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Summary 

Herbicide resistance in weeds is a major threat to agricultural productivity, but the 

incidence of herbicide resistance in agricultural systems continues to increase. It is 

increasingly recognised that sustainable weed management can only be achieved by 

considering the ecological and evolutionary drivers of herbicide resistance evolution. 

Within this context, it has been suggested that selection within pre-existing variation 

in herbicide susceptibility, underpinned by additive genetic variation, may result in 

rapid evolution of herbicide resistance. In this thesis, these principles were tested in 

the major agricultural weed Alopecurus myosuroides (black-grass). Dose-response 

experiments demonstrated pre-existing phenotypic variation in response to two 

commercial herbicides with alternative modes of action (the ACCase inhibitor 

herbicide fenoxaprop-P-ethyl and the ALS inhibitors mesosulfuron-methyl and 

iodosulfuron-methyl-sodium) in A. myosuroides with no history of exposure to 

herbicide. Selection within this pre-existing variation was then tested using low 

doses of the herbicide fenoxaprop-P-ethyl, demonstrating rapid increases in 

resistance following a single generation of selection. Recurrent selection showed 

further, but non-significant, increases in resistance. Competition experiments were 

then performed to compare fitness in the absence of herbicide between the original 

susceptible population, and a population following two generations of selection for 

fenoxaprop-P-ethyl resistance. Results suggested that both resistant and susceptible 

A. myosuroides populations were of similar fitness and competitiveness: seed output 

was highly variable, and both resistant and susceptible populations were highly 

competitive against wheat. Finally, the possibility of exploiting dose-dependent 

selection to limit resistance evolution was tested in a long-term dose rotation 

experiment using the unicellular alga Chlamydomonas reinhardtii. The results 

showed that rotating between a very high herbicide dose and no herbicide application 

could limit resistance evolution, but overall population control was poor. There were 

indications that rotation between intermediate higher and lower herbicide doses 

could successfully control population sizes and limit resistance evolution, but these 

effects were only present in the earlier stages of the experiment 
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1. Introduction 

1.1 Weed control in agriculture 

1.1.1 History of weed control in agriculture 

The transition to agriculture from previously foraging communities began 

approximately 11,000 years ago, and caused a demographic shift that has ultimately 

led to the current global human population of 7 billion (Bocquet-Appel, 2011). 

Cultivation inevitably supports other, undesired plants resulting in the proliferation 

and evolution of agricultural weeds (Perkins, 2002). Across much of the history of 

agriculture yields increased slowly, until scientific advances in the 19
th

 century 

brought rapid gains (Evans, 1980). Weed control was, however, not initially a major 

research focus, and it is noted in the obituary of 19
th

 century agriculturalist Sir John 

Bennet Lawes that while he experimented with chemical additions as fertiliser, weed 

control was performed manually (The Times, 1900). 

In the 1940s the compound 2,4-dichlorophenoxyacetic acid, or 2,4-D, marked a 

major transition as the first synthetic herbicide to be commercially released (Quastel, 

1950), starting an era of huge reliance on chemical controls after 1945 (Smith and 

Kennedy, 2002). This significantly changed the nature of farming, greatly reducing 

human labour and replacing it with chemical energy in pest management (Zimdahl, 

2007). There are now over 300 chemicals used for herbicidal weed control (Heap, 

2014a), classified into 16 different modes of action (Herbicide Resistance Action 

Committee, 2010), but no new major modes of herbicide action have been marketed 

for over 20 years (Duke, 2012). 

1.1.2 Contemporary importance of agricultural pest control 

The global population is predicted to reach 9.6 billion by 2050 (Raftery et al., 2012; 

United Nations Department of Economic and Social Affairs, Population Division, 

2013). Food production must increase to meet this growth, coming either from 

expansion of farmed areas or intensification and enhanced technology in lower-

yielding countries (Tilman et al., 2011). There is however limited land suitable for 

arable farming, and agriculture must be considered as a component of wider land-use 

needs (Garnett et al., 2013). Current predictions suggest that 90% of the increased 
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food production is expected to come from yield gains, rather than expansion of 

farmed areas (FAO, 2009). It has even been suggested that we are at the point of 

‘peak farming’, and over the next few decades the total farmed area could decrease 

(Ausubel et al., 2013). Our ability to achieve high yields is constantly compromised 

by pests, which can cause potential losses of up to 80% (Oerke, 2006), necessitating 

control. 

Agricultural pests can be split into three major groups of animal pests, pathogens and 

weeds. These can cause losses through quantitative reductions in yields, or a decline 

in quality which reduces financial value – for example aesthetic attributes such as 

superficial damage or contamination with pests at harvesting. Of these three 

categories, weeds have been estimated to cause the greatest potential yield losses, 

equal to pathogens and animal pests combined (Oerke, 2006). The importance of 

weed control is further compounded as it has a much greater efficacy (at 74%) than 

non-virus pathogens (32%) or animal pest controls (39%) (Oerke, 2006). 

1.1.3 Methods of pest control in agriculture 

The development of life sciences in the nineteenth century moved pest control to a 

scientific, technological approach. This era saw the emergence of synthetic chemical 

pesticides, such as the highly toxic arsenic based compound Paris Green as an 

insecticide against Colorado potato beetles in the 1860s, and Bordeaux mixture - 

copper sulphate and calcium hydroxide - as a fungicide against downy mildew in the 

1880s (Perkins, 2002). In the 20
th

 century the use of synthetic pesticides increased 

dramatically in scale and diversity, beginning with commercial use of the insecticide 

dichlorodiphenyltrichloroethane, DDT, in the 1940s. The extremely broad use and 

commercial success of DDT launched the synthetic pesticide industry, with many 

companies investing in the development of further insecticides, fungicides and 

herbicides in the following decades (Perkins, 2002). 

Weed control remained reliant on mechanical or cultural methods until the 1940s and 

the development of the herbicide 2,4-D (Quastel, 1950). Problems soon developed 

due to an overreliance on chemical controls and initial ignorance as to their 

disadvantages. Secondary pest problems could arise as the initial pest control 

intervention killed predators, and cases of pesticide resistance soon arose (Smith and 

Kennedy, 2002). The publication of Silent Spring (Carson, 1962) brought issues 
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concerning pesticides to a wider audience, and showed the extent to which negative 

externalities could spread (Peshin et al., 2009). These environmental impacts and the 

risk of resistance evolution have led to a call for a more measured use of pesticides, 

and in the case of weed control, integration of non-chemical control methods (Harker 

et al., 2012). Non-chemical control methods are broadly split into cultural practices, 

which modify the cropping environment to reduce the extent and impact of weeds; 

and physical methods of removing weeds (Melander et al., 2005). Physical, or 

mechanical, controls are widespread and continue to be developed (Mohler, 2002; 

Vincent et al., 2001), and the efficacy of many cultural control methods has been 

demonstrated (Harker and O’Donovan, 2013). However, these cultural and 

mechanical controls generally only reach the high levels achieved by chemical 

control when they are applied as a combination of measures, each of which is 

typically much more labour-intensive (Bastiaans et al., 2008). Further potential 

avenues for non-chemical weed controls are currently being developed, including, 

for example, robotics and RNA-interference (Shaner and Beckie, 2014), and may 

well change the nature of weed control in the future. 

1.1.4 Chemical controls of pest plants 

There are a wide range of chemicals used as herbicides. Herbicides act by inhibiting 

the activity of an enzyme or enzymes required for normal growth and survival. 

Herbicides are typically defined by their target enzyme or process (table 1.1). For 

each herbicide mode of action multiple chemical families can exist, and within each 

chemical family there can be several specific active ingredients. Active ingredients 

of the same family can differ in their efficacy and risk of resistance evolution. The 

range of active ingredients available for use in individual crops and regions depends 

on current need and commercial status, and must be approved by a regional 

legislator. In the EU herbicide registrations are covered by regulation No. 1107/2009 

(European Parliament, 2009). Assessments of active ingredients are made at EU 

level by the European Food Safety Authority. Member states then evaluate and 

authorise commercial products to be used at a national level. Usage will be restricted 

to a range of doses and application sites and/or methods. 

Herbicides may be banned or restricted if their use is considered too damaging for 

the environment or poses too great a risk to human health. The environmental and 
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societal damage caused by pesticide use in the United States has been estimated at 

over $8 billion per year (Pimentel, 2005). Risks to human health are often difficult to 

quantify, with unclear evidence for long-term exposure risks (Morrison et al., 1992). 

Safety of exposure to herbicides as they are applied is considered as part of the 

approval process, and may be updated if new concerns arise (for humans or the 

environment). Herbicide residue levels on food are further regulated by No. 

396/2005 (European Parliament, 2005) within the EU. The relative advantages and 

disadvantages of pesticide use are complex but there is little doubt that there are 

many benefits (Cooper and Dobson, 2007), and herbicides are essential to maintain 

the scale of food production as farming is practised at present. 

Table 1.1 Herbicide modes of action as grouped by the Herbicide Resistance Action 

Committee 

HRAC group Mode of Action 

A Inhibition of acetyl CoA carboxylase (ACCase) 

B Inhibition of acetolactate synthase (ALS) 

C1 Inhibition of photosystem II 

D Photosystem I electron diversion 

E Inhibition of protoporphyrinogen oxidase 

F1 Bleaching through inhibition of carotenoid biosynthesis at the 

phytoene desaturase step (PDS) 

F2 Bleaching through inhibition of 4-hydoxyphenol-pyruvate-

dioxygenase (4-HPPD) 

F3 Bleaching through inhibition of carotenoid biosynthesis 

G Inhibition of 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase 

H Inhibition of glutamine synthetase 

I Inhibition of dihydropteroate synthase 

K1 Microtubule assembly inhibition 

K2 Inhibition of mitosis / microtubule organisation 

K3 Inhibition of very long chain fatty acids (VLCFAs) 

L Inhibition of cellulose synthesis 

M Membrane disruption 

N Inhibition of lipid synthesis 

O Synthetic auxins 

P Inhibition of auxin transport 

Z Currently unknown modes of action 
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1.2 Herbicide resistance in agricultural weeds 

1.2.1 History of herbicide resistance 

Despite their great importance for controlling weeds, herbicides risk losing efficacy 

as weeds evolve resistance. Concerns over the potential for herbicide resistance were 

first raised as far back as 1953 (Abel, 1954). The first herbicide resistant weeds were 

reported in 1957 (Hilton, 1957). Since then reported cases of herbicide resistance 

have consistently been increasing, with reports logged by the International Survey of 

Herbicide-Resistant Weeds (Heap, 1997, 2014a). As of July 2014 there are 236 weed 

species in which resistance has been reported (Heap, 2014a). Cumulatively, 

herbicide resistant weeds have been estimated as causing losses of $33 billion 

annually in the United States alone (Zimmer, 2013). 

1.2.2 Target-site resistance 

Herbicide resistance mechanisms are split into two major categories of target-site 

and non-target-site resistance. Target-site resistance (TSR) involves the targeted 

enzyme becoming insensitive to the herbicide, either through a structural change that 

reduces herbicide binding or via increased production of the target enzyme (Powles 

and Yu, 2010). Herbicide binding is prevented or limited by changes in the 3D 

structure of target enzymes and/or by changes to the distribution of polar amino 

acids at the herbicide binding site (Délye et al., 2013a). These changes are usually 

caused by substitution of an amino acid resulting from single nucleotide 

substitutions. More complex changes, including codon deletions and double 

mutations in a single codon (Han et al., 2012), have also been observed (Délye et al., 

2013a). Increased production of the target enzyme can occur through gene 

amplification (Gaines et al., 2010) or gene regulatory changes which increase 

transcription (Baerson et al., 2002). 

1.2.3 Non-target-site resistance 

Non-target-site resistance (NTSR) covers a broad range of mechanisms. For a 

herbicide to act, it must first enter the plant, then reach its target location (by 

translocation for systemic herbicides) and accumulate in sufficient quantities to bind 

and cause damage (Délye et al., 2013a). This results in multiple means by which 
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NTSR can operate. Reduced leaf absorption has been demonstrated, and is thought to 

act through changes to cuticle thickness and/or chemistry, but the exact mechanisms 

are as yet unknown, and this form of NTSR has rarely been demonstrated (Vila-Aiub 

et al., 2012). Following penetration of the plant, altered translocation can provide 

resistance by reducing herbicide translocation in the xylem or phloem, sequestering 

herbicide to the vacuole, or excluding herbicide from leaf cells or chloroplasts 

(Délye, 2013). NTSR mechanisms may also metabolically degrade a herbicide, or 

inactivate it by conjugation of an additional chemical group (Powles and Yu, 2010). 

Where herbicides cause damage by releasing active oxygen species, oxidases and 

peroxidases may act to limit oxidative damage (Cummins et al., 2013; Délye, 2013).  

Though many NTSR mechanisms are still being resolved (Gaines et al., 2014), it is 

thought that NTSR frequently evolves as a polygenic trait: for example, metabolic 

degradation is a multistep process requiring several enzymes (Délye, 2013). NTSR 

resistance in individual plants is frequently provided by more than one mechanism 

(Powles and Yu, 2010), and a single gene may be responsible for NTSR through 

multiple pathways (Cummins et al., 2013). Many of the genes currently identified as 

responsible for NTSR belong to large enzyme families, such as cytochrome P450s 

and glutathione-S-transferases, which may have roles in multiple NTSR mechanisms 

and/or their regulation (Yuan et al., 2007). The enzyme families involved in NTSR 

are often components of wider plant stress responses (Das et al., 2010). Some non-

target-site herbicide resistance mechanisms can therefore be considered as 

components of larger stress responses, which in resistant individuals are enhanced 

either constitutively, in response to the herbicide, or both (Délye, 2013). As many 

NTSR mechanisms are generic responses to a range of xenobiotics, they can provide 

resistance to more than one herbicide, known as cross-resistance (Powles and Yu, 

2010), and selection by one herbicide or herbicide mode of action may also confer 

resistance to other modes of action to which the population has never been exposed 

(Busi and Powles, 2013). The evolution of cross-resistance appears complex 

however, as segregation of NTSR plants has shown that individual loci do not all 

provide cross-resistance to alternative herbicides (Petit et al., 2010), and further 

details of NTSR mechanisms are still being resolved (Gaines et al., 2014). 
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1.2.4 Evolution and inheritance of target site resistance 

The initial frequency of resistance alleles in naïve plant populations depends on 

spontaneous mutation rates, and any pleiotropic fitness costs resistance alleles 

confer. Theoretical estimates have been made predicting the frequency of major 

resistance alleles in unselected populations to be of the order of 1 x 10
-5

 to 1 x 10
-6

 

(Jasieniuk et al., 1996), and collections from naïve populations (Darmency and 

Gasquez, 1990) and pre-herbicide herbarium samples (Délye et al., 2013b) have 

suggested even greater frequencies. Surveys of field resistance have revealed 

diversity in TSR resistance genotypes within small geographic areas, implying that 

TSR resistance alleles occur at reasonably high frequencies in weed populations, 

with independent mutations arising separately, rather than via rare mutation events 

and subsequent dispersal of resistance alleles (Délye et al., 2013a). 

These TSR mutations are typically in nuclear genes that are inherited as dominant or 

semi-dominant traits at field application rates (Diggle and Neve, 2001). Recessive 

inheritance has also been reported, though the mode of inheritance was dependent 

upon the herbicide dose received (Délye et al., 2004). Inheritance may also be 

cytoplasmic, if the resistance gene is located in the chloroplast, as in resistance to 

triazine herbicides (Délye et al., 2013a). The chloroplast genome is predominantly 

maternally inherited, although pollen can contain some chloroplasts, and pollen 

transmission of triazine resistance has been observed (Darmency and Gasquez, 

1981). 

1.2.5 Evolution and inheritance of non-target-site resistance 

Weed populations can be highly genetically diverse (Menchari et al., 2007), and this 

genetic diversity may be expected to give rise to variation in phenotypic traits, 

including herbicide sensitivity (Délye, 2013). A limited number of the alleles 

responsible for the complex, polygenic NTSR mechanisms as described in section 

1.2.3 above may be present in individual plants (Délye, 2013). These alleles 

individually provide only a limited tolerance to herbicides, but will be rapidly 

selected for following herbicide application within the range of herbicide sensitivity 

they confer (Neve et al., 2014). In a sexually reproducing species, alleles will 

recombine, increasing resistance as co-ordinated NTSR mechanisms arise through 

the accumulation of these alleles. Under this model, non-target-site resistance would 
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therefore evolve and be inherited as a quantitative trait. The extent of additive 

genetic variation for NTSR, and hence the potential for quantitative responses to 

selection, remains unclear, but there is evidence of NTSR being under complex 

polygenic inheritance (Petit et al., 2010). Experiments using Lolium rigidium have 

demonstrated that susceptible populations exhibit survival at low herbicide rates, 

suggesting initial frequencies of resistance contributing alleles are high (Neve and 

Powles, 2005a), and selecting within these rates can very rapidly lead to resistance 

(Neve and Powles, 2005b). 

1.2.6 Potential epigenetic resistance 

There is increasing consideration given to the possibility that some herbicide 

resistance mechanisms may be epigenetically inherited (Délye et al., 2013a; Neve et 

al., 2014; Powles and Yu, 2010). Under epigenetic inheritance changes to the 

structure of the genome which determine gene expression are inherited without 

changing the DNA sequence of the genes themselves. This may occur via DNA 

methylation, modification of chromatin structure, or the presence of non-coding 

RNAs (Goldberg et al., 2007). A plant responding to environmental stresses may 

activate a response via these processes, which are then epigenetically inherited and 

the response maintained in its progeny. In plants, epigenetic inheritance has been 

shown for responses to biotic stress (Slaughter et al., 2012), Systemic Acquired 

Resistance (Luna et al., 2012) and elevated insect resistance (Rasmann et al., 2012). 

Given the generic nature suspected of many non-target-site resistance mechanisms it 

would not be surprising if some of these mechanisms, or similar, could also 

contribute towards herbicide resistance. At present, however, no epigenetic 

inheritance of herbicide resistance has been demonstrated. 

1.3 Ecological and evolutionary factors in selection for herbicide 

resistance 

1.3.1 Selection pressure 

As described above, herbicide resistance operates through a number of mechanisms 

that may already be present within a susceptible population, either a single major 

effect resistance allele or multiple minor effect alleles. Following herbicide 

exposure, any individuals with sufficient resistance can survive and pass on these 
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alleles to the following generation, selecting for herbicide resistance. Whether the 

mechanisms an individual plant has are sufficient to survive, and hence which 

mechanisms can be selected for, will depend on what dose is applied. Herbicide dose 

will determine the relative fitness of individual plants with different combinations of 

herbicide resistance alleles, and thus which will be selected (Neve et al., 2014). 

Lower herbicide doses may be within the pre-existing phenotypic variation for 

herbicide sensitivity, resulting in rapid increases in resistance as described above. As 

countries legislate to reduce doses for environmental reasons, concerns have been 

raised over this potential evolutionary consequence (Gressel, 2009). In contrast, 

many target-site resistance single resistance genes have been shown to confer a very 

high level of resistance, and so any TSR mutations that arise will provide resistance 

largely irrespective of herbicide dose applied. If doses are sufficiently high that only 

major effect TSR alleles confer resistance, any mutations that do provide this high 

level resistance will rapidly spread through the population under a strong selective 

sweep (Délye et al., 2013a). This has been raised as a concern in herbicide resistant 

GM crops which encourage strong reliance on controlling weed populations with 

high herbicide doses (Owen and Zelaya, 2005). This therefore presents a difficult 

situation for weed management, where using either low or high herbicide doses is 

predicted to select for an alternative form of resistance (Gressel, 2002). 

If using multiple herbicides, selection for resistance must be considered for each 

herbicide. The selection pressure for one herbicide may produce a correlated 

response for alternative herbicides, through broad NTSR mechanisms. Predictions 

are difficult however, as although plants may contain multiple NTSR alleles leading 

to resistance to one herbicide, only some of these contribute to resistance to others, 

and this subset may differ depending on the alternative herbicide (Petit et al., 2010). 

For target-site resistance selection pressures will generally work independently for 

different herbicide resistances, requiring independent TSR mutations unless they 

share the same mode of action. In some cases TSR selection pressures might also 

work antagonistically, where resistance to one herbicide results in increased 

sensitivity to others, termed negative cross-resistance, as recently shown for ALS 

inhibitor resistant Kochia scoparia being more susceptible to PPO and HPPD 

inhibitors (Beckie et al., 2012; Gressel, 2009). 
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1.3.2 Fitness costs 

Herbicide resistance is clearly beneficial to fitness in allowing plants to survive 

herbicide exposure, but it may confer associated negative pleiotropic costs in the 

absence of the herbicide. These negative costs might be expected for a number of 

reasons: the mutations responsible for resistance could reduce normal enzyme 

function; increased resource allocation for resistance mechanisms may limit 

resources for growth or reproduction; or if an ecological interaction is compromised, 

such as disease resistance, then ecological costs of resistance will arise (Vila-Aiub et 

al., 2009a). The potential for negative cross-resistance to alternative herbicides 

(Beckie et al., 2012; Gressel, 2009) also represents a further resistance associated 

fitness cost, depending on the resistance mechanisms present and herbicide plants are 

exposed to. Pleiotropic effects across a weed’s complete life cycle ultimately 

determine fitness. If being resistant confers a major disadvantage when not exposed 

to herbicide, the evolution and spread of resistance will be slowed, as fewer viable 

offspring may be produced, which may then also be at a competitive disadvantage 

(to other species, including the crop, or susceptible plants of the same species).  

1.3.3 Mating system and gene flow 

Flowering plants have exceptionally diverse breeding systems (Barrett, 2002), which 

will determine the inheritance and spread of resistance. In predominantly selfing 

weeds, e.g. Conyza canadensis the reduced heterozygosity will slow the spread of 

dominant major effect alleles in contrast to obligate outcrossers such as Alopecurus 

myosuroides. Conversely, this will mean recessive major effect alleles can spread 

more easily in selfing species (Diggle and Neve, 2001). For polygenic traits there is 

reduced opportunity for additive alleles to recombine in selfing species, but the 

degree to which this is important will depend on the number of genes involved and 

how they interact epistatically (Renton et al., 2011). 

For outcrossing plants, alleles can be transferred between plants via pollen. Pollen 

fertilisation may occur across very long distances, and has been implicated in the 

spread of resistance across fields separated by several kilometres (Busi et al., 2008; 

Délye et al., 2010a). For both selfing and out-crossing species seeds also provide a 

means of dispersal, spreading short distances within a field or longer distances 

between fields via wind (Okada et al., 2013) or as a result of accidental 
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transportation with grains and/or farm equipment (Busi et al., 2011; Gaines et al., 

2007). Once a population has a very high proportion of resistant individuals, 

resistance alleles are likely to spread and can be introduced to another field, although 

evidence suggests most populations have evolved resistance independently (Délye et 

al., 2013a). As well as these spatial introductions, the ability of seeds to remain 

viable within a seed bank for several years also gives an opportunity for alleles to be 

introduced from a temporally distinct source (Maxwell et al., 1990). The seed bank 

may provide a refuge for susceptible individuals and slow evolution by reintroducing 

non-resistant alleles to the population. Conversely, the seed bank may also provide a 

reservoir of resistance alleles when the population is no longer under selection by a 

given herbicide. 

1.4 Management of herbicide resistance 

1.4.1 Multiple herbicides 

Management strategies can be employed to limit herbicide resistance if its evolution 

is understood. In general, strategies must diversify selection pressures in order to 

reduce the selection for any single form of herbicide resistance (Norsworthy et al., 

2012). Using multiple herbicides with different modes of action is the most 

commonly advocated strategy for slowing or preventing the evolution of resistance 

(Délye et al., 2013a); where different herbicides can be applied either in rotation 

across alternate growing seasons or together in mixtures (Beckie and Reboud, 2009). 

In rotation strategies, there will only be selection for specific resistance mechanisms 

in the presence of that herbicide. Furthermore, resistance may confer pleiotropic 

fitness costs which result in selection against a given resistance mechanism in the 

presence of alternative herbicides. Models have suggested that cycling herbicide 

modes of action can limit resistance evolution, but only when pleiotropic fitness 

costs are incurred (Roux et al., 2008). A strong form of pleiotropic cost which can be 

exploited by herbicide rotation strategies is negative cross-resistance, as described 

above, where resistance to one herbicide mode of action results in hypersensitivity to 

others. Negative cross-resistance has been proposed as contributing to sustainable 

resistance management strategies (Pittendrigh and Gaffney, 2001), but can only be 

exploited where specific resistance mechanisms result in increased sensitivity to 

alternative herbicides. Negative cross-resistance has been implicated in the success 
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of some herbicide rotation strategies (Gressel and Segel, 1990), and has also been 

suggested for insecticide resistance management (Kolaczinski and Curtis, 2004). 

Applying herbicides together in mixtures has been suggested as potentially offering 

greater protection against resistance, as individual plants must evolve mechanisms to 

survive more than one herbicide (Beckie and Reboud, 2009). 

Strategies involving the use of multiple herbicide modes of action may, however, 

also select for cross-resistance to multiple herbicides (Neve et al., 2014). Cross-

resistance has been documented for many herbicide resistance mechanisms, and is an 

important concern for resistance management (Beckie and Tardif, 2012). Cross-

resistance can confer resistance within populations to herbicide modes of action to 

which those populations have not previously been exposed (Busi and Powles, 2013). 

Promoting the evolution of generalist herbicide cross-resistance would therefore not 

only reduce the available options for weed control when resistance to one mode of 

action evolves, but also risks compromising novel herbicides, reducing the potential 

means of controlling weeds in the future. If there is a risk of cross-resistance across 

multiple modes of action, herbicides should be chosen which differ in their NTSR 

mechanisms, where known (Délye et al., 2013a). 

1.4.2 Variable dose strategies 

The principles outlined above for successful resistance management using herbicide 

rotations depend upon the individual herbicides selecting for independent resistance 

mechanisms (Neve et al., 2014). As described in section 1.3.1, different herbicide 

doses may result in selection for alternative resistance mechanisms, offering a 

similar opportunity to limit resistance evolution if varying doses are employed in a 

dose rotation strategy (Gardner et al., 1998). Further ecological dynamics may then 

add to the success of dose manipulation strategies: if, for example, susceptible plants 

germinate from the seed bank in low dose or non-herbicide periods in a rotation, 

these susceptible plants may outcompete resistant individuals, and/or dilute 

resistance allele frequency in the progeny (Gressel, 2009). Dose rotation strategies 

have been tested, and shown to be successful, in theoretical models (Gardner et al., 

1998), but not yet demonstrated in experimental systems. 
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1.4.3 Non-chemical control strategies 

There is a diverse range of non-chemical control, which can be used to limit 

continuous selection for herbicide resistance (Harker and O’Donovan, 2013). 

Employing cultural controls and herbicides together in integrated systems can be 

very effective at controlling weeds, and is recommended to limit herbicide resistance 

evolution (Gill and Holmes, 1997; Moss and Clarke, 1994). Ensuring that weed 

densities remain low through cultural control when herbicides are losing efficacy 

will also limit reproduction of resistant plants. This will prevent large numbers of 

resistance alleles building up within the seed bank, and limit the likelihood of 

resistance spreading to neighbouring fields (Beckie, 2006; Busi et al., 2011). Despite 

these advantages, and legislation requiring integrated non-chemical controls in pest 

management (Lutman et al., 2013), there is a continued lack of integrated weed 

management research, and options for non-chemical control are frequently 

overlooked (Shaner and Beckie, 2014). 

1.5 Implications in wider evolutionary biology 

1.5.1 Parallels in resistance management in other pests 

The evolution of pesticide resistance is not unique to plants. Insecticide resistance 

shares many of the issues concerning herbicide resistance, and limiting insecticide 

resistance is a similarly complex problem, requiring strategies to be developed which 

are backed up by evolutionary theory (Onstad, 2007). Insecticide resistance poses 

additional problems as it needs to be managed for the spread of disease vectors, 

including for humans, with different control techniques and aims (Kelly-Hope et al., 

2008). While not currently underpinned by a similarly developed theoretical 

understanding, pesticide resistance in mammals too shows similar problems; for 

example warfarin resistance in rats appears to be possible through target-site 

(Lasseur et al., 2005) and non-target-site (Ishizuka et al., 2007) resistance 

mechanisms which could be considered analogous to herbicide resistance. Many 

parallels also exist in cancer treatment, as controlling selection pressures to limit the 

probabilities of individual cancer cells evolving resistance need to be considered 

similarly to individual plants in a large population, and multiple-drug resistance in 
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cancers is thought to act similarly to NTSR multiple herbicide resistance in plants 

(Cummins et al., 2013).  

1.5.2 Antibiotic resistance 

There is increasing concern over the global increases in antibiotic resistance, with 

potentially devastating consequences for medicine (McAdam et al., 2012). Similar to 

selection pressures for herbicide resistance, issues concerning appropriate dose 

strategies have been highlighted in reference to the need for full courses of 

antibiotics to be completed. It has been demonstrated that at low, non-lethal, 

antibiotic concentrations resistance mutations are still selected, and in common with 

herbicide resistance, the previous focus on strongly selected, major effect mutations 

may miss important evolutionary steps (Hughes and Andersson, 2012). The range of 

drug concentrations microbes may be exposed to in different parts of the body will 

provide different selection pressures akin to alternative herbicide doses, and has been 

suggested as a means of rapid antimicrobial resistance evolution (Hermsen et al., 

2012). Even extremely low antibiotic concentrations as might be found in the 

environment have been shown to select for resistance (Gullberg et al., 2011). 

