuron (GR50 = 

87.3 ± 24.7) (Fig. 3.2C) and diclofop-methyl (Fig. 3.2B) but, as expected, was 

susceptible to sethoxydim (Fig. 3.2A). The ACCase/P450 phenotype was resistant to 

chlorsulfuron (GR50 = 120.8 ± 31.3), diclofop-methyl and to sethoxydim. Resistance to 

all three herbicides in the ACCase/P450 phenotype confirms that this phenotype has 

both a resistant ACCase and enhanced P450 metabolism. The dose response 

relationships in Fig. 3.2 confirm that the cloning technique has enabled the isolation of 

herbicide susceptible plants (S), plants with a non-target site resistance mechanism 

(P450 metabolism), and plants with both the ACCase mutation and the P450 

mechanism of resistance (ACCase/P450). These three phenotypes within the SLR31 

population differ in herbicide resistance mechanisms but otherwise share a common 

genetic background. 
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Figure 3.2 Plant survival and aboveground biomass produced by phenotypes S (●), 

P450 (■) and ACCase/P450 (▲) under selection with increasing rates of sethoxydim 

(field rate 186 g ha-1) (A), diclofop-methyl (field rate 375 g ha-1) (B), and chlorsulfuron 

(field rate 20 g ha-1) (C). Vertical bars are standard errors of the mean. 
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There were no differences in soil temperature (25.5°C ± 0.3 / 14.5°C ± 0.15) between 

the soil surface and 8 cm depth. Non-linear regressions (equation 2) provided a 

significant fit (P < 0.001, R2 = 0.51 - 0.97) to emergence data for all combinations of 

phenotype and seeding depth. Small differences were found in the final proportion of 

emerged seedlings (parameter a) between phenotypes (P < 0.05) when seeds were on 

the soil surface (Fig. 3.3A, Table 1). Seedlings of the ACCase/P450 phenotype had the 

lowest final emergence (59%) compared to phenotypes S (65%) and P450 (73%). 

When seeds of the three phenotypes were buried from 1 cm to 6 cm depth the 

ACCase/P450 phenotype consistently displayed less emergence than the S and P450 

phenotypes (Fig. 3.3B-E, Table 3.1). There were no differences in total emergence 

(parameter a) between the S and P450 phenotypes for seeds buried up to 6 cm (Fig. 

3.3B-E, Table 3.1). However, when seeds were buried at 8 cm depth, the P450 

phenotype had a similar final proportion of emerged seedlings to the ACCase/P450 

phenotype, and both phenotypes had lower final emergence than the S phenotype (Fig. 

3.3F, Table 3.1). There was no clear relationship between the distribution of seedling 

emergence around tE50  (parameter b) and depth (Fig. 3.3, Table 3.1). The mean values 

of the slopes around tE50 did not differ between phenotypes in any of the seed depths 

(Fig. 3.3, Table 3.1). Values of tE50 increased with depth of burial (Table 3.1). The 

ACCase/P450 phenotype exhibited significantly greater tE50 values than the S and P450 

phenotypes at 1 cm, 2 cm, and 4 cm depth, but there were no differences in tE50 at 

depths greater than 4 cm (Table 3.1). 

In order to determine if differences in final seedling emergence between 

phenotypes were due to germination and subsequent mortality prior to emergence (fatal 

germination), or to differences in germination alone, soil was excavated from pots and 

sieved to determine the fate of seeds and seedlings. Seedling mortality due to fatal 

germination was observed at 6 and 8 cm depth. The effect of depth on the fatal 
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germination significantly interacted with the phenotype (P = 0.017). Approximately 

10% seedling mortality was observed for all phenotypes at 6 cm depth. However, 

significantly (P < 0.05) more seedlings of the S (39%) and P450 (54%) phenotypes 

suffered fatal germination when emerging from 8 cm depth compared to the 

ACCase/P450 phenotype (10%). 

Almost 100% germination was observed when buried seeds of all phenotypes 

that did not germinate were retrieved from the soil and exposed to ideal germination 

conditions (25/15°C) with 12-hourly light. This suggests that light is an essential 

requirement for germination in the ACCase phenotype but not in the S or P450 

phenotypes.
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Table 3.1 Parameter estimates obtained from sigmoidal models (y = a / 1+ exp (- (x – tE50) / b))) that describe the dynamics of seedling emergence 

over time for the S, P450 and ACCase/P450 phenotypes at increasing sowing depths at 25/15°C (12hs/12hs). Seeds on the soil surface were 

exposed to 12 hour light/darkness period. Different superscript letters indicate significant differences between similar parameters within each 

sowing depth, according to Tukey’s HSD test (α= 5%). (1) - (2) represent parameter values from the first and second experiment, respectively, 

where emergence responses were not identical. 

 
 
 
 
 
 
 

 
 

Phenotype 
 

 
 

 Susceptible 
(S) 

P450-based 
resistant  

ACCase/P450 
resistant  

Susceptible 
(S) 

P450-based 
resistant  

ACCase/P450 
resistant  

Susceptible 
(S) 

P450-based 
resistant  

ACCase/P450 
resistant  

 
Depth (cm) 

  
a 

   
tE50 

   
b 

 

         0 65.5a                73.0b                  59.1c 5.1a                  5.2a                 4.9a 1.48a                   1.74a               1.43a 

 
         1 

 
59.3a                66.3b                  31.0c 

 
4.1a                  4.1a                 4.8b 

 
0.55a                   1.01a               0.67a 

 
       
         2 
 

 
      (1) 69.9a                57.0b                  36.1c 
      (2) 55.6b 

 
(1) 4.2a                  4.6b                 4.8b 

          (2) 4.9b 

 
(1) 0.79a                   0.60ab              0.36bc 

           (2) 0.35b 

         4 59.6a                 57.0a                  26.6b 5.4a                  5.5a                  6.4b 0.29a                   0.38a               0.43a 

         6 51.5a                 49.5a                  25.2b 6.7a                  6.5a                  7.3a 0.72a                   0.51a               0.73a 

         8 33.6a                20.0b                  26.5b 8.4a                  8.0a                  8.4a 1.13a                   0.55a               0.80a 
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Figure 3.3 Dynamics of seedling emergence fitted to sigmoidal model of the S (●), 

P450 (■) and ACCase/P450 (▲) phenotypes at different sowing depths when incubated 

at 25/15°C (12 hours/12 hours) with a regime of 12 hourly light/dark. Vertical bars are 

standard errors of the mean. Experiments performed twice for 0 - 4 cm depth. 
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Seed germination: effect of light regimes 

As light appeared essential for germination of seed of the ACCase/P450 phenotype, but 

not for the S or P450 phenotype, detailed seed germination and after-ripening studies 

were conducted with the three phenotypes. Phenotype and after-ripening (storage) time 

interacted significantly to influence germination in the dark (P = 0.02). Strong seed 

dormancy was evident in fresh seed tested at time 0 (immediately after seed collection), 

with less than 10% seed germination for all three phenotypes in continuous dark (Fig. 

3.4A). When stored in darkness, seed dormancy was released over time for both the S 

and P450 phenotypes with up to 60% germination, after 480 days of storage. There 

were no significant differences in germination between the S and P450 phenotypes 

(Fig. 3.4A). However, a different result was evident for the ACCase/P450 phenotype. 

Even following 480 days of after-ripening, the ACCase/P450 phenotype displayed 

significantly lower levels of dark germination than the S and P450 phenotypes (P < 

0.05) (Fig. 3.4A). 

When germination was tested in continuous light (14dL), germination of the 

three phenotypes increased with storage time (P < 0.0001) and was greater than 

observed in darkness for all three phenotypes (P < 0.0001) (Fig. 3.4B vs. Fig. 3.4A). 

Initial germination of the ACCase/P450 phenotype was lower (approximately 30%) 

than for the S and P450 phenotypes (approximately 40%), but these differences were 

not significant (Fig. 3.4B). Germination of all phenotypes increased markedly after 258 

days storage and there were no significant differences in germination of the S and P450 

phenotypes at 258 or 480 days. Germination of the ACCase/P450 phenotype in light 

was significantly lower than S and P450 phenotypes following 480 days of after-

ripening (Fig. 3.4B). 
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Figure 3.4 Final germination of the S (■), P450 (■) and ACCase/P450 (■) phenotypes 

at different after-ripening times at constant 20°C and under three light treatments: 14 

days without (14dD) (A) and with exposure to 12-hourly light (14dL) (B), and dark-

imbibed for 14 days followed by exposure for 14 days to 12-hourly light 

(14dD+14dL)(C) at 12-hourly 25/15°C. Different letters indicant significant differences 

in germination mean values, separated by Tukey's HSD test (a= 5%). Vertical bars 

denote standard error of mean values. 
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Imbibition of seeds of the three phenotypes in darkness followed by a period of 

light (14dD+14dL) increased germination compared to that obtained in dark or light 

alone (14dD, 14dL) at all after-ripening times (Fig. 3.4C vs. Fig. 3.4A). Thus, it 

appears that a period of dark-imbibition followed by light accelerates dormancy release 

in seeds of all phenotypes. In order to eliminate the potential confounding effect of the 

additional incubation time when 14dD + 14dL and 14dL treatments were compared, 

seeds in the latter treatment were allowed to germinate for an additional 14 days in 

light. Germination of fresh seed (time 0) of all phenotypes (P = 0.003) was 

significantly greater in the 14dD+14dL light regime (64%) compared to seeds 

maintained in germinable conditions in the light for 28 days (43%) (P < 0.0001), 

confirming that dark-imbibition promoted dormancy release. In after-ripened seeds 

(258 and 480 days), which were already > 80% germinable in the light, dark imbibition 

followed by light (14dD + 14dL) did not promote further increases in the level of 

germination in relation to seeds incubated for 14 days in light (14dL) (Fig. 3.4C vs. 

3.4B). 

The seed germination results presented in Fig. 3.4A support and explain the 

seedling emergence patterns observed in Fig. 3.3. In comparison to the ACCase/P450 

phenotype, significantly greater proportions of seeds of the S and P450 phenotypes 

were able to germinate in darkness and therefore emerge from soil (from 6 cm). The 

ACCase/P450 phenotype germinated poorly in darkness and therefore few seedlings 

emerged from below the soil surface. Failure to germinate in darkness resulted in fewer 

losses as there was little fatal germination in seed of the ACCase/P450 phenotype at 

depth. These experiments therefore reveal a clear difference in germination response 

between seeds of the phenotypes with different herbicide resistance mechanisms 

existing within a single population. 
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Seed germination: effect of thermal regimes 

Sigmoidal models (equation 1) were fitted (P < 0.001, R2 = 0.86-0.99) to cumulative 

germination data for all combinations of phenotype and incubation temperature. When 

seeds of the three phenotypes were placed at 25/15°C alternating temperature with a 12 

hour photoperiod regime, the three phenotypes showed a very similar germination 

dynamic (Fig. 3.5A). The ACCase/P450 phenotype displayed a slightly lower final 

germination (parameter a) (91%) compared to S (94%) and P450 (96%) at 25/15°C (P 

< 0.05) (Table 3.2). However, when seeds of the three phenotypes were germinated 

with a 12 hour photoperiod at constant temperatures, the ACCase/P450 phenotype 

exhibited consistently lower germination than the S and P450 phenotypes (Fig. 3.5B-F, 

Table 3.2). This difference occurred across a wide range of temperatures. The 

percentage of final germinated seeds achieved by the ACCase/P450 phenotype ranged 

from 60% when germinated at 20°C to 18% at the lowest incubating temperature (5°C) 

(Fig. 3.5B-F, Table 3.2). Final percentages of germinated seeds at constant 

temperatures 20°C, 15°C and 12°C were not significantly different between the S and 

P450 phenotypes (P > 0.05) (Fig. 3.5B-D, Table 3.2). However, at 8°C and 5°C, 

germination of the P450 phenotype was less than the S phenotype, but still greater than 

the ACCase/P450 phenotype (Fig. 3.5E-F, Table 3.2). The sigmoidal models (equation 

2) also provided another important biological parameter that estimates the time (days) 

required to achieve 50% germination for all phenotypes. As expected, at warmer 

temperatures, germination of all phenotypes occurred more rapidly as indicated by 

lower tG50 values. The ACCase/P450 phenotype exhibited a higher tG50 than the S and 

P450 phenotypes at constant 8°C and 12°C and alternating 25/15°C (Table 3.2). 
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Table 3.2 Parameter estimates obtained from sigmoidal models (y = a / 1+ exp (- (x – tG50) / b))) that describe the dynamics of germination over time 

for the S, P450 and ACCase/P450 phenotypes under different temperatures. Different superscript letters indicate significant differences between 

similar parameters within the same temperature condition, according to Tukey’s HSD test (α = 5%).  

  Phenotype  

 
Temperature 
       (°C) 
 
   Constant 

 
Susceptible 

(S) 

 
P450-based 

resistant  

 
ACCase/P450 

resistant  

 
Susceptible 

(S) 

 
P450-based 

resistant  

 
ACCase/P450 

resistant  

 
Susceptible 

(S) 

 
P450-based 

resistant   

 
ACCase/P450 

resistant  

  
a 

   
tG50 

   
b 

 

 

5 

 

          60.6a                 41.0b               18.0c 

 

                10.7a                10.6a                11.1a 

 

           0.86a                1.37a                1.20a 
 

8 

 

         83.7a                72.0b              36.0c 

 

               6.6a                   6.7a                 7.7b 

 

            0.70a                0.73a                1.05a 
 

12 

 

        88.2a                85.1a               73.0b 

 

               4.4a                   4.9b                 5.9c 

 

           0.60a                 0.71ab              0.95b 
 

15 

 

        79.3a                79.5a               41.3b 

 

               3.4a                   3.5a                 3.6a 

 

           0.39a                 0.47a               0.38a 
 

20 

 

         92.3a                 89.6a              63.5b 

 

                2.1a                   2.1a                 2.2a 

 

           0.30a                 0.31a               0.45a 
Alternating 

       25/15 

 

        94.3a                 96.3a              91.3b 

 

               1.9a                   2.0b                 2.2c 

 

          0.29a                 0.30a               0.32a 
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Figure 3.5 Dynamics of germination fitted to sigmoidal model of the S (●), P450 (■) 

and ACCase/P450 (▲) phenotypes under different fluctuating and constant temperature 

regimes and 12 hour light/darkness period. Vertical bars are standard error of the mean 

values. Seeds were after-ripened at constant 20°C for 9 months before conducting the 

experiment to ensure seed dormancy was minimised. 
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The relationship between rate of germination to each decile of germination (10% to 

90%) for all phenotypes and incubation temperature was approximately linear (R2 > 

0.90). Tb of the three phenotypes were significantly different with the P450 (4°C ± 0.4) 

intermediate between the S (2.9°C ± 0.1) and ACCase/P450 (5.6°C ± 0.4) phenotypes 

(P < 0.001). The accumulated thermal time above Tb required to achieve 50% 

germination was similar for phenotype S (36.8°Cd), P450 (35.8°Cd) and ACCase/P450 

(40.1°Cd) (P = 0.37). 

 

3.5 Discussion 

The timing of seed germination and seedling emergence is one of the most important 

events that determines the success or failure of annual plant species in invading, 

infesting and increasing in cropping agro-ecosystems (Forcella et al., 2000). This study 

conducted with a single, multiple herbicide resistant L. rigidum population, originating 

from one field, uncovers significant differences in germination and emergence 

responses between herbicide-susceptible individuals and individuals possessing a target 

site resistant ACCase mechanism versus a non-target metabolism mechanism (P450). 

The ACCase/P450 phenotype shows environmentally conditional dormancy which 

leads to different patterns of seed germination, seedling emergence and establishment 

compared to individuals in the SLR31 population that possess enhanced herbicide 

metabolism (P450-based), or are herbicide susceptible. 

Thermal and light conditions were shown to be important factors that 

determined differential responses between the phenotypes. A fluctuating temperature 

regime of 25/15°C supplemented with light (continuous 14 days either with or without 

pre-imbibition in darkness) proved to be an optimal condition for germination of all 

phenotypes, confirming previous studies on seed germination in L. rigidum (Gill et al., 

1996; Steadman et al., 2003a; Steadman, 2004). Under this “optimal” environment 
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there were no major differences in seed germination between the three phenotypes (Fig. 

3.3A, 3.4B, 3.5A, 3.5C). However, in “sub-optimal” environments (either constant 

temperature or darkness) a greater proportion of individuals comprising the 

ACCase/P450 phenotype was dormant compared to herbicide susceptible or P450-

based resistant plants (Fig. 3.4A, 3.5B-F). This lack of germination of the 

ACCase/P450 phenotype in darkness resulted in a lower proportion of seedling 

emergence when seeds were below the soil surface (Fig. 3.3B-F). Even after 16 months 

of after-ripening, 80% of the ACCase/P450 resistant individuals still required light to 

germinate (Fig 3.4A). The light requirement for germination found in the majority of 

individuals comprising the ACCase/P450 phenotype is a heritable plant trait: a second 

seed generation of each phenotype were incubated as described above (Seed 

germination: effect of light regimes), and similar results to those found in Fig. 3.4A and 

3.4B were observed. A period of imbibition in darkness (dark-stratification) resulted in 

increased germination in light and enabled high levels of germination of fresh seeds of 

all the phenotypes, confirming that this alternative dormancy release mechanism is a 

common response in L. rigidum populations (Steadman, 2004) regardless of herbicide 

resistance status. 

Light receptors are involved in seed germination responses for many weed 

species (Casal & Sanchez, 1998). Whether different ratios of active and inactive forms 

of phytochrome mediate the differential germination responses between the SLR31 

phenotypes merits future investigation. 

Emergence of buried seed in non-dormant populations is the result of the key 

processes of germination and seedling elongation rate which in turn depend on Tb for 

germination, soil temperature, soil impedance and water potential (Ψ) among other 

factors (Forcella et al., 2000). A high proportion of the ACCase/P450 resistant seeds 

were unable to germinate when exposed to either constant temperature supplemented 
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with light or fluctuating temperature in darkness. Those seeds of the ACCase/P450 

phenotype that were able to germinate under fluctuating temperatures (25/15°C) in 

darkness (i.e., buried in soil), produced seedlings that took longer to reach 50% 

emergence (tE50) when buried at 1 cm, 2 cm and 4 cm depth, compared to the herbicide-

susceptible and P450-based-resistant individuals (Table 1). The higher Tb of the 

ACCase/P450 phenotype, together with unknown factors such as seed imbibition and 

seedling elongation rates, could have interacted to account for this higher tE50. 

Phenotypes possessing higher tE50 values leading to delayed and poor seedling 

establishment, may be at an ecological disadvantage since rapid occupation of 

biological space by seedlings with an annual growth habit is crucial to capture light and 

avoid shading from competitors. 

Previous reports have indicated that Tb for germination may vary between 

subpopulations or fractions of a population (Pritchard et al., 1999). The ACCase/P450 

resistant phenotype not only possessed the highest value of Tb but also the lowest 

fraction of the seed population capable of germinating at constant temperatures or in 

darkness. At the lowest temperature (5°C), the herbicide-susceptible phenotype (S) 

showed significantly higher total germination compared to the P450- and ACCase/P450 

resistant phenotypes. Germination responses among the phenotypes at 5°C are 

explained by the variation in their Tb: more thermal time was accumulated by those 

phenotypes (S and P450) with Tb below 5°C, while the ACCase/P450 phenotype with 

Tb similar to the incubation temperature, was unable to accumulate thermal units. 

Defining the level of seed dormancy of each phenotype as the “temperature-inducible 

fraction of the population” (Ghersa et al., 1992), we can conclude that there was a 

relationship between the level of dormancy and the Tb. 
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Ecological significance of results 

One of the biological features of Australian L. rigidum populations is the production in 

late spring of large amounts of seed. A high proportion of these seeds are dormant at 

maturity, preventing germination following any sporadic rainfall events over the 

ensuing long, hot, dry summer. A temperature driven dormancy release during the 

summer ensures that a high proportion of the population is capable of germination in 

autumn when rainfall and temperature become favourable for seedling survival and 

growth (Steadman et al., 2003a,b). This study conducted with one population has 

revealed that herbicide susceptible and P450-based resistant individuals within this 

population will germinate under a range of environmental conditions. However, 

individuals with target-based ACCase resistance have much higher levels of seed 

dormancy and therefore much lower germination and seedling emergence of buried 

seed (without light). Furthermore, in those circumstances in which winter crop seedings 

are delayed, soil temperatures can be low enough to exacerbate the differential 

germination responses among the S, P450 and ACCase/P450 phenotypes: at low 

temperatures germination of the ACCase/P450 phenotype at low temperatures is 

significantly reduced compared to the S and P450 phenotypes (Fig. 3.5). However, if 

the required light and fluctuating thermal requirements are met for the ACCase/P450 

phenotype then identical germination and emergence will occur for all three phenotypes 

within the population. 

The ecological consequences of the differential germination and emergence 

responses between the three phenotypes are complex to predict. It is the ecological 

environment which will ultimately determine the success of the phenotypes during 

germination, emergence and establishment. For instance, the light requirement for 

germination in the ACCase/P450 phenotype may be beneficial if viewed as a depth-

sensing mechanism to prevent fatal germination of buried seeds at deep soil layers 
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ensuring a longer seed bank life and perhaps enabling emergence after early-season 

weed control practices. This could be interpreted as endowing greater fitness on the 

ACCase/P450 phenotype over the S and P450 phenotypes. However, the ungerminated 

buried ACCase/P450 seeds will be exposed to greater losses due to disease, predation 

or loss of viability (Harper, 1977). Additionally, the low germinability of shallow-

buried ACCase/P450 seeds could be a clear fitness disadvantage where these 

individuals could otherwise successfully emerge and establish. The high proportion of 

fatal germination observed at 8 cm depth in the S phenotype, should be balanced with 

the fact that at 8cm depth more seedlings of the S phenotype actually emerged 

compared to both resistant P450 and ACCase/P450 phenotypes (Fig. 3F). At the 

population level, the outcome of all these potential trade-offs will depend on ecological 

scenarios, which ultimately will decide whether any of the phenotypes have advantages 

or disadvantages. 