1.5.3 Evolution via major or minor effect genes 

Herbicide resistance evolution can also be used to inform very broad questions in 

evolutionary biology. As has been described above, selection for herbicide resistance 

can occur through standing genetic variation in minor effect NTSR mechanisms or 

major effect target site mutations. The relative occurrence of these modes of 

adaptation and their impacts are a key topic in evolutionary ecology (Barrett and 

Schluter, 2008). Another debate concerns the visibility of this pre-existing genetic 

variation, and whether it is only revealed when novel selection is imposed 

(McGuigan and Sgrò, 2009; Le Rouzic and Carlborg, 2008). NTSR to herbicides 

provides an excellent and pressing study system to explore this. 

1.6 Herbicide resistance in Alopecurus myosuroides (Black-Grass) 

1.6.1 Alopecurus myosuroides as an agricultural pest 

Alopecurus myosuroides (black-grass) is the most important herbicide resistant weed 

in North-Western Europe (Moss et al., 2007). Black-grass is the greatest weed 
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problem for winter cereals such as wheat (Triticum aestivum) and barley (Hordeum 

vulgare), the two most widely grown crops in the UK (Department for Environment, 

Food & Rural Affairs (DEFRA), 2013), and is also a pest in their major break crop 

oilseed rape (Brassica napus) (Lutman et al., 2013). As well as causing substantial 

yield loss by competing with the crop (Lutman et al., 2013) black-grass is also prone 

to the same strain of the toxic fungus ergot (Claviceps purpurea). Ergot infected 

black- grass can contaminate the grain when harvested and spread the fungus to the 

crop itself during the growing season (HGCA, 2002; Mantle et al., 1977). Ergot 

fungus produces alkaloids with a range of dangerous physical and neurological 

effects on humans and animals (Eadie, 2003), which can lead to death, and as such 

contaminated grain is strictly prevented from being used commercially (Lorenz and 

Hoseney, 1979). 

1.6.2 Basic biology of Alopecurus myosuroides 

A. myosuroides (black-grass) is an annual grass, normally growing to 20-80cm tall 

and producing dense, narrow panicles 2-12 cm in length, and can be a range of 

colours, from yellow to dark purple-green, giving the name. Spikelets are 4.5 – 7mm 

long with glumes connected before the base (around 1/3-1/2 of the way up the 

spikelet), distinguishing them from other members of the genus Alopecurus (Rose, 

1989). A. myosuroides is a serious problem on arable farmland and as of 2011, 53% 

of arable farms, spread across most of Britain, used herbicides specifically to control 

A. myosuroides (Bayer Agri Services, 2012). A. myosuroides can also be found on 

other cultivated ground and wastelands, generally on heavier soils (Rose, 1989). 

A. myosuroides can grow in densities up to almost 3500 plants per square metre, but 

rapidly reaches a density dependent self-thinning to produce a carrying capacity of 

approximately 1500 flower heads per square metre (Moss et al., 2010). Competition 

changes the growth form of black-grass, generally making plants grow taller with 

fewer tillers (Chauvel et al., 2005). Numbers of spikelets per panicle vary 

considerably and scale with head length, but can be up to almost 200 (Dalbiès-

Dulout and Doré, 2001). Seed viability has also been shown to vary, reaching up to 

almost 90%, and it has been suggested that as an outcrossing species this scales with 

pollen availability (Chauvel et al., 2005). In UK fields A. myosuroides sheds its 

seeds rapidly after maturity, beginning in June and continuing into August (Swain et 
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al., 2006). Seeds show variable dormancy, correlated in particular with air 

temperatures (Swain et al., 2006). Seeds can remain dormant in the seedbank for at 

least 4 years (Moss, 1985) and potentially much longer. 

1.6.3 Control of Alopecurus myosuroides 

A. myosuroides has been predominantly controlled by herbicides (Lutman et al., 

2013). Many herbicides have been used in the control of black-grass, including PSII 

inhibitors (chlorotoluron and isproturon), ACCase inhibitors (fenoxaprop, 

clodinafop, propaquizafop, fluazifop-P-butyl and cycloxydim), ALS inhibitors 

(mesosulfuron and iodosulfuron mixtures), and tubulin formation inhibitors 

(propyzamide) (Lutman et al., 2013). Several pre-emergence herbicides are also 

important in A. myosuroides control, in particular: prosulfocarb, pendimethalin, 

flufenacet and diflufenican (Bailly et al., 2012). A range of cultural practises are also 

used, including spring cropping or delayed autumn drilling, more competitive crop 

cultivars, mouldboard ploughing and stubble clearance (Moss and Clarke, 1994). To 

both minimise the use of herbicides and limit resistance, integrated management 

strategies combining chemical and cultural controls are recommended to control A. 

myosuroides and are now included in EU legislation (Lutman et al., 2013; Moss et 

al., 2010). 

1.6.4 Extent of herbicide resistance in Alopecurus myosuroides 

A. myosuroides populations have already evolved resistance to all modes of action 

commonly used for its control except propyzamide and glyphosate (Lutman et al., 

2013). A number of TSR mechanisms have been identified in black-grass, but it is 

increasingly widely acknowledged that NTSR is extremely important (Délye et al., 

2011a). As well as providing resistance directly, including cross-resistance against 

multiple herbicides, NTSR could be implicated in the development of TSR by larger 

population sizes following herbicide application resulting in increased mutation 

supply (discussed further in chapter 3). Herbicide resistance in black-grass is 

extremely widespread across Europe, but the mode of resistance (including specific 

mechanisms within both TSR and NTSR) does not appear to be grouped by location 

(Délye et al., 2010b). Instead, resistance must have been able to evolve 

independently, with differences more likely driven by selection pressures and 

stochastic mutation events within individual fields (Délye et al., 2010b). The ease 
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and rapidity with which black-grass appears to evolve herbicide resistance makes it 

vital that weed control strategies incorporate evolutionary theory. 

1.7 Models and model organisms in the study of herbicide 

resistance 

1.7.1 Models and predictions of herbicide resistance and its impacts 

Many of the questions we need to address concerning weeds involve large 

population sizes and selection across many years, making them extremely difficult to 

study experimentally. For example, though it is important to understand the 

dynamics of black-grass resistance, it is an annual plant which evolves resistance in 

field populations of tens of thousands of plants over several years, making replicable, 

controlled experiments impossible at this scale. If the processes driving weed 

population and evolutionary dynamics are well enough understood, we can instead 

use predictive models to successfully influence management practices (Freckleton 

and Stephens, 2009). Predictive models can also identify where our current 

knowledge is limited and direct research to fill in gaps in fundamental eco-

evolutionary processes, in turn leading to more accurate models and more 

advantageous management strategies (Neve et al., 2009). 

1.7.2 Model organisms 

Model organisms are widely used in biology to conveniently study processes thought 

to be shared among related species. The plant Arabidopsis thaliana is widely used as 

a botanical model species as it can be grown rapidly and takes up little space, and its 

genome has been fully sequenced with an extensive range of genetic resources 

(Mitchell-Olds, 2001). For example, A. thaliana has been used in herbicide 

resistance research to estimate the frequency of mutations conferring resistance 

(Jander et al., 2003) and interactions among multiple resistance genes (Roux et al., 

2005). 

The unicellular alga Chlamydomonas reinhardtii has also been used as a model 

organism for herbicide resistance, as although it is not as closely related to weed 

species of interest, it is still susceptible (and can evolve resistance) to many higher 

plant herbicides (Reboud et al., 2007). Due to the small size and rapid generation 
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time of microorganisms they are extremely useful for the experimental study of 

evolution (Elena and Lenski, 2003). C. reinhardtii has been used to study a number 

of aspects of the evolution of herbicide resistance, including fitness effects of 

evolving resistance (Vogwill et al., 2012), and the evolutionary consequences of 

herbicide mixtures (Lagator et al., 2013a) and cycles (Lagator et al., 2013b). 

1.8 Major project objectives 

This project aims to explore some of the evolutionary and ecological processes that 

lead to herbicide resistance. In doing this the intention is both to develop applied 

principles in order to most successfully manage agricultural systems and advance 

this area of evolutionary ecology. The project does this first by examining pre-

existing variation in responses to low levels of herbicide using the agricultural weed 

Alopecurus myosuroides. Low dose selection experiments then explore how 

selection within this variation can drive the early stages of resistance evolution, and 

how the herbicide dose applied influences these dynamics. The fitness consequences 

of having selected for herbicide resistance are then studied in competition 

experiments. Finally, using Chlamydomonas reinhardtii as a model organism, the 

longer term impacts of using different herbicide doses and cycling between them are 

tested. 
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2. Variation in response to ACCase- and ALS-inhibitor 

herbicides in susceptible Alopecurus myosuroides populations 

2.1 Introduction 

Historically, herbicide resistance research has focussed on the evolution of major 

effect resistance alleles (section 1.2.3), but it is increasingly recognised that a range 

of non-target-site resistance mechanisms are also extremely important (Délye et al., 

2011a). Variation within these mechanisms may cause phenotypic resistance to be 

distributed among a population and inherited as a quantitative trait (Délye, 2013), 

with important implications for the evolution of herbicide resistance (Gressel, 2009). 

In a naïve population without prior exposure to herbicides there may already be 

variation in susceptibility to herbicides resulting from pre-existing diversity in either 

mechanism described above (chapter 1.2.3 and 1.2.4). Herbicide application will 

then drive the evolution of herbicide resistance by selection from this pre-existing 

variation. If low-level, dose-specific resistance exists in the population as a 

quantitative trait some individuals will survive low herbicide doses. In an 

outcrossing species, the additive genetic variation responsible for this phenotypic 

variation can then recombine, providing resistance to higher doses in the following 

generation. Rapid evolution of resistance as a result of repeated selection at low 

doses has been demonstrated for Lolium rigidum, where initial frequencies of low-

level resistance (resistance to relatively low herbicide doses) were high (Neve and 

Powles, 2005b). Alternatively, major effect alleles which contribute strong resistance 

will be selected for at any dose to which they confer survival, and will then spread 

through the population by a selective sweep. Which mechanism of herbicide 

resistance initially evolves will depend on what pre-existing diversity exists in the 

naïve population and the degree of resistance this provides to herbicide dose 

received. 

The major effect alleles in herbicide resistance are predominantly mutations to the 

herbicide target enzyme that result in reduced herbicide binding, resulting in target-

site resistance (TSR). Frequencies of these alleles within a susceptible population 

depend upon the mutation rates of the herbicide target genes, any fitness costs they 

impose in the absence of herbicide, and gene flow from other populations (chapter 
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1.2.3 and 1.3.3). Mutation rates in plants have been estimated at 7 x 10
-9

 

substitutions per base-pair per generation for the model plant Arabidopsis thaliana 

(Ossowski et al., 2010), though this is yet to be confirmed in other species. Should 

they arise, the persistence of these major effect resistance alleles in a population 

before selection will be determined by genetic drift and whether they confer a fitness 

cost. Theoretical estimates have suggested the frequency of major resistance alleles 

in susceptible populations to be of the order of 1 x 10
-5

 to 1 x 10
-12

 (Jasieniuk et al., 

1996) depending on herbicide mode of action. Target-site ALS (acetolactate 

synthase) inhibiting herbicide resistance mutations in unselected L. rigidum have 

been shown to be even more frequent than this, at 1 x 10
-5

 to 1.2 x 10
-4

 (Preston and 

Powles, 2002).  

The minor effect resistance alleles that contribute to quantitative resistance traits are 

thought to confer non-target-site resistance (NTSR) mechanisms (chapter 1.2). 

Genome-wide mutation rates will govern the frequency with which enhanced NTSR 

mutations arise too, but as there are multiple genes that can contribute the likelihood 

of individual plants already having a minor gene mutation is greater. Mutation rates 

have been suggested of the order of 10
-2

 per gamete per generation across all genes 

contributing to a quantitative trait (Lande, 1983). Variation within NTSR might also 

already be selected for prior to herbicide application as many of the genes involved 

belong to diverse stress-response pathways, and could be selected for enhanced 

ability to tolerate a range of abiotic stresses (Délye, 2013). As a result of these 

dynamics, resistance as a quantitative trait is expected to be driven through standing 

genetic variation readily found within weed populations, in contrast to TSR, the 

occurrence of which depends on the spontaneous mutation rate of major effect 

resistance alleles (Délye et al., 2013a).  

Pre-existing variation in herbicide susceptibility among individuals may be observed 

as differential levels of survival across a range of herbicide doses. As this is 

determined by the herbicide environment, variation in phenotypic resistance cannot 

be directly measured in a standardised uniform environment, as might be done to 

measure variation in a morphological trait. Instead, the level of resistance in a 

population is commonly quantified via dose-response assays (further details in 

methods section below) which describe how plants respond to increasing herbicide 

doses. Dose-responses can, in principle, also be used to infer whether variation in 
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phenotypic resistance exists as a quantitative trait. Instead of measuring the value of 

the trait directly, for each herbicide dose applied the proportion of survivors is the 

proportion of the population for which their maximum survivable herbicide dose is 

at this dose or lower. If the underlying quantitative trait is normally distributed in the 

population, the dose-response obtained as described above will be the cumulative 

distribution function (CDF) of this normal distribution, as shown in figure 2.1. 

Differentiation of this CDF dose-response would then give the underlying trait 

distribution, and integrating the trait distribution would give the CDF. The CDF 

therefore has an inflexion point at the mean of the distribution, and the slope of the 

CDF reflects the variance about the mean of the trait distribution. 

 

Figure 2.1 A model describing variation in maximum survivable herbicide dose for 

individual plants as a normally distributed trait (b), which corresponds to a 

cumulative distribution function (a) of the proportion of plants able to survive a 

given dose – the cumulative total of all plants whose maximum survivable dose is 

above the dose received. The LD50, the dose at which 50% of a population will be 

killed (or conversely, 50% of the population are able to survive), is shown to occur at 

the mean resistance phenotype, in this hypothetical population at a dose of 5 

(arbitrary units). 
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In practice the phenotypic distribution will reflect not only the underlying 

quantitative trait (assumed in fig. 2.1 to be normally distributed), but also interact 

with environmental factors (Falconer et al., 1996). In the case of herbicide resistance 

the dose-response will include toxicological effects such as herbicide and adjuvant 

chemistries and interactions (Seefeldt et al., 1995). The dose-response of a 

population therefore reflects the underlying trait distribution as it responds to all 

toxicological effects. In herbicide resistance the log-logistic function (see methods 

below) is used as a standard model for dose-response relationships, including in this 

study, as it provides a robust fit for most experimental data and the parameters of the 

function are biologically informative and allow convenient comparisons. In practice, 

the log-logistic and normal distributions (and logistic distribution) are likely to be 

able to fit dose-response data similarly well within the range of doses and replication 

normally feasible in higher-plant herbicide studies. 

In this section the conceptual model described above is used to explore the presence 

and extent of variation in response to herbicide application in susceptible Alopecurus 

myosuroides (black-grass). Multiple target-site resistance mutations have been 

identified in A. myosuroides, giving resistance to a range of herbicides, including 

both ACCase and ALS inhibiting herbicides, as used in this experiment. For ACCase 

inhibitor herbicides six separate amino acid substitutions have been shown to confer 

resistance in A. myosuroides: I1781L (Brown et al., 2002; Délye et al., 2002), 

I1781T (Kaundun et al., 2013a), W2027C, G2096A, D2078G (Délye et al., 2005), 

and I2041N (Délye et al., 2003) . For ALS inhibitor resistance three amino acid 

substitutions have been identified: two replacing proline 197; P197H (Krysiak et al., 

2011) and P197T; and W574L (Délye and Boucansaud, 2008; Marshall and Moss, 

2008; Marshall et al., 2013). A large range of additional substitutions, at the same 

and alternative amino acid residues, have been shown to confer resistance in other 

species for both ACCase (Kaundun, 2014) and ALS (Yu and Powles, 2014) inhibitor 

herbicides. 

The mechanistic basis for TSR is well understood at a molecular level, but the 

importance of NTSR is now increasingly being recognised (Délye et al., 2011a). The 

genetic basis for NTSR in A. myosuroides remains relatively little known, but 

recently a role was suggested for a single glutathione transferase gene AmGSTF1 in 

providing NTSR by scavenging oxygen radicals (Cummins et al., 2013), and 
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cytochrome P450 herbicide detoxification has previously been reported (Letouzé and 

Gasquez, 2003). Other cases of NTSR have been shown to be under multigenic 

control, though as yet mechanisms have not been confirmed (Petit et al., 2010). 

NTSR degradation mechanisms have also been demonstrated in the majority of A. 

myosuroides plants also containing TSR (C. Knight, unpublished work). Specific 

TSR mutations differ in the level of resistance they provide (Kaundun, 2014), but it 

is thought that many TSR mutations observed in A. myosuroides, provide a very high 

level of resistance, which would make additional NTSR mechanisms redundant. The 

existence of both mechanisms in the same plant may suggest that lower levels of 

NTSR were initially present before the strong resistance of TSR later evolved. 

This study explores the responses of two susceptible A. myosuroides populations to 

three commonly used agricultural herbicides. Results are interpreted to infer whether 

additive genetic variation is present in these populations at sufficient frequencies to 

survive the doses applied. The three herbicides used are commercial formulations 

covering two different modes of action: the acetyl-CoA carboxylase (ACCase) 

inhibitors, fenoxaprop-P-ethyl and cycloxydim, and a mixture of the acetolactate 

synthase (ALS) inhibitors mesosulfuron-methyl and iodosulfuron-methyl-sodium. 

2.2 Materials and methods 

2.2.1 Plant materials 

Two susceptible A. myosuroides populations without previous exposure to herbicide 

were obtained from Herbiseed (www.herbiseed.com). One population was collected 

from an organic farm in Berkshire and is subsequently denoted ‘Berks’. The other 

population, denoted ‘Oxon’, was originally collected from an organic farm in 

Oxfordshire in 2004 and maintained as an isolated breeding population with no 

exposure to herbicides. 

2.2.2 Herbicide dose-response assays 

In November 2010 seeds were sown in 15cm diameter pots filled with ‘J Arthur 

Bowers Top-Soil’. Seeds were sown at 1.5cm depth at 21 equally spaced locations 

within pots. Two seeds were sown at each location and following sowing seeds were 

covered with soil. Pots were maintained in a polythene tunnel at approximately 1°C 
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above ambient air temperature. Pots were watered daily. Germination and growth 

rates were initially slow due to cold temperatures, so in early December all plants 

were moved to a glasshouse heated to 10°C in the day and 5°C at night. In both 

locations pots were arranged in the same 3 replicate blocks with complete 

randomisation within blocks. 

In January 2011 plants were thinned out so that each double sown location contained 

only a single plant at the 1.5-3 leaf stage to be treated with herbicide, resulting in an 

average of 15 plants per pot. All three herbicides were applied using a Berthoud 

Velmorel 200 pro 16 litre pump-operated knapsack sprayer operating at a pressure of 

3 bar. A Hypro Flat Fan VP 110° nozzle was used (BCPC nozzle code F110/1.2/3) 

which gives a spray of fine droplets and output at a flow-rate of 1 litre per minute. 

During spraying pumping was maintained at a regular rate to maintain full pressure. 

Herbicides were applied in a total volume of 165 litres per hectare maintained by 

setting a constant walking speed with markings on the ground and setting pace with 

an electronic metronome. 

All three herbicides were applied at 8 different doses equivalent to 0.05, 0.1, 0.2, 0.3, 

0.5, 0.75, 1 and 2 times the UK label recommended rates for A. myosuroides control. 

For fenoxaprop-P-ethyl these doses corresponded to (normal label rate in bold) 2.74, 

5.48, 10.96, 16.43, 27.39, 41.09, 54.78 and 109.56 g active ingredient ha
-1

. No 

adjuvant was recommended for use with the fenoxaprop-P-ethyl formulation. For 

cycloxydim the spray rates corresponded to 10, 20, 40, 60, 100, 150, 200 and 400 g 

active ingredient ha
-1

. For the mesosulfuron-methyl and iodosulfuron-methyl-sodium 

mixture the rates corresponded to 20, 40, 80, 120, 200, 300, 400 and 800 g product 

per ha
-1

, which contained 30g/kg mesosulfuron-methyl and 6g/kg iodosulfuron-

methyl-sodium. For every application of cycloxydim and the sulfonylurea mixture a 

6.7% by weight 3,6-dioxaeicosylsulphate sodium salt + 20.2% by weight 3,6-

dioxoactadecylsulphate sodium salt adjuvant was included at 1 litre ha
-1

. Due to a 

mixing error for mesosulfuron-methyl and iodosulfuron-methyl-sodium the 0.5 dose 

(200 g ha
-1

) was omitted from this herbicide. 

Twenty-eight days after treating with herbicide plants were scored for symptoms 

using a scale with 4 degrees of injury severity: A-no symptoms, B- symptoms 
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apparent but insufficient to cause plant mortality, C-severe symptoms likely to result 

in plant mortality, D-complete mortality at time of assessment. 

2.2.3 Statistical analysis 

Based on the four point scale above plants were classified as alive (A and B) or dead 

(C and D). The proportion of surviving plants per pot was then used as a dependent 

variable in nonlinear regression (R Development Core Team, 2013; Ritz and 

Streibig, 2013) for each population by herbicide treatment, fitted to a two parameter 

log-logistic model of survival: 

𝑓(𝑥) =  
1

1 + exp(𝑏(log(𝑥) − log(𝑒)))
 

This function 𝑓(𝑥) gives the proportion of a population which survives exposure to 

𝑥 herbicide dose, where b is the slope, and e the point of inflexion about which the 

function is symmetric. According to this model, all plants survive zero dose and 

there is complete mortality at sufficiently high herbicide doses. The symmetrical 

inflection point therefore gives the LD50 (lethal dose 50%), the dose at which half of 

the population are killed. Plant survival is modelled as a binomial response weighted 

by the total number of individuals in replicate pots. Model fitting was tested using a 

lack-of-fit test comparing the model against a saturated ANOVA model with each 

dose treated as a separate group. Model parameters were compared using pair-wise 

T-tests. 

2.3 Results 

2.3.1 Responses to fenoxaprop-P-ethyl 

A lack-of-fit test (χ
2
44=33.73, P=0.87) indicated that the model fit did not result in a 

significantly worse fit than a saturated ANOVA model. The lowest doses did not 

impact survival, with mortality then increasing with increasing dose (fig. 2.2). The 

28.46 g a.i. ha
-1

 inflexion point of the Oxon population is approximately half the 

54.78 g a.i. ha
-1

 field rate used, and over 90% control is predicted by the model at 

this field rate. In contrast the inflexion point for population Berks is at a significantly 

higher rate of 65.66 g a.i. ha
-1

 (T=12.04, P<0.001). 
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Figure 2.2 Dose response of plant survival four weeks after application of the 

herbicide fenoxaprop-P-ethyl for two susceptible A. myosuroides populations. 

Symbols are observed mean survival from 3 replicate pots. Lines represent predicted 

values from 2-parameter log-logistic models. 

 

Table 2.1 Parameters for two parameter log-logistic function describing responses of 

two susceptible A. myosuroides populations based on plant survival four weeks after 

treating with the herbicide fenoxaprop-P-ethyl. 

Parameter Oxon  Berks  

b (slope) 4.21 (±0.51) 2.46 (±0.36) 

e (inflexion point) 28.46 (±1.51) 65.66 (±6.22) 
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2.3.2 Responses to cycloxydim 

The lack-of-fit test for responses to cycloxydim was significant (χ
2
38=66.82, P<0.01) 

indicating poor model fit. Looking at the responses (fig. 2.3) it can be seen that the 

doses covered do not show a pattern of declining survival with increasing herbicide 

dose, but instead have extremely high survival until an abrupt transition to almost 

complete control, with minor variation in Oxon survival just beyond this threshold 

likely responsible for the inferior fit compared to saturated ANOVA. Both 

populations behaved similarly (table 2.2) and there were no significant differences 

between parameters. 

 

Figure 2.3 Dose response of plant survival four weeks after application of the 

herbicide cycloxydim for two susceptible A. myosuroides populations. Symbols are 

observed mean survival from 3 replicate pots. Lines represent predicted values from 

2-parameter log-logistic models. 

 

Table 2.2 Parameters for two parameter log-logistic function describing responses of 

two susceptible A. myosuroides populations based on plant survival four weeks after 

treating with the herbicide cycloxydim. 

Parameter Oxon  Berks  

b (slope) 11.38 (±2.40) 12.31 (±3.11) 

e (inflexion point) 127.9 (±5.33) 133.9 (±5.35) 
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2.3.3 Responses to mesosulfuron-methyl + iodosulfuron-methyl-sodium 

The lack-of-fit test for responses to the mesosulfuron-methyl and iodosulfuron-

methyl-sodium herbicide was highly non-significant (χ
2
38=21.71, P=0.98), indicating 

good model fit. Both populations behave similarly, with survival rapidly impacted, 

reaching approximately 90% mortality at the field rate. There were no significant 

differences between populations for any parameters. 

 

Figure 2.4 Dose response of plant survival four weeks after application of a 

commercial mesosulfuron-methyl and iodosulfuron-methyl-sodium herbicide 

mixture for two susceptible A. myosuroides populations. Symbols are observed mean 

survival from 3 replicate pots. Lines represent predicted values from 2-parameter 

log-logistic models. 

Table 2.3 Parameters for two parameter log-logistic function describing responses of 

two susceptible A. myosuroides populations based on plant survival four weeks after 

treating with a commercial herbicide mixture containing mesosulfuron-methyl and 

iodosulfuron-methyl-sodium 

Parameter Oxon  Berks  

b (slope) 3.28 (±0.39) 2.84 (±0.39) 

e (inflexion point) 195.6 (±14.6) 208.5 (±19.0) 
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2.4 Discussion 

2.4.1 Variation in response to herbicide application 

The conceptual model presented in the introduction described how resistance could 

be considered as a quantitative trait. The model suggested that greater variance in the 

underlying quantitative trait distribution for herbicide susceptibility (fig. 2.1b) will 

reduce the steepness of the slope in the corresponding cumulative frequency 

distribution (CDF, fig. 2.1a). It was also argued that dose-response assays can 

broadly be considered as representing the CDF. Subsequently, we may infer that 

shallow dose response slopes, as observed for fenoxaprop-P-ethyl and mesosulfuron-

methyl + iodosulfuron-methyl-sodium, indicate variation in phenotypic response to 

these herbicides in the populations tested. 

In contrast, the very steep slope of the cycloxydim responses suggests there is very 

little variation in response to this herbicide across the populations tested. The lack of 

genetic variation in the population results in similar phenotypic resistance for all 

individuals tested, hence all are controlled above the same dose. From this it might 

be expected that selection at low doses of cycloxydim from these populations would 

not result in increasing resistance, as variation is not present to select for and 

recombine. 

The possibility of a low frequency of target-site resistance cannot be discounted, as 

survival of individual plants in the mortality response assays does not distinguish 

between mechanisms. Although cyloxydim and fenoxaprop-P-ethyl are both ACCase 

inhibiting herbicides, individual target-site resistance mutations can result in 

different levels of resistance to alternative chemical families within the same mode 

of action (Kaundun et al., 2013b; Kaundun, 2014). However, TSR would not be 

expected in the numbers of plants tested for plants with no history of herbicide 

application (as discussed in the introduction). The NTSR mechanisms responsible 

for low levels of fenoxaprop-P-ethyl resistance may confer some cross-resistance to 

mesosulfuron-methyl + iodosulfuron-methyl-sodium given the similar shape of their 

dose-responses, and non-target-site ACCase inhibitor resistance has been shown to 

potentially confer ALS inhibitor response in L. rigidum (Neve and Powles, 2005a). 

Despite the shared mode of action with fenoxaprop-P-ethyl, this was not the 
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observed for cycloxydim. Cycloxydim is a poorly metabolisable herbicide (Kaundun 

et al., 2013a), suggesting that metabolic pathways provided reduced susceptibility to 

fenoxaprop-P-ethyl in these populations. 

The variation in susceptible A. myosuroides response to herbicides observed here is 

perhaps unsurprising. A. myosuroides is genetically diverse within populations 

(Chauvel and Gasquez, 1994; Menchari et al., 2007), and so diversity may be 

expected in many traits, including herbicide resistance. Though the mechanisms 

responsible for herbicide survival here are unknown, TSR resistance is unlikely, and 

so the NTSR brought about by cytochrome P450s and GSTs, or similar mechanisms, 

are most likely. Cytochrome P450s are an extensive protein family, comprising 

hundreds of members in plants alone, responsible for important roles in plant 

defence and stress response (Morant et al., 2003). Similarly, individual plants may 

contain tens of different GSTs, also involved in stress responses (Frova, 2003). 

Given the size of these enzyme families, and their wide-ranging functions, it appears 

likely that within A. myosuroides populations genetic variation will be found. 

Variation in these protein families, and potentially in similar, as yet unconfirmed 

NTSR mechanisms, could in turn result in the variation in herbicide response 

observed here. 

2.4.2 Levels of survival within susceptible populations 

The frequency of individuals within a susceptible population able to survive field-

rates of herbicide would typically be expected to be very low. In the Australian weed 

Lolium rigidum the greatest frequency of survivors following field-rate application 

of the ACCase inhibiting herbicide diclofop-methyl from an unselected population 

was 2.6%, while the mean was 0.43% (Neve and Powles, 2005a). These initial 

survivor frequencies are much higher than expected from mutation rates of major 

effect genes (discussed in the introduction), and were confirmed to not be caused by 

TSR mechanisms, suggesting resistance to field-rate herbicide application may be 

present according to the model presented above. However, in this experiment 

survivorship at field rate was even greater. 

The pre-existing variation in herbicide response may differ between species, 

according to the genetic architecture of the trait, and intrinsic differences in herbicide 

selectivity, but the apparent very high initial resistance observed here may in part be 
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a result of experimental conditions. Plants were sown relatively late (compared to 

typical agricultural winter wheat season), and germination and early growth took 

place in the unusually cold December of 2010 (Met Office, 2011), which may have 

resulted in cold acclimation. Cold acclimation has a broad response in plants, and 

has been demonstrated in Arabidopsis to increase tolerance of oxidative stress 

resulting from herbicides (Bridger et al., 1994) and activate multiple regulatory 

pathways, including glutathione S-transferases (Fowler and Thomashow, 2002), 

known to be involved in NTSR (Powles and Yu, 2010; Yuan et al., 2007) and 

potentially especially important in providing resistance in A. myosuroides (Cummins 

et al., 2011, 2013). Even if low temperatures had not resulted in survival due to cold 

acclimation they could have resulted in over-estimation by slowing plant growth. 

Only when cells are actively dividing as the plant grows will the systemic herbicides 

applied in this experiment act. 

Slow growth may also have led to underestimation of mortality by masking the 

difference between healthy plants that had only grown a small amount and plants 

that had not grown at all. Even under normal growth, the 4 point injury scale may 

have incorrectly defined some plants as survivors if there was no visible damage to 

the plant apparent at the point of assessment. Aside from potentially colder 

conditions immediately following germination, the experiment presents a much less 

stressful environment for plants than field conditions. In the field weeds would be 

expected to be under competition with the crop and other weeds, and potentially face 

greater exposure to pests and environmental uncertainty, and subsequently may have 

been less able to survive exposure to herbicide. The high levels of survival at field 

rate in this experiment will therefore not necessarily be observed in the field. 

The highest level of resistance was observed in the Berks population responding to 

fenoxaprop-P-ethyl. Mean survival was greater for Berks than Oxon at all doses (fig. 

2.2). This may reflect the different recent history of the two populations. The Berks 

population was obtained directly from an organic farm, which may have had gene 

inflow via pollen or seed movement from A. myosuroides populations in the 

surrounding area that were exposed to herbicides. In comparison the Oxon 

population has been grown in dedicated production beds since originally being 

harvesting in 2004. Confirmed cases of herbicide resistance in A. myosuroides in the 

UK have increased from “over 700” farms in 1999 (HGCA, 1999) to “over 16000” 
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in 2010 (Moss, 2013a). While these figures undoubtedly reflect differences in 

awareness and testing for resistance, and both almost certainly greatly underestimate 

the real incidences of A. myosuroides resistance, the difference suggests a large 

increase in resistant A. myosuroides over the last 15 years. 

Dose-responses are inherently difficult to replicate, with a range of environmental 

factors influencing results (Medd et al., 2001). Despite some hesitation concerning 

the exact levels of resistance found, a clear variation in response to herbicide was 

shown in this experiment. Building on this experience future dose-responses were 

performed with some revisions (chapter 3.2). 

2.4.3 Implications for selection for herbicide resistance 

The dose-responses performed suggested that there was a great deal of variation in 

the responses to fenoxaprop-P-ethyl and mesosulfuron-methyl + iodosulfuron-

methyl-sodium for both susceptible populations tested. While there are some 

concerns that survival may have been over-estimated, this reflects a systematic 

problem occurring at all doses, which would not be expected to significantly change 

the overall shape of the curve. If this variation is heritable, selecting within the pre-

existing variation in herbicide response would be expected to rapidly evolve 

enhanced resistance by selecting for and recombining the alleles responsible, 

increasing the mean of the quantitative trait. Conversely, the steep threshold seen in 

the cycloxydim dose-responses suggests that plants in both populations respond very 

similarly to cycloxydim, and so there is not a background of additive genetic 

variation to select from and increase the phenotypic resistance trait. 

The ability to select for increased resistance from within this pre-existing variation is 

tested in chapter 3 using the Oxon population selecting with low-doses of 

fenoxaprop-P-ethyl. 
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3. Evolution of herbicide resistance in Alopecurus myosuroides 

by low-dose fenoxaprop-P-ethyl selection within standing 

genetic variation 

3.1 Introduction 

In order to account for the extremely rapid evolution of herbicide resistance in 

weedy plants the initial stages of herbicide selection must be understood (Neve et al., 

2009). As discussed in sections 1.2 and 2.1, the two major categories of herbicide 

resistance; target-site and non-target site (TSR and NTSR respectively); are thought 

to differ not only in their resistance conferring mechanisms, but also in their 

underlying genetic architecture, and hence how they may be selected. There is 

increasing evidence that NTSR is a polygenic trait (Délye, 2013). As such, pre-

existing variation in NTSR mechanisms may be observed as a quantitative 

phenotypic response in herbicide dose assays conducted on naïve weed populations 

(those with no history of herbicide exposure), as demonstrated in chapter 2. If 

variation in phenotypic resistance arises from additive genetic variation, selection 

with herbicides at appropriate doses (within the range of phenotypic variation) will 

result in population-level responses to selection and increases in the mean 

phenotypic value for resistance. Predicting responses to selection on additive genetic 

variation is possible if the genetic architecture and heritability of the trait are known. 

In the absence of this information, selection experiments can be performed to 

determine responses to selection. 

The potential for selection for herbicide resistance to occur from pre-existing 

additive genetic variation depends upon how the selection pressure imposed relates 

to the level of phenotypic variation within a population (fig. 3.1), as originally 

argued for insecticide resistance (McKenzie, 2000). If genetic variation gives rise to 

variation in herbicide resistance phenotype, lower herbicide doses may select for 

increased resistance within this standing genetic variation (fig. 3.1a). In outcrossing 

species, selection and recombination of additive genetic variation may rapidly 

increase resistance in subsequent generations. At higher doses, beyond the pre-

existing range of phenotypic variation, the only means of survival is via novel, major 

effect mutations providing strong phenotypic resistance (fig. 3.1b). 
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Figure 3.1 A hypothetical population for which maximum survivable herbicide dose 

is a normally distributed quantitative trait of mean 5 (arbitrary units). Applying a 

dose of 6 units (a) is within the pre-existing phenotypic trait distribution, and a 

proportion of individuals can survive (shaded grey), selecting for increased 

resistance from standing genetic variation. Applying a dose of 10 units (b) is outside 

the range of pre-existing phenotypic variation and would be expected to kill all 

individuals. 

 

The degree to which a quantitative trait can shift from one generation can be 

considered using the breeder’s equation (Lush, 1943):  

∆𝑍 = ℎ2𝑆 (eqn. 3.1) 

where ΔZ is the change in mean trait Z between generations, S the selection 

differential, and ℎ2 the heritability of the trait in question. In its simplest form under 

truncation selection, the selection differential is the difference between the mean 

phenotypic value of the parent population and the mean phenotypic value of selected 

individuals (Falconer et al., 1996). In selection for herbicide resistance, the selected 

individuals are those that survive a given herbicide dose. The degree to which this 

selection differential then results in changes to the trait distribution in the next 

generation is determined by heritability. Heritability is defined as the proportion of 

phenotypic variation attributable to genetic variance for a given trait (Lynch and 

Walsh, 1998). Both the heritability of a trait, and the pre-existing phenotypic 

variation from which a selection differential is established, depend on the underlying 

genetic architecture: how much genetic variation exists and the nature of any 
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interactions between contributing alleles (McGuigan and Sgrò, 2009; Le Rouzic and 

Carlborg, 2008). Depending upon the population genetic structure for the trait in 

question, the size of the population subsamples exposed to selection may reduce the 

genetic variation for that trait, and hence limit the response to selection.  

The question of whether adaptation primarily occurs from quantitative standing 

genetic variation or via major effect mutations is not unique to herbicide resistance, 

and reflects ongoing debate in broader evolutionary ecology (Orr, 2005; Barrett and 

Schluter, 2008). An understanding of the potential for dose rate to influence the 

evolution of resistance is especially important to consider for resistance 

management. It has been suggested that as legislation to limit herbicide use is 

introduced, the lower doses used will accelerate the evolution of resistance (Gressel, 

2009). However, high doses will very rapidly select for any major effect mutations 

that arise (Renton et al., 2011), leading to what might be considered a ‘lose-lose’ 

scenario where resistance is selected for by both high and low dose strategies 

(Gressel, 2002). These dynamics may also occur in a two-step process, whereby 

minor gene quantitative resistance gradually increases population sizes, increasing 

mutation supply and subsequently the potential for a major effect mutation to arise 

(Neve et al., 2009). The likelihood and consequences of this process occurring 

depend upon how rapidly resistance can evolve from standing genetic variation, and 

the frequency of TSR mutations. The impact of dose strength has also been 

considered on the evolution of resistance to other pesticides. In insecticides similar 

conceptual models have been proposed, suggesting the insecticide dose applied 

determines which resistance mechanisms are selected (ffrench-Constant et al., 2004), 

while in fungicides most studies have found that selection at higher doses is most 

likely to result in the evolution of resistance (van den Bosch et al., 2011). Concerns 

over the impact of dose strength on resistance evolution have also been raised for 

microbial resistance to antibiotics (Hughes and Andersson, 2012), but debate 

continues regarding the scale and implications of these effects (Andersson and 

Hughes, 2014). 

Understanding the dynamics for initial resistance selection may also present 

opportunities for resistance management (Neve et al., 2009). If herbicide application 

is removed for a generation, selection for resistance will be relaxed. If resistance is 

associated with pleiotropic fitness costs, relaxation of selection will select against 
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resistance (Lahti et al., 2009). Relaxation of selection may produce complex 

dynamics, however, and may even increase the phenotypic trait under selection, as 

reported for parasite resistance in the guppy (Poecilia reticulata) (Dargent et al., 

2013). Costs of resistance are discussed further in chapter 4, and resistance 

management strategies varying selection pressure are considered in chapter 5. 

Characterisation of field resistance has frequently identified major effect genes, 

conferring resistance through target-site mutations, and suggested this was the 

primary means by which field resistance evolved (Jasieniuk et al., 1996). More 

recently, the potential for low doses to select within pre-existing variation in 

herbicide response and increase herbicide resistance has been considered in terms of 

the theoretical model presented above. The concept was first demonstrated in Lolium 

rigidum, where recurrent selection with low doses of the ACCase inhibiting 

herbicide diclofop-methyl resulted in the rapid evolution of resistance to the 

herbicide at much higher doses (Neve and Powles, 2005b; Busi et al., 2013a), and 

has also been confirmed under field conditions (Manalil et al., 2011). Recurrent 

selection at low herbicide doses has also been shown to result in resistance evolution 

in L. rigidum for the EPSPS (5-enolpyruvylshikimate-3-phosphate synthase) 

inhibiting herbicide glyphosate (Busi and Powles, 2009) and the very-long-chain 

fatty acid synthesis inhibiting (Tanetani et al., 2009) herbicide pyroxasulfone (Busi 

et al., 2012). Despite its importance as an agricultural pest, and its high propensity to 

evolve herbicide resistance, these effects of sub-lethal herbicide selection have not 

previously been tested in A. myosuroides. 

In this chapter selection is imposed within pre-existing variation in herbicide 

response in a susceptible A. myosuroides population to determine whether herbicide 

resistance can evolve. Five key hypotheses for the early stages of selection for 

herbicide resistance are tested: (i) Selection using sub-lethal herbicide doses will 

increase the phenotypic resistance profile in progeny. (ii) Responses to selection will 

vary according to the selection differential (two different herbicide doses are tested). 

(iii) Responses to selection will depend on population size (three different population 

sizes are tested). (iv) Recurrent selection will continue to increase the phenotypic 

resistance profile, following selection with either the same herbicide dose or an 

increased dose. (v) Relaxed selection will result in a reduction of the phenotypic 

resistance profile. 
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3.2 Materials and methods 

3.2.1 Plant material 

The ‘Oxon’ population described in section 2.2.1 was the susceptible stock 

population from which all selection experiments below were performed. 

3.2.2 Initial fenoxaprop-P-ethyl selection 

To establish the potential for selection within the range of phenotypic variation in 

herbicide response to result in resistance evolution, susceptible A. myosuroides was 

exposed to two different doses: 13.6 and 27.2g a.i. ha
-1

 of commercial fenoxaprop-P-

ethyl. These doses represent approximately 25% and 50% of the recommended field 

dose of 54.78g a.i. ha
-1

 used in chapter 2, and were selected based on results in figure 

2.2. Three different population sizes, 100, 200 and 600 individuals, were exposed to 

each dose. These groups are subsequently referred to by the population size exposed 

(n), followed by the dose received (d), e.g. “n=200, d=27.2” to describe the progeny 

following selection at 27.2g a.i. ha
-1

 from 200 individuals. In April 2011 seeds were 

sown in 180-cell (2x2x5 cm cells) grower’s trays filled with ‘J Arthur Bower’s top-

soil’ (1 tray for groups testing 100 individuals, 2 for 200, and 6 for 600). Seeds were 

double sown with 2 seeds planted in each cell. Trays were maintained in a polythene 

tunnel and watered daily, arranged in a completely randomised layout. 

 In May 2011 plants were thinned so that pooled trays contained the appropriate 

number of individuals, with all plants at the 2-3 leaf stage and no more than one 

plant per cell. Herbicide was then applied as described in section 2.2.2. 

28 days after spraying plants were assessed for survival. Survival was confirmed by 

evidence of continued plant growth following herbicide application. Surviving plants 

were carefully removed from the growing trays, leaves were trimmed to 2cm and 

roots to 5cm, and plants were re-potted in 15cm diameter pots filled with top-soil. 

Four surviving plants were placed in each 15cm pot. All pots for each population 

size by dose treatment were then isolated within individual compartments within a 

polythene tunnel to enable bulk-crossing between surviving plants. Pots were 

watered as required and a bulk seed collection was made at maturity for each 

population size by dose combination. Following harvesting seeds were threshed, 
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cleaned and dried at 15°C, 15% relative humidity and subsequently stored at 5°C in 

hermetic heat-sealed foil pouches until required. 

3.2.3 Recurrent fenoxaprop-P-ethyl selection 

Seed population n=200, d=27.2 was used to test whether recurrent selection could 

further increase resistance profile. This seed population was used as a clear increase 

in mean resistance was observed in a preliminary dose-response following the first 

round of selection (data not shown, but see section 3.3.2 below for repeated dose-

response results). Recurrent selection was performed with the same initial population 

size of 200 individuals, and tested using the same herbicide dose, 27.2g a.i. ha
-1

, and 

an increased dose of 48g a.i. ha
-1

. These selection lines follow the naming 

convention described above, with the second dose following after a comma, e.g. 

“n=200 d=27.2, 27.2”. In January 2012 the seeds harvested from the first generation 

of selection underwent a dormancy breaking treatment of 3 weeks in the dark at 

35°C in dry conditions. In February 2012 seeds were sown in grower’s trays and 

maintained in a polythene tunnel, arranged in a completely randomised layout, as 

described in section 3.2.2. In March 2012 plants were thinned so that pooled trays 

contained 200 individuals at the 2-3 leaf stage and no more than one plant per cell. 

Herbicide was then applied as described in chapter 2.2.2. 

28 days after spraying plants were assessed, replanted in 15cm diameter pots, and 

moved to separate enclosures for each dose, as described in section 3.2.2. Plants 

were maintained in separate enclosures from March-September 2012. At the end of 

September 2012 seeds were harvested, cleaned and stored as described in section 

3.2.2 

3.2.4 Relaxation of fenoxaprop-P-ethyl selection 

Using the same n=200, d=27.2 population, a generation with no herbicide selection 

was tested to determine whether relaxation of selection would reduce phenotypic 

resistance. This experiment was carried out at the same time as the recurrent 

selection, with seeds sown in grower’s trays in February 2012 and maintained in a 

polythene tunnel, included in the completely randomised layout of plants described 

in section 2.3. In February 2012, plants were thinned so that only 200 plants at the 2-

3 leaf growth stage remained. In March 2012 leaves were trimmed to 2cm and roots 
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to 5cm for these 200 plants, and they were re-potted in 15cm diameter pots filled 

with top-soil, with 4 plants per pot, to match conditions of herbicide selected groups. 

Pots were then maintained in an individual enclosure within a polythene tunnel from 

March-September in order to bulk cross. At the end of September 2012 seeds were 

harvested, cleaned and stored as described in section 3.2.2. 

3.2.5 Quantification of herbicide responses 

Following the completion of two rounds of low-dose selection, a series of dose 

response experiments were performed with fenoxaprop-P-ethyl to determine the 

response to selection. Dose-responses were performed for all selection lines 

described above, including relaxed selection, and for the original ‘Oxon’ population 

(table 3.1). Dose-responses for all groups were performed at the same time to control 

for differences in herbicide application and growth conditions. 

In January 2013 seeds from all lines described above underwent a dormancy 

breaking treatment of 3 weeks at 35°C in the dark in dry conditions. Seeds were then 

sown at 1.5cm depth in 21 equally spaced locations in 15cm diameter pots filled with 

50% ‘J Arthur Bowers Top-Soil’, 25% Levington M2 compost and 25% sand. At 

each location two seeds were sown at a depth of 1.5cm and pots were re-covered 

with the soil mixture. Pots were maintained in a glasshouse with 14 hour 

photoperiods (with supplementary lighting to achieve this), heated to 20°C in the day 

and 18°C at night. Pots were arranged in three completely randomised replicate 

blocks and watered daily. In February 2013 plants were thinned so that each sown 

location contained only a single plant at the 1.5-3 leaf stage and herbicide was 

applied at a range of doses. The doses differed for each selection line (table 3.1), 

with doses selected to cover the breadth of their dose-response profile following 

preliminary dose-responses performed in December 2012 (data not shown). 

Herbicide application was performed as described in chapter 2.2.2, and pots were 

returned to the same glasshouse conditions. Two separate measures of plant response 

to herbicide were taken: mortality and fresh weight of individual plants. 21 days after 

herbicide application all plants (regardless of visible herbicide symptoms) were cut 

to 1cm from the soil surface and fresh weight measured individually. After a further 

21 days plant survival was scored. Plants were scored as alive if there had been 

regrowth of fresh leaf material. 
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Table 3.1 Fenoxaprop-P-ethyl dose-responses for each selection line. Selection lines 

are referred to by the population size selected from, n, followed by the fenoxaprop-

P-ethyl dose or doses applied, d (g a.i. ha
-1

). 

A. myosuroides group Herbicide doses tested (g a.i. ha
-1)

 

Original population 0, 6.8, 13.6, 34, 68, 136 

n=100, d=13.6 0, 6.8, 13.6, 34, 68, 272 

n=200, d=13.6 0, 6.8, 13.6, 34, 68, 272 

n=600, d=13.6 0, 6.8, 13.6, 34, 68, 272 

n=100, d=27.2 0, 6.8, 13.6, 34, 68, 272 

n=200, d=27.2 0, 6.8, 13.6, 34, 68, 272 

n=600, d=27.2 0, 6.8, 13.6, 34, 68, 272 

n=200, d=27.2, 27.2 0, 13.6, 34, 68, 136, 272 

n=200, d=27.2, 48 0, 13.6, 34, 68, 136, 272 

n=200, d=27.2, 0 0, 6.8, 13.6, 34, 68, 272 

 

3.2.6 Statistical analysis 

For survival data a two parameter log-logistic model was fitted, as described in 

section 2.2.3. For fresh weight data, similar analysis was performed using a four 

parameter log-logistic function: 

𝑓(𝑥) =  𝑐 + 
𝑑−𝑐

1+exp(𝑏(log(𝑥)−log(𝑒)))
 (eqn. 3.2) 

The function 𝑓(𝑥) gives the expected fresh biomass of plants following exposure to 

𝑥 herbicide dose. As in the two parameter model, parameter b is the slope, and e the 

inflexion point. The d parameter estimates the fresh biomass at dose 0, i.e. the weight 

of plants that did not receive herbicide application, and c the minimum biomass. In a 

four parameter log-logistic function the inflexion point is midway between these 

upper and lower limits, hence e gives the ED50 (effective dose 50%, see section 2.2.3 

for comparison to LD50). Model fits were tested using a lack-of-fit test which 

compares the model against an ANOVA with each dose as a separate group. Model 

parameters were compared to each other using pair-wise T tests: where ED50 or LD50 

R:S ratios are described, significance levels reported are T test comparisons of 

resistant and susceptible ED50 or LD50 parameter estimates. 
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3.3 Results 

3.3.1 Original population (‘Oxon’) 

The mortality dose response for the original population (fig. 3.3a, table 3.2) shows 

that at the field rate of 55 g ha
-1

 there is complete control, with the variation in 

herbicide responses only evident at lower doses. The fresh-weight dose response was 

similar (fig. 3.3b), with severe reductions in fresh weight observed at the field rate. 

In all following results comparing resistant to susceptible parameters, a resistance 

index is calculated as the ratio of the LD50 or ED50 of the selected line to the original, 

unselected population. In these R:S resistance indices the selected line is always the 

‘resistant’ R population, even if there is no increase in resistance, and the 

‘susceptible’ S population is always the original population. 

 

Figure 3.2 Dose-response curves for an A. myosuroides population following 

application of fenoxaprop-P-ethyl at the two to three leaf stage. Responses are a) 

mortality scored via plant regrowth and b) Fresh above ground biomass 21 days after 

herbicide application. Lines are predicted values of the dose-response models, 

symbols are mean values at each dose tested. 
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Table 3.2 Estimates and standard errors for LD50 in fenoxaprop-P-ethyl dose-

mortality responses of a susceptible black-grass populations and lines derived from 

herbicide selection 

A. myosuroides line LD50 LD50 R/S 

Original population 9.78 (±1.10)  

100 (13.6) 13.12 (±2.38) 1.34 

200 (13.6) 16.30 (±2.07) 1.67 

600 (13.6) 18.42 (±4.43) 1.88 

100 (27.2) 10.78 (±1.17) 1.10 

200 (27.2) 49.25 (±9.94) 5.04 

600 (27.2) 21.25 (±2.76) 2.17 

200 (27.2, 27.2) 55.42 (±9.21) 5.67 

200 (27.2, 48) 59.32 (±7.90) 6.07 

200 (27.2, 0) 19.95 (±3.21) 2.04 

 

Table 3.3 Estimates and standard errors for fenoxaprop-P-ethyl biomass dose-

responses of a susceptible black-grass populations and lines derived from herbicide 

selection 

A. myosuroides line ED50 d (max) c (min) ED50 R/S  

Original population 7.13 (±0.47) 3.47 (±0.17) 0.06 (±0.10)  

100 (13.6) 11.80 (±2.31) 2.41 (±0.14) 0.04 (±0.11) 1.65 

200 (13.6) 11.80 (±1.58) 2.42 (±0.18) 0.01 (±0.13) 1.65 

600 (13.6) 7.79 (±0.64) 3.84 (±0.25) 0.10 (±0.09) 1.09 

100 (27.2) 7.46 (±0.52) 3.00 (±0.17) 0.03 (±0.10) 1.05 

200 (27.2) 11.52 (±2.89) 2.26 (±0.15) 0.12 (±0.20) 1.62 

600 (27.2) 13.14 (±1.03) 1.92 (±0.13) 0.07 (±0.09) 1.84 

200 (27.2, 27.2) 19.55 (±2.80) 2.32 (±0.16) 0.13 (±0.12) 2.74 

200 (27.2, 48) 13.12 (±3.32) 2.22 (±0.13) 0.03 (±0.17) 1.84 

200 (27.2, 0) 10.98 (±1.01) 2.95 (±0.18) 0.12 (±0.09) 1.54 
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Figure 3.3 Fenoxaprop-P-ethyl a) mortality and b) above ground fresh biomass (21 

says after herbicide application) dose-response curves for A. myosuroides 

populations following selection for survival of 13.6 and 27.2 g ha
-1

 fenoxaprop-P-

ethyl from i) 100 individuals, ii) 200 individuals and iii) 600 individuals. Lines are 

predicted values of the dose-response models, symbols are mean values at each dose 

tested. Datapoints for original population (shown in fig.3.2) omitted for clarity. 
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3.3.2 First generation of selection – effects of herbicide dose and 

population size 

i) Selection from 100 individuals 

Selection from populations of n=100 did not significantly change the LD50 inflexion 

point, parameter e, following selection at d=13.6 (T=1.60, P=0.11) or d=27.2 

(T=0.65, P=0.52) (fig. 3.4 a,i). In the fresh-weight responses (fig. 3.4 b,i) n=100, 

d=13.6 resulted in an ED50 of 11.80 g ha
-1

 (±2.3), significantly greater than the 

original population (ED50 R:S ratio=1.65; T = 3.16, P = 0.002); in contrast to n=100, 

d=27.2,
 
which remained similar to the original population (ED50 R:S ratio=1.05; T = 

0.47, P = 0.64). Fresh weight of both n=100, d=13.6 and n=100, d=27.2 was 

significantly lower than the unselected population in the absence of herbicide 

application (T = 4.02, P <0.001 and T = 2.96, P=0.003, respectively). 

ii) Selection from 200 individuals 

Both n=200, d=13.6 and n=200, d=27.2 showed significant responses to selection, 

with LD50 R:S ratios of 1.67 (T = 3.92, P <0.001) and 5.04 (T = 17.5, P <0.001) 

respectively (fig. 3.4 a,ii). The increase in LD50 was significantly greater following 

selection with the higher dose, d=27.2 than d=13.6 (T=8.48, P<0.001). Increased 

resistance was also observed for fresh weights (fig. 3.4 b,ii), with both selection lines 

displaying a significant increase in ED50 (for n=200, d=13.6: T=4.39, P<0.001; for 

n=200, d=27.2: T=0.47, P<0.001), but there was not a significant difference in ED50 

between selection with either doses (T=0.08, P=0.9). As observed for the n=100 

groups, both n=200, d=13.6 and n=200, d=27.2 also displayed a significant reduction 

in fresh biomass in the absence of herbicide (T = 3.40, P <0.001 and T = 4.21, P 

<0.001 respectively). 

iii) Selection from 600 individuals 

Significant increases in LD50 were observed for both n=600, d=13.6 (R:S=1.88, T = 

3.33, P<0.001) and n=600, d=27.2 (R:S=2.17, T = 6.82, P<0.001) (fig. 3.4 a,iii). The 

increases in LD50 did not differ between selection with either dose (T=0.56, P=0.57). 

In the fresh weight response curves (fig. 3.4 b iii) only the higher dose group, n=600, 

d=27.2, showed a significant increase in ED50 (R:S = 1.84, T = 8.20, P < 0.001). In 

n=600, d=27.2 a significant reduction in weight in the absence of herbicide was also 
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observed (T = 5.30, P < 0.001), while n=600, d=13.6 did not result in any reduction 

in biomass (with a non-significant increase instead observed). 

Selection at d=13.6 resulted in similar LD50 increases for n=200 and n=600 (T = 

0.48, P = 0.63), but selection at d=27.2 resulted in a significantly greater LD50 for 

n=200 than n=600 (T = 2.37, P = 0.02). 

3.3.3 Recurrent fenoxaprop-P-ethyl selection 

A second generation of selection for n=200, d=27.2, at the same dose of 27.2 g ha
-1

 

(resulting in the population denoted n=200, d=27.2, 27.2) resulted in a significantly 

increased LD50 compared to the original population (T=23.2, P<0.001), but did not 

represent a further significant increase above n=200, d=27.2 (T=0.85, P=0.40) (fig. 

3.5a). The same trend was observed in fresh weight responses (fig. 3.5 b), with a 

significantly increased ED50 in comparison to the original population (T=11, 

P<0.001) which did not significantly differ from n=200, d=27.2 (T=1.42, P=0.16). 

There were indications that recurrent selection at 27.2 g ha
-1

 resulted in increased 

tolerance at lower herbicide doses not reported by the main dose-response 

parameters, with n=200, d=27.2, 27.2 estimating ED30 (the dose at which individual 

plant weight is expected to decrease by 30%) of 14.1 g ha
-1

 (±2.22), much greater 

than that predicted for n=200, d=27.2 (6.03 ±1.61) and original (5.49 ±0.53) 

population. 

Recurrent selection, first at 27.2 g ha
-1

 then at an increased dose of 48 g ha
-1

 

(resulting population denoted n=200, d=27.2, 48), showed a similar response to 

n=200, d=27.2, 27.2. For n=200, d=27.2, 48 the LD50 (T=29.1, P<0.001) and ED50 

(T=3.21, P=0.001) were significantly greater than the original population, but did not 

represent significant increases beyond n=200, d=27.2 (LD50 :T=0.85, P=0.40; ED50 : 

T=0.34, P=0.73). 
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Figure 3.4 Fenoxaprop-P-ethyl a) mortality and b) fresh-weight dose-response curves 

for A. myosuroides populations following selection for a single generation and 

recurrent selection for two generations at 27.2 g ha
-1

 fenoxaprop-P-ethyl from 200 

individuals. Lines are predicted values of the dose-response models, symbols are 

mean values at each dose tested. 

 

Figure 3.5 Fenoxaprop-P-ethyl a) mortality and b) fresh-weight dose-response curves 

for A. myosuroides populations following selection for a single generation at 27.2 g 

ha
-1

 fenoxaprop-P-ethyl and selection for two generations at a dose of 27.2 followed 

by 48 g ha
-1

 fenoxaprop-P-ethyl. Lines are predicted values of the dose-response 

models, symbols are mean values at each dose tested. 
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3.3.4 Relaxation of fenoxaprop-P-ethyl selection 

Following selection at 27.2 g ha
-1

 by a generation without any selection (resulting 

population denoted n=200, d=27.2, 0) significantly decreased LD50 compared to 

n=200, d=27.2 (T=2.31, P=0.02). However, the LD50 for n=200, d=(27.2, 0) was still 

significantly greater than the original population (R:S = 2.04, T = 5.30, P < 0.001). 