The results of this study highlight the importance of (i) conducting 

investigations on the ecological responses of herbicide-resistant and -susceptible 

populations in a wide range of environmental conditions, (ii) discriminating herbicide 

resistant populations by their mechanism of resistance and (iii) ensuring minimal 

differences in genetic background among plants under comparison. 

 

Implications for resistance management 

Knowledge of the agro-ecological behaviour of herbicide-resistant plants is generally 

lacking and yet may be very useful in implementing successful management (Powles & 

Matthews, 1992). Given the results reported here, management that combines early 

season cultural and chemical practices to optimise the ecological fitness differential 

between susceptible and resistant phenotypes can be envisaged. Where there is no soil 

cultivation during the fallow period (summer) seeds of the S, P450 and ACCase/P450 
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phenotypes produced in the preceding growing season will be at or close to the soil 

surface. In autumn, they will experience temperature and light conditions conducive to 

germination and emergence (> 75%) of all phenotypes. However, seed burial as a result 

of any shallow cultivation will mean little germination of ACCase/P450 resistant 

individuals during early autumn. Taking advantage of the relatively minor differences 

in germination and emergence of susceptible and P450 metabolic resistant phenotypes 

will require burial of seeds at depths greater than 6cm, thus requiring a deeper soil 

cultivation. Additionally, similar germination responses to dark-stratification observed 

for both resistant phenotypes could be exploitable by alternating exposure of seeds to 

darkness and light conditions during rainfall events during summer or early autumn. 

Then, soil cultivation potentially might promote and control almost 90% germination of 

the resistant phenotypes comprising SLR31. 

The implications of these results for the management of herbicide-resistant 

populations depends on their incorporation into mechanistic models that contemplate 

thermal and light requirements for germination and fatal germination as parameters to 

predict the timing and proportion of herbicide-susceptible and target and non-target site 

resistant phenotypes that germinate, emerge and establish in field conditions. The 

broader application and adoption of the management practices discussed here will 

depend on whether the responses associated with the ACCase mutation and P450 

metabolism are consistent with the same mutations and mechanisms in other resistant 

L. rigidum populations. 
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CHAPTER 4 

Fitness cost of a cytochrome P450 herbicide metabolism 
resistance mechanism but not an ACCase target site mutation 

in a multiple resistant Lolium rigidum population (*) 

 

4.1 Abstract 

Where they exist, pleiotropic fitness costs associated with evolved resistance to 

herbicides will reduce individual plant growth rates and productivity and will influence 

competitive interactions between weeds and crops. This study compares biomass 

production, relative growth rates and photosynthetic rates for two herbicide resistant 

phenotypes. Herbicide susceptible individuals (S), individuals possessing P450-based 

enhanced herbicide metabolism (P450) and multiple herbicide resistant individuals 

possessing a resistant ACCase and enhanced P450-based metabolism (ACCase/P450) 

were isolated from a single Lolium rigidum population (SLR31). These discrete 

herbicide resistance phenotypes were grown in the absence of mutual plant interaction 

and plant growth traits were compared at vegetative and reproductive growth stages. 

P450 and ACCase/P450 resistant phenotypes produced less above-ground biomass than 

the S phenotype during the vegetative stage. Reduced biomass production in the 

resistant phenotypes corresponded to a reduced relative growth rate (RGR) and a lower 

net assimilation rate (NAR) and rate of carbon fixation. The resistant phenotypes 

allocated relatively more biomass to leaves (LWR). There were no significant 

differences between the two resistant phenotypes, suggesting that costs of resistance are 

associated with P450 metabolism based resistance. There were no differences in 

reproductive output between the three phenotypes indicating that the cost of P450 

resistance during vegetative growth is compensated during the production of 

reproductive structures. The existence and magnitude of direct physiological costs of 
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herbicide resistance has been demonstrated for P450-based herbicide metabolism in a 

Lolium rigidum population. Reduced growth and productivity of herbicide resistant 

individuals will modify competitive interactions between crops and weeds and 

ultimately may be manipulated by appropriate agronomic management to reduce the 

evolution and impact of herbicide resistance. 

 

 

(*) This chapter has been submitted (2004) as a manuscript to Journal of Applied 

Ecology.  

Vila-Aiub MM, Neve P & Powles SB. Fitness cost of a cytochrome P450 herbicide  

metabolism resistance mechanism but not an ACCase target site mutation in a 

multiple resistant Lolium rigidum population. (Western Australian Herbicide 

Resistance Initiative (WAHRI), School of Plant Biology, Faculty of Natural & 

Agricultural Sciences, The University of Western Australia, 35 Stirling Hwy, 

Crawley, WA 6009, Australia). 
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4.2 Introduction 

The evolution of herbicide resistance in weeds is a worldwide phenomenon in modern 

cropping systems (reviewed in LeBaron & Gressel, 1982; Powles & Holtum, 1994; 

Powles & Shaner, 2001). This evolutionary process involves the selection and 

enrichment of adaptive mutant alleles that endow resistance. If a resistance allele/s 

compromises plant function, then the mutant form may suffer a relative disadvantage 

(termed a cost of resistance or fitness cost) compared to the wild type in the absence of 

herbicide selection (Fisher, 1928). A number of explanations are considered to account 

for the existence of physiological or direct fitness costs (Strauss et al., 2002): (i) a 

mutation associated with target site resistance may in some way compromise normal 

functioning of the target site enzyme, resulting in pleiotropic changes in cellular 

metabolism (Gronwald, 1994; Purrington & Bergelson, 1999; Berticat et al., 2002), (ii) 

where the resistance mechanism is non-target site based then the resistance may be 

associated with diversion of resources to increased or novel production of 

detoxification enzymes (Coley et al., 1985; Herms & Mattson, 1992), or (iii) resistance 

loci may be tightly linked and co-segregate with other loci affecting fitness (Bergelson 

& Purrington, 1996; Purrington & Bergelson, 1997). 

The existence, magnitude and nature of any fitness cost depends on the 

mechanism(s) and genetic basis of resistance (Coustau et al., 2000; Roux et al., 2004). 

For target site-based herbicide resistance a fitness cost is well documented for triazine 

herbicide resistance. In this case, a specific point mutation (Ser (264) Gly substitution 

in the psbA gene) confers triazine resistance in many weed species and this mutation 

incurs a fitness cost by reducing photosynthetic performance (i above) (reviewed by 

Gronwald, 1994). However, for other target site-based mechanisms endowing herbicide 

resistance the results on the expression of fitness costs are less clear-cut. For example, 

there is a diversity of target site gene mutations endowing resistance to the acetyl CoA 
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carboxylase (ACCase) and acetolactate synthase (ALS) inhibiting herbicides, each 

having the potential to endow different fitness costs meaning that studies on fitness 

costs of herbicide resistance must be assessed on an individual basis. 

Fitness costs that could be associated with non-target site based herbicide 

resistance have been little studied. Evolved herbicide resistant populations of L. 

rigidum and A. myosuroides can have a non-target site based resistance mechanism of 

enhanced rates of herbicide metabolism, due to elevated activity of cytochrome P450 

enzymes (Hall et al., 1995; Preston et al., 1996). It is not known whether there is a 

fitness cost associated with this non-target site-based P450 catalysed herbicide 

metabolism resistance mechanism. Increased or novel production of detoxifying 

enzymes (non-target site resistance), may incur fitness costs if there is an increased 

allocation of resources to the production of these enzymes (ii above) (Herms & 

Mattson, 1992). In this case, the expression and magnitude of these costs will depend 

on whether enzyme production is constitutive or induced by herbicide application 

(Karban et al., 1997; Strauss et al., 2002). 

Individual L. rigidum plants can display multiple resistance to ACCase and ALS 

inhibiting herbicides due to both target site- and non-target site-based resistance 

mechanisms (Tardif et al., 1993; Tardif & Powles, 1994; Preston et al., 1996; Preston 

& Powles, 2002). This phenomenon of multiple resistance provides an excellent 

opportunity to compare fitness costs associated with different herbicide resistance 

mechanisms in individuals within a single resistant population (similar genetic 

background). In a well characterised multiple resistant L. rigidum population (SLR31), 

the majority of individuals are resistant to aryloxyphenoxypropionate (APP) and 

sulfonylurea (SU) herbicides due to enhanced herbicide metabolism mediated by 

cytochrome P450 monooxygenase enzymes (Christopher et al., 1991; Christopher et 

al., 1994; Tardif & Powles, 1994; Preston & Powles, 1998). Additionally, 15% of 
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individuals possess a resistant ACCase enzyme (target-site mechanism) (Tardif & 

Powles, 1994) conferred by an Ile to Leu substitution at amino acid 1781 of the 

ACCase gene (Zhang & Powles, unpublished). This point mutation endows resistance 

to APP and cyclohexanedione (CHD) herbicides (Tardif & Powles, 1994). Individuals 

with the resistant ACCase also have enhanced P450-mediated herbicide metabolism 

and are therefore multiple resistant individuals (Vila-Aiub et al. 2004) (see Chapter 3). 

A small proportion (6 %) of the population is susceptible to APP, CHD, and SU 

herbicides. A plant cloning technique (Vila-Aiub et al., 2004) (see Chapter 3) has 

permitted the identification and isolation of these three distinct phenotypes from within 

the SLR31 population: hereinafter termed herbicide susceptible individuals (S), 

enhanced P450 metabolism-based resistant individuals (P450), and multiple herbicide 

resistant individuals (ACCase/P450). Research presented here aims to determine direct 

fitness costs by studying resource acquisition and allocation patterns associated with 

each of these herbicide resistance phenotypes (S, P450 and ACCase/P450). 

 

4.2 Materials and Methods 

Plant material 

A multiple herbicide-resistant L. rigidum population (SLR31), originating from 

Bordertown, South Australia (140°46'E, 36°18'S) was used in all experiments. 

Herbicide susceptible, enhanced P450 metabolism, and resistant ACCase + enhanced 

P450 metabolism phenotypes from the SLR31 population were identified and isolated 

according to the methodology described in Vila-Aiub et al (2004) (see Chapter 3). 

Seeds of each phenotype from plants grown under identical conditions were harvested 

in December 2001 and stored at constant 20°C (Vila-Aiub et al. 2004) (see Chapter 3) 

prior to use in experiments. 
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Growth analysis and biomass allocation during the vegetative phase 

In 2002, seeds of the individual S, P450 and ACCase/P450 phenotypes were 

germinated on 0.7% (w/v) agar (12 h in light at 25°C, 12 h dark at 15°C). After 4 days, 

individual seedlings (2 cm height) were transplanted into pots (9 cm diameter, 13 cm 

height) filled with an equal weight of washed white sand and supplied with the 

following nutrient solution: 90 mg/kg KH2PO4, 140 mg/kg K2SO4, 150 mg/kg CaCl2, 

40 mg/kg MgSO4, 10 mg/kg MnSO4, 9 mg/kg ZnSO4, 2 mg/kg CuSO4, 0.7 mg/kg 

H3BO3, 0.4 mg/kg CoSO4, 0.2 mg/kg Na2MoO4. The nutrient solution was supplied at 

half strength at the time of seeding and one week after seeding. Nitrogen (NH4NO3) 

was applied (50 mg/kg) at weekly intervals over the course of the experiment. The field 

capacity of the sand substrate (12%) was measured prior to the commencement of 

experiments and pots were watered to field capacity on a daily basis. Plants were grown 

in a controlled environment facility (phytotron) under natural solar radiation at 

20°C/15°C (day/night) and arranged in a completely randomized design. Pots were 

regularly rearranged to randomise any environmental differences within the phytotron. 

There were 18-24 replicates per treatment (three phenotypes x two harvest times (29 

and 57 days after seeding)). The experiment was repeated using 25-28 replicates per 

treatment in 2003. 

For both experiments, shoots and roots were harvested 29 and 57 DAS (shoots 

were divided into leaf material and stems including the leaf sheath). Leaf area per plant 

was determined with a digital leaf area meter (LICOR LI-3100, Lincoln, Nebraska, 

USA). Above-ground material and roots were oven dried at 80°C for 72 hours, and dry 

biomass recorded. Relative growth rate (RGR) and its components (NAR, net 

assimilation rate; SLA, specific leaf area; LWR, leaf weight fraction) were calculated 

for each treatment combination (phenotype x harvest). A software program developed 
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by Hunt et al. (2002) was used to calculate growth parameters, which are derived 

according to classical growth analysis: 

 

 

                   dW              dW             LA                WL 
                         =                  x                x                                                      (1) 
                   W dt           LA dt           WL               W 
 
                  (RGR)    =    (NAR)      (SLA)        (LWR) 

 

 

where t is time, W is total dry weight per plant, LA is total leaf area per plant and WL is 

total leaf dry weight per plant. Plant growth traits and derived variables (Hunt, 1982; 

Poorter & Nagel, 2000) estimated after each harvest, are described in Table 4.1. At the 

final harvest (57 DAS), the number of vegetative tillers per plant was recorded. 

 

Statistical analysis 

The unbiased formula proposed by Hoffmann and Poorter (2002) was used to calculate 

RGR. The variance (σ2 or V) associated with RGR was estimated with Venus and 

Causton’s formula (1981): 

 

                                                            {V (ln W2) + V (ln W1)} 
              V (RGR) =                                                                                 (2) 

                                                                          (t2 – t1)2 
 

 

where ln W2 is the mean of the ln-transformed plant weight at time 2 and ln W1 is the 

mean of the ln-transformed plant weight at time 1. The degrees of freedom associated 

with RGR and its components is n - 2, where n is the total number of plants used in two 

harvests. 



CHAPTER 4                                                                                                              104  

Table 4.1 Measured and estimated vegetative plant growth variables for the S, P450 

and ACCase/P450 phenotypes. 

 

 
Attribute (dimension) 

 
 

 
Symbol or formula 

 
 

Number of vegetative tillers  
 

Root biomass (g) 
 

Stem biomass (g) 
 

Leaf biomass (g) 
 

Leaf area (cm2) 
 

Total biomass (g) 
 

Relative growth rate  (RGR) (mg mg-1 day –1) 
 

Specific leaf area (SLA) (cm2 mg-1) 
 

Net assimilation rate (NAR) (mg cm-2 day-1) 
 
 

Leaf weight ratio (LWR) (mg mg-1) 
 

Root weight ratio (RWR) (%) 
 

Stem weight ratio (SWR) (%) 

 
TV   

 
WR  

 
WST 

 
WL 

 
LA 

 
W = WS + WR + WL 

 
(ln W2 – ln W1) / (t2 – t1) 

 
LA / WL  

 
[(W2 – W1) / (T2 – T1)][(ln2W – 

ln1W) / (2LA – 1LA)] 
 

WL  / W 
 

WR / W 
 

WST / W 

 

 

One-way analyses of variance (ANOVA) were performed to compare RGR and 

its components for herbicide-susceptible and -resistant L. rigidum phenotypes. Tukey’s 

HSD test was used to compare mean values (α = 5%). 

A multivariate one-way analysis of variance (MANOVA) was conducted to test 

for the effect of phenotype on correlated dependent growth traits measured on single 

plants (number of vegetative tillers, leaf area, total biomass, and root, leaf and stem 

weight ratios) harvested 57 DAS (2002 and 2003 experiment). If multivariate tests were 

significant at P < 0.05, one-way ANOVAs were performed individually on each growth 
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trait. To comply with the assumptions of normal distribution and homoscedasticity, 

data for number of tillers, leaf area and total biomass were log-transformed (y = log x), 

and root, leaf and stem weight ratios were angular-transformed (y = arcsine √x) (Sokal 

& Rohlf, 1969) prior to MANOVA and ANOVA. Where appropriate, means were 

separated using Tukey’s HSD test (α = 5%). 

 

Photosynthesis and gas exchange 

Leaf CO2 assimilation rates (µmol m–2 s–1) were determined using a LiCor 6400 gas 

exchange apparatus (LI-COR LI-6400, Lincoln, USA). Photosynthetic responses were 

measured at photon flux densities between 0 - 1500 µmol m –2 s –1 (6400-02B red-blue 

LED light source). Seven plants per phenotype were randomly selected prior to the 

final harvest of the 2003 experiment for these measurements. Photosynthetic gas 

exchange was measured on one fully expanded leaf at three 60 second time intervals. 

The gas analyzer was calibrated to provide constant conditions of 20°C, 360 µmol CO2 

mol–1 (6400-01 CO2 injector system) and 500 µmol s –1 air flow rate. The response of 

CO2 assimilation rate to photon flux was described using a rectangular hyperbola model 

(Long & Hällgren, 1993): 

 

                                                                     Asat  x 
                       A (µmol m –2 s –1) =                                                                        (3)                               
                                                                                Kq + x 
                                                                               
                                                                               

 where A is the leaf CO2 exchange rate at x light intensity, Asat is the light-

saturated rate of CO2 uptake (i.e., maximum photosynthesis) and Kq is the light 

intensity of photosynthetically active radiation (PAR) at which photosynthesis is half of 

the light saturated maximum (Asat). The nonlinear least squares regression curves were 
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generated with SigmaPlot (version 6.0; SPSS Science) after transforming data (y = 

√x+6). Comparison of model parameters between the phenotypes was performed by 

ANOVA and means were separated by Tukey’s HSD test (α = 5%) (GraphPad Prism 

software version 3.0). 

 

Biomass allocation during the reproductive phase 

Glasshouse experiment 

Seeds of the S, P450 and ACCase/P450 phenotypes were germinated on 0.7% agar as 

previously described and after 3 days seedlings (2-cm height) transplanted into pots 

(17-cm diameter, 14-cm height) containing washed white sand (after 3 days). Mineral 

nutrients and N were supplied as described for the 2002 vegetative growth experiment. 

Plants were grown in controlled glasshouse conditions (mean temperatures were 

between 17 and 24°C) with natural solar radiation. Plants (n = 24-30) of each 

phenotype were arranged in a completely randomised design. Daily watering to field 

capacity was as described for the previous experiment. 

Prior to flowering, cross-pollination between phenotypes was prevented by 

grouping plants of the same phenotype within pollen proof enclosures. At maturity, 

seed heads (spikes) were harvested from individual plants and the number of 

reproductive tillers was counted. Total aboveground biomass was determined after 

drying plants at 80°C for 72 hours. Spikes were then threshed and total seed mass was 

measured. The number of seeds produced per plant (Sn) was estimated as:  

                                                                 
 
                                                                 TSw x 50  
                                                  Sn  =                                                                              (4) 
                                                                      Sw 
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where TSw denotes the total seed weight produced per plant and Sw represents the mean 

weight of 50 seeds per plant (n = 3). Individual seed weight was determined from the 

average weight of 50 seeds. Harvest index (HI) (%) per plant was calculated as the ratio 

of seed mass to total aboveground biomass (seed mass + vegetative biomass). 

 

Outdoor experiment 

Individual seedlings (2-cm height) of the three phenotypes (S, P450, ACCase/P450) 

were transplanted into large pots (25 cm diameter, 23 cm height) containing a standard 

potting mix (50% peatmoss and 50% river sand). Plants of each phenotype (20 

replicates) were grown outdoors during the normal growing season for L. rigidum 

(July-November) in a completely randomized design. Plants were fertilized with a slow 

release fertilizer (“Macrocote: Blue Plus”) at a rate of 12 g / pot (w/w nutrient 

concentrations: N 16% (NH2 8.4%, NH4 6.45%, NO3 1.47%); P 4%; K 10%; S 5%; Mg 

0.63%; Fe 0.20%; Cu 0.03%; Zn 0.03% and Mn 0.08%) and with 3 applications of 

liquid fertilizer (N 19% (NH2 15%, NH4 1.9%, NO3 2.1%); P 8%; K 16%;, Mg 1.2%; S 

3.8%; Fe 400ppm; Mn 200ppm; Zn 200ppm; Cu 100ppm; B 100ppm and Mo 10ppm). 

Plants were watered regularly. Pollen proof enclosures were erected prior to flowering 

as described previously. Plants were harvested as described for the glasshouse 

experiment. 

 

Statistical analysis 

The effect of phenotype on reproductive traits was assessed by multivariate one-way 

analysis of variance (MANOVA). To comply with assumptions of normal distribution 

and homoscedasticity, harvest index values were angular transformed (y = arcsine √x) 

and values for other experimental variables were log-transformed (y = log x or y = log 
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x + 1) (Sokal & Rohlf, 1969). Means were compared using Tukey’s HSD test where 

appropriate (α = 5%). 

 

4.4 Results 

Growth analysis, biomass allocation and photosynthesis during the vegetative phase 

A classical growth analysis was performed on plants of the S, P450 and ACCase/P450 

phenotypes grown under nutrient and temperature controlled conditions. The 

experiment was conducted in 2002 and repeated in 2003. MANOVA showed a 

significant effect of phenotype on dependent growth variables estimated 57 DAS for 

both experiments, accounting for 58% (1 – Wilk’s lambda) and 46% of the total 

variance in 2002 and 2003, respectively (Table 4.2). 

 

Herbicide susceptible (S) vs. metabolic (P450) resistant phenotype 

In the 2002 experiment, the resistant P450 phenotype produced significantly less total 

biomass (at 57 DAS) than plants of the S phenotype (Table 4.3). Leaf area and number 

of vegetative tillers produced per plant did not differ between the two phenotypes 

(Table 4.3). P450-based resistant plants had a significantly lower mean relative growth 

rate (RGR) than S plants during the 29 – 57 DAS interval (Table 4.4). This differential 

response was correlated with a lower NAR in the P450 phenotype (Table 4.4). 