For fresh weight responses, n=200, d=27.2, 0 showed significantly greater ED50 than 

the original population (T=4.77, P<0.001), but it did not significantly differ from 

n=200, d=27.2 (T=0.19, P=0.852). Fresh weight in the absence of herbicide was 

significantly greater for n=200, d=27.2, 0 than n=200, d=27.2 (T=2.57, P=0.01), and 

fresh weight in the absence of herbicide for n=200, d=27.2, 0 was not significantly 

less than the original population (T=1.89, P=0.06). 

 

Figure 3.6 Fenoxaprop-P-ethyl a) mortality and b) fresh-weight dose-response curves 

for A. myosuroides populations following selection for a single generation at 27.2 g 

ha
-1

 fenoxaprop-P-ethyl and a generation with no selection for herbicide resistance 

after selection at a dose of 27.2 g ha
-1

 fenoxaprop-P-ethyl. Lines are predicted values 

of the dose-response models, symbols are mean values at each dose tested. 
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3.3.5 Differences in plant weight following fenoxaprop-P-ethyl selection 

i) Reduction in biomass in the absence of herbicide 

In a number of the fresh weight dose responses fresh weight in the absence of 

herbicide was significantly reduced compared with the original population, as noted 

above. To explore this effect, the ‘fresh weight at dose 0’ parameter, d, was 

compared with the ED50, parameter e (fig. 3.7). A simple correlation test using 

Pearson’s product moment coefficient indicated a significant, strong negative 

correlation between fresh weight in the absence of herbicides and ED50 (Pearson’s r= 

-0.92, T=5.12, P<0.01), suggesting a potential trade-off between these two variables. 

However, this test did not incorporate the large error associated with the model 

parameters, and alternative experimentation and analysis would be required to test 

this relationship beyond the simple visualisation here. Fitness trade-offs are 

considered further in chapter 4. 

 

Figure 3.7 Relationship between fresh biomass of plants in the absence of herbicide 

and ED50 parameter for dose-response curve. Datapoints represent separate 
populations (including original population and all lines after a single generation of 

selection), error bars are standard error of parameter estimates. 
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ii) Frequency distributions of individual plant weights 

Difference in individual plant responses to a single herbicide dose may provide 

further insight into the selection dynamics not revealed by dose-responses. For 

example, as noted in section 3.3.3 above, recurrent selection at d=27.2 appears to 

have increased plant tolerance to lower herbicide doses, but not significantly 

increased the overall ED50 of the dose-response. To explore these effects, a 

frequency distribution was constructed to compare individual plant weights for the 

original population, n=200, d=27.2; and n=200, d=27.2, 27.2 following application 

of 13.6 g ha
-1

 fenoxaprop-P-ethyl (fig. 3.8). At 13.6 g ha
-1

 most plants from the 

original population show very low biomass, weighing between 0 and 0.5g (indicating 

no growth following herbicide application), with a small proportion of individuals of 

greater biomass. In the n=200, d=27.2 population, the frequency distribution is 

shifted towards greater weights, with the majority of plants now heavier than 0.5g 

following herbicide application, indicating an increased ability to grow after 

receiving this dose. For the population n=200, d=27.2, 27.2, the modal weight 

category is now 1 to 1.5g, a further increase in growth following herbicide 

application. This change in distribution as a result of selection can be considered as 

an alternative model for the underlying trait distribution in figure 3.1. Rather than 

phenotypic resistance showing variation in maximum survivable herbicide trait, the 

variation may be considered as a range of phenotypic responses to a single herbicide 

dose. Applying herbicide therefore selects within this pre-existing variation to shift 

the trait distribution towards increased biomass (and inferred fitness) at this dose. 

Potential implications of these dynamics are considered in the discussion. This study 

was designed to maximise the range of doses tested, to give accurate dose-responses 

using the resources and time available. Consequently, the data at each individual 

dose are insufficient to employ a distribution modelling approach, but the dynamics 

apparent in figure 3.8 suggest the potential for further work exploring individual 

plant fitness following herbicide application. 
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Figure 3.8 Frequency histogram showing the distribution of individual plant weights 

21 days after application of 13.6 g ha
-1

 fenoxaprop-P-ethyl for the original 

population, the line selected from 200 individuals at 27.2 g ha
-1

 and the line selected 

a second time under these conditions. 

 

3.4 Discussion 

3.4.1 Selection within pre-existing variation in low dose herbicide 

susceptibility can result in increased resistance 

Continuous variation in response to low doses of the herbicide fenoxaprop-P-ethyl 

for a susceptible black-grass population was shown in chapter 2, and is confirmed 

here in repeated dose-responses (fig. 3.3). In this chapter it is clearly demonstrated 

that this variation is heritable, and selection within this pre-existing range of 

variation has significantly increased resistance (fig. 3.4, tables 3.2 and 3.3). Several 

studies have found similar effects in Lolium rigidum (described in the introduction), 

but this is the first study to demonstrate these effects in A. myosuroides, despite its 

importance as an agricultural pest prone to evolving herbicide resistance. This result 

also highlights weedy plants as an important example of rapid evolutionary 
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responses to anthropogenic environmental change (Carroll et al., 2011; Vigueira et 

al., 2013). 

This selection experiment was performed in controlled glasshouse conditions, but the 

dynamics tested here may also arise in the field. Although the herbicide doses used 

for selection in this experiment were below recommended rates, it has been 

suggested that sub-optimal herbicide doses may be received by plants in field 

conditions as a result of shading by other plants (including the crop), differences in 

weed germination timing, or mechanical or environmental factors affecting herbicide 

application (Manalil et al., 2011). Agricultural fields may contain tens of thousands 

of individual weeds (Cousens and Mortimer, 1995), and so even a small proportion 

of plants receiving sub-optimal herbicide doses will result in numbers of individuals 

exposed to selection similar to this study. Selected plants were bulk-crossed at high 

densities, among plants of the same-age, ensuring outcrossing among selected plants. 

In the field, susceptible plants may also be present if they escape any herbicide 

exposure (through the effects described above), and can then outcross with the 

selected plants and reduce the frequency of resistance conferring alleles (Gressel, 

2009). However, if there are spatial differences in weed genotypes and/or 

consistency of herbicide application, there may be aggregation of resistance genes in 

smaller patches within a field (Renton, 2013), potentially reflecting the bulk-crossing 

conditions within this experiment. 

3.4.2 Impact of herbicide dose and population size in a single generation 

of selection for herbicide resistance 

Within only 200 A. mysuroides individuals sufficient heritable variation in herbicide 

response was present to select for resistance as typical quantitative trait, with a 

higher dose establishing a larger selection differential and resulting in a greater 

increase in resistance. This pronounced quantitative increase in survival was not 

observed for selection from 100 individuals, possibly suggesting that within the 

smaller population size there was insufficient genetic variation, which limited the 

selective response (Willi et al., 2006). Selection from 600 individuals also increased 

resistance, as might be expected, but did not show further increases beyond those 

observed for 200 individuals. This may indicate that the larger population 

subsamples of 600 individuals did not significantly increase the amount of additive 
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genetic variation able to recombine and increase resistance (following a single 

generation of selection) compared to 200 individuals. Despite expecting greater 

genetic variation available for selection in larger population sizes, selection at a dose 

of 27.2 g ha
-1

 fenoxaprop-P-ethyl resulted in a greater increase in LD50 when 

selected from 200 individuals than 600 individuals. It may be that in the 600 

individual selection line alternative dose-specific fitness mechanisms were selected 

for that do not contribute to resistance across a range of doses, as measured by LD50 

(discussed further in section 3.4.3 below). 

The responses to selection observed in this study also incorporate a number of 

important stochastic elements. The populations exposed to selection each represent a 

random sample of the total diversity of the initial susceptible population. Within the 

bulk-crosses, individual parent combinations may then have important consequences 

on the resistance profile of their progeny. Although similar dynamics may also occur 

in the field (for example, through unpredictable variation in herbicide application or 

pollen movement), an expanded study would be required to fully describe selection 

for resistance and the effects of population size and selection intensity within a 

standard quantitative genetic framework. 

3.4.3 Recurrent selection 

Genetic variation, and subsequently the potential selection differential and 

heritability, may be expected to decline when a trait is under selection as the pre-

existing diversity is exhausted and optimum alleles reach fixation, unless mutation 

continues to generate further variation (Barton and Keightley, 2002; Hill, 2010). 

There is ongoing debate regarding the potential limits to directional selection in real 

populations (Kingsolver and Diamond, 2011), and studies have shown large, long-

term responses to directional selection (Moose et al., 2004). In this experiment, 

recurrent selection did not further significantly increase resistance, and it may be that 

after a single generation of selection genetic variation has declined such that further 

quantitative increases in resistance are not possible. Comparison with L. rigidum 

studies suggest the limits of heritability may depend upon the specific herbicide 

used, with glyphosate showing negligible increases by the third or fourth generation 

of selection (Busi and Powles, 2009), but significant increases still occurring at the 

third generation of diclofop-methyl selection (Neve and Powles, 2005b). Given the 
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uncertainty in ED50 and LD50 values here, it may be that selection is still driving an 

increased resistance profile, but cannot be detected yet at these levels of replication. 

Further selection with these experimental populations suggests remaining potential 

for increased resistance (Neve and Lynch, data not shown). 

Recurrent selection may also have selected for increased plant fitness following 

application of the specific herbicide dose received, rather than increasing survival at 

higher doses (figure 3.8). If there is dose-specific resistance, as has been 

demonstrated in C. reinhardtii (Lagator, 2012), there may be an optimum dose at 

which an individual plant is of maximum relative fitness. Expanding the conceptual 

model described in the introduction, the selection differential will incorporate 

differences in relative fitness between individuals within the selective environment 

(Kingsolver and Pfennig, 2007), and so will select for maximum fitness at the 

applied dose, irrespective of fitness at higher doses (until the population is exposed 

to them). These dynamics may not be detected by dose-response analyses. Despite 

previous work exploring the difference between low-dose specific ‘tolerance’ 

compared to ’resistance’ which operates at all doses, these processes are rarely 

considered in an eco-evolutionary context (Baucom, 2009). More broadly, plant 

fitness is rarely considered following herbicide application beyond survival or 

weight (Neve et al., 2014). Analyses comparing individual plants fitness across their 

full life-cycle following herbicide application may provide a framework to study 

these effects in the future. 

3.4.4 Mechanistic basis for observed effects 

While a single gene, target-site resistance mechanism could also be responsible for 

selection for increased resistance, there was no evidence to suggest this. Rare target-

site mutations would not be expected to occur within the numbers of plants selected 

from in this experiment (discussed in chapter 2). Should any major effect single gene 

resistance mechanisms have existed then some survival at high doses might have 

been expected (not observed in fig. 3.3), Finally, any single gene resistance 

mechanisms would be expected to have been very rapidly selected, resulting in 

uniform resistance profiles among all individuals following selection, but this was 

not observed in any experimental line. Instead, the results support a quantitative 

genetic model of a large number of genes of individually small contribution to 
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herbicide resistance. The exact nature of many non-target-site resistance mechanisms 

is as yet unknown, but they are an active area of research (Gaines et al., 2014). The 

statistically-based quantitative genetic models as described here remain useful 

however, as genomic approaches have confirmed the assumptions behind these 

models in several systems, and fully identifying the many genes responsible for 

quantitative traits is likely to remain a significant challenge (Hill, 2012). Further 

experimentation is required to establish whether quantitative increases in resistance 

can be explained by a simple additive model, or if there are potentially more 

complex synergistic effects between the genes involved. 

An alternative possibility for the increase in resistance observed is a resistance 

mechanism with epigenetic inheritance. The potential for environment to directly 

change an organism’s gene expression and cause heritable changes has not 

previously been considered in herbicide resistance, but is potentially very important 

(Neve et al., 2014). The principle of selecting for resistance from a pre-existing 

phenotypic trait distribution fundamentally remains, but whether this initial variation 

results from mechanisms inherited epigenetically or according to a standard genetic 

model will have important impacts on the heritability and ultimate evolution of the 

trait (Jablonka and Raz, 2009). Quantitative resistance may even prove to be a 

combination of epigenetic and ‘standard’ genetic mechanisms, with complex 

implications for selection. 
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4. Seed production in response to competition for Alopecurus 

myosuroides selected for resistance to fenoxaprop-P-ethyl 

4.1 Introduction 

4.1.1 Fitness costs and competition 

Adaptation to a novel stress, such as resistance to a xenobiotic, is often expected to 

confer a cost in the absence of this stress (Purrington and Bergelson, 1996; Vila-

Aiub et al., 2011). Quantifying the cost of resistance is essential to predict the eco-

evolutionary dynamics of resistance, from the initial frequencies of resistant plants in 

a naïve population to its spread among a population during selection, and to what 

extent a resistant population will impact on crop yields. Fitness costs associated with 

herbicide resistance will also result in selection against resistance in the absence of 

herbicide, and may subsequently present opportunities for controlling resistance in 

weed management. 

Herbicide resistance mechanisms, by definition, result in plant phenotypes with 

increased fitness in the presence of herbicide. The resistance mechanism may also, 

however, have effects on further phenotypic traits, and potentially overall fitness. A 

single allele having effects on multiple, seemingly unrelated phenotypic traits is 

defined as pleiotropy (Stearns, 2010). Pleiotropic costs associated with resistance 

might be expected for several reasons (Purrington, 2000). If the mutation or 

mutations that confer resistance compromise normal enzyme function, by impeding 

substrate binding or altering enzyme kinetics, a fitness cost will arise. For example, a 

mutation replacing proline 197 with arginine providing target-site resistance (TSR) 

in the enzyme acetolactate synthase (ALS) also reduced binding of the normal 

substrate and increased feedback inhibition (Yu et al., 2010). In non-target-site-

resistance (NTSR) the same effects may occur, but fitness-costs arising from altered 

enzyme kinetics of non-target-site resistant isoforms have not yet been demonstrated. 

A second category of fitness costs can arise due to a trade-off in resource allocation 

(Vila-Aiub et al., 2009a). A resistant plant may need to expend energy and resources 

on its resistance mechanisms that would normally go towards growth and 

reproduction (Purrington and Bergelson, 1996). It has been suggested that such a 

fitness cost may be expected for glyphosate resistant Amaranthus palmeri, where 
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resistance is conferred by gene amplification of the herbicide target, 5-

enolpyruvylshikimate-3-phosphate synthase (EPSPS) (Gaines et al., 2010). There is 

currently mixed evidence for this, with Amaranthus palmeri displaying no fitness 

costs with up to 75 fold (Vila-Aiub et al., 2014) or 100 fold (Giacomini et al., 2013) 

amplification of EPSPS; but evidence that EPSPS scopy number does confer a 

negative fitness trade-off in Amaranthus tuberculatus (H. Cockerton, PhD thesis). 

Fitness costs may also result from changes to life history characters. For example, 

resistance may be associated with altered germination timing (Délye et al., 2013c). 

In the absence of herbicide application this delayed germination may result in plants 

facing stronger competition with earlier established crops or susceptible plants which 

emerged earlier, as well as potentially reduced growing periods (Purrington, 2000). 

Finally, fitness costs may arise from altered ecological interactions. If resistance 

leads to an increased susceptibility to pests or diseases, or plants becoming less 

attractive to pollinators then fitness will be compromised (Purrington, 2000). The 

large range of potential effects can make specific ecological costs difficult to study, 

but have been demonstrated in Amaranthus hybridus, where triazine resistant plants 

were more susceptible to herbivory (Gassmann, 2005). 

The expression and extent of fitness costs will depend upon genotype-environment 

interactions (Raymond et al., 2007). There is mixed evidence for the impact of 

resource limitation in modifying fitness costs (Purrington, 2000). Resource limitation 

may also enhance competition between genotypes, and magnify fitness costs, 

through the differential ability of resistant and susceptible plants to compete for 

resources. Such changes in fitness costs under different forms of competition have 

been suggested as a means of limiting the spread of genetically modified crops. An 

example of this is a transgenic herbicide resistant dwarf tobacco designed to have 

greater fecundity than wild type when planted in monoculture, but growing very 

poorly when in competition against wild type tobacco (Al-Ahmad et al., 2005). For 

weed populations it is also important to measure interspecific competition between 

weed and crop, as this reflects the conditions experienced by the weed in the field. 

For example, cytochrome P450 resistant Lolium rigidum exhibited reduced 

competitive ability growing with wheat compared to the susceptible biotype (Vila-

Aiub et al., 2009b). 
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Many studies have sought to quantify fitness costs (reviewed in Vila-Aiub et al., 

2009a), highlighting a large range of possible outcomes, dependent upon the specific 

resistance mechanism. While many cases of herbicide resistance do carry a fitness 

costs (62% of studies reviewed in (Purrington and Bergelson, 1996), some appear to 

confer no costs (Menchari et al., 2008) and one case has reported a fitness benefit of 

resistance even in the absence of herbicide application (Wang et al., 2010). 

Focussing on target-site based ACCase resistance in Alopecurus myosuroides, the 

fitness costs appear to depend upon the resistance conferring mutations. Two target-

site mutations (I1781L and I2041N) incurred no fitness costs, while a D2078G 

mutation in the same gene resulted in reduced biomass, height and seed production 

(Menchari et al., 2008). Germination dynamics have also been shown to be affected, 

with plants carrying the I2041N mutation showing faster germination, and plants 

with I1781L delayed germination (Délye et al., 2013c). Many of the mechanisms of 

non-target-site resistance in A. myosuroides are still being resolved, and NTSR 

fitness studies in the species have not previously been performed. However, Lolium 

rigidum plants with ACCase resistance conferred by cytochrome P450s, a large 

protein family implicated in NTSR (Yuan et al., 2007; Délye, 2013) have been 

shown to have reduced growth compared to susceptible plants (Vila-Aiub et al., 

2005, 2009b). 

4.1.2 Impacts of fitness costs 

Much of the initial work addressing resistance fitness costs sought to explain the 

presence of polymorphisms in resistance traits (Purrington, 2000). An evolutionary 

equilibrium can be reached maintaining both resistant and susceptible alleles 

according to the relative strengths of selection for or against resistance alleles in the 

presence and absence of herbicides (Antonovics and Thrall, 1994; Coustau et al., 

2000). Alternatively, if the selection is strong enough that resistant alleles become 

fixed in a population, the balance of fitness trade-offs may determine the rate at 

which fixation occurs. Field populations of A. myosuroides with ACCase resistance 

have been shown tocontain both resistant and susceptible individuals (Délye et al., 

2010b), indicating that there is an evolutionary equilibrium which maintains a 

proportion of susceptible plants, or that resistance has not yet reached fixation. 

Resistance-conferring mutations will be expected to arise even before selection is 
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imposed, and their persistence in a population will be governed by the strength of 

any trade-offs they impose, given the lack of selection. 

An understanding of how fitness costs can impact the evolutionary and ecological 

dynamics of weed populations may be used to manage agricultural systems in order 

to delay resistance and minimise impacts on crop yield. In multiple resistant Lolium 

rigidum burying seeds below 8cm was shown to reduce the emergence of target-site 

ACCase resistant plants compared to the susceptible phenotype (Vila-Aiub et al., 

2005), so a ploughing strategy to ensure deep burial could be used to minimise the 

emergence of resistant plants. Different competitive ability between resistant and 

susceptible plants could be employed to develop strategies which maintain 

conditions in which susceptible plants can still compete sufficiently to grow and 

reproduce, and thus limit the spread of resistance (Gressel, 2009). Alternatively, 

rotating between different herbicides might delay the evolution of resistance if 

fitness costs associated with resistance to individual herbicides are large enough to 

select against specific resistance mutations when exposed to alternative herbicides 

(discussed in chapters 1 and 5). Simulation models have demonstrated that the 

optimum strategy to delay resistance depends on the genetic determination of 

resistance, fitness costs, and life-history traits of the weed in question (Roux et al., 

2008). The relative ability of resistant or susceptible weeds to impact the crop may 

also determine optimum management in order to accurately anticipate the economic 

impacts as resistance spreads throughout a weed population. 

4.1.3 Measurement of fitness and competitive ability 

There are many potential measures that can be used to define fitness, but ultimately 

they must reflect the ability of an organism to survive at all stages of the life-cycle 

and successfully reproduce (Orr, 2009). Reproductive output is a commonly used 

and useful measure of fitness in plants, as it is a result of all stages of the life-cycle 

up to reproductive maturity and gives a comparison in reproductive output between 

individuals. However, it must be acknowledged that seed output alone can omit 

important features, such as dispersal, germination, and longevity of the seeds, and 

unless carefully controlled will only reliably estimate maternal impacts in 

outcrossing species, thus omitting potential fitness costs in pollen production and 

viability (Vila-Aiub et al., 2009a). 
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When appropriate life history traits for fitness determination are established, there 

are then several ways of testing its response to competition (Park et al., 2003). The 

simplest scenario is intraspecific competition, establishing how the response being 

measured varies per plant at increasing densities of the same plant or the same 

phenotype (Watkinson, 1980). To test interspecific competition between two groups 

there are three major categories of experimental design: replacement series, in which 

plants are grown at a fixed density but with different proportions of the two 

competitors; simple additive designs where competition is treated as a factor either 

present or absent; and fully additive designs where both the density and ratios of the 

two competitors are varied (Freckleton and Watkinson, 2000). A response surface 

design is the most rigorous form of fully additive competition experiment, and can 

give measures of competitive effects and plant responses across the range of 

densities tested (Cousens, 1991; Inouye, 2001). 

Attempts to measure fitness costs and competitive ability are frequently confounded 

by not controlling for the genetic background of plants in which the resistance genes 

are being studied. This makes it impossible to identify if fitness effects arise from 

costs associated with resistance alleles, or are due to differences at linked loci or 

population effects such as non-random mating and inbreeding depression (Vila-Aiub 

et al., 2011). Alternatively, resistance can be considered at a population level, with 

all differences between resistant and susceptible phenotypes being measured. While 

this population based approach cannot assign pleiotropic costs to individual 

resistance mechanisms, population-level effects which may reflect important field 

dynamics are incorporated. For example, selection for herbicide resistance may be 

associated with additional life-history changes not directly caused by the resistance 

mechanisms (Gundel et al., 2008; Owen et al., 2011). 

This study tests whether Alopecurus myosuroides in the early stages of selection for 

resistance to the ACCase herbicide fenoxaprop-P-ethyl expresses a fitness cost in the 

absence of herbicide compared to the susceptible population from which it was 

selected. The ‘resistant’ population is composed of the progeny of a bulk cross 

following selection for herbicide resistance. As such, it cannot be used to identify 

costs of specific resistance mechanisms, but emulates the population level dynamics 

under which herbicide resistance might arise. This study aims to measure the relative 

competitive ability of the resistant and susceptible phenotypes as measured in 
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competition with (i) each other and (ii) against wheat (Tritium aestivum). In 

competing against wheat, this study also tests (iii) whether resistant and susceptible 

plants have different impacts on the growth of wheat. 

4.2 Materials and methods 

4.2.1 Plant material 

The A. myosuroides population ‘Oxon’ (see chapter 2), obtained from Herbiseed 

(www.herbiseed.com) was the susceptible population (S) for this experiment. The 

‘resistant’ population (R) is derived from Oxon following two generations of 

selection for survival at 27.2 g ha
-1

 fenoxaprop-P-ethyl (see chapter 3). 

4.2.2 Experimental design 

A response surface design was employed to measure intra- and interspecific 

competition between the A. myosuroides R and S populations and wheat at multiple 

densities (fig. 4.1). Plants were grown in 15cm diameter pots at 4 different densities, 

3, 13, 19 and 37 plants per pot (121, 522, 764 and 1487 plants per m
2
 respectively), 

arranged so that all plants were equally spaced (fig. 4.2). Intra-population 

competition was measured by growing plants in monoculture at all densities. Inter-

population and -specific competition was measured by growing pairwise 

combinations (S vs R A. myosuroides, S A. myosuroides vs. wheat and R A. 

myosuroides vs. wheat) in 1:1, 1:2 and 1:3 ratios of the two competing groups across 

3, 19 and 37 per plant per pot densities, arranged so that each individual plant had 

the same number of neighbours of each population/species (illustrated in table 4.1). 

Not all density/ratio combinations were included (see fig. 1, and table 4.1). For every 

inter-population and interspecific competition treatment there were 6 replicate pots. 

For every monoculture treatment there were 9 replicate pots. This resulted in 324 

pots overall. 

4.2.3 Plant growth conditions 

After a dormancy breaking treatment of 3 weeks in the dark at 35°C in dry 

conditions, A. myosuroides seeds of both phenotypes were germinated in petri dishes 

containing filter paper and 3ml distilled water, maintained in an incubator set to daily 

photoperiod of 12 hours light at 23°C and 12 hours dark at 9°C. A. myosuroides 
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seedlings of similar size (shoots approx. 3cm) were then transplanted to 15cm 

diameter pots containing a mixture of 50% ‘J Arthur Bowers Top-Soil’, 25% 

‘Levington M2 compost’ and 25% sand in October 2012. Wheat seeds (commercial 

var. KWS Sterling pre-treated with the fungicide prothioconazole) were sown 

directly at the recommended depth of 4cm (HGCA, 2008). Any A. myosuroides 

plants that did not survive transplanting (recorded two weeks after initial transplant 

date) were replaced. Plant mortality after this time was attributed to competition. 

Pots were arranged in 3 blocks each containing 2 replicates of all interspecific 

competition combinations and 3 replicates of monoculture pots of each plant group 

at each density. Within blocks pot layout was completely randomised. Pots were 

maintained in a polythene tunnel approximately 1°C above ambient air temperature. 

Pots were watered as required. In March 2013 all pots received a fertiliser surface 

dressing of ammonium nitrate providing the equivalent of 60kg N ha
-1

. Pots received 

fungicide and insecticide treatments as required. The experiment was harvested in 

August 2013 when wheat had reached maturity. 

 

Figure 4.1 Experimental density and competition ratios covered for all pairwise 

competition combinations. Dashed lines indicate pots with the same total number of 

plants, intersected by dotted lines showing the ratio of the two competing groups. 

Solid circles represent experimental treatments included in the design. 
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Figure 4.2 Arrangement of plants in 15cm pots at 4 different densities ensuring equal 

spacing between plants. Plants outside the inner grey ring were not measured. 

 

Table 4.1 Pot layouts of densities and competition ratios tested in semi-factorial 

response surface design. Different plant populations/species (resistant or susceptible 

A. myosuroides and wheat) tested in pairwise competition; one group is illustrated in 

blue, the other in red. Plants outside the inner grey ring were not measured. Inter-

population –specific competition was not measured at a density of 13 plants per pot 

as too few plants would be exposed to the correct ratio of neighbours in each 

replicate pot. 

 Ratio of competing groups 

Plants per pot 1:1 1:2 (+2:1) 1:3 (+3:1) 

3 

 

 

 

13 No interspecific competition measured 

19 

   

37 
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4.2.4 A. myosuroides flower head length to seed output relationship 

When the majority of A. myosuroides plants had reached reproductive maturity a 

sample of 156 flower heads were selected to estimate a flower head length to seed 

number relationship. As A. myosuroides flower heads shed their seeds at maturity 

(occurring prior to wheat maturity, and hence before harvesting) this relationship 

was required to derive seed counts from the large numbers of plants measured in the 

experiment. Monoculture pots were stratified to give equal sample sizes of R and S. 

Within each R/S strata flower heads were than randomly selected from all densities 

and across all 3 replicate blocks. After anthesis but before seeds reached complete 

maturity flower heads were isolated in clear plastic bags to collect seeds during 

shedding. Bags contained small holes to allow for transpiration and pollen 

movement. At the end of the experiment seed production from each flower head was 

counted and head length measured from the point of first spikelet attachment to the 

tip. The relationship between seed number and flower head length was modelled by a 

power function (equation 4.1) using non-linear least squares regression in R (R 

Development Core Team, 2013). 

𝑆𝑒𝑒𝑑 𝑛𝑢𝑚𝑏𝑒𝑟 = 𝑎 ∗ 𝑓𝑙𝑜𝑤𝑒𝑟 ℎ𝑒𝑎𝑑 𝑙𝑒𝑛𝑔𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ𝑏 (Eqn. 4.1) 

Separate models were fitted for R plants only, S plants only and both populations 

together. Differences in model fit between the combined model and the two 

individual models were compared in R using ANOVA (R Development Core Team, 

2013). 

4.2.5 Competitive responses 

i) A. myosuroides 

To quantify A. myosuroides fitness, seed production at the end of the experimental 

growing period was used as a measure of fecundity. At the point of wheat harvesting, 

flower head lengths were measured for every A. myosuroides plant. Seed production 

for each A. myosuroides head was then estimated from flower head length using the 

relationship described in section 4.2.4 above. If an individual plant had more than 

four heads (only common in those grown at the 3 plant per pot density) a random 

sample of four was measured, to ensure all plants were recorded without delaying 

wheat harvesting. Seed production for the remaining heads on these plants was 
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estimated using the mean flower head length for that plant. An estimate of seed 

output per plant was then obtained by summing seed number per head. This process 

was repeated for every plant in a pot, giving a mean seed output per plant for every 

pot. Mean pot values were used for analysis rather than individual plants to avoid 

pseudo-replication. 

ii) Wheat 

Grain yield was the response measured for wheat in this experiment. Wheat spikes 

were cut from the stem at the base of the lowest spikelet and weighed individually. 

Plants in the same pot were measured individually but whole pot means were used 

for analysis to avoid pseudo-replication, as described for A. myosuroides. 