Differences in resource allocation were observed (Table 4.2): P450 resistant plants 

allocated 5% less resources to roots (RWR) (Fig. 4.1A) and 5% more to leaves (Fig. 

4.1B). There were no differences in stem weight ratio and SLA between the two 

phenotypes (Fig. 4.1C). 
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Table 4.2 Multivariate analysis of variance (MANOVA) for the effects of phenotype 

on vegetative growth attributes measured 57 DAS (2002 and 2003). Wilks’ lambda 

value is shown for MANOVA, with P values from one-way ANOVA on individual 

traits. 

 

 
 

Plant trait 
(dependent variable) 

 

 
2002 Experiment 

 
Phenotype 

 
2003 Experiment  

 
Phenotype 

 
MANOVA (growth traits) 

 
0.42* 

 
0.54** 

 
Tillers 

 
0.83 

 
0.28 

 
Leaf area 

 
0.59 

 
0.32 

 
Total biomass 

 
0.0009 

 
0.02 

 
Root weight ratio 

 
0.02 

 
0.20 

 
Leaf weight ratio 

 
< 0.0001 

 
0.14 

 
Stem weight ratio 

 
0.03 

 
0.003 

 

**P < 0.0001; * P < 0.001 

 

In the 2003 experiment, the resistant P450 phenotype (57 DAS) again produced 

significantly less total dry biomass than the S phenotype, and once again there were no 

differences in leaf area and number of vegetative tillers among phenotypes (Table 4.3). 

In common with the 2002 experiment, the P450 phenotype exhibited a significantly 

lower RGR than the S phenotype (Table 4.4) which was correlated with a lower NAR 

(Table 4.4, Table 4.5). Photosynthetic rates (leaf CO2 assimilation rates) at saturating 

light intensities were consistently lower (P < 0.01) for the P450 phenotype (Fig. 4.2), as 

indicated by the value of parameter Asat (Table 4.5). Light intensities at which 

photosynthesis rates were 50% of maximum (parameter Kq) were not significantly 
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different between the two phenotypes (Table 4.5, Fig. 4.2). Individuals of the S and 

P450 phenotypes allocated proportionally the same biomass to roots, leaves and stems 

(Fig. 4.1D-F, Table 4.4). The results from the 2002 and 2003 experiments confirm that 

the P450 phenotype produces less vegetative biomass than the S phenotype and that 

this difference is the result of a lower RGR, NAR and CO2 assimilation rate. 

 

Table 4.3 Mean total biomass, leaf area and number of vegetative tillers at 57 DAS for 

the S, P450 and ACCase/P450 phenotypes growing under temperature and nitrogen 

controlled conditions (2002 and 2003). Different superscript letters indicate significant 

differences among mean values within rows for each experiment according to Tukey’s 

HSD (α = 0.05). Values in parentheses denote standard errors of the mean. 

 

 
 
 
 
 

 
2002 Experiment 

(n = 18-24) 
 

 
 

 
2003 Experiment 

(n = 25-28) 
 

Growth traits  
 

S 
 

P450 
 

ACCase/ 
P450 

 
S 

 
P450 

 
ACCase/ 

P450 
 

Total biomass (mg) 
 

9044a 

(546) 

 
6792b 

(479) 

 
6859b 

(326) 

 
9426a 

(430) 

 
8113b 

(321) 

 
8252b 

(358) 
 

Leaf area (cm2) 
 

1019a  
(36) 

 
974a  
(57) 

 
1013a  
(61) 

 
946a  
(43) 

 
993a  
(38) 

 
908a  
(49) 

 
Tillers 

 
111a  
(5.5) 

 
111a  
(5.8) 

 
115a  
(5.6) 

 
134a  
(8.8) 

 
126a  
(6.4) 

 
114a  
(4.7) 

 

 

Herbicide susceptible (S) vs. multiple resistant (ACCase/P450) phenotype 

At 57 DAS (2002 experiment), ACCase/P450 plants accumulated significantly less 

total biomass than S plants (Table 4.3). No differences in the number of vegetative 
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tillers or leaf area were observed among the phenotypes (Table 4.3). A lower RGR was 

recorded for the ACCase/P450 phenotype, although this difference was not statistically 

significant (Table 4.4). As observed for the P450 phenotype, ACCase/P450 individuals 

showed significantly lower NAR than the S individuals (Table 4.4). The ACCase/P450 

phenotype exhibited a higher LWR (Fig. 4.1B) and partitioned proportionally less 

resources to roots and stems than the S phenotype (Fig. 4.1A, 4.1C). 

 

Figure 4.1 Biomass allocation (%) to roots (RWR) (A and D), leaves (LWR) (B and E) 

and stems (SWR) (C and F) for S, P450 and ACCase/P450 phenotypes estimated 57 

DAS (2002 and 2003). Vertical bars denote SE of the mean. Different letters indicate 

significant differences between mean values according to Tukey’s HSD (α = 0.05). 
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In the 2003 experiment, as observed in 2002, the ACCase/P450 phenotype 

accumulated less total dry matter than the S phenotype, and leaf area and number of 

vegetative tillers produced were not significantly different (Table 4.3). The 

ACCase/P450 phenotype had a significantly lower NAR (Table 4.4) and a marginally 

reduced CO2 assimilation rate in relation to the S phenotype (P = 0.05) (Table 4.5, Fig. 

4.2). Accordingly, the ACCase/P450 exhibited a reduced RGR though the difference 

between phenotypes was not statistically significant (Table 4.4). Individuals of the 

resistant phenotype allocated proportionately less resources to stems (Table 4.2, Fig. 

4.1F). 

 

Table 4.4 Mean estimates of relative growth rate (RGR) and its components (net 

assimilation rate, NAR; specific leaf area, SLA; leaf weight ratio, LWR) for the S, 

P450 and ACCase/P450 phenotypes growing under temperature and nitrogen controlled 

conditions (2002 and 2003). Parameters were estimated between the 29 and 57 DAS 

harvest interval. Different superscript letters indicate significant differences within 

rows for each experiment according to Tukey’s HSD (α = 0.05). 

 

 

Growth rates and related 
components 

 
2002 Experiment 

(n = 18-24) 

 
2003 Experiment 

(n = 25-28) 
 

S 
 

P450 
 

ACCase/
P450 

 
S 

 
P450 

 
ACCase/

P450 
 

29-57RGR (mg mg-1 day-1) 
 

0.146a 
 

0.130b 
 

0.138ab 
 

0.150a 
 

0.140b 
 

0.144ab 

 
NAR (mg cm-2 day-1) 

 
1.319a 

 
0.981b 

 
1.021b 

 
1.580a 

 
1.282b 

 
1.401b 

 
SLA (cm2 mg-1) 

 
0.270a 

 
0.289a 

 
0.273a 

 
0.221a 

 
0.245a 

 
0.224a 

 
LWR (mg mg-1) 

 

 
0.443a 

 
0.479b 

 
0.504b 

 
0.464a 

 
0.477a 

 
0.474a 
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Figure 4.2 Leaf CO2 assimilation rate plotted against photosynthetic photon flux 

density (PPFD) for the S (●), P450 (□) and ACCase/P450 (■) phenotypes. 

Photosynthetic rates (n = 7) were measured for single fully expanded leaves in an 

atmosphere enriched with 360 mmol CO2 mol-1 at constant 20°C and 500 µmol s –1 air 

flow rate. Vertical bars denote standard errors of the mean. 

 

Metabolic (P450) vs. multiple resistant (ACCase/P450) phenotype 

In both experiments, there were no significant differences in total dry matter acquisition 

or allocation to different organs between the two resistant phenotypes (Table 4.3, Fig. 

4.1). Growth analysis revealed that individuals of the P450 and ACCase/P450 

phenotypes had similar RGR, which correlated well with similar net assimilation (Table 

4.4) and photosynthetic rates (Table 4.5, Fig. 4.2). 
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Table 4.5 Parameter estimates and regression coefficients for the hyperbolic model (y 

= Asat x / (Kq + x)) describing leaf CO2 assimilation rate (rate of photosynthesis) in 

response to light intensity for the S, P450 and ACCase/P450 phenotypes. Data were 

square root transformed and parameter estimates and their 95% confidence limits 

(values in parentheses) were back-transformed. Different superscript letters denote 

significant differences between the phenotypes by Tukey’s HSD test (P ≤ 0.05). 

 

 
 

Phenotype 

 
Parameter  

Asat  

 
Parameter 

Kq  

 
 

R2 

 
S 

 
36.1a  (33.5 – 38.8) 

 

 
81.3a (64 – 99) 

 
0.79 

 
P450 

 

 
30.8b (29.3 – 32.4) 

 
71.1a (60 – 82) 

 
0.88 

 
ACCase/P450 

 
 32.6b (30.1 – 35.1) 
 

 
79.9a (62 – 98) 

 
0.78 

 

 

Biomass allocation during the reproductive stage 

Two independent experiments were conducted to assess reproductive growth traits for 

plants of the S, P450 and ACCase/P450 phenotypes grown under glasshouse (2002) 

and field conditions (2003). For the glasshouse experiment, MANOVA analysis 

identified a significant overall effect of phenotype on reproductive growth attributes 

(Table 4.6). However, when analysed individually by ANOVA, the only significantly 

different trait was the number of reproductive tillers, with the S phenotype producing 

significantly more tillers than either resistant phenotype (Table 4.6, Table 4.7). There 

were no significant differences between phenotypes in total seed mass, the number of 

seeds produced or individual seed weight (Table 4.6, Table 4.7). 
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In the field experiment, MANOVA did not reveal any significant effect of 

phenotype on reproductive traits of individuals of the S, P450 and ACCase/P450 

phenotypes (Table 4.6). Reproductive output for all phenotypes was higher than 

observed in the glasshouse experiment (except number of reproductive tillers), but was 

not significantly different between phenotypes (Table 4.7). 

 

Table 4.6 Multivariate analysis of variance (MANOVA) for the effects of phenotype 

on reproductive growth attributes estimated in glasshouse and field experiments. Wilks’ 

lambda value is shown for MANOVA, with P values from one-way ANOVA for 

individual growth traits. 

 

 
Plant trait 

(dependent variable) 
 

 
Glasshouse experiment 
 

Phenotype 

 
Field experiment 

 
Phenotype 

 
MANOVA (growth traits) 

 
0.67* 

 
0.85 a 

 
Reproductive tillers 

 
< 0.0001 

 
0.25 

 
Seed mass 

 
0.40 

 
0.44 

 
Harvest index 

 
0.35 

 
0.52 

 
Seed number 

 
0.38 

 
0.28 

 
Individual seed weight 

 
0.83 

 
0.82 

 

* P = 0.0015;  a P = 0.60 
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Table 4.7 Mean values for reproductive traits of the S, P450 and ACCase/P450 

phenotypes under glasshouse and field conditions. Different superscript letters indicate 

significant differences between phenotypes within rows according to the Kruskal-

Wallis test (α = 0.05). Values in parentheses denote standard error of the mean (SE). 

 

  
Glasshouse experiment 

 
Field experiment 

 
 

Reproductive growth 
traits 

 
S 

 
P450 

 
ACCase/

P450 

 
S 

 
P450 

 
ACCase/

P450 
 

Number of reproductive 
tillers 

 
169a  
(8.8) 

 
142a  
(8.3) 

 
116b  
(4.7) 

 
133  
(7.4) 

 
120  
(8.9) 

 
117  
(7.2) 

 
Total seed mass (g) 

 
9.3  

(0.7) 

 

10.3  
(0.6) 

 

9.3  
(0.8) 

 
20.3  
(1.2) 

 
18.6  
(1.1) 

 
20.9  
(1.2) 

 
Harvest index (%) 

 
16.6  
(1.1) 

 
18.6  
(0.9) 

 
17.0  
(1.1) 

 
29.7  
(1.5) 

 
28.3  
(0.9) 

 
30.4  
(1.1) 

 
Seed number 

 
5310  
(292) 

 
5643  
(351) 

 
5213  
(456) 

 
9847 
(835) 

 
8488 
(516) 

 
9600 
(689) 

 
Individual seed weight 

(mg) 

 
1.79  

(0.07) 

 
1.86  

(0.07) 

 
1.83  

(0.06) 

 
2.35 
(0.4) 

 
2.23 
(0.1) 

 
2.07 
(0.1) 

 

 

4.5 Discussion 

This study conducted with a single multiple-resistant L. rigidum population (SLR31) 

has identified a consistent reduction in vegetative biomass (resource acquisition) in the 

herbicide-resistant P450 and ACCase/P450 phenotypes compared to the susceptible 

phenotype (S > P450 = ACCase/P450) after 57 days growth (Table 4.3). This indicates 

a direct fitness cost of P450-endowed herbicide resistance expressed at the vegetative 

growth stage. This is the first report that a resistance mechanism of enhanced herbicide 

metabolism results in a fitness cost. Conversely, the ACCase target-site mechanism of 
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resistance (mutation Ile (1781) to Leu) incurred no measurable fitness cost, as 

responses of multiple resistant individuals (ACCase/P450) were not significantly 

different to those of individuals possessing only enhanced P450 metabolism. 

These differences in biomass production during the vegetative stage, did not 

result in differences in reproductive output (seed mass and seed number) (S = P450 = 

ACCase/P450) (Table 4.7). This lack of correspondence between vegetative and 

reproductive performance has also been noted in some previous studies of herbicide-

resistant and -susceptible biotypes (Stowe & Holt, 1988; Reboud & Till-Bottraud, 

1991; Purba et al., 1996). Reboud and Till-Bottraud (1991) have suggested that the 

advantage of herbicide susceptible over resistant individuals may be most apparent 

during early vegetative growth and that compensation of resistance costs over time may 

occur in the absence of stressful conditions, leading to similar reproductive fitness. 

Also, the expression of pleiotropic costs associated with herbicide resistance 

mechanisms may vary between plant organs (stems, leaves or flowers) and growth 

stages (Purrington & Bergelson, 1999), making it necessary to evaluate the basis of 

these costs which may be related to P450 expression levels in vegetative and 

reproductive plant stages. 

Variations in RGR necessarily correspond to linear variations in its 

physiological (NAR) and morphological (SLA, LWR) components. According to 

previous studies, inherent variations in RGR in terrestrial plants may be alternatively 

explained by variations in either net assimilation rates (NAR) (Garnier 1992) or 

specific leaf area (SLA) (Hunt & Cornelissen, 1997; Poorter & Remkes, 1990), 

although other studies have found no clear explanatory correlation between RGR and 

any of its components (Meziane & Shipley, 1999). In this study, results from two 

experiments, have shown that significant differences in the RGR of S and P450 
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phenotypes are well correlated with differences in net assimilation rate (NAR) (Table 

4.4). 

In order to limit differences in RGR which resulted from the lower NAR and 

photosynthetic rate of resistant phenotypes, compensatory changes in LWR were 

observed. Both resistant phenotypes allocated more resources to leaves (LWR) than the 

S phenotype, in order to maximize total carbon fixation. This morphological adjustment 

was not sufficient to compensate for their intrinsically lower NAR, which still resulted 

in lower total dry matter production (Table 4.3). 

 

Herbicide resistance costs 

The magnitude (%) of resistance costs ([1 – (resistant biomass / susceptible biomass) x 

100]) associated with enhanced P450 herbicide metabolism at the vegetative stage were 

25% and 13% for the 2002 and 2003 experiments, respectively. Of course, it is not 

valid to widely extrapolate from this result as it remains to be established whether the 

fitness cost accompanying the non-target site P450-based enhanced herbicide 

metabolism resistance mechanism observed in this SLR31 L. rigidum population is 

associated with resistance in other L. rigidum populations and other resistant species. 

With insecticide-resistant insect species, P450-enhanced metabolism has been shown to 

incur significant fitness costs (Boivin et al., 2003). 

Our study suggests that the mutation Ile (1781) to Leu in ACCase enzyme is not 

associated with a direct resistance cost during vegetative and reproductive growth. 

Again, it is not valid to extrapolate widely from this result. This Ile (1781) to Leu 

mutation has now been observed in several species (Zhang & Devine, 2000; Brown et 

al., 2002; Christoffers et al., 2002; Délye et al., 2002a; Délye et al., 2002b) and fitness 

cost studies should be conducted with these resistant biotypes to establish fitness of this 
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mutation in other resistant populations/species. This result with the ACCase gene Ile 

(1781) to Leu mutation of no fitness penalty cannot be extrapolated to other mutations 

of the ACCase gene that endow herbicide resistance. Fitness cost studies need to be 

conducted with the other known resistance endowing ACCase gene mutations (Délye et 

al., 2003, 2004). It is acknowledged that in the present study a direct comparison of the 

fitness of ACCase mutants without the presence of altered P450 metabolism was not 

possible and is required to unequivocally assert the absence of a fitness cost for this 

ACCase mutation. Two studies found no direct fitness costs of resistance to ACCase 

inhibiting herbicides (APP-CHD) in Digitaria sanguinalis (Wiederholt & Stoltenberg, 

1996a) and Setaria faberi (Wiederholt & Stoltenberg, 1996b). Although it is probable 

that these resistant biotypes had a target site mutation, the lack of knowledge of the 

molecular basis of resistance and the comparison of resistant and susceptible 

individuals with dissimilar genetic backgrounds precludes a clear comparison with the 

results of this study.  

Despite this apparent lack of a fitness cost associated with the Ile (1781) to Leu 

mutation in this L. rigidum population, other studies have demonstrated significant 

differences in germination requirements and seedling emergence characteristics for the 

ACCase phenotype (Vila-Aiub et al., 2004) (see Chapter 3). 

 

Ecological significance of herbicide resistance costs 

When they occur, physiological (direct) fitness costs associated with alleles endowing 

herbicide resistance may potentially limit the frequency and alter the evolutionary 

dynamics of these alleles in weed populations. The extent and consequences of these 

costs will depend on the intensity of competitive interactions which will ultimately 

modify reproductive fitness. These competitive interactions will interplay with 

environmental conditions and life history traits to modify the intensity of plant 
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competition and ecological fitness relations between resistant and susceptible 

components of weed populations (Whittaker et al., 1973; Harper, 1977; Purba et al., 

1996). 

The extent and magnitude of any fitness cost associated with herbicide 

resistance mechanisms is an important parameter influencing the pre-selection 

frequency of resistance in populations and the subsequent dynamics of resistance 

during and post herbicide selection. Knowledge of fitness costs is invaluable in 

predictive models of herbicide resistance dynamics under various management 

scenarios (Gressel & Segel, 1990; Maxwell et al., 1990; Diggle & Neve, 2001; Neve et 

al., 2003). The results of this study suggest that attempts to predict the rate of evolution 

of herbicide resistance should consider that the potential expression of fitness costs may 

vary depending on the mechanism of resistance and the plant life stage involved. Based 

on predictions from asymmetric competition (Shipley & Keddy, 1994) in which large 

individuals obtain more resources than small plants and size variability becomes 

magnified over time (i.e., large plants suppress small plants) (Weiner, 1986), 

individuals possessing an enhanced P450 metabolism might potentially be at a 

disadvantage when competing with herbicide-susceptible individuals. Agronomic 

practices such as the inclusion of competitive crops and pasture phases that exploit the 

reduced growth of individuals with P450-enhanced herbicide metabolism may help to 

select against herbicide resistant individuals and moderate rates of resistance evolution 

in the field. 

 In conclusion, the data presented in this study provide the first evidence for a 

fitness cost associated with a P450-based non-target site resistance mechanism and the 

absence of a fitness cost for a target site ACCase mutation (Ile (1781) to Leu). This 

information is needed for use in predictive modeling and in designing resistance 

management strategies. 
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CHAPTER 5 

Competitive effects and responses of individuals possessing 
P450-enhanced metabolism and target-site-based herbicide 
resistance mechanisms isolated within a multiple resistant 

Lolium rigidum population 
 

 

5.1 Abstract 

Studies on competitive interactions between herbicide-resistant and -susceptible 

individuals enable the evaluation of fitness costs associated with resistance, and if 

demonstrated, insight as to the potential mechanisms involved in reduced ecological 

performance. Neighbourhood experiments were used to estimate competitive effects 

and responses between herbicide susceptible individuals (S), individuals possessing an 

enhanced herbicide metabolism based on cytochrome P450 (P450), and multiple 

resistant individuals having both a target-site mutation in the ACCase gene and P450-

enhanced metabolism (ACCase/P450). Rankings of overall competitive effects between 

the phenotypes coincided with their rankings of potential maximum plant sizes: 

individuals of the S phenotype were stronger effect competitors than individuals of both 

resistant P450 and ACCase/P450 phenotypes. After evaluation of vegetative and 

reproductive traits, the S phenotype exhibited a stronger competitive response to wheat 

plants than did the P450 phenotype. Individuals of the ACCase/P450 phenotype were 

weaker response competitors to wheat than the herbicide susceptible phenotype at the 

reproductive stage but not at the vegetative stage. Both P450 and ACCase/P450 

phenotypes produced fewer reproductive tillers and seeds when compared to 

individuals of the S phenotype. The potential role of tolerance to low resource levels as 

the trait determining the ranking of competitive responses to wheat between the S, P450 

and ACCase/P450 phenotypes is discussed. The results of this study support the 
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existence of fitness costs associated with the P450-based herbicide resistance 

mechanism: a significant 30% and 23% (seed number) growth reduction in individuals 

of the P450 phenotype compared to the S phenotype under wheat competition at the 

vegetative and reproductive stages, respectively. The design of agronomic weed 

management practices to exploit the differential competitive effects and responses 

between the phenotypes found in this study are predicted to help delay the evolution of 

P450-based herbicide resistance. 
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5.2 Introduction 

The ultimate goal of weed management in modern cropping systems, in which 

herbicide technology is an essential tool, is to maintain plant population infestations at 

levels where they have the lowest practicable impact on crop yields. However, the 

widespread evolution of herbicide resistance in weed populations (Powles et al., 1997) 

now compromises best weed management practice in many situations (Powles, 1997). 