4.2.6 Response surface analysis 

Response surface models were fitted to describe how mean per plant responses 

change with sowing density, and the impacts of competition on this response 

between all pairwise combinations. For A. myosuroides, mean seed output per plant 

was fitted in the competition model shown below: 

log(𝑦𝑖) = log (
𝐴

1+𝐵𝑖(𝑁𝑖+𝐶𝑖𝑗𝑁𝑗)
) + 𝜀 (Eqn. 4.2) 

where y is the response measured (here mean seed output estimate per plant) for 

group i, A the value of this response at 0 density, Bi the intraspecific competition 

response of group i, and Cij is the competition substitution rate for competing group j 

compared to group i. If C is equal to 1, then plants of group j have the same 

competitive effect on the response of group i plants as plants of group i. If C is 

greater than 1 group j plants have an enhanced competitive impact relative to group 

I, and vice versa if C is less than one. Ni and Nj are the densities of the two groups i 

and j. Parameter estimates were compared using Z-tests. 

The same model (equation 4.2) was used for wheat, with mean total spike weight per 

plant used as the response. 
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4.2.7 Replacement series analysis 

To consider responses as per unit area measures and compare across the fixed pot 

densities replacement series analyses were also performed for each pairwise 

competition combination described above. These were modelled after (De Wit, 

1960), described by the function: 

𝑌𝑖𝑗 = 𝑌𝑖𝑖 ∙
𝑘𝑖𝑗∙𝑟𝑖𝑗

(1−𝑟𝑖𝑗)+𝑘𝑖𝑗∙𝑟𝑖𝑗
 (Eqn. 4.3) 

Where 𝑌𝑖𝑗 is the yield response per unit area of group i grown with group j across a 

range of densities 𝑟𝑖𝑗 of group i relative to group j for a given overall sowing density 

(when 𝑟𝑖𝑗 is 1 then there is only group i and when 𝑟𝑖𝑗 is 0 there is only group j and 

hence the group i response must be 0). 𝑌𝑖𝑖 is the yield response per unit area of group 

i at 𝑟𝑖𝑗 = 1. The parameter 𝑘𝑖𝑗 is a crowding constant describing the competitive 

effect across the replacement series. A 𝑘𝑖𝑗 value equal to 1 suggests equal 

competitiveness, as the yield response is directly proportional to sowing frequency. 

A 𝑘𝑖𝑗 value greater than 1 suggests a competitive dominance of group i over group j, 

as replacing group i plants with group j plants results in less of a decline in yield than 

would be expected from the reduced number of group i plants per unit area. The 

opposite is true for 𝑘𝑖𝑗 values lower than 1. For A. myosuroides the yield response 

was mean seed output per square metre, and for wheat grain yield per square metre. 

For both measures data were individual pot totals converted to per square metre. 

Parameter estimates were compared using Z-tests. 
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4.3 Results 

4.3.1 A. myosuroides flower head length to seed output relationship 

The power function (equation 4.1) describing seeds per head according to flower 

head length (in cm) gave parameters a = 8.2293 (±1.7815) and b = 1.3118 (±0.0955), 

is shown in equation 4.4, illustrated in figure 4.3. 

𝑆𝑒𝑒𝑑𝑠 𝑝𝑒𝑟 ℎ𝑒𝑎𝑑 = 8.2993 ∗  𝑓𝑙𝑜𝑤𝑒𝑟 ℎ𝑒𝑎𝑑 𝑙𝑒𝑛𝑔𝑡ℎ1.3118 (Eqn. 4.4) 

The relationship between seed number and flower head length was also fitted 

separately for resistant and susceptible plants, but model fits were not significant 

improvements over the combined model. 

 

 

Figure 4.3 Relationship between number of seeds per head and flower head length 

(cm). Curve represents fitted values for the power function model (eqn. 4.3).  
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4.3.2 Competition between susceptible and resistant A. myosuroides 

i) Response Surface 

Estimated seed output for both R and S plants was highly variable at low effective 

densities (𝑁𝑖 + 𝐶𝑖𝑗𝑁𝑗), resulting in poor model fit and high uncertainty in the A and B 

parameters (fig 4.4, table 4.2). There were no significant differences in the 

parameters for response at 0 density, A (Z = 0.521, P = 0.603), or competition 

response rate, B (Z = 0.555, P = 0.579). The trend in the competition substitution 

rate, C, suggested that susceptible plants were superior competitors to the resistant 

population (C < 1 for the effect of R on S, and C > 1 for the effect of S on R), but 

neither parameter significantly differed from C=1, the value representing equal 

competitive ability of the two groups (for R affecting S, Z = -0.055, P = 0.9558; for 

S affecting R, Z = 0.970, P = 0.332). 

 

 

Figure 4.4 Estimated seed output per plant plotted against effective density (𝑁𝑖 +
𝐶𝑖𝑗𝑁𝑗) for susceptible (hollow circles and dashed line) and fenoxaprop-P-ethyl 

resistant (solid cirles and line) A. myosuroides during inter-population competition. 

Curves represent fitted values for the competition model (eqn 4.2). 
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Table 4.2 Summary of regression describing mean seed count (plant
-1

) as a function 

of plant density for two A. myosuroides populations (fenoxaprop-P-ethyl susceptible 

and resistant) in competition with each other. A parameter: seed count at density 0, B 

parameter: competition response rate, C parameter: competition substitution rate. 

Population(i) Competing 

with(j) 

A Bi Cij 

Susceptible Resistant 8625 (±13080) 0.063 (±0.10) 0.99 (±0.03) 

Resistant Susceptible 1206 (±5653) 0.007 (±0.005) 1.62 (±0.64) 

 

ii) Replacement Series 

As noted for the response surface results, maximum seed output estimates did not 

differ between phenotypes, and showed a large degree of variability (fig. 4.5, table 

4.3). At 121 and 764 plants per m
-2

 the crowding constant parameter 𝑘𝑖𝑗 did not 

significantly differ from 1, indicating no difference in competitiveness between the 

two phenotypes (fig. 4.5 a and b). At total densities of 1487 plants per m
-2

 however, 

susceptible plants were shown to be significantly more competitive than resistant 

plants in determining resistant seed output (fig 4.5c), with a 𝑘𝑖𝑗 parameter of 0.497, 

significantly less than 1 (Z=3.59, P<0.001). This effect was not reflected in an 

increased competitive ability of susceptible plants to produce more seed when in 

competition with resistant plants however, where the 𝑘𝑖𝑗 parameter did not 

significantly differ from 1 (Z=1.53, P=0.13).  

Table 4.3 Parameter estimates for inter-population A. myosuroides replacement 

series describing mean seed count (seeds m
-1

) as a function of proportion of plant 

density for two A. myosuroides populations (fenoxaprop-P-ethyl susceptible and 

resistant) in competition with each other. Yii parameter: seed count (seeds m
-2

) when 

only population i sown, kij parameter: crowding constant describing effect of 

competition, at kij=1 populations are of equal competitiveness. 

Population (i) Competing with (j) 
Density 

(plants m
-2

) 
𝑌𝑖𝑖 𝑘𝑖𝑗 

Susceptible Resistant 

121 128300 ±12900 1.515 ±0.767 

764 227400 ±17460 1.171 ±0.321 

1487 175000 ±27030 0.937 ±0.609 

Resistant Susceptible 

121 125600 ±10600 1.018 ±0.392 

764 181800 ±17840 1.371 ±0.511 

1487 192000 ±13270 0.497 ±0.140 
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Figure 4.5 Seed estimates (metre
-2

) for susceptible (hollow circles, dashed line) and 

resistant (solid circles, solid line) A. myosuroides in replacement series in 

competition with each other at 3 different total sowing densities. Datapoints 

represent individual pot values. Curves represent fitted values for the replacement 

series models. 
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4.3.3 Susceptible and resistant A. myosuroides in competition with wheat 

i) Response surface 

A. myosuroides seed production 

As in intraspecific competition between the two A. myosuroides populations, 

responses were highly variable (fig. 4.6, table 4.4). There was no significant 

difference in maximum seed output (A parameter Z = 0.805, P = 0.421) or 

competition response rate parameter B (Z = 0.799, P = 0.424) between resistant and 

susceptible populations when competing with wheat. The susceptible group was 

more competitive than wheat, with a C value of 0.4, significantly less than 1 (Z = -

5.15, P < 0.001). There was not a significant difference in competitiveness between 

the resistant population and wheat (C=1.11, Z = 0.271, P = 0.787). 

Wheat yield 

The same wheat phenotype was tested against both A. myosuroides population, so 

the A and B parameters, which do not measure the effects of inter-specific 

competition, do not differ. There was a trend for both A. myosuroides phenotypes to 

outcompete wheat, and susceptible A. myosuroides more competitive than resistant 

A. myosuroides, but neither were significantly different from 1, indicating no 

significant difference in competitiveness between either A. myosuroides population 

and wheat in determining wheat panicle weight (fig. 4.7, S A. myosuroides: Z = 1.86, 

P = 0.064; R A. myosuroides: Z = 1.23, P = 0.218). 
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Figure 4.6 Estimated seed output per plant plotted against effective density (𝑁𝑖 +
𝐶𝑖𝑗𝑁𝑗) for susceptible (clear circles and dashed line) and fenoxaprop-P-ethyl resistant 

(solid cirles and line) A. myosuroides in competition against wheat. Curves represent 

fitted values for the competition model (eqn 4.2). 

 

Table 4.4 Summary of regression describing mean seed count (plant
-1

) as a function 

of plant density for two A. myosuroides populations (fenoxaprop-P-ethyl susceptible 

and resistant) in competition with wheat. A parameter: response at 0 density, B 

parameter: competition response rate, C parameter: competition substitution rate. 

Population(i) Competing 

with(j) 

A Bi Cij 

Susceptible Wheat 5718 (±4112) 0.044 (±0.033) 0.40 (±0.12) 

Resistant Wheat 2255 (±1255) 0.016 (±0.010) 1.11 (±0.41) 
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Figure 4.7 Mean total panicle weight per plant plotted against effective density 

(𝑁𝑖 + 𝐶𝑖𝑗𝑁𝑗) for wheat in competition with susceptible (clear circles and dashed line) 

and fenoxaprop-P-ethyl resistant (solid cirles and line) A. myosuroides. Curves 

represent fitted values for the competition model (eqn 4.2). 

 

Table 4.5 Summary of regression describing mean total panicle weight (g plant
-1

) as 

a function of plant density for wheat in competition with two A. myosuroides 
populations (fenoxaprop-P-ethyl susceptible and resistant). A parameter: response at 

0 density, B parameter: competition response rate, C parameter: competition 

substitution rate. 

Population(i) Competing 

with(j) 

A Bi Cij 

Wheat Susceptible 9.59 (±2.54) 0.0089 (±0.003) 1.55 (±0.30) 

Wheat Resistant 10.64 (±2.83) 0.0093 (±0.003) 1.30 (±0.25) 
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ii) Replacement series 

A. myosuroides seed production 

The replacement series models describing the impact of wheat on A. myosuroides 

(table 4.6, fig. 4.8) show a trend for A. myosuroides to be more competitive than 

wheat, especially at the lowest total plant densities (fig. 4.8a), but due to the poor 

model fit for parameter 𝑘𝑖𝑗 did not differ from 1 for either A. myosuroides phenotype 

at any density. 

Wheat yield 

The replacement series models showing the impact of A. myosuroides on wheat are 

shown in figure 4.9 (parameter estimates table 4.6). At the lowest density of 121 

total plants m
-2

 there is clearly a greater competitive impact of the two A. 

myosuroides phenotypes on wheat compared to intraspecific wheat competition (fig. 

4.9a). The relationship was very similar for both A. myosuroides phenotypes, and the 

𝑘𝑖𝑗 parameter for both was significantly less than one (Susceptible: Z=8.63, P<0.001; 

Resistant: Z=6.36, P<0.001). At the intermediate density of 764 total plants m
-2

 there 

is a greater competitive impact of susceptible A. myosuroides (fig. 4.9b) with a 𝑘𝑖𝑗 

value of 0.58, significantly less than 1 (Z=3.82, P<0.001), while the 𝑘𝑖𝑗 value for 

resistant A. myosuroides did not differ from 1, but the difference between this 

parameter for the two phenotypes was not quite significant (Z=1.84, P=0.066). At 

the highest densities of 1487 total plants m
-2

 both susceptible and resistant A. 

myosuroides had a 𝑘𝑖𝑗 value lower than but not significantly different to 1, and did 

not differ from each other. 
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Table 4.6 Parameter estimates for replacement series of resistant and susceptible A. 

myosuroides phenotypes in competition with wheat. Yii parameter: seed count/wheat 

yield (seeds m
-2

 or wheat yield m
-2

 ) when only population i sown, kij parameter: 

crowding constant describing effect of competition, at kij=1 populations are of equal 

competitiveness. 

Biotype (i) Competing 

with (j) 

Density 

(plants m
-2

) 
𝑌𝑖𝑖 𝑘𝑖𝑗 

Susceptible Wheat 

121 119400 ±12530 2.34 ±1.39 

764 211900 ±24160 2.06 ±1.01 

1487 184500 ±22220 1.80 ±1.06 

Resistant Wheat 

121 126400 ±13370 2.53 ±1.70 

764 183400 ±20720 1.15 ±0.49 

1487 193300 ±15100 1.67 ±0.62 

Wheat Susceptible 

121 959 ±56.0 0.31 ±0.08 

764 1300 ±73.1 0.58 ±0.11 

1487 1160 ±92.6 0.67 ±0.23 

Wheat Resistant 

121 957 ±60.4 0.30 ±0.11 

764 1350 ±91.6 1.10 ±0.26 

1487 1180 ±70.3 0.75 ±0.18 
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Figure 4.8 Seed estimates (metre
-2

) for susceptible (hollow circles, dashed lines) and 

resistant (solid circles, solid line) A. myosuroides in replacement series in 

competition with wheat at 3 different total sowing densities. Datapoints represent 

individual pot values. Curves represent fitted values for the replacement series 

models. 
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Figure 4.9 Wheat grain yield (metre
-2

) replacement series in competition with 

susceptible (hollow circles, dashed lines) and resistant (solid circles, solid line) A. 

myosuroides at 3 different total sowing densities. Datapoints represent individual pot 

values. Curves represent fitted values for the replacement series models. 
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4.4 Discussion 

4.4.1 Fitness costs associated with selection for resistance 

The results of this study suggest that selection for fenoxaprop-P-ethyl resistance in 

A. myosuroides has not conferred a major reduction in growth or competitive ability. 

Herbicide selection has provided a clear fitness benefit in the presence of herbicide 

(chapter 3), but no strong costs in its absence, and so resistance could be expected to 

spread successfully at this stage of its evolution. The overall similarity between 

resistant and susceptible populations shown here presents no means of exploiting a 

fitness cost in order to limit resistance evolution, as proposed by Vila-Aiub et al. 

(2011). There was a significant competitive advantage for the susceptible population 

over resistant plants at very high weed densities, and it may be that a minor fitness 

cost conferred by resistance was only detectable where high competition resulted in 

resource limitation (Purrington, 2000). However, even if this advantage provided an 

opportunity for resistance management, the very large weed populations required are 

likely to be impractical and uneconomic as part of a weed management strategy 

(Diggle and Neve, 2001). Even if feasible within a weed management strategy, high 

weed densities are unlikely to occur in the early stages of selection for resistance 

tested here, as most individuals in the seed bank would still be susceptible and killed 

by normal herbicide rates. 

In general, there is mixed evidence regarding the extent of herbicide resistance 

associated fitness costs (Vila-Aiub et al., 2009a). The mechanisms providing 

increased resistance for this experimental population are unknown, but are expected 

to be forms of NTSR (chapter 3). Few studies have previously studied fitness costs 

as a result of NTSR, but cytochrome P450 enhanced metabolism resistance in 

Lolium rigidum has been demonstrated to negatively impact competitiveness (Vila-

Aiub et al., 2009b). The lack of evidence for a fitness trade-off may be a result of 

resistance selection being at an early stage. The cytochrome P450 example above, in 

common with most resistance cost studies, used plants derived from agricultural 

populations with high levels of resistance selected over many years. In contrast, the 

resistant population in this experiment is a result of only two generations of 

selection. As suggested in chapter 3, it is likely that further selection will continue to 

increase resistance, as demonstrated in L. rigidum (Neve and Powles, 2005b). Any 
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costs of resistance may build up quantitatively alongside with the resistance trait, and 

may only be evident after further selection and at greater levels of resistance. 

Alternatively, the early stages of selection for resistance as tested here may impose 

the greatest fitness costs, as there has been the least amount of time for selection to 

counter these costs. Costs could be reduced over time as compensatory mutations 

against costs inherent in the resistance mechanisms arise, as demonstrated in 

antimicrobial resistance (Schulz zur Wiesch et al., 2010); or as linkage disequilibria 

between the resistance mechanisms and other cost conferring genes are eventually 

lost. 

It should also be recognised that this study examines only a limited component of the 

A. myosuroides reproductive life history. The period of exposure to competition here 

began when pre-germinated A. myosuroides seeds were transplanted at the same 

growth stage. In practice, any costs in germination, emergence and early growth 

could drastically affect the relative fitness of resistant and susceptible phenotypes up 

to this point, as observed for cytochrome P450 based resistance in L. rigidum (Vila-

Aiub et al., 2005) and for some target-site ACCase mutations in A. myosuroides 

(Délye et al., 2013c). This experiment was only able to measure maternal fitness 

effects on seed output, as plants of each phenotype were not isolated to prevent 

pollen movement between them (Vila-Aiub et al., 2011). A paternal fitness cost of 

resistance may limit pollen production or viability, with the impact on the resistance 

population dynamics depending upon the population composition (i.e. whether there 

remain sufficient susceptible plants producing viable pollen) and mode of inheritance 

of resistance. Using seed output as the final fitness measure also assumes the 

viability of both resistant and susceptible produced seeds is equal. In an agricultural 

scenario all of these additional life history changes can have an impact (Colbach et 

al., 2007). 

4.4.2 Competition with wheat 

The study demonstrated that both resistant and susceptible A. myosuroides 

populations were highly competitive growing with wheat, and would be expected to 

greatly affect crop yields. A. myosuroides is recognised as being a highly competitive 

weed (Moss, 2013b), but the extremely strong impact on wheat growth observed 

here is perhaps surprising. A similar experiment with Lolium rigidum showed that 
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approximately 10 L. rigidum plants were required to reduce wheat yields by the same 

amount as another wheat plant (Pedersen et al., 2007), compared to a single A. 

myosuroides plant having this great an impact in this study. This may in part reflect 

an experimental bias in favour of A. myosuroides, as A. myosuroides was pre-

germinated to ensure an equal starting point for all individuals, while wheat was 

directly sown, emerging at least two weeks later. This highlights the agronomic 

importance of ensuring sufficient crop density before weeds are established (Olsen et 

al., 2006, 2012), including A. myosuroides (Lutman et al., 2013). 

4.4.3 A. myosuroides variability 

The A. myosuroides responses in this chapter showed very high levels of variability 

within treatments, resulting in uncertainty in the models and potentially masking 

differences between the resistant and susceptible populations. There were consistent 

trends that susceptible A. myosuroides was more competitive than the resistant 

population, but differences were mostly non-significant. Further experimentation 

may confirm these differences in competitiveness, but the high level of variation 

observed in A. myosuroides in this study would make the necessary levels of 

replication difficult to achieve within factorial competition experiments. Previous 

studies have also shown significant variation in A. myosuroides seed output (Lutman 

et al., 2013), driven largely by variability in the numbers of panicles per plant 

(Dalbiès-Dulout and Doré, 2001; Moss et al., 2010). Alternative measures such as 

above ground biomass are potentially more consistent (Pedersen et al., 2007), but 

quantification of seed production is ultimately required to predict whether resistance 

impacts the reproductive success of plants, and will spread and become problematic. 

A. myosuroides is genetically diverse within populations, and it has been suggested 

that the high phenotypic variation in traits such as tiller number is caused by 

underlying genetic variation (Chauvel and Gasquez, 1994), rather than highly plastic 

development. If this is the case, then high levels of standing variation might also be 

expected for other traits in the population tested, including herbicide response. As 

described in chapters 2.1 and 3.1, pre-existing variation in herbicide response 

enables rapid selection for resistance. More broadly, high genetic variation has been 

suggested as a unifying feature in some of the weeds most able to evolve herbicide 

resistance (Heap, 2014b). Furthermore, as such a high level of variation was 
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observed in both the resistant and susceptible populations, the two generations of 

selection for fenoxaprop-P-ethyl resistance do not appear to have reduced variability 

in seed output, indicating high levels of overall genetic diversity remain, potentially 

including further variation in herbicide response which might lead to continued 

increases in resistance. 
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5. Herbicide dose rotation in Chlamydomonas reinhardtii 

5.1 Introduction 

In most herbicide-based weed control strategies, herbicide resistance is only 

considered after it is has evolved (Beckie, 2006). It is increasingly being recognised 

that successful weed management strategies need to proactively consider the 

evolutionary consequences of their implementation, to limit or delay herbicide 

resistance (Neve et al., 2009). In order to reduce the evolution of resistance, weed 

management strategies must minimise continuous exposure to the same herbicide 

imposed selection pressures (Norsworthy et al., 2012). Non-chemical control may 

offer a means of diversifying weed management strategies (Harker and O’Donovan, 

2013), and cultural control is expected to be included in integrated weed 

management strategies (Lutman et al., 2013). However, non-chemical control is 

generally labour-intensive and requires multiple techniques to reach the efficiency of 

chemical control (Bastiaans et al., 2008). Therefore, strategies must also diversify 

control, and hence selection pressures, within herbicide based weed management. 

Cycling between different herbicide modes of action is a commonly employed 

means of introducing temporal heterogeneity in order to delay resistance in 

herbicide-based weed control (Beckie and Reboud, 2009). In a rotation strategy, 

there is a reduced period of selection for each individual environment, and 

subsequently there will be a more limited evolutionary response within a given time-

frame (Futuyma and Moreno, 1988). If resistance to a specific herbicide is associated 

with a pleiotropic fitness cost, when not exposed to that herbicide (including in the 

presence of other herbicides), there will be selection against this resistance allele, 

delaying resistance evolution even under long-term herbicide exposure (Gressel and 

Segel, 1990). For these cycling dynamics to limit resistance, it is generally assumed 

resistance to each herbicide must evolve via independent mechanisms (Neve et al., 

2014). As discussed in earlier chapters, applying different doses of the same 

herbicide may also select for different resistance mechanisms (Neve et al., 2009), 

and therefore rotating dose strength for a single herbicide may provide an alternative 

means of retarding resistance in weed control (Gardner et al., 1998). 
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The theoretical model of dose dependent resistance evolution in weedy plants 

presented in previous chapters suggested that low doses will select for weaker dose-

specific NTSR mechanisms, while higher doses will select for major effect TSR 

mechanisms (Neve et al., 2014, and discussed further in chapters 2.1 and 3.1). The 

most extreme dose strength cycling strategies might alternate between receiving a 

very high dose and not being exposed to herbicide. When not exposed to herbicide, 

there is no selection for herbicide resistance, and instead any pleiotropic costs 

associated with resistance alleles will result in selection against resistance (chapter 

4). Where a dose rotation strategy is employed, selection for or against each 

resistance mechanism will depend to what extent, if any, resistance at one dose 

provides a cost or benefit to resistance in the alternative dose or doses. Mathematical 

models have been used to demonstrate the potential for dose-rotation in weed 

management strategies (Gardner et al., 1998). Simulated Lolium populations with 

pre-existing additive genetic variation that could be selected by low herbicide doses 

(suggested as being provided by NTSR mechanisms), and a rare major effect gene 

conferring resistance to both high and low herbicide doses (representing a strong 

TSR mechanism), were compared under dose-rotation, and continuous high or low 

doses. Dose rotation was shown to control population sizes and delay resistance for 

longer than either continuous dose, with success dependent on the specific doses in a 

rotation. 

Despite these potential advantages, there may also be risks in introducing temporal 

dose heterogeneity in weed management. Introducing environmental heterogeneity 

may select for generalists, which maximise fitness in all environments encountered 

(Kassen, 2002). In some cases, generalists have been shown to evolve superior 

fitness than specialists across all environments (Buckling et al., 2007). In herbicide 

rotation strategies, the generalist evolutionary strategy is to evolve cross-resistance 

to multiple herbicides (Gressel, 2002). Cross-resistance has been documented for 

many herbicide resistance mechanisms, and is an important concern for resistance 

management (Beckie and Tardif, 2012). In dose rotation strategies, high-level 

resistance that greatly increases fitness at both doses encountered may rapidly evolve 

and spread across a population if the rotation strategy does not keep major resistance 

mechanisms at limited frequencies (Gardner et al., 1998). It has also been suggested 
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that incorporating low doses in a herbicide strategy may risk increasing the rate of 

resistance evolution (Gressel, 2009, 2011). 

Medium and longer term evolutionary ecological and population dynamic processes 

are difficult to test experimentally in higher plants due to slow generation times and 

the space required to grow large populations. Microbial experimental evolution can 

be used to test many of these evolutionary ecology principles but with the 

convenience of using rapidly replicating microorganisms (Buckling et al., 2009). The 

unicellular alga Chlamydomonas reinhardtii is an excellent model system for 

herbicide resistance, as it is susceptible to, and can evolve resistance to, a range of 

commercial herbicides that target higher plants (Reboud et al., 2007). Previous 

studies on herbicide resistance in Chlamydomonas reinhardtii have shown that 

cycling herbicide modes of action can have diverse effects on resistance evolution 

(Lagator et al., 2013b); that mixtures of different modes of action can slow resistance 

if mixed at higher doses, but risks accelerating resistance and evolving cross-

resistance at lower doses (Lagator et al., 2013a); and that the highest levels of 

herbicide resistance can confer the lowest fitness costs in the ancestral (herbicide 

free) environment (Vogwill et al., 2012). 

In this chapter the potential impacts of introducing temporal environmental 

heterogeneity by rotating doses of a single herbicide are explored. This is tested 

using experimental evolution of C. reinhardtii in response to the long-chain fatty 

acid synthesis inhibiting herbicide S-metolachlor (HRAC group K3). S-metolachlor 

was used in this experiment because of the consistency of resistance evolution 

observed in previous C. reinhardtii studies (Lagator, 2012). Continuous application 

of a single herbicide dose is compared with three different rotation strategies that 

cycle between higher and lower doses (comparing three different levels of 

environmental heterogeneity), whilst maintaining the same mean dose across the 

rotation period. These four strategies are compared for three different mean doses. 

Within each rotation strategy, two different levels of temporal variation are also 

tested. This experimental framework is used to test three major hypotheses: (i) 

Revolving dose strategies can slow adaptation to herbicide compared to exposure to 

a uniform dose. (ii) The rate of resistance evolution and level of resistance evolved 

will depend on mean herbicide dose, dose rotation strategy and rotation phase 

duration. (iii) Resistance will confer a fitness cost in the absence of herbicide, the 
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strength of which will also depend on mean herbicide dose, dose rotation strategy 

and rotation phase duration. 

5.2 Materials and methods 

5.2.1 Founding populations 

Chlamydomonas reinhardtii wild-type positive mating strain CC-1690 from the 

Chlamydomonas Resource Centre was the original stock population for the 

experiment. This strain had been cultured in liquid Bold’s medium in experimental 

culture conditions for over 1000 generations before this experiment and was 

therefore well adapted to laboratory conditions. Eight weeks before the 

commencement of the experiment, six separate control populations were established 

by transferring approximately 125000 cells from the stock population to individual 

culture tubes (as described below in section 5.2.2). These six independent 

populations were used to found the six technical replicates of each experimental 

regime (section 5.2.5 below), as well as being maintained as controls under standard 

culture conditions without herbicide for the duration of the experiment. 

5.2.2 Culture conditions 

Modified Bold’s Medium (subsequently ‘BM’, (Harris, 2009) was the culture 

medium for all conditions. Populations were cultured in 25 x 150 mm disposable 

borosilicate glass culture tubes. The total BM plus herbicide volume for all 

experimental conditions was 20ml. Populations were maintained in an orbital shaker 

incubator at 28°C and 180 rpm under continuous light exposure provided by six 

fluorescent tubes located in the incubator lid (Osram L30 W/21-841 cool white bulbs 

providing a light intensity of 161 μmol m
-2

s
-1

). Every seven days a volume of culture 

medium containing approximately 125000 cells (estimated from absorbance at 750 

nm, see section 5.2.3 below) was transferred into fresh medium, seven days being 

the period required for the ancestral population to reach stationary phase in the 

absence of herbicide (population size at stationary phase approximately 3.1*10
7
 

cells). Initial population size was standardised in this way to allow weekly 

population growth comparisons and to prevent evolving populations from going 

extinct. A transfer volume limit was imposed to minimise transfer or dilution of 

herbicide between culture tubes (section 5.2.5 below). If the estimated volume of 
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culture medium required to transfer 125000 cells was above 200μl (1% of the total 

media volume), only 200μl was transferred, and the cell count deficit was made up 

using the relevant control stock population. 

5.2.3 Cell count estimates 

Cell count estimates were determined using a calibration curve of OD750 of the 

culture (optical density at 750 nm, measured using a Jenway 6315 bench-top 

spectrophotometer) versus cell number per ml of culture. To produce the calibration 

curve a sample of the stock population was cultured for 7 days and then diluted in a 

concentration series. The OD750 of each solution in the serial dilution was measured. 

From each solution a 10μl sample was diluted with 985 μl of distilled water in a 

microcentrifuge tube. To this, 5 μl Lugol’s solution (1g iodine, 0.5g potassium 

iodide in 100ml distilled water) was added, and the mixture was gently shaken. 10μl 

of this mixture was loaded onto a haemocytometer (Neubauer, 1/400mm
2
, 0.11mm 

depth) and a cover glass was placed on top. The haemocytometer was placed under a 

light microscope, and cell number within the counting chamber was recorded. Cell 

counts were multiplied by 10
4
 to give cell density in cells ml

-1
, as the counting 

chambers hold 0.1μl of sample. Serial dilutions were repeated for three more 

populations cultured from the stock population. Regression analysis of OD750 versus 

cell density was then performed (Fig. 5.1) to derive a quadratic function (after 

Lagator, 2012, PhD thesis) describing the relationship as: 

𝐶𝑒𝑙𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 1982383 (±132155) ∗ 𝑂𝐷750 + 200794(±121233) ∗ 𝑂𝐷750
2 

(Eqn. 5.1) 
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Figure 5.1 Relationship between C. reinhardtii cell density and optical density at 750 

nm. Datapoints represent individual dilutions from 4 separately cultured populations; 

line represents quadratic function describing relationship. 

5.2.4 S-metolachlor dose response 

To determine the response of the stock population to S-metolachlor a dose-response 

assay was performed. 125000 cells were exposed to a range of doses of S-

metolachlor between 0 and 1 mg litre
-1

. After seven days under standard culture 

conditions, OD750 was measured at various S-metolachlor doses. The experiment was 

replicated three times across separate seven day periods. The relationship between S-

metolachlor dose and OD750 was described by a 4 parameter log-logistic function 

(fig. 5.2, see chapter 3.2.6 for dose-response statistical analysis), which did not fit 

significantly worse than saturated ANOVA (P=1 to 3 s.f.). The minimum inhibitory 

concentration (MIC) of S-metalochlor was defined as the lowest dose at which there 

was no observable growth over the 7 day assay. This value was determined at 0.375 

mg litre
-1 

(Fig. 5.2). 
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Figure 5.2 S-metolachlor dose-response for C. reinhardtii source population after 

culturing for 7 days. Points are means of three replicate observations, solid line 4-

parameter log logistic model. Dashed line represents lowest dose above which there 

was no observable growth, 0.375 mg litre
-1

, defined as the minimum inhibitory 

concentration (MIC). Additional 0 responses above 0.6 mg litre
-1 

not shown. 

 

5.2.5 Herbicide dose cycling regimes 

C. reinhardtii populations were exposed to three mean dose regimes, so that the 

mean weekly dose experienced by cultures over the entire experiment was 0.281, 

0.375 or 0.469 mg litre
-1

 (0.75 MIC, MIC and 1.25 MIC respectively). For each 

mean dose, independently evolving cultures were exposed to one of four different 

dosage rotation treatments. At one extreme, cultures were exposed to the same 

herbicide dose each week (0.75 MIC, MIC or 1.25 MIC). This treatment is 

subsequently referred to as Δ 0 rotation. For the other three dose rotation treatments, 

cultures were exposed to a relatively high and low dose (either side of the mean dose 

for that regime) over alternating periods. The most extreme dose rotation alternated 

between exposure to no herbicide and twice the mean weekly dose. This rotation 

treatment is subsequently referred to as Δ2 rotation. The remaining two strategies 

used dose rotations between these two extremes. One strategy alternated between 

receiving 
2

3
 and 

4

3
 of the mean dose, a difference between higher and lower rotation 

doses of 
2

3
, or 0.66, of the mean dose (subsequently referred to as Δ 0.66 rotation). 
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The final strategy alternated between receiving 
1

3
 and 

5

3
 of the mean dose, a difference 

of 
4

3
, or 1.33, of the mean dose (referred to as Δ 1.33 rotation). All doses received are 

described in table 5.1. For the rotating dose strategies two levels of temporal 

variation were tested, with dose rotating on a weekly or biweekly basis. All 

experimental conditions were replicated six times, each replicate originally 

established from one of the six separate stock populations described above. For 

selection regimes with rotating doses, three replicates commenced with exposure to 

the relatively high dose and three with exposure to the relatively low dose. In total 

there were 126 evolving lines and 6 control populations. The experiment ran for 16 

weekly transfers. 

 

Table 5.1 Doses received under all rotation strategies 

Difference 

between doses 

(proportion of 

mean dose) 

Doses rotated 

(proportions of mean 

dose) 

Doses received (mg litre
-1

) 

0.75 MIC MIC 1.25 MIC 

 High Low High Low High Low High Low 

0 1 1 0.281 0.281 0.375 0.375 0.469 0.469 

0.66 𝒙 4/3 2/3 0.187 0.375 0.500 0.250 0.625 0.313 

1.33 𝒙 5/3 1/3 0.468 0.094 0.625 0.125 0.782 0.156 

2𝒙 2 0 0.563 0 0.750 0 0.938 0 
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5.2.6 Population size measures 

At the end of every seven day culture period of the dose rotation regimes, 

immediately before transfer to the following culture medium, OD750 was measured 

and used to estimate cell density according to equation 5.1. Cell density for control 

lines maintained without herbicide in parallel to selection lines was found to 

significantly differ between weeks (F(5,80) = 3.709, P <0.001). To account for this, 

cell density for all evolving cultures and standardised assays were converted to 

proportion of mean control cell density for the week they were cultured. As cell 

densities represent the extent of population growth during culturing, this measure is 

subsequently referred to as weekly growth (as a proportion of control). 

5.2.7 Fitness comparisons of final lines 

At the end of the experiment, fitness was compared for all experimental lines at the 

mean dose to which they had been exposed (0.75, 1 and 1.25 MIC); as well as in the 

absence of herbicide. Following completion of the 16 week cycling regimes, all 

populations were transferred to BM and cultured for one week in the absence of 

herbicide. This additional growth cycle in BM was necessary to multiply all evolved 

lines in a standard (herbicide-free) environment, thus limiting transfer of herbicide 

into standard fitness assay conditions and ensure that C. reinhardtii cells were free 

from residual effects of herbicide exposure when growth assays were conducted. To 

compare growth in their respective mean dose environments, cells were transferred 

to fresh culture media at the appropriate herbicide dose for that line (0.281, 0.375 or 

0.469 mg litre
-1

), and cultured for seven days. To compare growth in the absence of 

herbicide, cells were transferred to BM and cultured for seven days without 

herbicide. For all conditions initial population sizes and culture conditions were as 

described above. For all conditions, at the end of the seven day culture period OD750 

was measured and used to estimate cell density, which was then converted to a 

proportion of control line growth in the absence of herbicide, as described in section 

5.2.4. 
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5.2.8 Statistical analyses 

To test the effect of different treatment regimes on the growth of C. reinhardtii 

populations, weekly growth data (section 5.2.4) were converted to mean growth over 

a four week period (weeks 1-4, 5-8, 9-12 and 13-16). Analysing in this way made 

direct comparisons possible between dose rotation strategies out of phase with each 

other (those starting with the relatively higher or lower dose in a cycle) and between 

weekly and biweekly rotations. Data were analysed in a 4-way repeated measures 

analysis of variance (ANOVA), with four weekly mean growth data as the dependent 

variable. The independent variables were: time (4 week period; repeated measures 

for each independently evolving line at each time point), mean dose, dose rotation 

strategy, and cycling phase length. The cycling phase length factor was partially 

nested, as comparisons were only possible where dose rotation strategy was not 0. 

Where factors or interactions were found to be significant, post-hoc T-tests with 

step-wise Holm-Bonferroni adjustment for multiple comparisons (Holm, 1979) were 

performed on groups of interest in order to identify which individual treatments were 

significantly different. 

To compare the fitness of evolved lines in the presence and absence of S-metolachlor 

(section 5.2.5), population size after 7 days (relative to control lines in BM) was used 

as the dependent variable in 3-way ANOVA tests. The independent variables were 

mean dose received, dose rotation strategy, and cycling phase length. Post-hoc tests 

to identify differences between individual treatments were performed as above. All 

analyses were performed in R (R Development Core Team, 2013). 

5.3 Results 

5.3.1 Chlamydomonas reinhardtii population dynamics within herbicide 

rotation strategies 

Analysis of variance was performed to test the impact of all experimental factors on 

mean C. reinhardtii population size in order to determine whether dose rotation 

could reduce C. reinhardtii growth compared to receiving a uniform dose. Mean C. 

reinhardtii population size across consecutive four week periods was analysed as a 

repeated measure (four separate four week periods within the entire experiment) for 

each independently evolving line, so the analysis of variance tests the effects of the 
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main experimental factors (mean dose received, dose rotation strategy and rotation 

phase duration), and how they change over time. 

The analysis of variance demonstrated that there was a significant main effect of 

rotation strategy on C. reinhradtii growth over the course of the experiment 

(F(3,105)=7.596, P<0.001). Post-hoc comparisons confirmed that mean population 

sizes in populations exposed to Δ2 rotation were greater than the Δ0.66 and Δ1.33 

rotations (P<0.01 for both comparisons), but were not significantly different to Δ0 

rotation. There were no significant differences between Δ0, Δ0.66 and Δ1.33 

rotations (fig. 5.3 a). 

There was also a significant main effect of mean dose received on C. reinhradtii 

growth (F(2,105)=8.461, P<0.001). Lines receiving a mean dose of 1.25 MIC showed 

significantly reduced growth compared to lines receiving a mean dose of 0.75 MIC 

(P<0.01), but neither group showed a significant difference compared to lines under 

MIC (fig. 5.3 b). There was no overall interaction between the main effects of mean 

dose regime and rotation strategy, indicating that the effects of dose rotation were 

consistent across different mean dose regimes, when compared across the entire 16-

week experimental period (F(6,105)=0.144, P=0.99).  

 

Figure 5.3 Mean C. reinhardtii growth (as a proportion of growth of control lines in 

the absence of herbicide) across entire 16 week experiment for a) four different S-

metolachlor dose rotation strategies showing under b) three different mean dose 

regimes. Datapoints are mean values, bars represent standard error. 
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However, there were also significant changes in C. reinhardtii growth over time (fig. 

5.4, F(3,315)=681, P<0.001). Each consecutive four week period represented a 

significant increase in mean growth from the previous four week period (P<0.01 for 

all comparisons). As population size was standardised (at 125000 cells) at the 

commencement of each weekly transfer, increases in population growth over time 

(fig. 5.4) indicate adaptation to the herbicide selection environment. 

 

Figure 5.4 Changes in mean C. reinhardtii growth (as a proportion of growth of 

control lines in the absence of herbicide) over time, across four different S-

metolachlor dose rotation strategies under three different mean dose regimes. 

Datapoints are mean values, bars represent standard error. 

 

There was a significant interaction between time, mean dose and rotation strategy on 

C. reinhardtii growth (fig. 5.5 , F(18,315)=2.717, P<0.001). In order to describe these 

changes over time the Δ0 rotation strategy is considered as representing a ‘default’ 

herbicide application procedure for each mean dose regime, and other rotations are 

described in relation to it. 
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Figure 5.5 Mean C. reinhardtii growth (as a proportion of control growth in the 

absence of herbicide) showing change over time for different herbicide dose rotation 

strategies, under three different mean dose regimes: a) 0.75 MIC, b) MIC and c) 1.25 

MIC. Datapoints are mean values from six replicate lines, bars represent standard 

error. 
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During weeks 1-4, mean population sizes were significantly greater for the Δ2 

rotation strategy at all mean dose doses regimes (P<0.001 for all pairwise 

comparisons). No other dose rotation strategies significantly differed from Δ0 

rotation in the first 4 week period, although there was a strong trend for lower mean 

growth for the Δ0.66 and Δ1.33 rotations than Δ0 rotation under mean dose MIC 

(fig. 5.5a, P<0.06 in both comparisons). 

During weeks 5-8, there were no significant differences in mean population size for 

all rotation strategy and mean dose combinations. However, there was a consistent 

trend for Δ1.33 rotation to result in lower mean C. reinhardtii population sizes than 

every other rotation strategy (including Δ0) at all mean doses, and the difference 

between Δ1.33 rotation and Δ0 rotation was close to significance at the mean dose of 

1.25 MIC (P<0.06). 

During weeks 9-12, there were no significant differences in mean population size 

between rotation strategies at all mean doses. During weeks 13-16, mean population 

size for the Δ2 rotation strategy at 1.25 MIC was lower than all other rotation 

strategies (P<0.05), but there were no significant differences between strategies 

under the other mean dose regimes. 

In general, these results indicate that although Δ2 rotation initially resulted in high C. 

reinhardtii population sizes, there was limited increase in growth across time for this 

rotation strategy, and under the 1.25 MIC mean dose regime this resulted in 

significantly less growth than other rotation strategies by the end of the experiment. 

The other most notable trend was for Δ1.33 rotation to consistently (though non-

significantly) reduce population size compared to all other rotations, including Δ0 

rotation, within the second four week period. This lack of significance must be 

considered in light of the strong multiple test adjustments to significance levels when 

performing post-hoc pairwise tests in a complex multi-factorial experiment. 

Bonferroni adjustments may be overly conservative, especially if subgroups of tests 

provide independent information in their own right (Perneger, 1998), as could be 

argued for comparisons made here within the same mean dose regimes. Relaxing the 

multiple test adjustment to significance levels suggests that in the first four week 

period, under the MIC dose regime both Δ0.66 and Δ1.33 rotations provide superior 

C. reinhardtii control than Δ0 rotation (P=0.01 and P<0.01, respectively), and in the 
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second four week period Δ1.33 rotation reduced growth more than Δ0 rotation under 

1.25 MIC (P=0.03). 

There was a small but significant overall difference between weekly or bi-weekly 

rotation phase (F(1,90)=7.081, P<0.01) with weekly rotation resulting in lower growth 

than bi-weekly rotation (fig. 5.6). There were no significant interactions between 

cycling phase duration and any other factors. 

 

Figure 5.6 Mean C. reinhardtii growth (as a proportion of control growth in the 

absence of herbicide) comparing weekly and biweekly phase duration for four 

different S-metolachlor dose rotation strategies under three different mean dose 

regimes across entire 16 week experiment. Datapoints are mean values from six 

replicate lines, bars represent standard error. 

 

5.3.2 C. reinhardtii population fluctuations within a single rotation 

period  

As the primary population size analysis (3.1) only considers mean population size 

within a four week period, any fluctuations in size between the higher and lower 

doses in a rotation may be overlooked (fig. 5.7). To test how population size 

dynamics within cycles were affected by mean dose regime and rotation strategy an 

analysis of variance was performed, comparing the difference in maximum and 

minimum C. reinhardtii population size (subsequently referred to as population 

fluctuation) within four week periods. There was a significant effect of rotation 

strategy on population fluctuation (F(3,105)=386, P<0.001), with increasing difference 

between doses resulting in greater population fluctuations (P≤0.01 for all pairwise 
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comparisons between rotation strategies). Further, more complex interactions were 

also present associated with exact difference between doses and population changes 

over time (data not shown). The details of population fluctuation, and their potential 

importance, will depend on the biology of the species being controlled, and the 

management needs in consistency of control, but the effect of rotation increasing 

fluctuation is highlighted here to indicate considerations which must be made when 

employing a dose rotation strategy in agricultural scenarios. 

 

 

Figure 5.7 Weekly C. reinhardtii growth data for single-weekly rotating dose 

strategies under a mean dose of MIC from week 13 to week 16. Value at each week 

from 3 replicates (other three replicates not shown, doses received in alternate 

weeks). 

 

5.3.3 Fitness comparisons of final lines in mean dose environment 

To compare the level of resistance evolved under each strategy, lines were grown in 

their respective mean dose environment. Every rotation strategy for all mean doses 

grew significantly better in their mean dose environment than controls maintained 

with no herbicide exposure (P<0.001 in all cases), demonstrating clear adaptation to 

herbicide in all experimental lines. Analysis of variance was performed testing the 

effect of mean dose regime, rotation strategy and rotation phase duration on growth 

in the mean dose environment. There was a significant interaction between rotation 

strategy and mean dose received (fig. 5.8, F(6,105)=5.507, P<0.001). This effect arose 
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as under a mean dose of 1.25 MIC, the Δ2 rotation strategy showed significantly less 

growth than the other rotation strategies (P<0.05 for all comparisons). There were no 

other significant differences between rotation strategies or mean dose regimes. 

Cycling phase duration did not show any significant effects or interactions on growth 

in the mean dose environment. 

 

 

Figure 5.8 Growth of final C. reinhardtii populations in the presence of the mean 

herbicide dose received during selection for lines exposed to four different dose 

rotation strategies under three different mean dose regimes. Datapoints are mean 

values, bars represent standard error. 

 

5.3.4 Fitness of C. reinhardtii experimental lines in the absence of 

herbicide  

To identify whether different selection regimes had resulted in different fitness costs 

in the absence of herbicide, analysis of variance was performed testing the effects of 

mean dose regime, rotation strategy and rotation phase duration on growth of final 

lines in the absence of herbicide (fig. 5.9). Every experimental line grew 

significantly less well than controls (P<0.01 for all comparisons), indicating every 

selection line showed a fitness cost in the absence of herbicide. There was a 



98 

 

significant effect of mean dose received on growth in the absence of herbicide 

(F(2,105)=11.917, P<0.001), with lines from 0.75 MIC regimes showing significantly 

less growth than lines which had received mean doses of 1.25 MIC (P<0.001); but 

neither showed a significant difference to overall lines grown under MIC. There was 

also a significant interaction between mean dose received and rotation strategy 

(F(6,105)=3.486, P<0.01), but not for rotation strategy alone. This effect arises as for a 

mean dose of MIC Δ2 rotation showed significantly less growth than the other 

rotation strategies (P<0.01 for all pairwise comparisons), but individual rotation 

strategies did not significantly differ for other mean doses. Every experimental line 

grew significantly less well than controls; i.e. every selection line showed a fitness 

cost in the absence of herbicide (P<0.01 for all comparisons). 

 

 

Figure 5.9 Growth of final C. reinhardtii populations lines in the absence of 

herbicide for lines exposed to four different dose rotation strategies under three 

different mean dose regimes. Datapoints are mean values, bars represent standard 

error. 
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5.4 Discussion 

5.4.1 Impact of dose rotation strategies on C. reinhardtii growth 

This study represents the first empirical test of a herbicide dose rotation strategy. 

Across the entire experimental period, dose rotation strategies did not reduce C. 

reinhardtii growth compared to uniform dosage. However, dose-rotation strategies 

also resulted in specific C. reinhardtii population size dynamics with potential 

applications for specific management strategies. Despite the Δ2 rotation strategy 

offering poor overall control, this strategy showed little increase in growth over the 

course of the experiment, and under the highest mean dose tested (1.25 MIC) 

eventually provided superior control. This suggests a trade-off in the most extreme 

dose rotation strategies between successfully limiting, or even preventing, resistance, 

and large population sizes in the low dose phase, as previously demonstrated in 

theoretical models (Gardner et al., 1998). There were also strong indications that in 

the earlier stages of the experiment the intermediate rotation strategies (Δ0.66 and 

Δ1.33 rotation) could potentially provide superior control than application of a 

uniform herbicide dose. Even though these advantages were only observed in the 

first 8 weeks of the experiment, this period probably represents at least 50 

generations of C. reinhardtii (Reboud et al., 2007), potentially equivalent to several 

decades for a typical weedy plant. 

The use of low herbicide doses as part of a resistance management strategy is 

controversial, and several risks have been suggested (Gressel, 2009). Low herbicide 

doses at which some individuals can survive may create a highly stressful 

environment, increasing mutation rate, and potentially supplying resistance 

mutations (Gressel, 2011). More broadly, where one environment is easier to adapt 

to (i.e. under lower doses), even small increases in fitness can result in greater 

population sizes and subsequently enhanced mutation supply for further adaptation 

(Campos and Wahl, 2010). Mutations selected for in response to one environment 

may also alter the mutational landscape of genome such that further mutations, of 

potential benefit in an alternative environment, are more likely (Yeh et al., 2009). 

Despite these concerns, there were no indications that the rate of resistance evolution 

increased under dose rotation, over 100 generations of herbicide exposure. However, 

caution must be taken in applying these dynamics to higher plant systems, as the 
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NTSR mechanisms thought to be selected for by lower herbicide doses may also 

provide resistance to alternative herbicide modes of action (Powles and Yu, 2010), 

and so any strategy with the potential to favour NTSR might also result in cross-

resistance to multiple herbicides 

5.4.2 Herbicide resistance evolution under dose rotation strategies 

By the end of the experiment, almost all experimental lines displayed similar levels 

of resistance when grown in the mean dose to which they had been exposed, 

suggesting dose rotation selected for similar fitness in the intermediate dose 

environment. The only exception to this was at the most extreme rotation strategy 

tested, Δ2 rotation under a mean dose of 1.25 MIC. If environments in a rotation are 

too different, it may not be possible for adaptation to both environments, and a 

generalist phenotype will not evolve (Kassen, 2002). This may result in evolution of 

repeated, alternating specialisations to the individual environments, as has been 

demonstrated for bacteriophage adaptation to alternating hosts (Crill et al., 2000). 

Very extreme dose rotation strategies may present such opportunities in order to 

maintain long term population control. 

More frequent rotation may be expected to result in a more heterogeneous 

environment, more likely to select for generalists (Collins, 2011). However, in this 

study the dynamics under both cycling frequencies were the same, and both show 

similar fitness in the mean dose, at the end of the experiment. The increased cycling 

frequency appears to have selected for increased niche width, so there was increased 

fitness in the two alternating doses, and hence overall increased growth (Kassen, 

2002), but no impact on fitness in the intermediate mean dose. Temporal 

environmental heterogeneity has been shown to give rise to a number of complex 

and often transient effects, including coexistence of multiple evolutionary strategies 

within a single population (Venail et al., 2011). Further experimentation would be 

required to fully interpret these cycling frequency dynamics at different stages in the 

experiment and determine where effects are due to a universal resistance phenotype, 

or a result of a single population containing multiple evolutionary paths. 

Similarly to the effect of growth in the mean dose environment, in most cases 

rotation strategy did not impact on the strength of fitness trade-offs in the absence of 

herbicide, with every line displaying a significant fitness trade-off. Lines selected in 
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lower mean dose regimes showed greater fitness trade-offs in the absence of 

herbicides. Previous studies have compared C. reinhardtii fitness in different 

herbicide doses in a local adaptation context (Lagator, 2012), to test the effect of 

environmental difference on fitness (Kawecki and Ebert, 2004). In contrast to this 

study, growth in the absence of herbicide did not differ between lines selected at 

different S-metolachlor doses (Lagator, 2012). As above, further study would be 

required to determine how dose rotation has changed this dynamic, and whether the 

effects are a result of individual evolutionary strategies or a population level 

response. 

5.4.3 Considerations for resistance management in agriculture 

The results in this study suggest some potential to employ dose rotation strategies to 

limit herbicide resistance, and do not indicate that these strategies pose any risks 

compared to uniform dosage. However, the experiment must be considered in light 

of the differences between C. reinhardtii and higher plant weeds. The difference in 

generation time between C. reinhardtii and weedy plants may have an impact on 

dynamics observed here. As each rotation phase in this experiment occurred over 

several generations of C. reinhardtii, the two levels of temporal variation tested were 

both very coarse grained. In weedy plants a more fine-grained level of temporal 

variation can be employed. Rotating every single generation, instead of across 

multiple generations, could result in changes to dynamics and additional effects not 

observed here. Strategies may even be considered that cycle multiple herbicides 

within the lifetime of an individual plant. Whether environmental heterogeneity is 

encountered within the life of a single individual is expected to have significant 

impacts on the results of selection (Kassen, 2002). If a single individual is exposed 

to multiple environments, it might be expected to evolve a broad generalist strategy 

to cope with them all; however, if the environment changes at a slower rate than 

individual lifespan, a generalist phenotypic plasticity might be expected, where 

individuals respond developmentally by changing phenotype according to their 

environment (Levins, 1968). Both forms of environmental heterogeneity are 

encountered by weedy plants in typical herbicide control. There is exposure to both 

pre- and post-emergence herbicides at different stages in an individual’s lifecycle, 

but then the dose or mode of action of either (or both) may be varied between 

generations. 
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Further difficulties may be encountered in using dose rotation strategies in 

agricultural systems. As suggested in models (Gardner et al., 1998) and supported by 

some lines in this experiment, the success of dose rotation strategies depends upon 

the relatively high dose being sufficiently strong. The environmental impacts of high 

herbicide doses must be considered in management strategies though (Blackshaw et 

al., 2006; Pimentel, 2005), and it may be that even if overall herbicide level is the 

same as a non-rotation strategy, the high dose is too environmentally damaging to be 

used in practice. The greater population variability under dose-rotation strategies 

may be problematic in agricultural systems. Even if mean control is high, low dose 

years may result in weed population sizes so great that the strategy is uneconomic 

overall. However, if the herbicide rotation strategy is tied into field management 

rotations that can cope with the impact of weeds in low or 0 dose periods, for 

example in different crop rotations or fallow years, then high rotations may still 

prove useful. 

Other important differences in weedy plant management may arise from population 

dynamic effects not included here. In this system initial population sizes were 

standardised at the beginning of every rotation, with susceptible immigrants 

contributing if there was low survival in the previous rotation. In an agricultural 

system similar effects may arise if seeds remain viable in the soil for several years, 

and there is high population growth in low dose periods. However, if the low dose 

rotation provides a degree of control which reduces population size in the following 

generation such that populations are below carrying capacity there may be a gradual 

reduction in population size not accounted for in the experiment. These reduced 

population sizes may provide an additional effect of decreasing the incidence of 

resistance conferring mutations, slowing the evolution of resistance. 

Finally, C. reinhardtii is a haploid and asexual organism (under the experimental 

conditions of this study), and as such cannot capture some higher plant dynamics. In 

a diploid system the mode of inheritance and the heritability of resistance can have 

major impacts on its evolution (Diggle and Neve, 2001; Gardner et al., 1998). The 

range of different breeding systems possible in higher plants can also determine the 

evolution of resistance (Jasieniuk et al., 1996). Sexual reproduction may also make a 

number of spatial effects important in field scenarios. Within fields non-random 

mating could concentrate high levels of resistance among individuals in the same 
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area, and between fields there may be gene flow between independently evolving 

metapopulations. 
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6. General Discussion 

6.1 Research overview 

Herbicide resistant weeds represent a major problem for contemporary agriculture 

(Zimmer, 2013). Reported cases of herbicide resistance continue to increase (Heap, 

2014a), but maintaining weed control is essential for sufficient yields (Oerke, 2006). 

Technological advances have failed to provide weed management solutions, with 

concerns raised over the potential for herbicide resistant GM crops to exacerbate 

resistance evolution in weeds (Nature editorial, 2014), and a lack of new chemical 

options to replace ineffective herbicides (Duke, 2012). In light of these problems, a 

change in our approach to herbicide resistance research has been suggested, with a 

focus on the ecological and evolutionary dynamics that lead to herbicide resistance 

potentially highlighting opportunities for long term, sustainable weed management 

(Neve et al., 2009). This study explored the evolution of herbicide resistance in 

Alopecurus myosuroides (black-grass) in this evolutionary ecology context, 

supplemented with a test of evolutionarily-aware management using the model 

organism Chlamydomonas reinhardtii. 

6.1.1 Variation in herbicide response in susceptible A. myosuroides 

Characterisation of herbicide resistant weeds frequently focuses on major effect 

target-site resistance genes which provide a high level of resistance (Jasieniuk et al., 

1996). Rare mutations resulting in major effect target-site resistance will be rapidly 

selected for, and spread throughout a field population (Renton et al., 2011). 

However, it is now recognised that resistance also occurs as a polygenic trait, and 

pre-existing diversity in this polygenic resistance may confer high levels of standing 

variation in herbicide sensitivity, even in previously unexposed populations (Neve 

and Powles, 2005a; Busi et al., 2012). In chapter 2, this variation in response to low 

herbicide doses was tested for A. myosuroides populations with no prior history of 

herbicide application. Variations in response were observed following application of 

two commonly used herbicide modes of action: the ACCase inhibitor fenoxaprop-P-

ethyl and the ALS inhibitors mesosulfuron-methyl and iodosulfuron-methyl-sodium. 

An additional ACCase inhibiting herbicide, cycloxydim, did not exhibit this 

variation in herbicide response, suggesting that the pre-existing polygenic resistance 
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mechanisms in the A. myosuroides populations tested are specific to individual 

herbicide chemistries. 

6.1.2 Selection for herbicide resistance using reduced herbicide rates 

If additive genetic variation is responsible for the phenotypic variability in herbicide 

response demonstrated in chapter 2, polygenic resistance would be expected to show 

quantitative inheritance, with selection rapidly increasing resistance (Busi et al., 

2012; Neve and Powles, 2005b). Quantitative inheritance of resistance has important 

implications for prediction and control of resistance evolution (Neve et al., 2014), 

and informs ongoing debate over appropriate herbicide dose rates to balance the risks 

of resistance with environmental and economic concerns (Gressel, 2009). In chapter 

3, the potential for selection within the range of pre-existing variation in herbicide 

response to increase resistance was demonstrated in susceptible A. myosuroides¸ 

using the ACCase inhibiting herbicide fenoxaprop-P-ethyl. The results demonstrated 

that selection using low herbicide rates can rapidly and significantly increase 

resistance, but that the dynamics depend on dose and population size. At the lowest 

population sizes exposed to herbicide (100 individuals) there were non-significant 

increases in resistance after a single generation of selection (inferred by LD50 

following dose-response assays). For the two larger population sizes (200 and 600 

individuals), selection at both doses tested (13.6 and 27.2 g fenoxaprop-P-ethyl ha
-1

) 

significantly increased resistance. A second round of selection was performed on the 

progeny of one of these selected groups (27.2 g fenoxaprop-P-ethyl ha
-1

 from 200 

plants), testing selection using the same dose, and an increased dose (48 g 

fenoxaprop-P-ethyl ha
-1

), which resulted in further, but non-significant, increases in 

resistance. Finally, relaxation of selection was tested, allowing the same selected 

progeny group to cross without any herbicide application. Progeny following 

relaxation of selection showed some return to susceptibility in mortality response, 

with an LD50 between that of the original population and the selected group. 