The employment of non-herbicide options in combination with those remaining 

effective herbicides seeks to preserve herbicide susceptibility as a valuable resource 

without ignoring the negative effect of susceptible weeds on crop productivity. 

Minimising herbicide resistance or delaying the rate of resistance evolution 

relies on reducing herbicide selection pressure on weed populations. Several cultural 

and mechanical practices can complement or reduce herbicide reliance (Matthews, 

1994; Gill & Holmes, 1997; Powles, 1997; Boerboom, 1999; Nalewaja, 1999; Walsh, 

2002). The use of highly competitive crop varieties sown at high rates and the inclusion 

of non-cropping phases are potential management options in Australian cropping to 

combat resistance (Powles, 1997). The value and efficacy of both of these options will 

likely be increased if they are capable of exploiting fitness costs associated with 

herbicide resistance which will reduce the competitive ability of resistant weeds. In 

particular, competitive crop cultivars with superior weed suppression capacity will have 

a greater impact if herbicide resistant individuals are less competitive than herbicide 

susceptible plants. 

The accumulation of several mechanisms of herbicide resistance in single 

Lolium rigidum (Preston & Powles, 2002) and Raphanus raphanistrum (Walsh et al., 

2004) populations (i.e., multiple resistance) across Australia has considerably reduced 

herbicide options to control these weeds. The SLR31 L. rigidum population has 

documented resistance to several herbicide modes of action (Christopher et al., 1992; 
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Burnet et al., 1994; Holtum et al., 1994; Tardif & Powles, 1994; McAlister et al., 

1995). Between 60% and 85% of the population (Tardif & Powles, 1994; Vila-Aiub et 

al., 2004a) (see Chapter 3) exhibits enhanced herbicide metabolism mediated by the 

cytochrome P450 enzymatic complex (non-target site resistance) (P450) (Christopher et 

al. 1991; Tardif & Powles 1994; Christopher et al., 1994; Preston & Powles 1998). A 

smaller proportion of the population (15-30%) (Tardif & Powles, 1994; Vila-Aiub et 

al., 2004a) (see Chapter 3) possesses both enhanced metabolism (P450) and a point 

mutation (Ile (1781) to Leu) in acetyl CoA carboxylase (ACCase) enzyme endowing 

target-site resistance to ACCase inhibiting herbicides (ACCase/P450) (Tardif & Powles 

1994; Zhang & Powles, unpublished data). 

Resource-based allocation theory predicts a negative correlation or trade-off 

between growth (i.e. fitness) and resistance (Harper, 1977; Solbrig 1994; Lerdau & 

Gershenzon, 1997; Strauss et al., 2002) which is likely to become more apparent when 

environmental resources are limited (Bazzaz et al., 1987; Herms & Mattson, 1992). 

Target site resistance mechanisms such as point mutations of herbicide target genes 

may result in fitness costs by compromising normal enzyme function thereby disrupting 

cellular metabolism. Metabolism-based resistance mechanisms, by analogy to the 

synthesis of anti-herbivore secondary compounds, may require extra energy 

investments to over-produce detoxification enzymes (Ohnmeiss & Baldwin, 1994; 

Baldwin, 2001). In other words, herbicide-resistant individuals may be at an ecological 

disadvantage compared to susceptible individuals when herbicide selection pressure is 

not present. There is now a large body of evidence for fitness costs associated with 

point mutations in the psbA, ALS, AXR and cesA herbicide target genes (see review by 

Gronwald, 1994; Bergelson & Purrington, 1996; Purrington & Bergelson, 1997; see 

Chapter 2). However, no studies have dedicatedly assessed fitness penalties associated 

with mechanisms of enhanced metabolism of herbicides (Vila-Aiub et al., 2004b) (see 
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Chapter 4). A study on the SLR31 population has revealed that a lower net assimilation 

rate (NAR) exhibited by individuals possessing an enhanced P450 metabolism 

herbicide resistance mechanism (P450 and ACCase/P450 phenotypes) is correlated 

with reduced production of vegetative biomass (Vila-Aiub et al., 2004b) (see Chapter 

4). This differential response between the S and the P450 and ACCase/P450 

phenotypes is expected to confer a differential ability to compete for resources (Harper, 

1977; Weiner, 1990). 

Competitive interactions between plants have two components: plant effects on 

the availability of resources and plant responses to changes in resource availability 

(Goldberg, 1990). Resource depletion by uptake is the most obvious mechanism 

through which a plant can effect resource availability (Goldberg, 1990). Plant responses 

to changes in environmental resources include variations in resource uptake, resource 

loss or resource use efficiency (Chapin III et al., 1987). For instance, higher root 

biomass to increase nutrient uptake in nutrient poor habitats (Müller et al., 2000) or 

high rates of nutrient translocation from senescing leaves (Berendse et al., 1987) 

represent plant strategies to cope with changes in resource supply. 

The relative competitive ability of two species may be ranked according to the 

capacity of one species to suppress the other (competitive effect), or the capacity of that 

species to tolerate the presence of the other species (competitive response) (Goldberg, 

1990). If species A suppresses growth of species B it should also be better at depleting 

a shared resource (effect on resource), implying a positive correlation between 

competitive effects and effect on resource availability (Goldberg, 1990; Grime, 2001). 

Individuals of a species that are able to persist in the presence of even-sized individuals 

of another species should be good at tolerating low levels of resources (resource loss, 

resource use efficiency) and/or rapidly depleting resources (resource uptake). 
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Target-neighborhood design experiments (Weiner, 1982; Goldberg & Werner, 

1983) were conducted to determine interphenotypic (S vs. P450; S vs. ACCase/P450; 

P450 vs. ACCase/P450) and intraphenotypic (S vs. S; P450 vs. P450; ACCase/P450 vs. 

ACCase/P450) competitive effects and responses for the SLR31 phenotypes. Rankings 

of competitive responses to a crop (S vs. wheat; P450 vs. wheat; ACCase/P450 vs. 

wheat) were also assessed between the phenotypes. The results of this investigation are 

discussed in terms of fitness costs and the evolution and management of herbicide 

resistance. 

  

5.3 Materials and Methods 

Plant material 

The coexistence of multiple herbicide resistance mechanisms at the individual and 

population level has been described for SLR31 (Christopher et al. 1991; Christopher et 

al., 1994; Tardif & Powles, 1994; Preston & Powles 1998), a L. rigidum population 

which originates from Bordertown, South Australia (140°46'E, 36°18'S). A plant 

cloning technique has been used to identify and isolate discrete lines of (i) P450-based 

metabolic resistant individuals (P450 phenotype) (ii) individuals possessing P450-based 

resistance and an insensitive ACCase (ACCase/P450 phenotype) and (iii) herbicide 

susceptible individuals (S phenotype) (Vila-Aiub et al. 2004a) (see Chapter 3). These 

lines enable the fitness of discrete herbicide resistance mechanisms from a single 

population to be compared in a relatively homogeneous genetic background and were 

used for comparison in competition experiments. 

 
Experimental design, regression analysis and statistical analysis 

A target-neighbourhood design (a variant of the additive design) (Gibson et al., 1999) 

was used to compare competitive effects and responses for the S, P450 and 
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ACCase/P450 phenotypes. This design evaluates the performance (vegetative and/or 

reproductive growth) of an indicator or target plant whose density is held constant 

under increasing densities and/or biomass of neighbour plants (Weiner, 1982; Goldberg 

& Werner, 1983). This experimental design allows the assessment of the per-capita and 

per-unit-size competitive effects of different neighbour species (or types) on a single 

target species and the response of different target types to a single type of neighbour. 

Per unit-size and per-individual competitive effects and responses were 

analysed using a hyperbolic non-linear model (equation 1) to describe the response of 

the target plant(s) to increasing density and/or biomass of neighbour plants (Weiner, 

1982; Goldberg & Werner, 1983; Goldberg & Fleetwood, 1987). 

 

                                                           a 
                                                G =                                                                      (1)            
                                                            (1 + b x) 

 

where G represents the growth (biomass) of the target plant at neighbour density or 

biomass x, a is the biomass of the target plant in the absence of competitors 

(neighbours) (x = 0) and b is the slope of the regression. The variance in performance 

of the target plant explained by the density/biomass of neighbours (R2 of the regression 

model) indicates the importance of resource competition relative to other factors 

affecting target performance (Goldberg & Fleetwood, 1987). Least-squares regression 

analyses were performed using SigmaPlot software (version 6.0; SPSS Science). 

Heterogeneity of error variance was reduced by transformation of vegetative growth 

data (see below). The relative per capita and per unit-size competitive effects and 

responses of the S, P450 and ACCase/P450 phenotypes were established after 

comparison of regression slopes by one-way analysis of variance (ANOVA). Steep 
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slopes denote strong competitive effects but weak competitive responses (Weiner, 

1982; Goldberg & Werner, 1983; Goldberg & Fleetwood, 1987). 

Three experiments were conducted to study (a) competitive effects and 

responses of the S, P450 and ACCase/P450 phenotypes when competing amongst 

themselves (Fig. 5.1A), and competitive responses of the S, P450 and ACCase/P450 

phenotypes to wheat at (b) the vegetative (Fig. 5.1A, Fig. 5.2) and (c) the reproductive 

stage (Fig. 5.1B). 

Seeds of the S, P450 and ACCase/P450 phenotypes were germinated in plastic 

trays containing solidified 0.7% (w/v) agar water (25/15°C with a 12 hourly light/dark 

cycle). In May 2003, individual seedlings (2-cm height) were transplanted into plastic 

pots (25-cm diameter x 23-cm height) containing potting mix (50 % peatmoss and 50 % 

river sand) according to the planting patterns shown in Figure 1 and were arranged in a 

completely randomized design under field conditions. Soil analysis of the potting mix 

estimated (mg/kg): NO3 499, NH4 2, P 99, K 466, S 323 and organic C 5.88. A slow 

release fertilizer (“Macrocote: Blue Plus”) (12 g / pot) (w/w N 16%, (NH2 8.4%, NH4 

6.45%, NO3 1.47%), P 4%, K 10%, S 5%, Mg 0.63%, Fe 0.20%, Cu 0.03%, Zn 0.03% 

and Mn 0.08%) and liquid fertilizer (N 19% (NH2 15%, NH4 1.9%, NO3 2.1%), P 8%, 

K 16%, Mg 1.2%, S 3.8%, Fe 400ppm, Mn 200ppm, Zn 200ppm, Cu 100ppm, B 

100ppm, Mo 10ppm) were applied during the tillering phase. Pots were maintained at 

field water capacity. 

In experiments assessing the competitive responses of the phenotypes to 

increasing density/biomass of crop plants (see below), transplanting of the target plants 

(S, P450 or ACCase/P450) and seeding of the neighbour (wheat) plants was carried out 

on the same day. The rapid germination and emergence of wheat seeds coincided with 

the resumption of growth of the transplanted seedlings ensuring that all experiments 
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evaluated size-symmetric competition between target and neighbour plants (Goldberg, 

1990). 

 

Competitive effects and responses of SLR31 phenotypes 

All phenotypes (S, P450 and ACCase/P450) were evaluated as target and neighbour 

plants resulting in a matrix (3 x 3) of comparisons. The hyperbolic model (Equation 1) 

was fitted after square root (y = √x) transformation of data. Six densities (0, 20, 40, 

100, 200 and 480 plants m-2) of neighbouring plants were sown and spatially arranged 

as shown in Figure 5.1A with each neighbour equidistant from the target plant. 

Aboveground biomass of target and neighbour plants was harvested 93 days after 

transplanting and was oven-dried for 72 hours at 70°C. There were 10 replicates for 

each treatment where a target plant was grown in the absence of neighbours and six 

replicates for the nine pairwise target-neighbour comparisons, giving a total of 300 

experimental units. 

 

Competitive responses of SLR31 phenotypes to wheat (vegetative stage) 

The competitive response of the S, P450 and ACCase/P450 phenotypes was evaluated 

during the vegetative stage under increasing competition (0, 20, 40, 100, 200 and 480 

plants m-2) from wheat (Fig. 5.1A). Aboveground vegetative biomass of S, P450 and 

ACCase/P450 target plants and neighbour wheat plants (Westonia cv.) was harvested 

60 days after transplanting and oven-dried as previously described. Treatments in 

which target plants had no neighbours were replicated ten times, and there were six 

replicates for all other target-neighbour combinations, giving 120 experimental units. 

Data were log (y = log (x + 1)) transformed prior to regression analysis. 
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Competitive responses of SLR31 phenotypes to wheat (reproductive stage) 

Five target plants of each of the S, P450 and ACCase/P450 phenotypes were grown 

under increasing wheat (Westonia cv.) densities (0, 40, 80, 120, 200 and 600 plants m-

2) (Fig. 5.1B). There were six replicates for each treatment. Prior to L. rigidum 

flowering, each of the 108 experimental units was encased in a pollen proof enclosure 

to prevent cross-pollination between neighbouring treatments. At maturity, seed heads 

were harvested from target (S, P450, ACCase/P450) and wheat plants and the number 

of reproductive tillers (spikes) was counted. Aboveground vegetative biomass for both 

target and wheat plants was determined as previously described. Seed heads were then 

threshed and total seed mass was recorded. The number of seeds produced per target (S, 

P450, ACCase/P450) plant (Sn) was estimated as: 

 

                                                                 TSw x 50  
                                                   Sn  =                                                                             (3) 
                                                                      Sw 

 

where TSw denotes the total seed weight produced per plant and Sw represents the mean 

weight of 50 seeds per plant (n = 3). Individual seed weight (ISW) was determined 

from the average weight of 50 seeds. Harvest index (HI) (%) was calculated as the ratio 

of seed mass to total aboveground biomass (seed mass + vegetative biomass + chaff). 

The vegetative biomass and reproductive traits (reproductive tillers, seed mass, seed 

number) for the S, P450 and ACCase/P450 plants are expressed as the average of the 

five target plants. The competitive responses of the phenotypes were assessed after 

comparison of regression slopes which describe the response of reproductive target 

traits (number of spikes, seed mass, seed number, ISW, HI) to increasing competition 

from wheat. 
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Figure 5.1 Overview of experimental designs (target-neighbourhood model) to assess: 

(A) competitive effects and responses of the S, P450 and ACCase/P450 phenotypes in 

competition with each other or with wheat during vegetative growth, and (B) 

competitive responses of the S, P450 and ACCase/P450 phenotypes when competing 

with a crop (wheat) at the reproductive plant stage. Closed (●) symbols represent target 

plants (S, P450 or ACCase/P450) at a constant density: 20 plants m-2 (A) and 100 

plants m-2 (B). Open (○) symbols represent neighbour plants (S, P450, ACCase/P450 or 

wheat in A, or wheat plants in B). 

Neighbour density
      0 plants m-2     20 plants m-2     40 plants m-2

 100 plants m-2    200 plants m-2    480 plants m-2

Neighbour density

A B

Crop density
0 plants m-2     40 plants m-2    80 plants m-2

120 plants m-2    200 plants m-2  600 plants m-2

Crop density
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Figure 5.2 Target SLR31 individuals under increasing competition of neighbour wheat plants at the vegetative stage (i.e., competitive response to 

wheat). Number in parenthesis denotes density of wheat plants. 

(0 plants m-2) (20 plants m-2) (40 plants m-2) 

(100 plants m-2) (200 plants m-2) (480 plants m-2) 
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5.4 Results 

Competitive effects and responses of SLR31 phenotypes 

In the absence of resource competition, individuals of the S, P450 and ACCase/P450 

phenotypes exhibited different (P = 0.001) dry matter production: herbicide susceptible 

individuals produced more aerial vegetative biomass (12.6 g ± 0.7) than both P450 (8.8 

g ± 0.6) and ACCase/P450 (10.2 g ± 0.8) based-resistant individuals. For regression 

analyses, data for biomass production of target plants in the presence of neighbours 

were standardised to account for differences in productivity in the absence of 

competition (Goldberg & Scheiner, 2001). The hyperbolic model adequately explained 

variations in growth responses of target plants to increasing densities and biomass of 

neighbouring plants (R2 = 0.72 – 0.87, P < 0.0001) (Figs 5.3 and 5.4). 

 

Competitive effects of the S, P450 and ACCase/P450 phenotypes as neighbours 

Competitive effects (ability to suppress the growth of other species) of the three 

phenotypes were evaluated by comparing estimates of regression slopes: the steeper the 

slope (higher value) the greater the competitive effect of neighbour plants (comparisons 

within each row in Table 5.1). 

Neighbouring S, P450 and ACCase/P450 phenotypes differed significantly in 

their competitive effects on all target phenotypes on a per capita basis (compare rows in 

Table 5.1). Overall, the S phenotype had a greater competitive effect than either of the 

two resistant phenotypes (P = 0.001) and there were no significant differences in the 

competitive effects of the two resistant phenotypes. Differences in competitive effects 

which are the result of differences in plant size should not be apparent when effects are 

adjusted by size (neighbour weight) (Goldberg & Scheiner, 2001). On a per unit-size 

(biomass) basis the overall advantage of S over the resistant phenotypes was non-

significant (P = 0.39) (Table 5.1). 
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Figure 5.3 Relationship between the variation of the maximum proportion of biomass attained by target plants (S, P450, ACCase/P450) and 

increasing densities of neighbour plants (S, P450, ACCase/P450). Correlation coefficients (R2) after regression analyses (all data sets P < 0.0001) 

using the hyperbolic model. The effect of increasing density of different neighbour phenotypes on growth of a target phenotype (per capita 

competitive effects) and the response of different target phenotypes to increasing density of a neighbour phenotype (per capita competitive 

responses) is possible after comparison of regression slopes (see Table 5.1). 
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Figure 5.4 Relationship between the variation of the maximum proportion of biomass attained by target plants (S, P450, ACCase/P450) and 

increasing sizes (biomass) of neighbour plants (S, P450, ACCase/P450). Correlation coefficients (R2) after regression analyses (all data sets P < 

0.0001) using the hyperbolic model. The effect of increasing sizes of different neighbour phenotypes on growth of a target phenotype (per unit-size 

competitive effects) and the response of different target phenotypes to increasing sizes of a neighbour phenotype (per unit-size competitive 

responses) is possible after comparison of regression slopes (see Table 5.1). 
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When neighbour competitive effects on each target phenotype were evaluated 

individually, the rankings of competitive effects of the three phenotypes were not 

consistent, and the competitive hierarchies found on a per capita basis tended to persist 

on a per unit size basis (Table 5.1). Generally, competition between neighbours and 

targets of the same phenotype (intra-phenotypic competition) was less intense than 

competition among dissimilar phenotypes (inter-phenotypic competition) (Table 5.1). 

That is, the S, P450 and ACCase/P450 phenotypes showed reduced competitive effects 

when competing with conspecifics, and this was more evident for the P450 and 

ACCase/P450 phenotypes. 

Considering S target plants, P450 neighbours have a significantly greater 

competitive effect than ACCase/P450 neighbours on a per capita and per unit size basis 

(Table 5.1). With P450 target plants, competitive effects between S and ACCase/P450 

neighbours were not different. The competitive effect of S plants on ACCase/P450 

targets is significantly greater than competition from the P450 phenotype, although this 

difference was not significant (P = 0.12) on a per unit-size basis. 

 

Competitive responses of the S, P450 and ACCase/P450 phenotypes as targets 

As for competitive effects, overall competitive responses (ability to produce vegetative 

biomass in the presence of other species) of the three phenotypes were evaluated by 

comparing estimates of regression slopes in the presence of all neighbours: the steeper 

the slope (higher value) the weaker the competitive response. Subsequently, differences 

in the competitive responses of target phenotypes to different neighbour phenotypes 

were compared (comparisons within each column in Table 5.1). 
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Table 5.1 Per unit-size and per capita competitive effects of neighbours on target 

species and competitive responses of targets to neighbour phenotypes. Values represent 

the mean estimate of slopes (parameter b) derived from the hyperbolic model (y = a / 1 

+ bx). P values after ANOVA analysis. Different letters (a,b) within each row denote 

significantly different per capita and per unit-size neighbour effects and different letters 

(x,w) within each column denote significantly different per capita and per unit-size 

target responses according to the SNK test (α = 5%). 
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There were no significant differences in the overall per capita and per unit size 

competitive responses of target S, P450 and ACCase/P450 plants when all neighbours 

were considered (Table 5.1). Individual comparisons of competitive target responses to 

each neighbour revealed that both herbicide resistant phenotypes exhibited a stronger 

competitive response (lower regression slopes) than S targets to P450 neighbours, 

although only the strong response displayed by the P450 phenotype persisted on a per 

unit size basis  (Table 5.1). There were no differences in the competitive responses of 

any phenotypes to the presence of S or ACCase/P450 neighbours (Table 5.1).  