6.1.3 Fitness and competitive impacts of selection for herbicide 

resistance 

Herbicide resistance might be expected to confer a fitness cost in the absence of 

herbicide (Purrington and Bergelson, 1996). The presence of any fitness costs could 
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influence the evolution and spread of resistance, and may be exploited in 

management strategies that maintain weed control while limiting or delaying 

resistance evolution (Vila-Aiub et al., 2011). In chapter 4, a competition experiment 

was reported that tested whether selection for resistance in A. myosuroides (in the 

progeny following two generations of selection at 27.2 g fenoxaprop-P-ethyl ha
-1

 

from 200 individuals), had any impact on fitness and competitive ability compared to 

the original susceptible population. Broadly, there were no significant differences in 

plant fitness or competitiveness between the resistant and susceptible populations 

when competing with each other, except at the very highest sowing density tested, 

where the resistant population was significantly less competitive. There were no 

significant differences in fitness or competiveness between the groups when growing 

with wheat, where both resistant and susceptible populations were highly 

competitive. This competitiveness against the crop highlights the importance of A. 

myosuroides control (Moss, 2013b), but the similarity in fitness and competitiveness 

between resistant and susceptible populations suggest that at this stage in resistance 

evolution, resistant plants are likely to be problematic, with no fitness trade-offs to 

exploit in management and control. 

6.1.4 Dose rotation strategies tested in Chlamydomonas reinhardtii 

Different herbicide doses may select for different resistance mechanisms, and so 

rotating between doses might reduce continuous selection for any one resistance 

mechanism and ultimately limit resistance evolution (Gardner et al., 1998). Studies 

testing herbicide management strategies are difficult to perform in weed species, due 

to the generation time and growing space required (Reboud et al., 2007). Model 

organisms can overcome some of these constraints (Buckling et al., 2009), testing 

principles which may transfer to higher plant systems. In chapter 5, Chlamydomonas 

reinhardtii was used to compare dose rotation strategies with constant application of 

a single herbicide dose. Rotating between no herbicide application and a very high 

dose successfully limited resistance evolution, but with large mean population sizes. 

There was a consistent but non-significant trend for intermediate dose rotations to 

limit the evolution of resistance during the early stages of the experiment, but across 

the whole experimental period these intermediate rotations had the same effect as 

applying a single herbicide dose. 
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6.2 Research in context 

Rapid selection for resistance by applying a relatively low herbicide dose (within the 

range of standing genetic variation for herbicide susceptibility) has previously been 

shown in Lolium rigidum (e.g. Neve and Powles, 2005a; Busi and Powles, 2009), 

and this study demonstrates the same dynamic occurring in Alopecurus myosuroides. 

An appreciation of this ‘creeping resistance’ is essential to understand and prevent 

herbicide resistance problems escalating (Neve et al., 2014), and so the principles 

demonstrated here must be factored in to future A. myosuroides management. The 

study suggests there is considerable pre-existing variation in herbicide response in 

susceptible A. myosuroides populations, which can recombine and rapidly increase 

resistance, and this may in part be responsible for its propensity to evolve resistance. 

Our understanding of the eco-evolutionary dynamics of selection for herbicide 

resistance can explain why some plants appear to evolve resistance much more 

readily than others (Heap, 2014b), and anticipate where future problems might arise. 

The principles demonstrated experimentally here, in both A. myosuroides and C. 

reinhardtii systems, could now be used in models to predict resistance and develop 

management strategies for agricultural systems (Renton et al., 2014). Theoretical 

models can use the changes in resistance profile observed following selection to test 

the hypothesised mechanistic basis for quantitative resistance (Manalil et al., 2012a). 

Simulation models can use the phenotypic and genetic information gained through 

experimentation to explore the potential consequences of resistance management 

strategies (Neve et al., 2011). Experiments describing the fitness and competitive 

ability of A. myosuroides, or other weeds, can then refine these models to accurately 

simulate growth in field conditions (Colbach et al., 2007) and incorporate fitness 

trade-offs (Roux et al., 2008). 

There must then be effective knowledge transfer to ensure that best practice for weed 

management is communicated to the agrochemical industry, regulatory bodies, and 

the end-user (Beckie, 2011). Despite recommendations for resistance management, 

contemporary farming frequently fails to diversify herbicide control methods (Prince 

et al., 2012) and/or introduce cultural controls (Riar et al., 2013). In turn, research 

must also respond to applied issues as they are encountered in real farming systems 
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(Shaw et al., 2009) and make the case for management recommendations within the 

economic constraints facing farmers (Riar et al., 2013). 

6.3 Suggestions for further research 

6.3.1 Further selection experiments 

Several additional hypotheses could be explored through further selection 

experiments. Repeating the experiment performed in chapter 3 with additional 

population sizes would provide insight into the pre-existing genetic variation in 

herbicide response, and how sensitive selection is to the extent of variation captured 

within population subsamples. In chapter 2, the uniform response observed 

following cycloxydim application was suggested as indicating a lack of genetic 

diversity from which increased resistance could be selected. Selection experiments 

similar to those performed in chapter 3, but instead selecting using cycloxydim, 

could test this theory. Expanding this principle further, other herbicides with 

alternative modes of action, such as the ALS inhibitors mesosulfuron-methyl and 

iodosulfuron-methyl-sodium used in chapter 2, could also be used to compare 

responses to low dose selection. Similar selection in L. rigidum has shown selection 

with one herbicide can result in resistance to herbicides with independent modes of 

action (Neve and Powles, 2005b; Busi and Powles, 2013). Following selection using 

fenoxaprop-P-ethyl, or any other herbicides, further characterisation of the progeny 

could also be performed to test for cross-resistance developing in the same way in A. 

myosuroides. 

Due to the time and space requirements, only two successive generations of selection 

were tested in chapter 3. Though non-significant, increases in resistance profile were 

still observed following the second generation of selection, and experiments using L. 

rigidum indicate that selecting within pre-existing genetic diversity can result in 

continued, dramatic increases in resistance for several generations (Neve and 

Powles, 2005b). Continued selection might seek to establish the maximum extent to 

which pre-existing genetic variation can increase resistance. Given more time, 

selection experiments might be used to test potential management strategies, 

including the dose rotation strategy examined in chapter 5, or commonly 
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recommended practices such as cycling herbicide modes of action or applying 

mixtures of herbicides (Beckie and Reboud, 2009). 

Alternatively, a divergent recurrent selection approach could be used, to select for 

increased herbicide susceptibility in parallel with selection for resistance. This 

technique has been demonstrated in Lolium rigidum, exposing individual plant 

clones to low herbicide doses in order to select the most susceptible plants (Manalil 

et al., 2012b). Selection for increased susceptibility could provide further insight into 

the level of pre-existing variation in minor effect resistance genes. Selection for 

increased susceptibility could also be used to generate plants for further fitness 

experiments, maximising the difference between resistant and susceptible 

populations. 

6.3.2 Resistance mechanisms 

This study focussed on the phenotypic outcomes of selection, but the populations 

resulting from selection in chapter 3 could provide valuable insight into the 

underlying molecular mechanisms conferring resistance and their genetic 

architecture. Modern ‘omics’ (genomics, metabolomics, proteomics and 

transcriptomics) are now being used to identify candidate genes contributing to a 

polygenic trait such as NTSR, and begin to establish their function (Gaines et al., 

2014). The inheritance of resistance mechanisms can be used to design models 

which predict the spread of resistance and can test management strategies, as 

described above (Renton et al., 2014), and an understanding of the molecular basis 

for quantitative resistance may present new opportunities for weed management 

(Shaner and Beckie, 2014). 

6.3.3 Population Screening 

As discussed in chapter 2, the initial stages of selection for herbicide resistance will 

depend upon the occurrence of major effect TSR mutations and the extent of 

standing genetic variation for NTSR mechanisms. To establish the frequency of 

mutations and the prevalence of TSR in field populations known mutations, 

including mutations for ALS and ACCase inhibitor resistance in A. myosuroides 

(Délye and Boucansaud, 2008; Délye et al., 2011b), can be detected using PCR-

based assays (Burgos et al., 2013). As other resistance mechanisms are characterised, 
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similar PCR techniques could also be used to detect NTSR alleles. As the ‘-omics’ 

techniques described above become cheaper and more practical, these may also be 

routinely employed to screen populations for various resistance mechanisms. 

Molecular and genetic characterisation can be complemented with techniques to 

screen large numbers of individuals at the phenotypic level. For example, the 

Syngenta ‘RISQ’ test grows grass seedlings on agar containing various herbicide 

concentrations to quantify individual plant sensitivity, allowing large numbers of 

plants to be assessed without the space or time required to perform a whole-plant 

experiment (Kaundun et al., 2011). Employed together, these techniques will enable 

extensive monitoring of the evolution of herbicide resistance, experimentally and in 

the field, and track the underlying mechanisms responsible. 

  



111 

 

7. References 

Abel, A.L. (1954). The rotation of weed killers. Proc. Br. Weed Control Conf. 1953, 249-245. 

Al-Ahmad, H., Galili, S., and Gressel, J. (2005). Poor competitive fitness of transgenically 
mitigated tobacco in competition with the wild type in a replacement series. Planta 222, 
372–385. 

Andersson, D.I., and Hughes, D. (2014). Microbiological effects of sublethal levels of 
antibiotics. Nat. Rev. Microbiol. 12, 465–478. 

Antonovics, J., and Thrall, P.H. (1994). The cost of resistance and the maintenance of 
genetic polymorphism in host-pathogen systems. Proc. R. Soc. B Biol. Sci. 257, 105–110. 

Ausubel, J.H., Wernick, I.K., and Waggoner, P.E. (2013). Peak farmland and the prospect for 
land sparing. Popul. Dev. Rev. 38, 221–242. 

Baerson, S.R., Rodriguez, D.J., Biest, N.A., Tran, M., You, J., Kreuger, R.W., Dill, G.M., 
Pratley, J.E., and Gruys, K.J. (2002). Investigating the mechanism of glyphosate resistance in 
rigid ryegrass (Lolium ridigum). Weed Sci. 50, 721–730. 

Bailly, G.C., Dale, R.P., Archer, S.A., Wright, D.J., and Kaundun, S.S. (2012). Role of residual 
herbicides for the management of multiple herbicide resistance to ACCase and ALS 
inhibitors in a black-grass population. Crop Prot. 34, 96–103. 

Barrett, S.C.H. (2002). The evolution of plant sexual diversity. Nat. Rev. Genet. 3, 274–284. 

Barrett, R.D.H., and Schluter, D. (2008). Adaptation from standing genetic variation. Trends 
Ecol. Evol. 23, 38–44. 

Barton, N.H., and Keightley, P.D. (2002). Understanding quantitative genetic variation. Nat. 
Rev. Genet. 3, 11–21. 

Bastiaans, L., Paolini, R., and Baumann, D.T. (2008). Focus on ecological weed management: 
what is hindering adoption? Weed Res. 48, 481–491. 

Baucom, R.S. (2009). A herbicide defense trait that is distinct from resistance: the 
evolutionary ecology and genomics of herbicide tolerance. In Weedy and Invasive Plant 
Genomics, C.N. Stewart Jr., ed. (Wiley-Blackwell), pp. 163–175. 

Bayer Agri Services (2012). Black-grass Management in Winter Cereals. Retrieved from 
http://www.bayercropscience.co.uk/data/documents/documents-not-related-to-
product/black-grass-expert-guide/ [Accessed 16/11/2013]. 

Beckie, H.J. (2006). Herbicide-resistant weeds: management tactics and practices 1. Weed 
Technol. 20, 793–814. 

Beckie, H.J. (2011). Herbicide-resistant weed management: focus on glyphosate. Pest 
Manag. Sci. 67, 1037–1048. 

Beckie, H.J., and Reboud, X. (2009). Selecting for weed resistance: herbicide rotation and 
mixture. Weed Technol. 23, 363–370. 



112 

 

Beckie, H.J., and Tardif, F.J. (2012). Herbicide cross resistance in weeds. Crop Prot. 35, 15–
28. 

Beckie, H.J., Johnson, E.N., and Légère, A. (2012). Negative cross-resistance of acetolactate 
synthase inhibitor–resistant Kochia (Kochia scoparia) to protoporphyrinogen oxidase– and 
hydroxyphenylpyruvate dioxygenase–inhibiting herbicides. Weed Technol. 26, 570–574. 

Blackshaw, R.E., O’donovan, J.T., Harker, K.N., Clayton, G.W., and Stougaard, R.N. (2006). 
Reduced herbicide doses in field crops: A review. Weed Biol. Manag. 6, 10–17. 

Bocquet-Appel, J.-P. (2011). When the world’s population took off: The Springboard of the 
Neolithic Demographic Transition. Science 333, 560–561. 

Van den Bosch, F., Paveley, N., Shaw, M., Hobbelen, P., and Oliver, R. (2011). The dose rate 
debate: does the risk of fungicide resistance increase or decrease with dose? Plant Pathol. 
60, 597–606. 

Bridger, G.M., Yang, W., Falk, D.E., and McKersie, B.D. (1994). Cold acclimation increases 
tolerance of activated oxygen in winter cereals. J. Plant Physiol. 144, 235–240. 

Brown, A.C., Moss, S.R., Wilson, Z.A., and Field, L.M. (2002). An isoleucine to leucine 
substitution in the ACCase of Alopecurus myosuroides (black-grass) is associated with 
resistance to the herbicide sethoxydim. Pestic. Biochem. Physiol. 72, 160–168. 

Buckling, A., Brockhurst, M.A., Travisano, M., and Rainey, P.B. (2007). Experimental 
adaptation to high and low quality environments under different scales of temporal 
variation. J. Evol. Biol. 20, 296–300. 

Buckling, A., Craig Maclean, R., Brockhurst, M.A., and Colegrave, N. (2009). The Beagle in a 
bottle. Nature 457, 824–829. 

Burgos, N.R., Tranel, P.J., Streibig, J.C., Davis, V.M., Shaner, D., Norsworthy, J.K., and Ritz, C. 
(2013). Review: Confirmation of resistance to herbicides and evaluation of resistance levels. 
Weed Sci. 61, 4–20. 

Busi, R., and Powles, S.B. (2009). Evolution of glyphosate resistance in a Lolium rigidum 
population by glyphosate selection at sublethal doses. Heredity 103, 318–325. 

Busi, R., and Powles, S.B. (2013). Cross-resistance to prosulfocarb and triallate in 
pyroxasulfone-resistant Lolium rigidum. Pest Manag. Sci. 69, 1379–1384. 

Busi, R., Yu, Q., Barrett-Lennard, R., and Powles, S. (2008). Long distance pollen-mediated 
flow of herbicide resistance genes in Lolium rigidum. Theor. Appl. Genet. 117, 1281–1290. 

Busi, R., Michel, S., Powles, S.B., and Délye, C. (2011). Gene flow increases the initial 
frequency of herbicide resistance alleles in unselected Lolium rigidum populations. Agric. 
Ecosyst. Environ. 142, 403–409. 

Busi, R., Gaines, T.A., Walsh, M.J., and Powles, S.B. (2012). Understanding the potential for 
resistance evolution to the new herbicide pyroxasulfone: field selection at high doses 
versus recurrent selection at low doses. Weed Res. 52, 489–499. 



113 

 

Busi, R., Neve, P., and Powles, S. (2013a). Evolved polygenic herbicide resistance in Lolium 
rigidum by low-dose herbicide selection within standing genetic variation. Evol. Appl. 6, 
231–242. 

Busi, R., Vila-Aiub, M.M., Beckie, H.J., Gaines, T.A., Goggin, D.E., Kaundun, S.S., Lacoste, M., 
Neve, P., Nissen, S.J., Norsworthy, J.K., et al. (2013b). Herbicide-resistant weeds: from 
research and knowledge to future needs. Evol. Appl. 6, 1218-1221 

Campos, P.R.A., and Wahl, L.M. (2010). The adaptation rate of asexuals: deleterious 
mutations, clonal interference and population bottlenecks. Evolution 64, 1973–1983. 

Carroll, S., Kinnison, M.T., and Bernatchez, L. (2011). In light of evolution: interdisciplinary 
challenges in food, health, and the environment. Evol. Appl. 4, 155–158. 

Carson, R. (1962). Silent Spring (Houghton Mifflin Harcourt), 400 pp. 

Chauvel, B., and Gasquez, J. (1994). Relationships between genetic polymorphism and 
herbicide resistance within Alopecurus myosuroides Huds. Heredity 72, 336-344. 

Chauvel, B., Guillemin, J.P., and Letouze, A. (2005). Effect of intra-specific competition on 
development and growth of Alopecurus myosuroides Hudson. Eur. J. Agron. 22, 301–308. 

Colbach, N., Chauvel, B., Gauvrit, C., and Munier-Jolain, N.M. (2007). Construction and 
evaluation of ALOMYSYS modelling the effects of cropping systems on the blackgrass life-
cycle: From seedling to seed production. Ecol. Model. 201, 283–300. 

Collins, S. (2011). Many Possible Worlds: Expanding the Ecological Scenarios in 
Experimental Evolution. Evol. Biol. 38, 3–14. 

ffrench-Constant, R.H., Daborn, P.J., and Goff, G.L. (2004). The genetics and genomics of 
insecticide resistance. Trends Genet. 20, 163–170. 

Cooper, J., and Dobson, H. (2007). The benefits of pesticides to mankind and the 
environment. Crop Prot. 26, 1337–1348. 

Cousens, R. (1991). Aspects of the design and interpretation of competition (interference) 
experiments. Weed Technol. 5, 664–673. 

Cousens, R., and Mortimer, M. (1995). Dynamics of weed populations (Cambridge 
University Press), 332 pp. 

Coustau, C., Chevillon, C., and ffrench-Constant, R. (2000). Resistance to xenobiotics and 
parasites: can we count the cost? Trends Ecol. Evol. 15, 378–383. 

Crill, W.D., Wichman, H.A., and Bull, J.J. (2000). Evolutionary reversals during viral 
adaptation to alternating hosts. Genetics 154, 27–37. 

Cummins, I., Dixon, D.P., Freitag-Pohl, S., Skipsey, M., and Edwards, R. (2011). Multiple 
roles for plant glutathione transferases in xenobiotic detoxification. Drug Metab. Rev. 43, 
266–280. 



114 

 

Cummins, I., Wortley, D.J., Sabbadin, F., He, Z., Coxon, C.R., Straker, H.E., Sellars, J.D., 
Knight, K., Edwards, L., Hughes, D., et al. (2013). Key role for a glutathione transferase in 
multiple-herbicide resistance in grass weeds. Proc. Natl. Acad. Sci. U. S. A. 110, 5812–5817. 

Dalbiès-Dulout, A., and Doré, T. (2001). Management of inflorescence and viable seed 
production of blackgrass (Alopecurus myosuroides) on set-aside in France. Crop Prot. 20, 
221–227. 

Dargent, F., Scott, M.E., Hendry, A.P., and Fussmann, G.F. (2013). Experimental elimination 
of parasites in nature leads to the evolution of increased resistance in hosts. Proc. R. Soc. B 
Biol. Sci. 280, 20132371. 

Darmency, H., and Gasquez, J. (1981). Inheritance of triazine resistance in Poa annua: 
consequences for population dynamics. New Phytol. 89, 487–493. 

Darmency, H., and Gasquez, J. (1990). Appearance and spread of triazine resistance in 
common lambsquarters (Chenopodium album). Weed Technol. 4, 173–177. 

Das, M., Reichman, J.R., Haberer, G., Welzl, G., Aceituno, F.F., Mader, M.T., Watrud, L.S., 
Pfleeger, T.G., Gutiérrez, R.A., Schäffner, A.R., et al. (2010). A composite transcriptional 
signature differentiates responses towards closely related herbicides in Arabidopsis 
thaliana and Brassica napus. Plant Mol. Biol. 72, 545–556. 

Délye, C. (2013). Unravelling the genetic bases of non-target-site-based resistance (NTSR) 
to herbicides: a major challenge for weed science in the forthcoming decade. Pest Manag. 
Sci. 69, 176–187. 

Délye, C., and Boucansaud, K. (2008). A molecular assay for the proactive detection of 
target site-based resistance to herbicides inhibiting acetolactate synthase in Alopecurus 
myosuroides. Weed Res. 48, 97–101. 

Délye, C., Calmès, É., and Matéjicek, A. (2002). SNP markers for black-grass (Alopecurus 
myosuroides Huds.) genotypes resistant to acetyl CoA-carboxylase inhibiting herbicides. 
Theor. Appl. Genet. 104, 1114–1120. 

Délye, C., Zhang, X.-Q., Chalopin, C., Michel, S., and Powles, S.B. (2003). An isoleucine 
residue within the carboxyl-transferase domain of multidomain acetyl-coenzyme A 
carboxylase is a major determinant of sensitivity to aryloxyphenoxypropionate but not to 
cyclohexanedione inhibitors. Plant Physiol. 132, 1716–1723. 

Délye, C., Menchari, Y., Michel, S., and Darmency, H. (2004). Molecular Bases for Sensitivity 
to Tubulin-Binding Herbicides in Green Foxtail. Plant Physiol. 136, 3920–3932. 

Délye, C., Zhang, X.-Q., Michel, S., Matéjicek, A., and Powles, S.B. (2005). Molecular bases 
for sensitivity to acetyl-coenzyme A carboxylase inhibitors in black-grass. Plant Physiol. 137, 
794–806. 

Délye, C., Clément, J.A.J., Pernin, F., Chauvel, B., and Le Corre, V. (2010a). High gene flow 
promotes the genetic homogeneity of arable weed populations at the landscape level. 
Basic Appl. Ecol. 11, 504–512. 

Délye, C., Michel, S., Bérard, A., Chauvel, B., Brunel, D., Guillemin, J.-P., Dessaint, F., and Le 
Corre, V. (2010b). Geographical variation in resistance to acetyl-coenzyme A carboxylase-



115 

 

inhibiting herbicides across the range of the arable weed Alopecurus myosuroides (black-
grass). New Phytol. 186, 1005–1017. 

Délye, C., Gardin, J.A.C., Boucansaud, K., Chauvel, B., and Petit, C. (2011a). Non-target-site-
based resistance should be the centre of attention for herbicide resistance research: 
Alopecurus myosuroides as an illustration. Weed Res. 51, 433-437. 

Délye, C., Pernin, F., and Michel, S. (2011b). “Universal” PCR assays detecting mutations in 
acetyl-coenzyme A carboxylase or acetolactate synthase that endow herbicide resistance in 
grass weeds. Weed Res. 51, 353–362. 

Délye, C., Jasieniuk, M., and Le Corre, V. (2013a). Deciphering the evolution of herbicide 
resistance in weeds. Trends Genet. 29, 649-658. 

Délye, C., Deulvot, C., and Chauvel, B. (2013b). DNA analysis of herbarium specimens of the 
grass weed Alopecurus myosuroides reveals herbicide resistance pre-dated herbicides. PLoS 
ONE 8, e75117. 

Délye, C., Menchari, Y., Michel, S., Cadet, É., and Corre, V.L. (2013c). A new insight into 
arable weed adaptive evolution: mutations endowing herbicide resistance also affect 
germination dynamics and seedling emergence. Ann. Bot. 111, 681–691. 

Department for Environment, Food & Rural Affairs (DEFRA) (2013). Agriculture in the 
United Kingdom 2012. Retrieved from 
https://www.gov.uk/government/collections/agriculture-in-the-united-kingdom [Accessed 
16/12/2013]. 

Diggle, A., and Neve, P. (2001). The population dynamics and genetics of herbicide 
resistance - a modelling approach. In Herbicide Resistance and World Grains (Eds. Powles, S 
and Shaner D), (Australia: CRC Press), 61-99. 

Duke, S.O. (2012). Why have no new herbicide modes of action appeared in recent years? 
Pest Manag. Sci. 68, 505–512. 

Eadie, M.J. (2003). Convulsive ergotism: epidemics of the serotonin syndrome? Lancet 
Neurol. 2, 429–434. 

Elena, S.F., and Lenski, R.E. (2003). Evolution experiments with microorganisms: the 
dynamics and genetic bases of adaptation. Nat Rev Genet 4, 457–469. 

European Parliament (2005). Regulation (EC) No 396/2005 of the European Parliament and 
of the Council of 23 February 2005 on maximum residue levels of pesticides in or on food 
and feed of plant and animal origin and amending Council Directive 91/414/EECText with 
EEA relevance. 

European Parliament (2009). Regulation (EC) No 1107/2009 of the European Parliament 
and of the Council of 21 October 2009 concerning the placing of plant protection products 
on the market and repealing Council Directives 79/117/EEC and 91/414/EEC. 

Evans, L.T. (1980). The Natural History of Crop Yield: A combination of improved varieties of 
crop plants and technological innovations continues to increase productivity, but the 
highest yields are approaching limits set by biological constraints. Am. Sci. 68, 388–397. 



116 

 

Falconer, D.S., Mackay, T.F., and Frankham, R. (1996). Introduction to quantitative genetics 
(4th edn). (New York: Ronald Press Co.), 365 pp. 

FAO (2009). Global agriculture towards 2050 (Rome). Retrieved from 
http://www.fao.org/fileadmin/templates/wsfs/docs/Issues_papers/HLEF2050_Global_Agri
culture.pdf [Accessed 10/10/2013]. 

Fowler, S., and Thomashow, M.F. (2002). Arabidopsis transcriptome profiling indicates that 
multiple regulatory pathways are activated during cold acclimation in addition to the CBF 
cold response pathway. Plant Cell Online 14, 1675–1690. 

Freckleton, R.P., and Stephens, P.A. (2009). Predictive models of weed population 
dynamics. Weed Res. 49, 225–232. 

Freckleton, R.P., and Watkinson, A.R. (2000). Designs for greenhouse studies of interactions 
between plants: an analytical perspective. J. Ecol. 88, 386–391. 

Frova, C. (2003). The plant glutathione transferase gene family: genomic structure, 
functions, expression and evolution. Physiol. Plant. 119, 469–479. 

Futuyma, D.J., and Moreno, G. (1988). The evolution of ecological specialization. Annu. Rev. 
Ecol. Syst. 19, 207–233. 

Gaines, T., Preston, C., Byrne, P., Henry, W.B., and Westra, P. (2007). Adventitious presence 
of herbicide resistant wheat in certified and farm-saved seed lots. Crop Sci. 47, 751. 

Gaines, T.A., Zhang, W., Wang, D., Bukun, B., Chisholm, S.T., Shaner, D.L., Nissen, S.J., 
Patzoldt, W.L., Tranel, P.J., Culpepper, A.S., et al. (2010). Gene amplification confers 
glyphosate resistance in Amaranthus palmeri. Proc. Natl. Acad. Sci. 107, 1029–1034. 

Gaines, T.A., Lorentz, L., Figge, A., Herrmann, J., Maiwald, F., Ott, M.-C., Han, H., Busi, R., 
Yu, Q., Powles, S.B., et al. (2014). RNA-Seq transcriptome analysis to identify genes involved 
in metabolism-based diclofop resistance in Lolium rigidum. Plant J. 78, 865–876. 

Gardner, S.N., Gressel, J., and Mangel, M. (1998). A revolving dose strategy to delay the 
evolution of both quantitative vs major monogene resistances to pesticides and drugs. Int. 
J. Pest Manag. 44, 161–180. 

Garnett, T., Appleby, M.C., Balmford, A., Bateman, I.J., Benton, T.G., Bloomer, P., 
Burlingame, B., Dawkins, M., Dolan, L., Fraser, D., et al. (2013). Sustainable intensification in 
agriculture: premises and policies. Science 341, 33–34. 

Gassmann, A.J. (2005). Resistance to herbicide and susceptibility to herbivores: 
environmental variation in the magnitude of an ecological trade-off. Oecologia 145, 575–
585. 

Giacomini, D., Westra, P., and Ward, S.M. (2013). Impact of genetic background in fitness 
cost studies: an example from glyphosate-resistant palmer amaranth. Weed Sci. 62, 29–37. 

Gill, G.S., and Holmes, J.E. (1997). Efficacy of cultural control methods for combating 
herbicide-resistant Lolium rigidum. Pestic. Sci. 51, 352–358. 



117 

 

Goldberg, A.D., Allis, C.D., and Bernstein, E. (2007). Epigenetics: a landscape takes shape. 
Cell 128, 635–638. 

Gressel, J. (2002). The Molecular Biology of Weed Control (New York: Taylor & Francis), 520 
pp. 

Gressel, J. (2009). Evolving understanding of the evolution of herbicide resistance. Pest 
Manag. Sci. 65, 1164–1173. 

Gressel, J. (2011). Low pesticide rates may hasten the evolution of resistance by increasing 
mutation frequencies. Pest Manag. Sci. 67, 253–257. 

Gressel, J., and Segel, L.A. (1990). Modelling the effectiveness of herbicide rotations and 
mixtures as strategies to delay or preclude resistance. Weed Technol. 4, 186–198. 

Gullberg, E., Cao, S., Berg, O.G., Ilbäck, C., Sandegren, L., Hughes, D., and Andersson, D.I. 
(2011). Selection of resistant bacteria at very low antibiotic concentrations. PLoS Pathog 7, 
e1002158. 

Gundel, P.E., Martínez-Ghersa, M.A., and Ghersa, C.M. (2008). Dormancy, germination and 
ageing of Lolium multiflorum seeds following contrasting herbicide selection regimes. Eur. 
J. Agron. 28, 606–613. 

Han, H., Yu, Q., Purba, E., Li, M., Walsh, M., Friesen, S., and Powles, S.B. (2012). A novel 
amino acid substitution Ala-122-Tyr in ALS confers high-level and broad resistance across 
ALS-inhibiting herbicides. Pest Manag. Sci. 68, 1164–1170. 