 

Competitive responses of SLR31 phenotypes to wheat (vegetative stage) 

The hyperbolic model in equation 1 provided a good description (P < 0.0001) of the 

response of target (S, P450, ACCase/P450) plant biomass to increasing density and 

vegetative biomass of wheat plants (R2 = 0.78 – 0.88) (Fig. 5.5). In this experiment, 

there was no difference (P = 0.59) in aerial biomass production of the S (6.8 g ± 0.5), 

P450 (7.4 g ± 0.6) and ACCase/P450 (6.6 g ± 0.6) target plants in the absence of crop 

competition. Significant differences were found in the competitive responses of the 

three phenotypes in competition with wheat (Table 5.2). The rankings of competitive 

response between the S and P450 phenotypes was consistent on a per capita and per-

unit size basis: S targets were stronger response competitors than P450 target plants to 

wheat (Table 5.2). The ACCase/P450 phenotype exhibited an intermediate competitive 

response and was not significantly different from the S and P450 phenotypes on a per 

unit-size basis but was a stronger response competitor than P450 on a per capita basis 

(Table 5.2). 
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Figure 5.5 Variations in target (S (●), P450 (■) and ACCase/P450 (□)) aboveground 

vegetative biomass in relation to increasing density (A) and vegetative biomass (B) of 

wheat neighbour plants. Correlation coefficients (R2) after regression analyses (all data 

sets P < 0.0001) using the hyperbolic model. Comparison of regression slopes (S (―), 

P450 (---) and ACCase/P450 (– –)) determines hierarchies in overall per capita (A) and 

per unit size (B) competitive responses of target plants to wheat neighbour plants (see 

Table 5.2). 
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Table 5.2 Per capita and per unit-size competitive responses of target L. rigidum 

phenotypes to neighbour (wheat) plants. Values represent the mean estimate of slopes 

(b parameter) derived from significant non-linear regressions (y = a / 1 + bx). P values 

after ANOVA analysis. Different letters (x, w) within each column denote significantly 

different per capita and per unit-size target responses according to the SNK test (α = 

5%). 

 

 
 
 

 
Neighbour (wheat) 

 
 

Target species 

 
Density 

(per capita) 

 
Weight 

(per unit size) 

 
S 

 
x 0.008 

 

x 0.039 
 

P450 
 

w 0.015 
 

w 0.060 
 

ACCase/P450 
 

x 0.011 
 

xw 0.046 
 

P 
 

0.002 
 

0.033 

 

 

Competitive responses of SLR31 phenotypes to wheat (reproductive stage) 

Variations in reproductive traits (number of reproductive tillers, seed mass, seed 

number) of target (S, P450, ACCase/P450) plants were significantly (P < 0.0001) 

explained by either increasing density or reproductive biomass of wheat plants (Fig. 

5.6). The proportion of variance for S target (0.23 in average) seed number and seed 

mass accounted for by wheat density or seed mass was considerably lower than that for 

P450 (0.53 in average) and ACCase/P450 (0.58 in average) target plants (Fig. 5.6). 
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Figure 5.6 Number of reproductive tillers, seed mass and seed number produced by S 

(●), P450 (■) and ACCase/P450 (□) target individuals in response to increasing density 

(A-C) and reproductive biomass (D-F) of wheat neighbour individuals. Correlation 

coefficients (R2) after regression analyses (all data sets P < 0.0001) using the 

hyperbolic model. Comparison of regression slopes determines hierarchies in overall 

per capita (A-C) and per unit-size (D-F) competitive responses of S (―), P450 (---) and 

ACCase/P450 (– –) target plants to wheat neighbour plants (see Table 5.5). 
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S, P450 and ACCase/P450 phenotypes did not show differences (P > 0.05) in 

individual plant reproductive traits in the absence of wheat competition: number of 

reproductive tillers (37.9 ± 0.9 (S), 38.7 ± 2 (P450), 35.5 ± 1 (ACCase/P450)), seed 

mass (g) (5.2 ± 0.4 (S), 5.9 ± 0.2 (P450), 5.5 ± 0.4 (ACCase/P450)), seed number 

(2,390 ± 179 (S), 2,745 ± 76 (P450), 2,549 ± 108 (ACCase/P450)), individual seed 

weight (mg) (2.2 ± 0.06 (S), 2.2 ± 0.05 (P450), 2.1 ± 0.1 (ACCase/P450)) and harvest 

index (%) (20.2 ± 1.6 (S), 23.6 ± 0.3 (P450), 23.8 ± 1 (ACCase/P450)). 

Individuals of the S target phenotype exhibited significant positive linear 

increases in mean seed weight (Fig. 5.7) and harvest index (HI)  (Fig. 5.8) under 

increasing competition from wheat. Individual seed weights and relative resource 

allocation to reproductive structures in P450 and ACCase/P450 target plants were 

independent of density and reproductive biomass of wheat neighbour plants (Figs 5.7 

and 5.8). 
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Figure 5.7 Individual mean seed weight (ISW) exhibited by S, P450 and ACCase/P450 

target plants over increasing density (A-C) and biomass (D-F) of wheat neighbour 

plants. Significant and positive linear variations between ISW and wheat 

density/reproductive biomass were observed for S target individuals (A and D). 
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Figure 5.8 Proportion (%) of resources allocated to reproductive structures (seeds) 

(harvest index, HI) in S, P450 and ACCase/P450 target plants under increasing density 

(A-C) and reproductive biomass (D-F) of wheat neighbour plants. Significant and 

positive linear variations between HI and wheat density/reproductive biomass were 

observed for S target individuals (A and D). Individuals of the ACCase/P450 

phenotype showed marginal (P = 0.08) increments of HI under increasing reproductive 

biomass of wheat neighbour plants (F). 
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Rankings of per capita and per unit-size competitive responses of the S, P450 

and ACCase/P450 phenotypes were estimated by comparing hyperbolic regression 

slopes (Table 5.3). Individuals of the S phenotype exhibited stronger competitive 

responses than P450 and ACCase/P450 phenotypes for all reproductive traits, but these 

differences were only significantly different for seed number which was affected less in 

the S phenotype (stronger competitive response) by increasing wheat competition 

(Table 5.3). This lack of significance for other reproductive traits despite apparently 

large differences in slope estimates result from the relatively low regression 

coefficients for S reproductive traits (Fig. 5.6). 

For this reason, the mean competitive responses of the S, P450 and 

ACCase/P450 target phenotypes were also calculated as: 

 

                                            GA mix 
                          CRA = ∑            (1 / n)                                        (4) 
                                           GA mono

   

where CRA represents the mean competitive response of species A, GAmix denotes the 

performance (biomass production) of species A in competition at each wheat density 

treatment , GA mono is the mean biomass acquired by species A in the absence of 

competition and n is the number of replicated treatments (five wheat densities x 6-5 

replicates) (Goldberg & Fleetwood, 1987; Weigelt & Jolliffe, 2003). This index reflects 

the changes in reproductive traits of the S, P450 and ACCase/P450 target species 

averaged over the entire range of wheat density/biomass. 

This analysis confirmed S individuals as significantly stronger response 

competitors than P450 individuals for most reproductive traits analysed (Table 5.4). 

The S phenotype also showed a stronger competitive response (spike number, seed 

number) to wheat than the ACCase/P450 phenotype. Individuals of the latter tended to 
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compensate their reduced seed number output by allocating (in average across all wheat 

plant densities) more resources (significantly higher than P450) to reproductive 

structures (HI) which translated into larger individual seeds (P = 0.068). This strategy 

resulted in a non-significant difference in total seed mass when compared to the S 

phenotype (Table 5.4). Both S and ACCase/P450 individuals had a significantly greater 

harvest index than the P450 phenotype (Table 5.4). 
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Table 5.3 Per capita and per unit-size competitive responses (number of reproductive 

tillers (spikes), seed mass, seed number) of target plants (S, P450, ACCase/P450) to 

increasing density and biomass of wheat neighbour plants. Values represent the mean 

estimate of slopes (b parameter) derived from significant non-linear regressions (y = a / 

1 + bx). P values after ANOVA analysis. Different letters (x,w) within each column 

denote significantly different per capita and per unit-size target responses according to 

the SNK test (α = 5%). 

 

  
Neighbour (wheat) density 

(per capita) 

 
Target species 

 
Spikes 

 
Seed mass 

 
Seed number 

 
S 

 
 0.0016 

 
a 0.0015  

 
a 0.0019  

 
P450 

 
0.0029 

 
a 0.0032  

 
b 0.0043  

 
ACCase/P450 

 
0.0025 

 
a 0.0019  

 
a 0.0028  

 
P 

 
0.38 

 
0.13* 

 
0.06* 

  
Neighbour (wheat) weight 

(per unit size) 
 

Target species 
 

Spikes 
 

Seed mass 
 

Seed number 

 
S 

 

0.0078 
 

0.0059 
 

x 0.0076 
 

P450 
 

0.0150 
 

0.0144 
 

w 0.0179 
 

ACCase/P450 
 

0.0153 
 

0.0111 
 

xw 0.0156 
 

P 
 

0.09 
 

0.13 
 

0.04 
 
 

* Probability values obtained from ANOVA violating homogeneity of variances 

between slope estimates from nonlinear regressions. Different letters (a, b) within 

columns indicate significant differences between two comparisons (S vs. P450, S vs. 

ACCase) according to t-test (α = 5%) corrected by Welch’s formula (Welch, 1938). 
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Table 5.4 Competitive responses (number of reproductive tillers (spikes), seed mass, 

seed number, individual seed weight, harvest index) of different target phenotypes (S, 

P450, ACCase/P450) to increasing wheat competition. Values are mean target plant 

traits expressed as a % of the mean for that trait in the absence of competition. P values 

after ANOVA. Values in parenthesis denote the standard error of the mean. Sample 

size equals 28 except for ACCase target (n = 26). Different letters within each column 

(x, w) denote significantly different mean target responses separated by the SNK test (α 

= 5%). 

 

 
Target species 

 
Spikes 

 
Seed mass 

 
Seed number 

 
Individual seed weight 

 
HI 

 
S 

 

x 73.2 (3.7)  
 

x 80.7 (4.7) 
 

x 74.9 (4.4) 
 

108.8 (2.1) 
 

x 118.7 (3.9) 

 
P450 

 

w 60.2 (3.2)  
 

w 62.7 (4.2) 
 

w 57.7 (3.8) 
 

109.6 (2.6) 
 

 

 
w 105.4 (2.8) 

 
ACCase/P450 

 

w 62.0 (4.6) 
 

xw 69.4 (3.7) 
 

w 59.9 (2.9) 
 

116.2 (2.5) 
 

x 117.7 (2.4) 

 
P 

 
0.039 

 
0.011 

 
0.003 

 
0.068 

 
0.005 

 

 
5.5 Discussion 

The neighbourhood technique has proved a useful methodological approach to study 

competitive interactions between the S, P450 and ACCase/P450 phenotypes: on 

average 81% of variation in the performance of target plants was due to resource 

competition from neighbours (Figs 5.3, 5.4 and 5.5). The experiments reported here 

aimed to assess two components (effects and responses) of the competitive ability of L. 

rigidum phenotypes expressing different mechanisms of herbicide resistance in a 

relatively homogenous genetic background. The results of this study provided empirical 

evidence that (i) herbicide-susceptible (S) and resistant (P450 and ACCase/P450) size-
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symmetric individuals isolated from the same population compete strongly for the same 

environmental resources, (ii) exhibit different overall competitive effects, and (iii) 

dissimilar competitive responses, expressed in competition with a different species 

(wheat). 

 

Competitive effects and responses 

The ability of plants to reduce the growth of neighbours (competitive effect) and 

continue to grow despite neighbours (competitive response) has been predicted to 

depend largely on the capacity to capture resources (Goldberg, 1990). If plant size is 

the major trait involved in conferring an absolute measure of resource uptake it is 

expected that large plants will capture more resources than small plants, and then, 

larger plants will be stronger effect and response competitors (Goldberg, 1990). 

Potential maximum plant sizes (in absence of competition) differ between the S, P450 

and ACCase/P450 phenotypes: in one experiment of this study (competition among the 

phenotypes) individuals of the S phenotype produced 30% and 20% more aboveground 

biomass than individuals of the P450 and ACCase/P450 phenotypes, respectively. In 

previous studies, individuals of the S phenotype have also exhibited higher total plant 

biomass which was explained by higher RGR and NAR (net assimilation rates) than 

both herbicide resistant phenotypes (P450 and ACCase/P450) (Vila-Aiub et al., 2004b) 

(see Chapter 4). Differences in plant biomass or plant height among competing species 

are important for light interception creating a continuous positive feedback between 

size and light capture and making large individuals acquire a disproportionate share of 

the contested resource (Weiner, 1990; Schwinning & Weiner, 1998). The ranking of 

competitive effects based on the average effect on all target phenotypes, coincided with 

the rankings of potential maximum plant size between the S, P450 and ACCase/P450 

phenotypes (Table 5.1). It is acknowledged that the overall estimate of competitive 
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effects for the S, P450 and ACCase/P450 phenotypes probably represents the average 

outcome from competitive interactions occurring in the field. The role of plant size in 

determining overall competitive effects is confirmed by the observation that there were 

no differences in overall competitive effect on a per unit-size basis (Table 5.1). This 

result agrees with other studies in which differences in competitive effects between 

plant species were driven by differences in plant sizes (Goldberg 1987, 1996; Goldberg 

& Fleetwood, 1987; Miller & Werner, 1987). It is noteworthy, that a further detailed 

analysis on competitive effects considering the identity of the pairwise combinations 

(Table 5.1) revealed that, in general, competitive effects between conspecifics were 

lower than between heterospecifics (symmetric competition). Symmetric competition is 

not a common event between plants (Keddy & Shipley, 1989; Shipley & Keddy, 1994), 

and results as a consequence of lack of resource partitioning or niche differentiation 

between the competing species which leads eventually to competitive displacement of 

one of the species in the long term, provided temporal and spatial homogeneity in the 

environment (Lotka, 1924; Volterra, 1931; Tilman, 1982). Within this pattern, and 

depending on the identity of the interaction, the S phenotype was a stronger effect 

competitor than the P450 and equally effect competitor than the ACCase/P450 

phenotypes. 

As stated above, if the capacity to capture resource is strongly associated with 

plant size, then it has been predicted that competitive effects and responses will be 

positively correlated as larger plants will also show a stronger competitive response 

compared to smaller plants (Goldberg, 1990). In competition with wheat, individuals of 

the S phenotype were clearly stronger response competitors than individuals of the 

P450 phenotype which exhibited severe reductions in both vegetative and reproductive 

biomasses (Tables 5.3, 5.4 and 5.5). Results also suggest that S plants in competition 

with wheat were able to increase allocation of resources to reproductive structures (Figs 
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5.7 and 5.8). In terms of ranking competitive responses to wheat, the ACCase/P450 

phenotype showed no significant differences when compared either to the S or P450 

phenotype at the vegetative stage. In spite of this, the multiple resistant individuals of 

the ACCase/P450 phenotype were weaker response competitors (similar to the P450 

phenotype) to wheat competition than herbicide susceptible individuals at the 

reproductive stage (Table 5.4) (see Herbicide resistance costs). 

There are, however, two results that impose a question about the role of plant 

size as the major trait determining competitive responses. If individuals of the S 

phenotype, having the highest plant size potential, showed a stronger competitive 

response to wheat than individuals of the P450 phenotype, why was the former not also 

a stronger response competitor than the latter when competition occurred among 

SLR31 phenotypes? Additionally, analysis of competitive responses mainly between 

the S and P450 phenotypes to wheat, revealed that significant differences on a per 

capita basis persisted on a per unit size basis. It may be possible that differential 

tolerance to low resource levels may have also driven differential competitive 

responses between the S and P450 phenotypes (Goldberg, 1990), being markedly 

expressed when resource depletion approached tolerance thresholds (i.e., under wheat 

competition) (Tilman, 1982; Goldberg & Werner, 1983; Goldberg & Fleetwood, 1987; 

Goldberg, 1990). 

In order to understand the competitive responses of the S, P450 and 

ACCase/P450 phenotypes to other SLR31 phenotypes and wheat it is necessary to 

comprehend what environmental changes may be associated with the addition of wheat 

as a competing species. The addition of wheat considerably increased the intensity of 

competition as evidenced by the comparison of aboveground biomass attained by target 

plants (averaged over all neighbour phenotypes): the target plant weight was markedly 

lower when competing with 480 wheat plants m-2 (highest density) (0.012 g target g-1 
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neighbour wheat-1) than when competing at the same density of SLR31 neighbours 

(averaged over all phenotypes as neighbours) (0.076 g target g-1 neighbour-1). Although 

changes in the light environment were probably the most evident environmental change 

that occurred when the phenotypes competed with wheat, strong competition for soil 

nutrients may not be discarded since wheat is a nitrophilic species (Hashem et al., 

2000; Palta & Peltzer, 2001). Whether higher intensity of competition resulted from 

increased competition for light (above-ground) and/or for nutrients (below-ground) is 

not known since only aboveground target biomass was recorded to estimate 

competitive responses. Whether individuals of the P450 phenotype may exhibit weak 

competitive responses in light and/or nutrient depleted environments caused by poor 

tolerance to low resource levels merits further investigation. 

 

Herbicide resistance costs 

The results of this study complement those found by Vila-Aiub et al. (2004b) (see 

Chapter 4) and reveal that P450-enhanced metabolism is also associated with a fitness 

penalty which is expressed under intense resource competition. The magnitude (%) of 

fitness costs were estimated as ([1 – (resistant biomass / susceptible biomass) x 100]), 

where resistant and susceptible biomasses denote the biomass attained by target plants 

as % of the mean value for isolated plants averaged over all neighbour densities (Fig. 

5.3, 5.4, 5.5; Table 5.4). As average across the three phenotypes, individual target 

plants produced 93% (significantly less) aboveground biomass when competing with 

neighbouring individuals of the S phenotype than when competing with either of the 

P450 and ACCase/P450 phenotypes (Fig. 5.3, 5.4). The magnitude of 7% may be 

regarded as evidence for a fitness cost associated with P450-enhanced metabolism after 

evaluating the capacity of the P450 and ACCase/P450 phenotypes to reduce the growth 

of neighbouring individuals (competitive effect). Under wheat competition an increase 
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in the magnitude of fitness costs was observed in individuals of the P450 phenotype: 

30% and 23% (seed number) at the vegetative and reproductive stage, respectively. 

These estimates represent a significant increase of fitness costs as intensity of 

competition augmented, coinciding with reports on fitness costs associated with 

herbivore defenses in which the expression and magnitude of the costs were more 

evident in plants under resource competition (van Dam & Baldwin, 2001; Glawe et al., 

2003). If differential competitive responses between the phenotypes are mediated by 

differential tolerance to low concentration of environmental resources, it is possible that 

the synthesis and/or expression of cytochrome P450 monooxygenases may be even 

more compromised in highly competitive environments. 

The combination of the ACCase mutation (Ile (1781) to Leu) and P450-

enhanced metabolism in individuals of the ACCase/P450 phenotype, generally, led to 

the same magnitude of fitness costs to those found in individuals of the P450 

phenotype. This supports the existence of little or no fitness cost associated with the 

ACCase mutation. This agrees with other results which found no distinction in direct 

fitness costs between the P450 and ACCase/P450 phenotypes (Vila-Aiub et al., 2004b) 

(see Chapter 4). As stated above, the multiple resistant individuals of the ACCase/P450 

phenotype showed a 7% reduction in overall competitive effect in relation to the S 

phenotype. Additionally, the ACCase/P450 phenotype expressed 20% (seed number) 

fitness cost when competing with wheat during the reproductive stage, mainly driven 

by a reduced number of reproductive tillers (i.e., seed heads) per plant (Table 5.4). 

Similarly, under wheat competition ACCase/P450 target plants produced, averaged 

across all wheat plant densities, 10% less aboveground biomass than S target plants 

(Fig. 5.5). Despite this estimate, regression analysis revealed no significant differences 

in slopes accounting for competitive responses to wheat at the vegetative stage in 

relation to the S phenotype (Table 5.2). That the apparent cost of resistance associated 
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with P450 based resistance might be reduced in individuals from the ACCase/P450 

phenotype (which also contain the P450 based resistance mechanism) suggests a 

potential epistatic interaction between the Ile (1781) to Leu and P450 mutations which 

reduces the cost of the P450-enhanced metabolism. This in theory may account for the 

lack of differential competitive responses to wheat between the S and ACCase/P450 

phenotypes at the vegetative stage. 

 

Concluding remark 

Understanding competitive interactions (magnitude, underlying mechanisms and 

competitive hierarchies) between resistant and susceptible weed phenotypes and crops 

is necessary to predict the evolutionary trajectories of herbicide-susceptible and -

resistant weed species under different agroecological conditions. The results of this 

investigation have shown impaired competitive effects and responses in individuals of 

the SLR31 L. rigidum population possessing the P450-endowed herbicide resistance 

mechanism, suggesting the existence of fitness costs. Weed management strategies 

such as the inclusion of highly competitive wheat crops and pasture phases are 

predicted to exploit these fitness costs and thus, attenuate herbicide resistance. 

Empirical evidence to support this hypothesis is required. 
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CHAPTER 6 

Evolution of the frequency of herbicide target-site and 
metabolism-based resistant and susceptible phenotypes in 

different agroecological environments in the absence of 
herbicide selection 

 

6.1 Abstract 

Evolutionary theory predicts the existence of fitness costs in herbicide-resistant weeds. 

Where demonstrated, the relevance of fitness costs in terms of ability to alter the 

frequency of resistance alleles at the population level, and therefore their importance 

for predicting resistance evolutionary trajectories, can only be established by following 

the frequency of resistant individuals over time. This was done by following changes in 

the frequencies of phenotypes isolated within a L. rigidum population (SLR31) over 

two generations under different agroecological environments, in the absence of 

herbicide selection. The phenotypes were herbicide-susceptible individuals (S), 

herbicide-resistant individuals based on P450-enhanced metabolism (P450) and 

multiple-resistant individuals possessing both a target-site mutation in the ACCase gene 

and P450-enhanced metabolism (ACCase/P450). The changes in the frequencies of the 

S and P450 phenotypes were negatively correlated and were observed in all 

agroecological conditions. The mean frequency of herbicide-susceptible individuals 

increased from 21% to 45% in two years and the mean frequency of the P450 

phenotype declined from 55% to 45% and 29% in the first and second years, 

respectively. There were no changes in the frequency of individuals possessing the Ile 

(1781) to Leu mutation of the ACCase protein (ACCase/P450) over time. However, 

this result was caused by a simultaneous increase and decrease of the frequency of pure 

ACCase-based resistant individuals, and multiple resistant individuals possessing both 

P450 and ACCase based resistance, respectively. The evidence presented in this study 
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is consistent with previous observations which clearly support the expression of fitness 

costs associated with P450-endowed non target-site resistance in the SLR31 L. rigidum 

population. 
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6.2 Introduction 

Herbicides have become an integral part of weed control programs in most countries. 