Harker, K.N., and O’Donovan, J.T. (2013). Recent weed control, weed management, and 
integrated weed management. Weed Technol. 27, 1–11. 

Harker, K.N., O’Donovan, J.T., Blackshaw, R.E., Beckie, H.J., Mallory-Smith, C., and Maxwell, 
B.D. (2012). Our View. Weed Sci. 60, 143–144. 

Harris, E.H. (2009). Chapter 8 - Chlamydomonas in the laboratory. In The Chlamydomonas 
Sourcebook (Second Edition), D.B. Stern, G.B. Witman, and E.H. Harris, eds. (London: 
Academic Press), pp. 241–302. 

Heap, I. (2014a). The International Survey of Herbicide Resistant Weeds. 
www.weedscience.com 

Heap, I. (2014b). Global perspective of herbicide-resistant weeds. Pest Manag. Sci. 70, 
1306-1315. 

Heap, I.M. (1997). The occurrence of herbicide-resistant weeds worldwide. Pestic. Sci. 51, 
235–243. 

Herbicide Resistance Action Committee (2010). HRAC Classification of Herbicide Site of 
Action. Retrieved from 
http://www.hracglobal.com/Education/ClassificationofHerbicideSiteofAction.aspx 
[Accessed 3/9/2013]. 



118 

 

Hermsen, R., Deris, J.B., and Hwa, T. (2012). On the rapidity of antibiotic resistance 
evolution facilitated by a concentration gradient. Proc. Natl. Acad. Sci. U. S. A. 109, 10775–
10780. 

HGCA (1999). Preventing and controlling herbicide-resistant grass weeds (HGCA Topic 
Sheet No.22). 

HGCA (2002). Managing ergot in cereal crops. Retrieved from 
http://hgca.com/media/189705/ts56-managing-ergot-in-crops.pdf [Accessed 10/12/2013]. 

HGCA (2008). The Wheat Growth Guide, second edition. Retrieved from 
http://www.hgca.com/media/185687/g39-the-wheat-growth-guide.pdf [Accessed 
20/9/2012]. 

Hill, W.G. (2010). Understanding and using quantitative genetic variation. Philos. Trans. R. 
Soc. B Biol. Sci. 365, 73–85. 

Hill, W.G. (2012). Quantitative genetics in the genomics era. Curr. Genomics 13, 196–206. 

Hilton, H.W. (1957). Herbicide tolerant strains of weeds. Hawaii. Sugar Plant. Assoc. Ed 
Hawaii. Sugar Plant. Assoc. Annu. Rep. 69–72. 

Holm, S. (1979). A simple sequential rejective multiple test procdure. Scand. J. Stat. 6, 65–
70. 

Hughes, D., and Andersson, D.I. (2012). Selection of resistance at lethal and non-lethal 
antibiotic concentrations. Curr. Opin. Microbiol. 15, 555–560. 

Inouye, B.D. (2001). Response surface experimental designs for investigating interspecific 
competition. Ecology 82, 2696–2706. 

Ishizuka, M., Okajima, F., Tanikawa, T., Min, H., Tanaka, K.D., Sakamoto, K.Q., and Fujita, S. 
(2007). Elevated warfarin metabolism in warfarin-resistant roof rats (Rattus rattus) in 
Tokyo. Drug Metab. Dispos. Biol. Fate Chem. 35, 62–66. 

Jablonka, E., and Raz, G. (2009). Transgenerational Epigenetic Inheritance: Prevalence, 
Mechanisms, and Implications for the Study of Heredity and Evolution. Q. Rev. Biol. 84, 
131–176. 

Jander, G., Baerson, S.R., Hudak, J.A., Gonzalez, K.A., Gruys, K.J., and Last, R.L. (2003). 
Ethylmethanesulfonate saturation mutagenesis in arabidopsis to determine frequency of 
herbicide resistance. Plant Physiol. 131, 139–146. 

Jasieniuk, M., Brûlé-Babel, A.L., and Morrison, I.N. (1996). The evolution and genetics of 
herbicide resistance in weeds. Weed Sci. 44, 176–193. 

Kassen, R. (2002). The experimental evolution of specialists, generalists, and the 
maintenance of diversity. J. Evol. Biol. 15, 173–190. 

Kaundun, S.S. (2014). Resistance to acetyl-CoA carboxylase-inhibiting herbicides. Pest 
Manag. Sci. 70, 1405–1417. 



119 

 

Kaundun, S.S., Hutchings, S.-J., Dale, R.P., Bailly, G.C., and Glanfield, P. (2011). Syngenta 
“RISQ” test: a novel in-season method for detecting resistance to post-emergence ACCase 
and ALS inhibitor herbicides in grass weeds. Weed Res. 51, 284–293. 

Kaundun, S.S., Hutchings, S.-J., Dale, R.P., and McIndoe, E. (2013a). Role of a novel I1781T 
mutation and other mechanisms in conferring resistance to acetyl-CoA carboxylase 
inhibiting herbicides in a black-grass population. PLoS ONE 8, e69568. 

Kaundun, S.S., Bailly, G.C., Dale, R.P., Hutchings, S.-J., and McIndoe, E. (2013b). A novel 
W1999S mutation and non-target site resistance impact on acetyl-CoA carboxylase 
inhibiting herbicides to varying degrees in a UK Lolium multiflorum population. PLoS ONE 8, 
e58012. 

Kawecki, T.J., and Ebert, D. (2004). Conceptual issues in local adaptation. Ecol. Lett. 7, 
1225–1241. 

Kelly-Hope, L., Ranson, H., and Hemingway, J. (2008). Lessons from the past: managing 
insecticide resistance in malaria control and eradication programmes. Lancet Infect. Dis. 8, 
387–389. 

Kingsolver, J.G., and Diamond, S.E. (2011). Phenotypic selection in natural populations: 
what limits directional selection? Am. Nat. 177, 346–357. 

Kingsolver, J.G., and Pfennig, D.W. (2007). Patterns and power of phenotypic selection in 
nature. BioScience 57, 561–572. 

Kolaczinski, J.H., and Curtis, C.F. (2004). Investigation of negative cross-resistance as a 
resistance-management tool for insecticide-treated nets. J. Med. Entomol. 41, 930–934. 

Krysiak, M., Gawronski, S., Kierzek, R., and Adamczewski, K. (2011). Molecular basis of 
blackgrass (Alopecurus myosuroides Huds.) resistance to sulfonylurea herbicides. J Plant 
Prot Res 51, 130–133. 

Lagator, M. (2012). Experimental Evolution of Herbicide Resistance in Chlamydomonas 
reinhardtii. PhD thesis. University of Warwick. 

Lagator, M., Vogwill, T., Mead, A., Colegrave, N., and Neve, P. (2013a). Herbicide mixtures 
at high doses slow the evolution of resistance in experimentally evolving populations of 
Chlamydomonas reinhardtii. New Phytol. 198, 938–945. 

Lagator, M., Vogwill, T., Colegrave, N., and Neve, P. (2013b). Herbicide cycling has diverse 
effects on evolution of resistance in Chlamydomonas reinhardtii. Evol. Appl. 6, 197–206. 

Lahti, D.C., Johnson, N.A., Ajie, B.C., Otto, S.P., Hendry, A.P., Blumstein, D.T., Coss, R.G., 
Donohue, K., and Foster, S.A. (2009). Relaxed selection in the wild. Trends Ecol. Evol. 24, 
487–496. 

Lande, R. (1983). The response to selection on major and minor mutations affecting a 
metrical trait. Heredity 50, 47–65. 

Lasseur, R., Longin-Sauvageon, C., Videmann, B., Billeret, M., Berny, P., and Benoit, E. 
(2005). Warfarin resistance in a French strain of rats. J. Biochem. Mol. Toxicol. 19, 379–385. 



120 

 

Letouzé, A., and Gasquez, J. (2003). Enhanced activity of several herbicide-degrading 
enzymes: a suggested mechanism responsible for multiple resistance in blackgrass 
(Alopecurus myosuroides Huds.). Agronomie 23, 601–608. 

Levins, R. (1968). Evolution in changing environments: some theoretical explorations 
(Princeton University Press), 120 pp. 

Lorenz, K., and Hoseney, R.C. (1979). Ergot on cereal grains. C R C Crit. Rev. Food Sci. Nutr. 
11, 311–354. 

Luna, E., Bruce, T.J.A., Roberts, M.R., Flors, V., and Ton, J. (2012). Next-generation systemic 
acquired resistance. Plant Physiol. 158, 844–853. 

Lush, J.L. (1943). Animal Breeding Plans (The Lowa State College Press.), 444 pp. 

Lutman, P.J.W., Moss, S.R., Cook, S., and Welham, S.J. (2013). A review of the effects of 
crop agronomy on the management of Alopecurus myosuroides. Weed Res. 53, 299–313. 

Lynch, M., and Walsh, B. (1998). Genetics and Analysis of Quantitative Traits (Sinauer 
Associates, Incorporated), 980 pp. 

Manalil, S., Busi, R., Renton, M., and Powles, S.B. (2011). Rapid evolution of herbicide 
resistance by low herbicide dosages. Weed Sci. 59, 210–217. 

Manalil, S., Renton, M., Diggle, A., Busi, R., and Powles, S.B. (2012a). Simulation modelling 
identifies polygenic basis of herbicide resistance in a weed population and predicts rapid 
evolution of herbicide resistance at low herbicide rates. Crop Prot. 40, 114–120. 

Manalil, S., Busi, R., Renton, M., and Powles, S.B. (2012b). An herbicide-susceptible rigid 
ryegrass (Lolium rigidum) population made even more susceptible. Weed Sci. 60, 101–105. 

Mantle, P.G., Shaw, S., and Doling, D.A. (1977). Role of weed grasses in the etiology of 
ergot disease in wheat. Ann. Appl. Biol. 86, 339–351. 

Marshall, R., and Moss, S.R. (2008). Characterisation and molecular basis of ALS inhibitor 
resistance in the grass weed Alopecurus myosuroides. Weed Res. 48, 439–447. 

Marshall, R., Hanley, S.J., Hull, R., and Moss, S.R. (2013). The presence of two different 
target-site resistance mechanisms in individual plants of Alopecurus myosuroides Huds., 
identified using a quick molecular test for the characterisation of six ALS and seven ACCase 
SNPs. Pest Manag. Sci. 69, 727–737. 

Maxwell, B.D., Roush, M.L., and Radosevich, S.R. (1990). Predicting the evolution and 
dynamics of herbicide resistence in weed populations. Weed Technol. 4, 2–13. 

McAdam, A.J., Hooper, D.C., DeMaria, A., Limbago, B.M., O’Brien, T.F., and McCaughey, B. 
(2012). Antibiotic resistance: how serious is the problem, and what can be done? Clin. 
Chem. 58, 1182–1186. 

McGuigan, K., and Sgrò, C.M. (2009). Evolutionary consequences of cryptic genetic 
variation. Trends Ecol. Evol. 24, 305–311. 



121 

 

McKenzie, J.A. (2000). The character or the variation: the genetic analysis of the insecticide-
resistance phenotype. Bull. Entomol. Res. 90, 3–7. 

Medd, R.W., Van De Ven, R.J., Pickering, D., and Nordblom, T. (2001). Determination of 
environment-specific dose–response relationships for clodinafop-propargyl on Avena spp. 
Weed Res. 41, 351–368. 

Melander, B., Rasmussen, I.A., and Bàrberi, P. (2005). Integrating physical and cultural 
methods of weed control— examples from European research. Weed Sci. 53, 369–381. 

Menchari, Y., Délye, C., and Le Corre, V. (2007). Genetic variation and population structure 
in black-grass (Alopecurus myosuroides Huds.), a successful, herbicide-resistant, annual 
grass weed of winter cereal fields. Mol. Ecol. 16, 3161–3172. 

Menchari, Y., Chauvel, B., Darmency, H., and Délye, C. (2008). Fitness costs associated with 
three mutant acetyl-coenzyme A carboxylase alleles endowing herbicide resistance in 
black-grass Alopecurus myosuroides. J. Appl. Ecol. 45, 939–947. 

Met Office (2011). Record cold December 2010. Retrieved from 
http://www.metoffice.gov.uk/news/releases/archive/2011/cold-dec [Accessed 3/12/2013]. 

Mitchell-Olds, T. (2001). Arabidopsis thaliana and its wild relatives: a model system for 
ecology and evolution. Trends Ecol. Evol. 16, 693–700. 

Mohler, C.L. (2002). Mechanical Weed Control in Agriculture. In Encyclopedia of Pest 
Management, (Taylor & Francis), pp. 1–6. 

Moose, S.P., Dudley, J.W., and Rocheford, T.R. (2004). Maize selection passes the century 
mark: a unique resource for 21st century genomics. Trends Plant Sci. 9, 358–364. 

Morant, M., Bak, S., Møller, B.L., and Werck-Reichhart, D. (2003). Plant cytochromes P450: 
tools for pharmacology, plant protection and phytoremediation. Curr. Opin. Biotechnol. 14, 
151–162. 

Morrison, H.I., Wilkins, K., Semenciw, R., Mao, Y., and Wigle, D. (1992). Herbicides and 
cancer. J. Natl. Cancer Inst. 84, 1866–1874. 

Moss, S. (2013a). 50 years of black-grass control (BCPC review, Rothamsted Research). 

Moss, S.R. (1985). The survival of Alopecurus myosuroides Huds. seeds in soil. Weed Res. 
UK 25, 201–211. 

Moss, S.R. (2013b). Black-grass (Alopecurus myosuroides) fact-sheet. 

Moss, S.R., and Clarke, J.H. (1994). Guidelines for the prevention and control of herbicide-
resistant black-grass (Alopecurus myosuroides Huds.). Crop Prot. 13, 230–234. 

Moss, S.R., Perryman, S.A.M., and Tatnell, L.V. (2007). Managing herbicide-resistant 
blackgrass (Alopecurus myosuroides): theory and practice. Weed Technol. 21, 300–309. 

Moss, S.R., Tatnell, L.V., Hull, R., Clarke, J.H., Wynn, S., and Marshall, R. (2010). Integrated 
Management of Herbicide Resistance, Project Report No, 466. 



122 

 

Neve, P., and Powles, S. (2005a). High survival frequencies at low herbicide use rates in 
populations of Lolium rigidum result in rapid evolution of herbicide resistance. Heredity 95, 
485–492. 

Neve, P., and Powles, S. (2005b). Recurrent selection with reduced herbicide rates results in 
the rapid evolution of herbicide resistance in Lolium rigidum. Theor. Appl. Genet. 110, 
1154–1166. 

Neve, P., Vila-Aiub, M., and Roux, F. (2009). Evolutionary-thinking in agricultural weed 
management. New Phytol. 184, 783–793. 

Neve, P., Norsworthy, J.K., Smith, K.L., and Zelaya, I.A. (2011). Modeling glyphosate 
resistance management strategies for Palmer amaranth (Amaranthus palmeri) in cotton. 
Weed Technol. 25, 335–343. 

Neve, P., Busi, R., Renton, M., and Vila-Aiub, M.M. (2014). Expanding the eco-evolutionary 
context of herbicide resistance research. Pest Manag. Sci. 70, 1385–1393. 

Norsworthy, J.K., Ward, S.M., Shaw, D.R., Llewellyn, R.S., Nichols, R.L., Webster, T.M., 
Bradley, K.W., Frisvold, G., Powles, S.B., Burgos, N.R., et al. (2012). Reducing the risks of 
herbicide resistance: best management practices and recommendations. Weed Sci. 60, 31–
62. 

Oerke, E.-C. (2006). Crop losses to pests. J. Agric. Sci. 144, 31–43. 

Okada, M., Hanson, B.D., Hembree, K.J., Peng, Y., Shrestha, A., Stewart, C.N., Wright, S.D., 
and Jasieniuk, M. (2013). Evolution and spread of glyphosate resistance in Conyza 
canadensis in California. Evol. Appl. 6, 761–777. 

Olsen, J., Kristensen, L., and Weiner, J. (2006). Influence of sowing density and spatial 
pattern of spring wheat (Triticum aestivum) on the suppression of different weed species. 
Weed Biol. Manag. 6, 165–173. 

Olsen, J.M., Griepentrog, H.-W., Nielsen, J., and Weiner, J. (2012). How important are crop 
spatial pattern and density for weed suppression by spring wheat? Weed Sci. 60, 501–509. 

Onstad, D.W. (2007). Chapter 14 - The Future of Insect Resistance Management. In Insect 
Resistance Management, (San Diego: Academic Press), pp. 289–300. 

Orr, H.A. (2005). The genetic theory of adaptation: a brief history. Nat. Rev. Genet. 6, 119–
127. 

Orr, H.A. (2009). Fitness and its role in evolutionary genetics. Nat. Rev. Genet. 10, 531–539. 

Ossowski, S., Schneeberger, K., Lucas-Lledó, J.I., Warthmann, N., Clark, R.M., Shaw, R.G., 
Weigel, D., and Lynch, M. (2010). The rate and molecular spectrum of spontaneous 
mutations in Arabidopsis thaliana. Science 327, 92–94. 

Owen, M.D., and Zelaya, I.A. (2005). Herbicide-resistant crops and weed resistance to 
herbicides. Pest Manag. Sci. 61, 301–311. 



123 

 

Owen, M.J., Michael, P.J., Renton, M., Steadman, K.J., and Powles, S.B. (2011). Towards 
large-scale prediction of Lolium rigidum emergence. II. Correlation between dormancy and 
herbicide resistance levels suggests an impact of cropping systems. Weed Res. 51, 133–141. 

Park, S.E., Benjamin, L.R., and Watkinson, A.R. (2003). The theory and application of plant 
competition models: an agronomic perspective. Ann. Bot. 92, 741–748. 

Pedersen, B.P., Neve, P., Andreasen, C., and Powles, S.B. (2007). Ecological fitness of a 
glyphosate-resistant Lolium rigidum population: growth and seed production along a 
competition gradient. Basic Appl. Ecol. 8, 258–268. 

Perkins, J.H. (2002). History. In Encyclopedia of Pest Management, (CRC Press), pp 368-372. 

Perneger, T.V. (1998). What’s wrong with Bonferroni adjustments. BMJ 316, 1236–1238. 

Peshin, R., Bandral, R.S., Zhang, W., Wilson, L., and Dhawan, A.K. (2009). Integrated Pest 
Management: A Global Overview of History, Programs and Adoption. In Integrated Pest 
Management: Innovation-Development Process, D.R. Peshin, and A.K. Dhawan, eds. 
(Springer Netherlands), pp. 1–49. 

Petit, C., Duhieu, B., Boucansaud, K., and Délye, C. (2010). Complex genetic control of non-
target-site-based resistance to herbicides inhibiting acetyl-coenzyme A carboxylase and 
acetolactate-synthase in Alopecurus myosuroides Huds. Plant Sci. 178, 501–509. 

Pimentel, D. (2005). Environmental and economic costs of the application of pesticides 
primarily in the United States. Environ. Dev. Sustain. 7, 229–252. 

Pittendrigh, B.R., and Gaffney, P.J. (2001). Pesticide resistance: can we make it a renewable 
resource? J. Theor. Biol. 211, 365–375. 

Powles, S.B., and Yu, Q. (2010). Evolution in action: plants resistant to herbicides. Annu. 
Rev. Plant Biol. 61, 317–347. 

Preston, C., and Powles, S.B. (2002). Evolution of herbicide resistance in weeds: initial 
frequency of target site-based resistance to acetolactate synthase-inhibiting herbicides in 
Lolium rigidum. Heredity 88, 8–13. 

Prince, J.M., Shaw, D.R., Givens, W.A., Newman, M.E., Owen, M.D.K., Weller, S.C., Young, 
B.G., Wilson, R.G., and Jordan, D.L. (2012). Benchmark Study: III. Survey on changing 
herbicide use patterns in glyphosate-resistant cropping systems. Weed Technol. 26, 536–
542. 

Purrington, C.B. (2000). Costs of resistance. Curr. Opin. Plant Biol. 3, 305–308. 

Purrington, C.B., and Bergelson, J. (1996). Surveying patterns in the cost of resistance in 
plants. Am. Nat. - AMER Nat. 148. 

Quastel, J.H. (1950). 2,4-Dichlorophenoxyacetic acid (2,4-D) as a selective herbicide. In 
Agricultural Control Chemicals, 45, 244–249. 

R Development Core Team (2013). R programming language. 



124 

 

Raftery, A.E., Li, N., Ševčíková, H., Gerland, P., and Heilig, G.K. (2012). Bayesian probabilistic 
population projections for all countries. Proc. Natl. Acad. Sci. USA 109, 13915–13921. 

Rasmann, S., Vos, M.D., Casteel, C.L., Tian, D., Halitschke, R., Sun, J.Y., Agrawal, A.A., Felton, 
G.W., and Jander, G. (2012). Herbivory in the previous generation primes plants for 
enhanced insect resistance. Plant Physiol. 158, 854–863. 

Raymond, B., Sayyed, A.H., and Wright, D.J. (2007). Host plant and population determine 
the fitness costs of resistance to Bacillus thuringiensis. Biol. Lett. 3, 82–85. 

Reboud, X., Majerus, N., Gasquez, J., and Powles, S. (2007). Chlamydomonas reinhardtii as a 
model system for pro-active herbicide resistance evolution research. Biol. J. Linn. Soc. 91, 
257–266. 

Renton, M. (2013). Shifting focus from the population to the individual as a way forward in 
understanding, predicting and managing the complexities of evolution of resistance to 
pesticides. Pest Manag. Sci. 69, 171–175. 

Renton, M., Diggle, A., Manalil, S., and Powles, S. (2011). Does cutting herbicide rates 
threaten the sustainability of weed management in cropping systems? J. Theor. Biol. 283, 
14–27. 

Renton, M., Busi, R., Neve, P., Thornby, D., and Vila-Aiub, M. (2014). Herbicide resistance 
modelling: past, present and future. Pest Manag. Sci. 70, 1394-1404. 

Riar, D.S., Norsworthy, J.K., Steckel, L.E., Stephenson IV, D.O., Eubank, T.W., Bond, J., and 
Scott, R.C. (2013). Adoption of best management practices for herbicide-resistant weeds in 
Midsouthern United States cotton, rice, and soybean. Weed Technol. 27, 788–797. 

Ritz, C., and Streibig, J. (2013). DRC: Analysis of Dose-Response Curves. http://cran.r-
project.org/web/packages/drc/drc.pdf 

Rose, F. (1989). Colour Identification Guide to the Grasses, Sedges, Rushes and Ferns of the 
British Isles and north-western Europe (United Kingdom: Viking), 239 pp. 

Roux, F., Camilleri, C., Giancola, S., Brunel, D., and Reboud, X. (2005). Epistatic interactions 
among herbicide resistances in Arabidopsis thaliana: the fitness cost of multiresistance. 
Genetics 171, 1277–1288. 

Roux, F., Paris, M., and Reboud, X. (2008). Delaying weed adaptation to herbicide by 
environmental heterogeneity: a simulation approach. Pest Manag. Sci. 64, 16–29. 

Le Rouzic, A., and Carlborg, Ö. (2008). Evolutionary potential of hidden genetic variation. 
Trends Ecol. Evol. 23, 33–37. 

Schulz zur Wiesch, P., Engelstadter, J., and Bonhoeffer, S. (2010). Compensation of fitness 
costs and reversibility of antibiotic resistance mutations. Antimicrob. Agents Chemother. 
54, 2085–2095. 

Seefeldt, S.S., Jensen, J.E., and Fuerst, E.P. (1995). Log-logistic analysis of herbicide dose-
response relationships. Weed Technol. 9, 218-227. 



125 

 

Shaner, D.L., and Beckie, H.J. (2014). The future for weed control and technology: future 
weed control technology. Pest Manag. Sci. 70, 1329–1339. 

Shaw, D.R., Givens, W.A., Farno, L.A., Gerard, P.D., Jordan, D., Johnson, W.G., Weller, S.C., 
Young, B.G., Wilson, R.G., and Owen, M.D.K. (2009). Using a grower survey to assess the 
benefits and challenges of glyphosate-resistant cropping systems for weed management in 
U.S. corn, cotton, and soybean. Weed Technol. 23, 134–149. 

Slaughter, A., Daniel, X., Flors, V., Luna, E., Hohn, B., and Mauch-Mani, B. (2012). 
Descendants of primed Arabidopsis plants exhibit resistance to biotic stress. Plant Physiol. 
158, 835–843. 

Smith, E.H., and Kennedy, G.G. (2002). History of Pesticides. In Encyclopedia of Pest 
Management, (CRC Press), pp 376-380. 

Stearns, F.W. (2010). One hundred years of pleiotropy: a retrospective. Genetics 186, 767–
773. 

Swain, A.J., Hughes, Z.S., Cook, S.K., and Moss, S.R. (2006). Quantifying the dormancy of 
Alopecurus myosuroides seeds produced by plants exposed to different soil moisture and 
temperature regimes. Weed Res. 46, 470–479. 

Tanetani, Y., Kaku, K., Kawai, K., Fujioka, T., and Shimizu, T. (2009). Action mechanism of a 
novel herbicide, pyroxasulfone. Pestic. Biochem. Physiol. 95, 47–55. 

The Times (1900). Sir John Bennet Lawes Obituary. The Times P. 9 column B. 

Tilman, D., Balzer, C., Hill, J., and Befort, B.L. (2011). Global food demand and the 
sustainable intensification of agriculture. Proc. Natl. Acad. Sci. 201116437. 

United Nations Department of Economic and Social Affairs, Population Division (2013). 
World Population Prospects: The 2012 Revision, Press Release. 

Venail, P.A., Kaltz, O., Olivieri, I., Pommier, T., and Mouquet, N. (2011). Diversification in 
temporally heterogeneous environments: effect of the grain in experimental bacterial 
populations. J. Evol. Biol. 24, 2485–2495. 

Vigueira, C.C., Olsen, K.M., and Caicedo, A.L. (2013). The red queen in the corn: agricultural 
weeds as models of rapid adaptive evolution. Heredity 110, 303–311. 

Vila-Aiub, M.M., Neve, P., Steadman, K.J., and Powles, S.B. (2005). Ecological fitness of a 
multiple herbicide-resistant Lolium rigidum population: dynamics of seed germination and 
seedling emergence of resistant and susceptible phenotypes. J. Appl. Ecol. 42, 288–298. 

Vila-Aiub, M.M., Neve, P., and Powles, S.B. (2009a). Fitness costs associated with evolved 
herbicide resistance alleles in plants. New Phytol. 184, 751–767. 

Vila-Aiub, M.M., Neve, P., and Powles, S.B. (2009b). Evidence for an ecological cost of 
enhanced herbicide metabolism in Lolium rigidum. J. Ecol. 97, 772–780. 

Vila-Aiub, M.M., Neve, P., and Roux, F. (2011). A unified approach to the estimation and 
interpretation of resistance costs in plants. Heredity 107, 386–394. 



126 

 

Vila-Aiub, M.M., Balbi, M.C., Distéfano, A.J., Fernández, L., Hopp, E., Yu, Q., and Powles, S.B. 
(2012). Glyphosate resistance in perennial Sorghum halepense (Johnsongrass), endowed by 
reduced glyphosate translocation and leaf uptake. Pest Manag. Sci. 68, 430–436. 

Vila-Aiub, M.M., Goh, S.S., Gaines, T.A., Han, H., Busi, R., Yu, Q., and Powles, S.B. (2014). No 
fitness cost of glyphosate resistance endowed by massive EPSPS gene amplification in 
Amaranthus palmeri. Planta 239, 793-801. 

Vincent, C., Panneton, B., and Fleurat-Lessard, F. (2001). Physical Control Methods in Plant 
Protection (Springer), 329 pp. 

Vogwill, T., Lagator, M., Colegrave, N., and Neve, P. (2012). The experimental evolution of 
herbicide resistance in Chlamydomonas reinhardtii results in a positive correlation between 
fitness in the presence and absence of herbicides. J. Evol. Biol. 25, 1955–1964. 

Wang, T., Picard, J.C., Tian, X., and Darmency, H. (2010). A herbicide-resistant ACCase 1781 
Setaria mutant shows higher fitness than wild type. Heredity 105, 394–400. 

Watkinson, A.R. (1980). Density-dependence in single-species populations of plants. J. 
Theor. Biol. 83, 345–357. 

Willi, Y., Van Buskirk, J., and Hoffmann, A.A. (2006). Limits to the adaptive potential of small 
populations. Annu. Rev. Ecol. Evol. Syst. 37, 433–458. 

De Wit, C.T. (1960). On Competition (Evolutionary Monographs), 82 pp. 

Yeh, P.J., Hegreness, M.J., Aiden, A.P., and Kishony, R. (2009). Drug interactions and the 
evolution of antibiotic resistance. Nat. Rev. Microbiol. 7, 460–466. 

Yu, Q., and Powles, S.B. (2014). Resistance to AHAS inhibitor herbicides: current 
understanding. Pest Manag. Sci. 70, 1340–1350. 

Yu, Q., Han, H., Vila-Aiub, M.M., and Powles, S.B. (2010). AHAS herbicide resistance 
endowing mutations: effect on AHAS functionality and plant growth. J. Exp. Bot. 61, 3925–
3934. 

Yuan, J.S., Tranel, P.J., and Stewart, C.N. (2007). Non-target-site herbicide resistance: a 
family business. Trends Plant Sci. 12, 6–13. 

Zimdahl, R.L. (2007). Fundamentals of Weed Science (Academic Press), 664 pp. 

Zimmer, C. (2013). Looking for Ways to Beat the Weeds. N. Y. Times. 

A growing problem [Editorial] (2014). Nature 510, 187–187. 

 


	WRAP_THESIS_Lynch_2014.pdf
	University of Warwick institutional repository: http://go.warwick.ac.uk/wrap