The selection of herbicide-resistant weed biotypes has been an inevitable consequence 

of intense herbicide use, and today, herbicide-resistant biotypes of 174 weed species are 

known across diverse agroecosystems on five continents (Heap & LeBaron, 2001; 

Heap, 2004). Plant biologists and agronomists have frequently asked two questions 

when considering herbicide resistance and its management: why are herbicide-resistant 

genotypes so rare prior to the use of any herbicide (Alcocer-Ruthling et al., 1992b) and 

what is the likelihood that the frequency of herbicide resistance alleles will decrease 

when herbicide use is stopped? (Cousens & Mortimer, 1995; Llewellyn et al., 2002). 

Answers to these questions will result in a better understanding of the evolution of 

herbicide resistance and therefore, to more informed proactive and reactive 

management of resistance (Gressel & Segel, 1990; Powles & Matthews, 1992; 

Matthews, 1994; Gill & Holmes, 1997; Powles, 1997). 

Population genetic theory suggests that in the absence of the selective agent (in 

this case herbicides), resistant individuals should exhibit a fitness cost compared to the 

wild type (herbicide-susceptible individuals) (Fisher, 1958; Harper, 1977; Herms & 

Mattson, 1992; Orr & Coyne, 1992; Solbrig 1994; Lerdau & Gershenzon, 1997; Strauss 

et al., 2002). The potential expression of fitness costs associated with herbicide 

resistance is regarded a key event to determine the adaptive value of individuals 

carrying resistance alleles, which in turn will help answer the above questions. Many 

studies have evaluated fitness costs in herbicide-resistant weeds (reviewed by 

Bergelson & Purrington, 1996). The most consistent evidence of fitness costs 

associated with evolved herbicide resistance is provided by triazine-resistant weed 

species. In the majority of triazine resistant weed biotypes, a point mutation (Ser (264) 

to Gly) in the chloroplastic psbA gene endows resistance to photosystem II-inhibitor 
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herbicides but also reduces photosynthetic capacity resulting in lower overall ecological 

performance of resistant individuals (see review by Gronwald, 1994). A lack of studies 

and comparisons of inappropriate genetic material (see reviews by Bergelson and 

Purrington, 1996, and Chapter 2) mean that it is difficult to unequivocally ascribe 

fitness costs to other mechanisms of herbicide resistance. Moreover, there may be a 

diversity of physiological and molecular mechanisms endowing resistance to any 

particular herbicide (see review by Preston & Mallory-Smith, 2001), and each of these 

mechanisms may or may not incur a fitness cost (Purrington & Bergelson, 1997; Roux 

et al., 2004), meaning that analyses of fitness costs must be made on a case-by-case 

basis. 

Most experimental studies to infer fitness costs associated with herbicide 

resistance have concentrated on a single life history stage, for example, resource 

acquisition and allocation to vegetative and/or reproductive organs (see Chapter 2). 

Very few studies have examined actual changes of the phenotypic frequency of 

resistance over a number of generations (Alcocer-Ruthling et al., 1992a; Bourdôt et al., 

1996; Plowman et al., 1999). In these studies the basic methodology consists of 

determining the initial frequency of resistance and estimating significant deviations 

over time. Both mentioned methodological approaches are valid for establishing the 

existence of fitness costs associated with resistance to herbicides. A fitness cost 

expressed at a single life history stage may give insights into the underlying 

physiological basis of the cost. The true relevance of that cost in terms of its ability to 

moderate the frequency of resistance alleles at the population level in the absence of 

herbicide selection can only be assessed by following the frequency of resistant 

individuals over a number of generations (second methodological approach). 

Herbicide resistance problems in Australia are dominated by Lolium rigidum, an 

allogamous, annual winter weed that has evolved resistance to selective and non-
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selective herbicides with at least 9 different mode of actions (Burnet et al., 1994; 

Powles et al., 1998; Llewellyn & Powles, 2001; Preston & Powles, 2002). A major 

feature of herbicide-resistant L. rigidum is the ability to accumulate several 

mechanisms of resistance within single populations (multiple resistance) (Tardif & 

Powles, 1994; Preston et al., 1996). The L. rigidum population SLR31 is one of the best 

documented cases of multiple resistance. Most individuals in the population exhibit 

enhanced herbicide detoxification mediated by the cytochrome P450 monooxygenase 

enzymatic complex (non-target site resistance) which endows resistance to 

aryloxyphenoxypropionate herbicides (APP) and sulfonylureas (SU) (Christopher et al., 

1991; Tardif & Powles, 1994; Christopher et al., 1994; Preston & Powles, 1998). 

Individuals possessing both an insensitive ACCase enzyme (target-site resistance) and 

enhanced P450 metabolism comprise approximately 15-30% of the population (Tardif 

& Powles, 1994; Vila-Aiub et al., 2004b) (see Chapter 3). In these individuals, a point 

mutation results in an Ile to Leu substitution at position 1781 of the ACCase enzyme 

(Zhang & Powles, unpublished), which confers resistance to APP and 

cyclohexanedione (CHD) herbicides (Tardif & Powles, 1994). A small proportion of 

individuals which is susceptible to all APP, CHD and SU herbicides is also present in 

SLR31 (Vila-Aiub et al., 2004b) (see Chapter 3). 

A plant cloning technique has enabled the identification and isolation of the 

three phenotypes from the SLR31 population: hereinafter termed herbicide-susceptible 

individuals (S), enhanced P450 metabolism-based resistant individuals (P450), and 

multiple herbicide resistant individuals (ACCase/P450) (Vila-Aiub et al., 2004b) (see 

Chapter 3). A series of investigations have revealed a fitness cost associated with P450-

based resistance (Vila-Aiub et al., 2004a) (see Chapters 4 and 5). There is no evidence 

for a physiological fitness cost associated with the Ile (1781) to Leu mutation of the 

ACCase enzyme (Vila-Aiub et al., 2004a) (see Chapters 4 and 5). 
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In this study artificial SLR31 populations with known frequencies of the S, 

P450 and ACCase/P450 phenotypes were sown into field plots at the University of 

Western Australia field station. These plots were established with and without a 

competing wheat crop and with varying levels of nitrogen availability. Reductions over 

time in the frequency of the resistance phenotypes will provide further evidence for a 

fitness penalty associated with resistance in the SLR31 population. 

 

6.3 Materials and Methods 

Plant material 

Description of the plant cloning technique that enabled the isolation of the S, P450 and 

ACCase/P450 phenotypes within L. rigidum SLR31 population has been described 

(Vila-Aiub et al., 2004b) (see Chapter 3). However, given the methodology used in the 

present study in which the frequency of each of the phenotypes was assessed for two 

generations (G1 and G2) (see below), it is again emphasised that P450-enhanced 

metabolism and Ile (1781) to Leu mutation endows resistance to dissimilar herbicide 

classes (Christopher et al., 1991; Christopher et al., 1994; Tardif & Powles, 1994; 

Preston & Powles, 1998). Enhanced-P450 metabolism confers resistance to diclofop-

methyl but not sethoxydim. However, the ACCase mutation Ile (1781) to Leu found in 

the ACCase/P450 phenotype confers resistance to sethoxydim, a herbicide extremely 

efficient at controlling individuals which only possess P450-enhanced herbicide 

metabolism (P450). Consequently, individuals of both P450 and ACCase/P450 

phenotypes are resistant to diclofop-methyl, although only the latter is resistant to 

sethoxydim. 
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Experimental design 

A two-year experiment was carried out in the field at the University of Western 

Australia Experimental Station, Shenton Park, WA (115°50'E, 31°55'S). In April 2002, 

an area of 10 x 10 m was prepared by cultivation. Subsequent irrigation encouraged 

germination of L. rigidum from the existing soil seed bank and these seedlings were 

controlled by application of a non-selective herbicide (glyphosate 450 g ha-1). A broad 

spectrum soil fumigant (metham sodium 500 L ha-1) was applied to kill any 

ungerminated L. rigidum seeds. The experimental area had well-drained sandy soils and 

was fertilised prior to the start of the experiment with P 25.5, K 59, S 31.2, Ca 55, Cu 

0.6, Zn 0.3, Mo 0.06 (all kg ha-1). A factorial experiment (2 x 2) was conducted with 

(W+) and without (W-) wheat (Triticum aestivum) and with low (N-) and high (N+) 

levels of nitrogen availability. Experimental units (plots) were replicated (n = 3) and 

were arranged in a completely randomised design (Fig. 6.1, Fig. 6.2). In each plot (2 x 

1m), pregerminated seeds on 0.7% (w/v) agar (12-hourly alternating 25/15°C with a 12 

hour photoperiod) of the SLR31 phenotypes were sown (2 cm depth) in rows (0.15 m 

inter-row spacing). In plots with wheat (W+), seeds of the SLR31 phenotypes were 

sown between wheat rows (0.18m inter-row spacing). In order to keep the relative 

proportion of the phenotypes similar to that found in the original SLR31 population, the 

initial frequencies (at the beginning of the experiment), of the S, P450 and 

ACCase/P450 phenotypes were established in each experimental plot as 10%, 60% and 

30%, respectively. Seeds of wheat (cv. Spear) and SLR31 phenotypes were sown to 

give final densities of 150 plants m-2 and 50 plants m-2, respectively. The required 

nitrogen levels (340 and 120 kg N ha-1 year-1) were achieved by applying urea (46% N) 

before sowing and repeatedly during wheat tillering. Plots were irrigated after sowing 

and seedling emergence was assessed 23 DAS. More than 85% emergence  of wheat 

and SLR31 phenotypes was observed. 
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Figure 6.1 Overview of experimental design to evaluate changes in the frequency of 

the S, P450 and ACCase/P450 phenotypes over two generations in different field 

environments. Experimental plots were replicated (n = 3) for each of the four treatment 

combinations. SLR31 phenotypes competing with (W+) or without (W-) a wheat crop 

under high (N+) or low (N-) levels of inorganic nitrogen (N). 
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Figure 6.2 L. rigidum SLR31 phenotypes (S, P450, ACCase/P450) growing under 

different environmental conditions (A). At the end of each growing season (2002 and 

2003) the experimental units were enclosed to prevent cross- pollination (B). 

A 

B 
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The seed distribution of the SLR31 phenotypes during sowing allowed the 

identification and removal of any volunteer L. rigidum individuals that survived in the 

soil seed bank and were not part of the SLR31 populations. Annual control of dicot 

weed species was achieved by applying the herbicide dicamba (200 g L-1) at the 

appropriate time. Two applications of mancozeb (DF 800 g kg-1) at 1 g L-1 and 

carbenzadim (FL 500 g L-1) at 1 g L-1 were performed to control rust infection. 

In order to prevent cross-pollination among the experimental plots, a pollen 

proof plastic barrier was erected around each plot prior to SLR31 anthesis. At the end 

of each growing season (November 2002 and 2003), seeds from mature L. rigidum 

plants were collected from all treatments and wheat was harvested and removed from 

the plots. After threshing and cleaning of L. rigidum seeds, a subsample (2-5 g) was 

taken from all treatments and was maintained in lab conditions for subsequent 

screening to determine the frequency of the three phenotypes. The remaining seeds 

were returned and spread onto the surface of the appropriate field plot in December 

2002 and January 2004, respectively. 

 

Assessment of the frequency of resistance phenotypes in initial field populations (G0) 

Herbicide dose responses of the S, P450 and ACCase/P450 phenotypes have confirmed 

that susceptibility, metabolism-based resistance and target-site resistance have been 

inherited, respectively, and that these phenotypes are suitable for experimental 

comparison (Vila-Aiub et al., 2004b) (see Chapter 3). It cannot be assumed that the S 

(10%), P450 (60%) and ACCase/P450 (30%) seed lines used to establish the artificial 

SLR31 populations are entirely pure as it cannot be guaranteed that the initial screen for 

resistance (Vila-Aiub et al., 2004b) (see Chapter 3) identified only homozygous 

individuals. To test the frequency of the S, P450 and ACCase/P450 phenotypes in the 

S, P450 and ACCase/P450 seed lines, six hundred seeds from each phenotype were 
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placed in plastic containers containing agar (0.7 %) and incubated at 25/15°C with a 12 

hourly light/dark cycle. Seedlings were transplanted into 28 x 33 x 5 cm-rectangular 

trays (ca. 50 seedlings/tray) filled with potting mixture (50% peatmoss : 50% river 

sand). Trays were maintained at 25/15°C with a 12 hour light/dark photoperiod and 

with 370 μmol m-2 s-1 of light intensity (PAR). At the 2-fully expanded leaf stage, 300 

seedlings (6 trays) were sprayed with diclofop-methyl (EC 375 g ha-1, adjuvant BS1000 

(0.25%)), and 300 seedlings were sprayed with sethoxydim (EC 186 g ha-1, adjuvant 

Hasten (1%)). Herbicide applications were carried out using a laboratory spray cabinet, 

which delivered a volume of 110 L ha–1 of water at 200 kPa, pressurized by compressed 

air, and 3.6 km h-1. Plant survival was assessed 25 days after spraying. Plants that 

appeared to survive herbicide applications were cut at the soil level and survival was 

confirmed by subsequent regrowth. 

Herbicide-susceptible individuals (S) were those controlled by diclofop-methyl 

application. Multiple-resistant individuals (ACCase/P450) were those capable of 

surviving sethoxydim. For each phenotype, the percentage of individuals possessing 

only the P450 mechanism (P450) could be calculated as the percentage surviving 

diclofop-methyl minus the percentage surviving sethoxydim. Calculation details of the 

phenotypic frequencies at the beginning of the experiments (G0) are reported in the 

Appendix B. Initial frequencies for the S, P450 and ACCase/P450 phenotypes resulted 

respectively in 21.7%, 54.9% and 23.4%. 

 

Identification of ACCase-based resistant individuals 

According to the methodology described in this study sethoxydim selects for 

individuals possessing an altered ACCase. This means that the estimation of the 

frequency of the multiple resistant ACCase/P450 individuals involves concurrently the 

estimation of individuals possessing exclusively the Ile (1781) to Leu mutation of the 
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ACCase gene. The frequency of pure ACCase-based resistant individuals was 

determined within the original (G0) ACCase/P450 phenotype. A seed sample (800-1200 

seeds) was incubated on agar with sethoxydim (10 μM) at 15/25°C 12 hourly light dark 

period for 6 days. Those seedlings surviving sethoxydim were transplanted to pots (13 

seedlings per pot) randomly distributed outdoors during the normal growing season for 

L. rigidum. Seedlings at 2-leaf stage were then sprayed with chlorsulfuron (SU) (WDG 

750 g kg-1, BS1000 adjuvant (0.1%)) at 60 g ha-1 (n = 4), and plant survival was 

estimated 45 days later. Only individuals possessing P450-enhanced metabolism are 

resistant to chlorsulfuron selection (Christopher et al., 1994). This technique allowed 

quantification that 1.8% of the SLR31 population at G0 have exclusively the resistant 

ACCase mechanism. 

 

Assessment of the theoretical expected frequency of SLR31 phenotypes 

Given knowledge of the frequencies of the three resistance phenotypes in each of the 

SLR31 seed lines (S, P450 and ACCase/P450) and assuming single gene Mendelian 

inheritance of ACCase (locus A) (Tardif et al., 1996), and P450 (locus P) resistance 

traits it is possible to calculate allele frequencies and the Hardy-Weinberg equilibrium 

within the artificial field SLR31 populations at the beginning of the experiment (G0). 

Hardy-Weinberg equations may also be used to calculate the expected frequencies of 

each of the resistance genotypes and phenotypes in subsequent generations if there are 

no fitness penalties associated with resistance. Allele-specific PCR has determined that 

50% of sethoxydim-resistant individuals in the ACCase/P450 seed line were 

heterozygous (Aa) for the Ile (1781) Leu mutation and 50% were homozygous (AA) (n 

= 70) (Zhang & Powles, unpublished data). The molecular basis of enhanced-P450 

metabolism in SLR31 is unknown, but based on previous observations is assumed for 

the purposes of this study to be encoded by a single nuclear gene with incomplete 
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dominance (Preston, 2003). It is also assumed that 50% of P450 resistant individuals 

will be heterozygous (Pp) and 50% homozygous (PP). 

 

Determination of SLR31 phenotype frequencies after one (G1) and two (G2) generations  

Seed samples collected from each experimental plot at G1 (2002) and G2 (2003) were 

placed on 0.7% (w/v) agar and were incubated at 25/15°C with a 12 hour light/dark 

photoperiod. Approximately 230 (2002) or 300 (2003) seedlings from each plot were 

transplanted into pots (28 x 33 x 5 cm) (30-50 seedlings per pot) containing potting 

mixture (50% peatmoss : 50% river sand). Pots were randomly arranged in an 

experimental garden during the normal growing season for L. rigidum. At the 2 leaf 

stage, half of the seedlings (3 pots) were sprayed with diclofop-methyl (EC 375 g ha-1, 

adjuvant BS1000 (0.25%)), and half were sprayed with sethoxydim (EC 186 g ha-1, 

adjuvant Hasten (1%)) using a laboratory spray cabinet, delivering a volume of 110 L 

ha–1 of water at 200 kPa, pressurized by compressed air, and travelling at 3.6 km h-1. 

Plant survival was assessed 43 days after spraying. The frequency of the S, P450 and 

ACCase/P450 phenotypes was estimated as previously described:  

 

f (S) = MDM 

f (ACCase/P450) = SSET 

f (P450) = SDM – SSET 

 

where f is frequency of the S, P450 and ACCase/P450 phenotypes, MDM is % plant 

mortality after diclofop-methyl application, SSET is % plant survival following 

sethoxydim application and SDM is % plant survival following diclofop-methyl 

application. The frequency of pure ACCase-based resistant individuals within each 
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SLR31 population (seed samples of 800-1200 seeds from each plot) at G2 was also 

determined according to the methodology described above. 

 

Statistical analysis 

Data for SLR31 phenotype frequencies were analyzed using SAS Version 8.02 (SAS 

Institute, Cary, NC). The effects of generation (time), the presence of wheat and the 

nitrogen level on S, P450 and ACCase/P450 frequencies were evaluated by ANOVA 

for repeated measures with between-subjects factors. Given the assumption of 

independence, ANOVA was conducted for each phenotype separately. Sources of 

variation for phenotypic frequency were the presence of wheat (W) and nitrogen level 

(N) (between-subject factors) and time (T) (within-subject main effect). Because of 

interest in testing the interaction of T with W and N, only within-subject effects and 

interactions are reported. After verifying the assumption of data sphericity the 

univariate approach was followed (Von Ende, 2001). To comply with the assumptions 

of normal distribution and homoscedasticity for ANOVA, values for phenotypic 

frequencies (%) were angular transformed (y = arcsine √x). 

Deviation of observed frequencies (G1 and G2) of the S, P450 and 

ACCase/P450 phenotypes from the expected Hardy-Weinberg frequencies was 

statistically determined by performing the goodness-of-fit χ2 (chi square) test (Sokal & 

Rohlf, 1969). The degrees of freedom to calculate the χ2 critical value was a – 2 = 1 (a 

= classes) (Sokal & Rohlf, 1969). 
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6.4 Results 

Changes of the phenotypic frequencies over time 

There was a significant and dramatic change in the frequencies of the S and P450 

phenotypes in the population at the end of the first (G1) and second (G2) years of the 

field experiment (Fig. 6.3; Table 6.1). The changes in the frequencies of the S versus 

P450 phenotypes were negatively correlated and were observed in all agroecological 

conditions (Fig. 6.3). The mean frequency of herbicide susceptible individuals 

increased from 21% to 45% in two years and the mean frequency of the P450 

phenotype declined from 55% to 45% and 29% in the first and second years, 

respectively (Table 6.1). There were no changes in the mean frequency of the ACCase 

mutation  (Fig. 6.3, Table 6.1). 
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Figure 6.3 Changes in the frequencies of the S, P450 and ACCase/P450 phenotypes 

after one (G1 ●) and two (G2 ○) generations regardless of the environmental conditions 

in which the phenotypes were established. The diagonal line represents a 1:1 ratio 

between initial and final phenotypic frequencies. Calculation details of the initial 

phenotypic frequency are found in Appendix B. 
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Table 6.1 Repeated-measures ANOVA analysis of the effects of time (T) and its 

interaction with wheat competition (W) and nitrogen (N) on frequencies of the S, P450 

and ACCase/P450 phenotypes in absence of herbicide selection. 

 

 
 

 
Source of variation 

 

 
P > F 

 
S 

 
P450 

 
ACCase/P450 

 
Time (T) 

 
< 0.0001 

 
< 0.0001 

 
0.22 

 
T x W (wheat competition) 

 
0.32 

 
0.53 

 
0.37 

 
T x N (nitrogen) 

 
0.30 

 
0.93 

 
0.50 

 
T x W x N 

 
0.01 

 
0.01 

 
0.01 

 

 

ANOVA confirmed a significant effect of time (T) on the frequencies of the S 

and P450 phenotypes and that there was no significant change in the ACCase/P450 

phenotype. The repeated measures ANOVA also indicated an interaction between T, 

nitrogen level (N) and the presence of wheat in the plant mixture (W) for all 

phenotypes (Table 6.1). This triple interaction indicates that changes in the frequency 

of the S and P450 phenotypes were not similar for all experimental treatments. In the 

W+N+ and W-N- treatments, the frequencies of the S phenotype and P450 phenotypes 

increase and decrease relatively less than in the other two treatments (Table 6.2). The 

frequency of the ACCase/P450 phenotype increased in these two treatments, was 

decreased in the W+N+ treatment and did not change for the W-N- treatment (Table 

6.2). Overall, there is clearly a trend for the frequency of susceptible individuals to 

increase, for the frequency of P450 individuals to reduce and for the ACCase/P450 

phenotype to be unchanged (Table 6.2). 
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Table 6.2 Changes in the phenotypic (S, P450, ACCase/P450) frequencies (%) over 

two generations (G1 and G2) under different field conditions in absence of herbicide 

selection. W+ and W- denote SLR31 phenotypes competing among themselves and 

with or without a crop (wheat), respectively. N+ and N- represent respectively 

environmental conditions with high and low availability of inorganic nitrogen. G0 is the 

initial and established frequency (%) for each of the phenotypes at the beginning of the 

experiment (for calculation details see Appendix B). Values at G1 and G2 represent the 

phenotypic mean frequency (n = 3) (for calculation details see Determination of SLR31 

phenotype frequencies after one (G1) and two (G2) generations). 

 

 
 
 

Environment 

 
S 

 
P450 

 
ACCase/P450 

 
G0 

 
G1 

 
G2 

 
G0 

 
G1 

 
G2 

 
G0 

 
G1 

 
G2 

 
W+ N+ 

 

 
 
 
 

 
 

21.1 

 
42.6* 
(13.2) 

 
38.8 
(8.2) 

 
 
 
 

 
 

54.9 

 
46.0* 
(9.9) 

 
40.7 
(7.3) 

 
 
 
 

 
 

23.4 

 
11.3* 
(3.2) 

 
20.5 
(4.6) 

 
W+ N- 

 

 
31.3 
(2.3) 

 
53.7 
(3.4) 

 
39.3 
(2.9) 

 
19.7 
(1.2) 

 
29.3 
(1.9) 

 
26.6 
(2.5) 

 
W- N+ 

 

 
30.2 
(2.1) 

 
47.8 
(1.7) 

 
43.3 
(2.2) 

 
19.3 
(1.8) 

 
26.5 
(1.3) 

 
32.8 
(0.9) 

 
W- N- 

 

 
31.9 
(1.1) 

 
41.5 
(2.3) 

 
50.1 
(5.4) 

 
35.0 
(9.4) 

 
18.0 
(6.3) 

 
23.4 
(7.1) 

 
P† 

 
All 

 
0.42 

 
34 

(2.9) 

 
0.19 

 
45.5 
(3.3) 

 
0.55 

 
44.7 
(2.3) 

 
0.07 

 
28.7 
(5.4) 

 
0.03 

 
 

 
0.35 

 
25.8 
(2.6) 

 
 

* Mean phenotypic frequencies calculated from two replicates. 

† Probability values after ANOVA analysis for differences between phenotypic mean 

frequencies estimated in the experimental treatments at G1 andG2. 
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After two generations (G2) the mean frequency of individuals possessing 

exclusively a mutated (Ile (1781) to Leu) ACCase enzyme in the different experimental 

conditions was: W+N+ (10% ± 4%), W+N- (21% ± 7%), W-N+ (13% ± 4%) and W-N- 

(13% ± 1%). This result represents a significant increase from the 1.8% present in the 

SLR31 population at the beginning of the experiment. 

 

Comparison of expected and observed phenotypic frequencies at G1 and G2 

The χ2 goodness-of-fit test provides a quantitative estimation of the significance of the 

observed changes in the phenotypic frequencies from the theoretical expected 

frequency which are calculated assuming the population is in Hardy-Weinberg 

equilibrium at the P450 and ACCase loci. The expected ratio for the phenotypic 

frequencies of the S, P450 and ACCase/P450 phenotypes at G1 and G2  was calculated 

as 12.3: 55.7: 31.9 (see Appendix C for calculation details). When compared to the 

observed phenotypic frequencies after G1 and G2 it was evident that for each treatment 

replicate there was a significant (P < 0.001) deviation between expected and observed 

phenotypic frequencies (data not shown). The same significant deviation was observed 

when the goodness-of-fit test was performed on data pooled across all replicates of the 

same treatment and even among all treatments, suggesting that the overall dynamics are 

similar for all environmental conditions (Table 6.3). 
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Table 6.3 Number of individuals of the S, P450, ACCase/P450 phenotypes after one 

(G1) and two (G2) generations under different environmental conditions in absence of 

herbicide selection. χ2 analysis for goodness-of-fit of the observed number ratios to the 

12.3: 55.7: 31.9  (S: P450: ACCase/P450) ratio predicted by Hardy-Weinberg 

equilibrium (see Appendix C for calculation details). Probabilities (P) values were 

calculated after pooling observed and expected phenotypic frequencies across replicates 

of the same treatment. W+, W-, N+ and N- denote SLR31 phenotypes competing 

among themselves and with (W+) or without (W-) a crop (wheat), under with high (N+) 

and low (N-) availability of nitrogen, respectively. 
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6.5 Discussion 

There have been very few studies which follow the dynamics of phenotypic resistance 

frequencies over time in the absence of herbicide selection (Alcocer-Ruthling et al., 

1992a; Bourdôt et al., 1996; Plowman et al., 1999). A reduction in the frequency of 

resistance over time in the absence of herbicide selection is an indication of the 

existence of negative pleiotropic effects on plant fitness derived from resistance alleles 

(Cousens & Mortimer, 1995). This approach enables the consequences of reduced 

fitness to be studied over all life history stages and the outcome of these processes to be 

interpreted with a view to assessing the potential for regression of herbicide resistance 

in the absence of herbicide selection. 

This study has clearly demonstrated a fitness cost associated with P450 based 

herbicide resistance that results in a decline of 25% in the phenotypic frequency of 

individuals with this mechanism of resistance over two years in the absence of selection 

(see Table 6.1, 6.2, 6.3). The results also indicate no changes in the frequency of the 

multiple resistant ACCase/P450 phenotype over time (Table 6.1, Table 6.2). 

Although the dynamics of the phenotypic frequencies strongly suggest a fitness 

cost for the P450 phenotype, this particular study does not consider the underlying basis 

of this cost or the life history stage(s) at which it is expressed. Evidence from previous 

experiments, however, show that enhanced P450 herbicide metabolism is associated 

with reduced CO2 assimilation rates leading to reduced vegetative dry matter 

accumulation (Vila-Aiub et al., 2004a) (see Chapter 4). Cytochrome-P450-based 

resistant individuals have also demonstrated reduced competitive ability (i.e., 

competitive effects and responses) when compared to individuals of the S phenotype 

(see Chapter 5). Plant size and tolerance to low resource levels have been regarded as 

the potential plant traits driving the differential competitive ability found between 

individuals of the S and P450 phenotypes (see Chapter 5). 
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The selective disadvantage of the P450 phenotype relative to the S phenotype 

observed under different agroecological conditions, surprisingly contrasted with the 

lack of change of the ACCase/P450 phenotypic frequency over time (Fig. 6.3, Table 

6.1, Table 6.2). This is an unexpected result because individuals of this phenotype 

possess the P450-enhanced metabolism resistance mechanism which incur a fitness cost 

regardless of the presence of the Ile (1781) to Leu mutation of the ACCase enzyme 

(Vila-Aiub et al., 2004a) (see Chapter 4, Chapter 5). As this ACCase mutation does not 

incur any significant fitness cost (Vila-Aiub et al., 2004a) (see Chapter 4 and Chapter 

5, but see germination and emergence responses at respectively low temperatures and 

deep soil burial in Chapter 3), it is hypothesized that the consistent frequency (~ 20%) 

of the P450/ACCase phenotype over time under different environmental conditions 

could be ascribed to a simultaneous increase and decrease of the frequency of pure 

ACCase-based resistant individuals and multiple resistant individuals possessing both a 

P450 and ACCase resistance, respectively (a process overlooked by our methodology). 

After two generations, the frequency of individuals possessing exclusively the Ile 

(1781) to Leu mutation increased from 2% to 10-21% among the different 

environmental conditions, a result which supports this hypothesis. This evidence also 

suggests that fitness costs associated with P450-enhanced herbicide metabolism are 

expressed in those multiple-resistant individuals possessing both P450- and ACCase-

based resistance mechanisms (ACCase/P450). 

Although not always validated (Bergelson & Purrington, 1996; Purrington, 

2000), it has generally been predicted that fitness costs will be more evident when 

plants are growing under stressful conditions (Coley et al., 1985; Bazzaz et al., 1987). 

ANOVA for repeated measures indicated that the frequencies of the S and P450 

phenotypes changed significantly over two years in the field and identified a significant 

interaction among year (time), crop competition (W) and nitrogen level (N) (Table 6.1, 
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Table 6.2). The environments in which the S, P450 and ACCase/P450 phenotypes were 

established presented clear differences in total plant canopy and biomass driven by the 

presence of wheat and nitrogen availability. Two contrasting environments were 

represented by a more dense and closed wheat canopy under high levels of nitrogen 

(W+N+), and relatively more sparse and size-reduced individuals of the three 

phenotypes competing only among themselves under low availability of nitrogen (W-

N-). In these two contrasting conditions, individuals of the three phenotypes were likely 

to compete mainly for light (W+N+) or nitrogen (W-N-) (Tilman, 1982). The presence 

of a wheat canopy under low availability of nitrogen (W+N-) probably represented the 

most stressful environment for the S, P450 and ACCase/P450 phenotypes in terms of 

competition for both light and nitrogen. In these conditions (W+N-) the frequency of 

the P450 phenotype tended (P = 0.07) to decrease relatively more than in W+N+ and 

W-N- environments. However, the same trend occurred in that environment which 

probably represented the least stressful conditions for the P450 phenotype: lack of 

competition with a crop and high availability of nitrogen (W-N+). Given this 

contradicting result it is not possible to support or reject the assertion predicting an 

increase in the magnitude of fitness costs under stressful conditions (Coley et al., 1985; 

Bazzaz et al., 1987). 

A reduction, change or removal of herbicide selection pressure often occurs 

after herbicide resistance develops and non-herbicide agronomic strategies are 

implemented to reduce high levels of resistance or to delay the rate of herbicide 

resistance evolution. Such strategies aim to prevent the replenishment of both the 

resistant and susceptible weed seed bank. Several cultural and mechanical practices 

have been proven to achieve this objective varying efficacy (Matthews, 1994; Gill & 

Holmes, 1997; Powles, 1997; Boerboom, 1999; Nalewaja, 1999; Walsh, 2002; 

Monjardino et al., 2004). The results of the present field study are consistent with 
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previous observations (Vila-Aiub et al., 2004a) (see Chapter 4 and Chapter 5) and 

suggest a significant fitness cost for P450-endowed non target-site resistance in SLR31 

L. rigidum population. The design of weed management strategies that may magnify 

the expression of these costs will slow down the evolution of P450-based resistance. It 

is predicted that the use of highly competitive crop varieties sown at high rates will 

help to achieve this goal. Additionally, the use of L. rigidum-based pasture phases to 

recover soil structure and fertility may provide extra dividends if simultaneously 

ensures a decline in the level of herbicide resistance over time. 
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CHAPTER 7 

General Discussion 
 

The results of this investigation will be discussed in relation to the main objective 

proposed in Chapter 1: evaluation of the presence (i.e., expression), extent (i.e., 

magnitude) and dynamics of fitness costs associated with target (ACCase Ile (1781) 

Leu mutation) and non-target (P450-enhanced metabolism) site herbicide resistance 

mechanisms in a multiple resistant Lolium rigidum (SLR31) population. The 

methodological approach used to investigate these goals as well as the potential 

implications of the experimental results for the management of herbicide resistance will 

also be considered. Areas that merit further research will be identified. 

 

7.1 The experimental design to evaluate fitness costs associated with herbicide 

resistance 

There is an inherent difficulty in determining the existence of fitness costs associated 

with herbicide resistance (Jasieniuk et al., 1996). It is recognised that among the ideal 

experimental requirements to assess the expression of fitness costs or costs of resistance 

(Chapter 2), there is one that needs to be fulfilled to make an unequivocal diagnosis: the 

comparison of herbicide-resistant and -susceptible individuals that share a similar 

genetic background except for the resistance trait (Bergelson & Purrington, 1996). This 

condition has been largely overlooked or ignored in most of the literature on costs of 

herbicide resistance (Chapter 2). It has been shown that different molecular 

mechanisms may endow resistance to the same herbicide class (Preston & Mallory-

Smith, 2001), each having the potential of incurring or not a fitness cost (Purrington & 

Bergelson, 1997; Roux et al., 2004; see Chapter 2). This evidently also indicates that 

experimental results of the expression of fitness costs, when possible, should also be 
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limited and linked to the mechanism / genetic basis endowing resistance. Such 

information is extremely useful for comparisons among different studies. As 

exemplified in Chapter 2, there are other important experimental conditions that should 

also be taken into account to evaluate fitness costs, such as environmental test 

conditions and specific plant traits that should be assessed. Assessing several plant 

traits under diverse environmental conditions is likely to give critical information about 

both the expression and magnitude of fitness costs. This investigation, using knowledge 

from previous studies about the physiological and molecular bases conferring resistance 

in a multiple resistant L. rigidum population (SLR31) (see review by Preston & Powles, 

2002; Zhang & Powles, unpublished), has aimed to consider all the above mentioned 

experimental requirements to fulfill its main objective. 

In order to address the genetic background criterion the present study has 

utilised a novel methodological approach which consisted of selection of individuals 

possessing different herbicide resistance mechanisms but within a single weed 

population. A plant cloning technique, knowledge of the mechanisms endowing 

resistance and an efficient screening technique enabled the identification and isolation 

of the three phenotypic lines (S, P450 and ACCase/P450) within one L. rigidum SLR31 

population (Chapter 3). As this herbicide-resistant weed population comprised 

thousands of individuals when first collected in the field, there was a large sample size 

and the environment ensured random mating, the employed methodological technique 

ensured that individuals comprising the collected population shared a relatively similar 

genetic background. It is expected that future research on fitness costs of herbicide-

resistant plant species will utilise this methodological tool as it has wide potential use in 

many other weed species. 

Fitness costs associated with herbicide resistance are generally thought of as a 

reduction in growth or reproduction in resistant individuals in the absence of herbicide 
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selection. However, a differential ecological response between herbicide-resistant and –

susceptible individuals may not necessarily correspond to the expression of a fitness 

cost (see 7.2 Fitness costs associated with herbicide resistance), but denote a 

phenological or growth event potentially exploitable from a weed management 

perspective to delay the evolution of herbicide resistance (Jordan et al., 1999). Fitness 

studies have sought phenological plant events associated with resistance genes that 

could be “exploitable” by altering exclusively thermal environments (Chapter 2). Such 

studies have generated knowledge of germination responses at contrasting temperatures 

which can be useful in predicting weed emergence in the field and thus, may improve 

the efficacy of herbicide-resistant weed controls. The present investigation provides the 

first evidence of the importance of light and depth of soil burial as environmental 

conditions that may lead to remarkably dissimilar seed germination and seedling 

emergence responses between herbicide-resistant and susceptible individuals (Chapter 

3). 

 

7.2 Fitness costs associated with herbicide resistance 

Resistance endowed by P450-enhanced metabolism 

The cytochrome P450 monooxygenases are a large family of plant enzymes 

(endoplasmic reticulum membrane-bound heme-containing proteins) involved in 

diverse biosynthetic pathways. Synthesis of lignin components, UV protectants 

(flavonoids, coumarins, etc.), anthocyanins, defense compounds (alkaloids, terpenes, 

cyanogenic glucosides, etc.), hormones (gibberellins, auxin, etc.), and oxygenated fatty 

acids for cutins and suberins are mediated by cytochrome P450 enzymatic activity (see 

review by Schuler & Werck-Reichhart, 2003). In addition to these known biosynthetic 

activities, plant P450 enzymes with the ability to catabolise herbicides have been found 

in certain crop and weed species. A rapid P450-mediated conversion of a herbicide into 
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a hydroxylated or dealkylated inactive product have been proposed as the reactions 

involved in herbicide detoxification (see review by Schuler & Werck-Reichhart, 2003). 

P450-enhanced metabolism endowing herbicide resistance has been selected in many 

grass weed species. In particular, P450-endowed resistance to ACCase (acetyl-CoA 

carboxylase), ALS (acetolactate synthase) and PSII (photosystem II)-inhibiting 

herbicides has been shown in many L. rigidum populations invading Australian 

cropping systems (see review by Preston & Mallory-Smith, 2001). 

The empirical data presented in this study provides the first evidence of fitness 

costs associated with cytochrome P450 enzymes endowing resistance to at least 

diclofop-methyl, fluazifop-butyl, chlorsulfuron and pendimethalin in a L. rigidum weed 

population (SLR31). The examination of several plant traits has strongly indicated that 

herbicide-resistant individuals possessing enhanced P450 herbicide metabolism display 

reduced ecological performance, when compared to herbicide-susceptible individuals. 

A reduction in NAR and CO2 assimilation rates led to reduced RGR in P450-based 

resistant plants (Chapter 4). This observation probably represents the underlying 

physiological mechanism that accounted for the lower vegetative dry matter 

accumulation displayed by individuals possessing P450 resistance gene/s in 3 out of 4 

experiments (Chapter 4 and 5). No distinction was found between resistant P450 and 

ACCase/P450 phenotypes: on average, they produced 20% less vegetative biomass 

(total or aboveground biomass) than the S phenotype (Table 4.3, see 5.4 Results). This 

result suggests that this fitness cost represents a direct or physiological cost of 

resistance as a consequence of a constitutively expressed P450-enhanced herbicide 

detoxification resistance mechanism (Preston & Powles, 1997; Devine & Preston, 

2000; Strauss et al., 2002). Expression of physiological fitness costs derived from 

constitutively P450-increased insecticide metabolism resistance mechanism has been 

also found in lepidopteran insects (Daly, 1993; Feyereisen, 1999; Boivin et al., 2001). 
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Differences in plant size has been largely considered the major trait conferring 

advantages in terms of resource capture (Goldberg, 1990). The mechanistic concept of 

one-sided competition (Shipley & Keddy, 1994) emphasises the importance of early 

seedling growth for the outcome of inter-specific competitive interactions: in 

competitive conditions, large individuals will obtain more resources than small plants 

and size variability will become magnified over time (i.e., large plants will suppress 

small plants) (Weiner, 1990). Within this conceptual framework and in terms of 

competitive interactions, it has been predicted that larger plants will be good at 

suppressing the growth of neighbouring competitors (competitive effect), and good at 

persisting in the presence of even-sized individuals of another species (competitive 

response) (Goldberg, 1990). This prediction has been partially supported by the results 

presented in Chapter 5: individuals possessing a P450-enhanced herbicide metabolism 

(P450 and ACCase/P450) when compared to herbicide-susceptible individuals (larger 

plants) showed a reduced (7%) overall competitive effect when competing with other 

SLR31 individuals including conspecifics, and a reduced competitive response to wheat 

competition. Considering the number of seeds produced per plant, the reduction in the 

competitive response to wheat associated with P450-enhanced detoxification was 

estimated as 21% (Chapter 5). Despite the apparent role of plant size conferring a 

disadvantage for P450-based resistant individuals to capture resources and thus 

exhibiting weak competitive effects and responses, it is also possible to speculate about 

tolerance to low resource levels as another potential trait driving mainly differences in 

competitive responses among individuals of the S and P450 (and ACCase/P450) 

phenotypes. The rationale behind this is that the overall ability to continue to grow 

despite the presence of neighbouring plants (competitive response) between herbicide 

susceptible and P450-based resistant individuals was similar when competition was 

among SLR31 phenotypes and, as mentioned, dissimilar under competition with wheat 
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plants. Given that intensity of plant competition markedly increased when SLR31 

phenotypes interacted with the crop plants (Chapter 5), it is proposed that in this 

competitive environment, depletion of resources (light and/or soil nutrients) reached 

concentration thresholds in which P450-based resistant individuals were more 

adversely affected than individuals of the S phenotype. 

The expression of fitness costs associated with P450-increased herbicide 

detoxification in SLR31 L. rigidum population supports the resource allocation-based 

theory which predicts a trade off between resistance and growth plant traits (Grime, 

1977; Harper, 1977; Coley et al., 1985; Bazzaz et al., 1987; Herms & Mattson, 1992; 

Chapin III et al., 1993; Solbrig 1994; Lerdau & Gershenzon, 1997; Strauss et al., 2002; 

see Chapter 2 and 4). However, the mechanism driving the expression of fitness costs 

associated with P450-based resistance is unknown. Increased activity of cytochrome 

P450 enzymatic complex in SLR31 may be the result of either a mutation allowing 

increased substrate binding or over-expression of existing P450 enzymes via gene 

duplication and/or increased up-regulation (Feyereisen, 1999; Devine & Preston, 2000). 

Ensuring a constitutively highly expressed P450-increased metabolism would imply 

both higher plant construction costs and allocation of resources (carbon, nitrogen) that 

otherwise might be available to other plant functions (NAR) or growth processes 

(RGR) (Chapter 4). Additionally, it has been shown how environmental resources such 

as manganese, iron and light become limiting factors when high rates of cytochrome 

P450 synthesis are achieved (Reichhart et al., 1979; Bolwell et al., 1994; Devine & 

Preston, 2000). This is in agreement with the increase of the expression of fitness costs 

in P450-based resistant individuals under wheat competition (from 7% to 20%), as 

depletion of limiting factors involved in P450 synthesis were likely to occur, further 

augmenting the resistance-growth trade-off. This, in turn supports the prediction that 

differential competitive responses to wheat between herbicide susceptible and P450-
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based resistant individuals might be driven by differential tolerance to low resource 

levels. Investigations on the performance of the P450-based resistant individuals over 

light and nutrients gradients in the absence of plant competition will be necessary to 

validate this hypothesis. 

L. rigidum individuals possessing an enhanced P450 metabolism resistance 

mechanism (P450) showed the ability to germinate and emerge under a wide range of 

thermal and light conditions, and no significant differences were found in relation to the 

germination and emergence patterns exhibited by the herbicide susceptible individuals 

(Chapter 3). This contrasted with the responses observed in the multiple-resistant 

individuals possessing both the P450 and Ile (1781) to Leu ACCase mutations (see 

Resistance endowed by ACCase Ile (1781) to Leu gene mutation). However, the P450 

phenotype showed reduced seedling emergence from deep burial (8 cm) when 

compared to the S phenotype, owing to higher fatal germination (54% vs. 39%) 

(Chapter 3). Considering that seeds of similar size were used and sufficient time was 

provided to estimate the potential maximum seedling emergence, it is evident that a 

fitness cost related to the amount of resources allocated to seedling elongation is also 

involved in P450-endowed resistance mechanism in SLR31 population. This 

observation merits further investigation. 

The estimation of diverse plant life history characters has clearly shown that the 

P450-increased herbicide metabolism resistance mechanism is associated with the 

expression of fitness costs in the SLR31 L. rigidum population. Whether the magnitude 

of fitness costs associated with P450 resistance were large enough to alter the 

phenotypic frequencies at the population level in the absence of herbicide selection was 

a hypothesis for validation (Chapter 6). After two generations, a significant decline of 

25% (from 55% to 30%) in the frequency of P450-based resistant individuals in 

different agroecological environments was negatively correlated with an increase of 
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similar magnitude in the frequency of herbicide susceptible individuals (from 20% to 

45%) (Chapter 6). Decreases in the frequency of P450-based insecticide resistant moths 

over time were also reported by Boivin et al. (2003). The extent of the changes in the 

phenotypic frequencies observed in the field after two and even one generation were 

probably mediated by the remarkably strong resource competition that was observed 

among the SLR31 phenotypes and between the phenotypes and wheat (Chapter 5). 

Competitive interactions among the SLR31 phenotypes revealed a general pattern 

consisting of interphenotypic competition being more intense than intraphenotypic 

competition (i.e., symmetric competition), a result that predicts competitive 

displacement between neighbours and the dominance of those phenotypes (S 

phenotype) displaying a higher competitive ability (Keddy & Shipley, 1989; Shipley & 

Keddy, 1994). The significant changes in the herbicide resistance frequencies within 

the SLR31 population regardless of the environmental conditions mediated by intense 

resource competition between the phenotypes supports the tenet of plant competition as 

a key process in structuring plant communities in productive and unproductive 

environments (Tilman, 1982; Goldberg & Barton, 1992). 

The significant decline in the field frequency of P450-based herbicide resistance 

after two years in the absence of herbicide selection provides data and insights of 

importance from a research and practical viewpoint. This field experiment confirmed 

the impaired global fitness of individuals possessing the P450-increased herbicide 

detoxification resistance mechanism, and highlighted the value of the employed 

methodological tool to assess fitness costs. Of 39 published studies on fitness costs 

associated with non-triazine herbicide resistance, only two studies examined the 

changes of the frequency of herbicide resistance over time, suggesting that this 

methodological approach has been underestimated within research efforts to evaluate 

fitness costs of herbicide resistance (Chapter 2). The expression of fitness costs 
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associated with P450 resistance also constitutes an important step in the management of 

herbicide resistance given the strong evidence of reversion to susceptibility in field 

conditions when herbicide selection is removed (see 7.3 Implications for herbicide 

resistance weed management). 

Predictions about the expression of fitness costs in other P450-based resistant L. 

rigidum populations or even other weed species populations can only be made with 

caution. It is acknowledged that there are many P450 isoenzymes, and some have 

overlapping substrate specificities. For example, a multiple resistant L. rigidum 

population (VLR69) has been shown to metabolise diclofop-methyl, tralkoxydim, 

simazine, chlorsulfuron and chlorotoluron and based on inhibition profiles, at least four 

different cytochrome P450 enzymes are involved (Preston et al., 1996). Increased P450 

activity in the SLR31 population has been shown to endow resistance to diclofop-

methyl, fluazifop-butyl, chlorsulfuron and pendimethalin (Christopher et al., 1994; 

Preston & Powles, 1998; Tardif & Powles, 1999). Using two cytochrome P450 

inhibitors (malathion and amitrole) it was possible to detect one P450 enzyme 

endowing resistance to diclofop-methyl and fluazifop-butyl, and a different P450 

enzyme conferring resistance to chlorsulfuron and pendimethalin (Christopher et al., 

1994; Preston & Powles, 1998; Tardif & Powles, 1999). Because in VLR69 and SLR31 

L. rigidum populations malathion showed a synergistic effect on chlorsulfuron, 

potentially, it might be assumed that at least one and the same P450 enzyme conferring 

resistance to chlorsulfuron is present in both populations. This in turn might help to 

predict that fitness costs associated with cytochrome P450-increased herbicide 

metabolism resistance mechanism should also be expressed in the VLR69 population. 

However, this will be correct if the expression of fitness costs observed in P450-based 

resistant individuals of the SLR31 population is only due to the P450 enzyme 

responsible for rapidly metabolising chlorsulfuron.  It is unknown whether the 
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constitutively increased activity of all or only some P450 enzymes in SLR31 causes a 

fitness cost. 

For the same reason it is difficult to extrapolate about the impact of the fitness 

costs associated with P450-enhanced herbicide metabolism resistance mechanism in the 

SLR31 population on the initial frequency of P450 resistance alleles in herbicide 

unselected L. rigidum populations. Additionally, it should also be considered that 

because the P450 enzymatic complex plays a central role in plant defense against 

abiotic and biotic stresses, there might be no correlation between the expected (low) 

and observed initial frequency of P450-based resistant individuals at the onset of 

herbicide resistance evolution. Certainly, knowledge of the genetic inheritance of P450-

based resistance as well as the assessment of fitness costs for heterozygote (Pp) and 

homozygote (PP) resistant L. rigidum individuals are required to comprehend the 

evolution of P450-based resistance (Roux et al., 2004). 

 

Resistance endowed by the ACCase Ile (1781) to Leu gene mutation 

Acetyl-coenzyme A carboxylase (ACCase) plays a central role in the de novo synthesis 

of lipids in plants. Herbicide inhibition of target plastidic ACCase in grasses adversely 

affects the growth of meristematic tissues leading to plant death (reviewed by Devine, 

1997). There is substantial literature on herbicide resistance indicating herbicide 

resistant ACCase enzyme as the target site resistance mechanism in many weed species 

(Devine, 1997). However, in the last few years the molecular mutations of the ACCase 

gene endowing ACCase resistance has started to be elucidated (Zhang & Devine, 2000; 

Brown et al., 2002; Christoffers et al., 2002; Délye et al., 2002a; Délye et al., 2002b; 

Délye et al., 2003, 2004). 

It has been established that a random mutation causing the amino acid 

substitution Ile (1781) to Leu of the ACCase enzyme is a strong target site mechanism 
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endowing resistance to diclofop-methyl, fluazifop-butyl, quizalofop-ethyl, haloxyfop-

methyl, cycloxydim, tralkoxydim and sethoxydim in a fraction of the multiple resistant 

SLR31 L. rigidum population (Tardif & Powles, 1994). The present study indicates that 

the mutation Ile (1781) to Leu of the ACCase gene is associated with negligible or no 

apparent fitness costs. However, it is acknowledged that a direct comparison of the 

fitness costs of ACCase mutants without the presence of altered P450 metabolism was 

not possible in this investigation, and is required to unequivocally assert the absence of 

a fitness cost for this ACCase mutation. The indirect evidence for the lack of fitness 

costs associated with Ile (1781) to Leu of the ACCase enzyme is provided by the fact 

that for most plant growth traits examined, no significant difference was found between 

the multiple resistant individuals (ACCase/P450) and the P450-based resistant 

individuals, with both resistant phenotypes exhibiting an impaired ecological 

performance compared to the herbicide susceptible individuals (Chapter 4 and Chapter 

5). It is noteworthy that according to the analysis of regression parameters (hyperbolic 

model) no significant difference was noticed between competitive responses to wheat 

competition between individuals of the ACCase/P450 and S phenotypes during the 

vegetative stage (Chapter 5). This result by itself not only supports the lack of fitness 

costs associated with the ACCase mutation but also might suggest that expression of 

fitness costs derived from the enhanced P450-based resistance might be somehow 

compensated by an interaction (epistasis) with the ACCase mutated gene (Chapter 5). 

However, this was the only plant growth trait in which responses between the 

ACCase/P450 and S phenotypes were similar. When average vegetative biomasses of 

ACCase/P450 and S target plants across all wheat plant densities were compared, the 

former produced 10% less aboveground biomass than the latter (Chapter 5). Direct 

evidence that further supports the previous assertion about the lack of fitness costs 

associated with the ACCase mutation, is that after two generations in the absence of 
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herbicide use, the frequency of individuals possessing exclusively the Ile (1781) to Leu 

mutation increased from 1.8% up to an average of 14% of the population across the 

agroecological conditions tested (Chapter 6). 

Despite the general similarity in growth traits, seed germination and seedling 

emergence responses contrasted remarkably between the P450 and the multiple 

resistant ACCase/P450 phenotype (Chapter 3). Given that, as previously mentioned, the 

germination and emergence patterns between the P450 and S phenotypes showed no 

significant difference (except for fatal germination at deep burial), it is possible to 

attribute the differential responses between the two herbicide resistant SLR31 

phenotypes to the presence of the Ile (1781) to Leu substitution in ACCase. 

Environmentally conditional dormancy has been strongly related to the mutation Ile 

(1781) Leu: both light and fluctuating temperatures were shown to be essential factors 

promoting high levels of seed germination and emergence in ACCase-based resistant 

individuals (Chapter 3). This light requirement for germination was a heritable trait that 

prevented the ACCase seeds from germinating even after 16 months of after-ripening at 

constant temperature (Chapter 3). Fluctuating temperatures and light have been 

identified as factors involved in a plant mechanism for sensing depth of burial and 

canopy gaps (Benech-Arnold et al., 1988; Deregibus et al., 1994). This adaptive 

strategy was clearly exemplified when seeds of the ACCase-based resistant individuals 

were at depth (8 cm): only 15% of seeds were able to germinate and emerge and 10% 

fatal germination occurred. This response contrasted with that observed from herbicide-

susceptible and P450-based resistant individuals, which respectively showed 30% and 

15% of emergence but 39% and 54% fatal germination (Chapter 3). It is clear that in 

this particular environment (deep burial), reduced seed germination in the resistant 

ACCase seeds caused by the lack of an essential light requirement, represents a strategy 

that confers a greater fitness in terms of avoidance of seed losses due to fatal 
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germination and distributing germination over longer periods of time (larger seedbank 

life). However, the adaptive strategy (light requirement for germination) leading to 

poor germination/emergence from shallower burial (1-2 cm) might be seen as a “fitness 

cost”, especially in those environmental conditions in which the S and P450 phenotypes 

could establish successfully (Chapter 3). It is predicted that differential seed and fatal 

germination responses between the ACCase-based resistant individuals and individuals 

of the S and P450 phenotypes would be either similar or larger under darkness and 

constant temperatures (20°C – 8°C). 

The underlying mechanism that relates the light requirement for germination 

(environmentally conditional dormancy) to the Ile (1781) to Leu ACCase mutation in 

individuals of the SLR31 L. rigidum population is unknown. The lack of germination in 

darkness could be potentially linked to a low Pfr : Pr (active : inactive phytochrome) 

ratio in the seeds. Given that seed ripening conditions on mature plants were similar for 

individuals of the three SLR31 phenotypes (Chapter 3) it may be assumed that 

chlorophyll content and/or optical properties of seed-coats and/or surrounding 

structures of the ACCase-based resistant individuals may have altered the spectral 

composition (low R : FR (red : far red) ratio) of sunlight reaching the seeds and thus, a 

Pfr below the threshold level necessary for the dormancy breaking action may have 

been formed  (Pons, 2000). If this assertion is correct, the ACCase-based resistant 

individuals would also exhibit a reduced germination when exposed to directly FR or 

leaf-canopy shade light compared to that of herbicide susceptible or P450-based 

resistant individuals, a hypothesis that requires empirical validation. 

It is yet to be established whether results on seed germination responses and 

fitness costs associated with the Ile (1781) to Leu mutation in the SLR31 L. rigidum 

population correspond with other L. rigidum herbicide resistant populations possessing 

the same mutation. The answer to this question will depend on whether the expression 
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(or lack of expression) of pleiotropic effects of resistance alleles is sensitive to changes 

across different genetic backgrounds (Purrington & Bergelson, 1997; Roux et al., 

2004). 

 

7.3 Implications for herbicide resistance weed management 

The management of herbicide resistance concentrates on one goal: to reduce the level 

of selection pressure on herbicide resistant individuals without ignoring the negative 

impact of the herbicide susceptible plants on crop yields. The adoption of integrated 

management practices to prevent or reduce the impact of herbicide-resistant weeds is 

critical to maintain sustainable agricultural systems. Implementation of strategies to 

maximize the useful life of herbicides requires knowledge of the genetics, physiology 

and ecology of herbicide resistant weed populations (Powles & Matthews, 1992; 

Powles, 1997). Given the results reported in the present study, cultural and mechanical 

agronomic practices that exploit the expression of fitness costs associated with P450-

based resistance, and seed germination requirements of the ACCase-based resistance in 

the multiple resistant SLR31 L. rigidum population may be envisaged to accomplish the 

goal sought by management of herbicide resistance. 

Seed burial as a result of shallow or deep cultivation may potentially reduce 

germination of the ACCase-based resistant phenotype by 80%, and promote 50% fatal 

germination of the P450-based resistant individuals, respectively. Furthermore, 

alternating exposure of seeds to darkness and light conditions during rainfall events 

(dark-stratification) (Chapter 3) during summer or early autumn by mechanical 

operations might promote and control almost 90% germination of both P450- and 

ACCase-based resistant SLR31 phenotypes. The mentioned agronomic strategies will 

probably slow down the rate of P450- and ACCase-based resistance evolution. 
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A survey conducted among farmers across the Western Australian wheat belt 

revealed that most farmers do not consider that regression of herbicide resistance is 

likely (Llewellyn et al., 2002). Perception among farmers about the likelihood of 

regression of herbicide resistance over time provided herbicide selection is relaxed, 

probably represents the lack of empirical data in the literature on this potential event. 

Whether reversion to herbicide susceptibility is possible in herbicide-resistant weed 

populations will strongly depend on the existence of fitness costs and the magnitude of 

those costs to change the frequency of resistance and susceptible alleles within the 

populations. Given that both processes are strongly dependent on the molecular basis 

endowing resistance, general conclusions should not be drawn. This study provides 

strong evidence that the frequency of P450-based resistance in a L. rigidum population 

significantly decreased after two years in the absence of herbicide use and under 

contrasting agroecological environments. This result suggests that the use of pasture 

phases (Monjardino et al., 2004) and/or highly competitive crops (Gill & Holmes, 

1997) as strategies to exploit differential fitness and ultimately to affect demography of 

herbicide-resistant and -susceptible weed individuals may be potentially useful to 

combat resistance and even regress it. It would be wise not to extrapolate the observed 

P450-based resistance regression to other L. rigidum populations until further research 

confirms the existence and absence of fitness costs associated, respectively, with 

cytochrome P450-enhanced metabolism and Ile (1781) to Leu ACCase mutation 

resistance mechanisms. 
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APPENDIX B  

(Assessment of the frequency of resistance phenotypes in initial field 
populations (G0)) (Chapter 6) 

 

Plant survival (and mortality) to diclofop-methyl and sethoxydim was used as 

parameters to quantify the initial (G0) frequencies of the S, P450 and ACCase/P450 

phenotypes at the beginning of the field experiment. Herbicide susceptible individuals 

(S) were those controlled by diclofop-methyl application. Multiple resistant individuals 

(ACCase/P450) were those capable of surviving sethoxydim. For each phenotype, the 

percentage of individuals possessing only the P450 mechanism (P450) could be 

calculated as the percentage surviving diclofop-methyl minus the percentage surviving 

sethoxydim. The frequency of pure ACCase-based resistant individuals was also 

calculated after estimating the number of individuals surviving both sethoxydim and 

chlorsulfuron applications. The phenotypic frequencies were estimated regarding the 

proportion of each phenotype seeded in the field: 10%, 60% and 30% for the S, P450 

and ACCase/P450 phenotypes, respectively. 
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Phenotype 

 
Plant survival to  
diclofop-methyl 

(%) 

 
Plant survival  
to sethoxydim  

(%) 

 
Frequencies of different phenotypes comprising 

each of the S, P450 and ACCase/P450 
phenotypes 

 
Initial (G0) frequency of the S, P450 

and ACCase/P450 phenotypes 

 
 

S 

 
 

15 

 
 

0 

 
 

0.85 x 0.1* = 0.085 = S 
 

0.15 x 0.1 = 0.015 = P450 

 
 

S = 0.085 + 0.108 + 0.024 = 0.217 
 

(21.7%) 
 
 

P450 

 
 

82 

 
 

0 

 
 

0.18 x 0.6* = 0.108 = S 
 

0.82 x 0.6 = 0.492 = P450 

 
 

P450 = 0.015 + 0.492 + 0.042 = 0.549 
 

(54.9%) 
 
 

ACCase/P450 
 

 
 

92 

 
 

78 

 
 

0.08 x 0.3* = 0.024 = S 
 

0.14 x 0.3 = 0.042 = P450 
 

0.78 x 0.3 = 0.234† = ACCase/P450 and ACCase 

 
 

ACCase/P450 + ACCase = 0.234 
 

(23.4 %) 

 

* Phenotypic frequencies as seeded in the field. 

† Note that 1.8% of pure ACCase-based resistant individuals were found in the ACCase/P450 phenotype at the beginning of the 

experiment (G0). Then, the multiple resistant ACCase/P450 phenotype is comprised by 21.6% of multiple resistant individuals (23.4% - 

1.8%) at G0. 
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APPENDIX C 

(Assessment of the theoretical expected frequency of SLR31 
phenotypes) (Chapter 6) 

 

After calculation of the initial (G0) frequencies of the three resistance phenotypes at the 

beginning of the study (Appendix B), and assuming single gene Mendelian inheritance of 

ACCase (locus A) and P450 (locus P) resistance traits it was possible to estimate the 

genotypic frequencies for each resistance allele and consequently the expected frequency 

of the phenotypes according to Hardy-Weinberg genetic equilibrium. It was against this 

expected theoretical frequency observed frequencies of the three phenotypes after the 

first (G1) and second (G2) generation were compared. 

 

1. Frequency of SLR31 genotypes for locus P (P450)                

pp = 21.7 + 1.8 = 23.5%                                               Freq. of alleles for P450 resistance 

Pp = 0.5* x (54.9 + 21.6) = 38.2%                               fp (p) = 23.5 + (0.5 x 38.2) = 42.6% 

PP = 0.5* x (54.9 + 21.6) = 38.2%                               fq (P) = 1 – p = 57.4% 

* Assumption of 1:1 ratio between heterozygous (Pp) and homozygous (PP) resistant individuals  

 

2. Frequency of SLR31 genotypes for locus A (ACCase)     

aa = 21.7 + 54.9 = 76.6%                                          Freq. of alleles for ACCase resistance 

Aa = 0.5†  x 23.4 = 11.7%                                            fp (a) = 76.6 + (0.5 x 11.7) = 82.5%   

AA = 0.5† x 23.4 = 11.7%                                            fq (A) = 1 – p = 17.5% 

† PCR analysis revealed a 1:1 ratio between heterozygous (Aa) and homozygous (AA) resistant individuals  
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3. Predicted genotypic frequencies for P450 resistance trait 

p² + 2pq + q² = 1, where p and q denote respectively fp (p) and fq (P) 

 

p² = 0.181 (pp) 

2pq =  0.489 (Pp) 

q² = 0.329 (PP) 

 

4. Predicted genotypic frequencies for ACCase resistance trait 

p² + 2pq + q² = 1, where p and q denote respectively fp (a) and fq (A) 

 

p² = 0.681 (aa) 

2pq =  0.289 (Aa) 

q² = 0.031 (AA) 

 

 

5. Genotypic frequencies for both ACCase and P450 resistance traits  

   
Genotypes (ACCase resistance) 

   
aa 

 
Aa 

 
AA 

 
G

en
ot

yp
es

  
(P

45
0 

re
si

st
an

ce
) 

 
pp 
 

 
0.681 x 0.181 

 
0.289 x 0.181 

 
0.031 x 0.181 

 
Pp 

 

 
0.681 x 0.489 

 
0.289 x 0.489 

 
0.031 x 0.489 

 
PP 

 

 
0.681 x 0.329 

 
0.289 x 0.329 

 
0.031 x 0.329 
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Genotype 

 
Frequency 

 
Phenotype 

 
aapp 

 

 
0.123 

 
S 

aaPp 
 

0.333 P450 

aaPP 
 

0.224 P450 

Aapp 
 

0.052 ACCase 

AaPp 
 

0.141 ACCase/P450 

AaPP 
 

0.095 ACCase/P450 

Aapp 
 

0.006 ACCase 

AAPp 
 

0.015 ACCase/P450 

AAPP 
 

0.010 ACCase/P450 

 

Expected phenotypic frequencies 
 
S = 0.123 = 12.3% 
 
P450 = 0.333 + 0.224 = 0.557 = 55.7% 
 
 
ACCase/P450 = 0.141 + 0.095 + 0.015 + 
0.010 = 0.261 = 26.1% 
ACCase = 0.052 + 0.006 = 0.058 = 5.8% 
 
ACCase/P450 + ACCase = 31.9% 
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