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Abstract 

As one of the worst weeds in agriculture, annual ryegrass (Lolium rigidum Gaudin) has brought 

tremendous economic loss to Australian farmers. Dinitroanilines (trifluralin, pendimethalin, etc.) 

have been used extensively and effectively as pre-emergence herbicides for annual ryegrass 

management since the 1960s. However, recurrent herbicide application over decades has resulted 

in dinitroaniline resistance evolution. Increasing numbers of trifluralin-resistant annual ryegrass 

populations have been identified across Australia; however, the underpinning resistance 

mechanisms remain unknown. This PhD study aims to reveal resistance mechanisms to 

dinitroaniline herbicides in annual ryegrass. 

Dinitroaniline resistance was quantified in one annual ryegrass population in a dose-response study. 

A high trifluralin resistance level (32-fold compared with a susceptible population), and cross-

resistance to other dinitroaniline herbicides was demonstrated. The basis of resistance was 

determined by investigating both target-site resistance (TSR) and non-target-site resistance (NTSR) 

mechanisms. For TSR, potential α-tubulin mutations related to dinitroaniline-resistance were sought 

and verified by transgenic rice tissue culture. Several α-tubulin mutations, namely Val-202-Phe, Thr-

239-Ile, Arg-243-Lys and Arg-243-Met, were confirmed to confer dinitroaniline resistance. Among 

them, Arg-243-Lys/Met are novel mutations, having not been found before this study in weed 

species. 

For NTSR, differences in trifluralin uptake, translocation and metabolism were compared between 

the susceptible and the resistant populations by introducing [14C]-trifluralin into annual ryegrass. No 

differences in uptake or translocation were identified, but enhanced trifluralin metabolism was 

detected in all four resistant populations tested, two of which also had -tubulin mutations. This 

result suggests that trifluralin metabolic resistance could be common in the field and can co-occur 

with TSR.  

Genetic inheritance studies were also performed to investigate the inheritance pattern of trifluralin 

resistance in annual ryegrass. Under high rates of the herbicide, trifluralin resistance was mainly 

inherited as a single, recessive gene, whilst multiple genes are potentially involved in resistance 

under lower herbicide doses. This recessive inheritance pattern partially helps explain why trifluralin 

resistance evolution is not as rapid as for other herbicides such as the ALS and ACCase inhibitors. 

A resistance cost was identified in one trifluralin-resistant annual ryegrass population. Plants 

containing the Arg-243-Met homozygous α-tubulin mutation exhibited right-handed helical growth, 
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severe dwarfism and considerable biomass reduction as compared with the normal susceptible 

plants. Using transgenic rice plants, it was demonstrated that this alteration in plant morphology 

and accompanying resistance cost are due to the specific amino acid substitution at the 243 residue 

of -tubulin. 

In summary, this PhD project has revealed both TSR and NTSR mechanisms of dinitroaniline 

resistance in annual ryegrass, investigated the resistance inheritance pattern, and identified a 

resistance cost. This knowledge is essential for understanding dinitroaniline resistance evolution, 

and will be helpful for developing proactive weed management strategies to restrict the spread and 

economic impact of dinitroaniline resistance.  
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Chapter 1 General introduction 

1 Weeds and herbicides in agriculture  

Plants growing in a place where they are not wanted can be called weeds. Weeds bring tremendous 

economic loss to agriculture by competing with crops for growing space, nutrition, light and water. 

They pose a major threat to global food security. In addition, weeds can be hosts of pests and 

diseases, and infected weeds can transfer pathogens to crops, affecting crop yield (Duffus, 1971). 

Compared with other crop pests, weeds result in the highest potential crop yield loss (34%) (Oerke, 

2006). In the US alone, weeds cause losses of about $32 billion in crop production annually (Pimentel 

et al., 2000). In Australia, crop weeds are considered to cost approximately A$3.3 billion annually 

(Llewellyn et al., 2016). 

A range of weed control strategies (e.g., mechanical, chemical and cultural tactics) have been 

developed. Chemical control of weeds using herbicides saves time and labour, thus herbicides play 

a vital role in weed management and have made great contributions to global agriculture 

development. The first chemicals used for weed control were the inorganic copper salts in the early 

1900s (Hamill et al., 2004). Later in 1944, plant growth regulating and herbicidal properties of 2,4-D 

was discovered, which became the first synthesised organic chemical to control weeds (Stephenson 

et al., 2001). Afterwards, one new herbicide mechanism of action was introduced approximately 

every 3 years. This led to the current diverse range of herbicides, with about 20 known mechanisms 

of action. However, after the latest herbicide targeting 4-hydroxyphenylpyruvate dioxygenase 

(HPPD) was introduced in 1986 (Michaely and Kratz, 1986), no new mechanisms of action have been 

introduced to the market (Duke, 2012). 

2 Herbicide resistance evolution and mechanisms 

With persistent, intensive herbicide application, especially the repeated usage of a single herbicide 

or herbicides with the same mechanism of action, herbicide resistance evolution has occurred in 

weeds. The Weed Science Society of America defines herbicide resistance as “the inherited ability 

of a plant to survive and reproduce, following exposure to a dose of herbicide that is normally lethal” 

(WSSA, 1998). It is generally proposed that the recurrent application of herbicides has favoured 

selection of resistance genes initially present at a low frequency, and herbicides do not generate 

the mutations conferring herbicide resistance (Darmency, 1994; Maxwell, 1994). There are a host 

of factors influencing herbicide resistance evolution in weed populations, including genetics of 
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resistance genes, biology of weed species, herbicide used and operational factors (Powles & Yu, 

2010). Since the first case of herbicide resistance was reported in 2,4-D resistant dayflower 

(Commelina diffusa) and wild carrot (Daucus carota) in 1957 (Hilton, 1957; Switzer, 1957), the 

number of herbicide resistance cases has dramatically increased (Fig. 1). A conservative estimate 

showed that herbicide resistance has been reported in 217 weed species in more than 670,000 fields 

globally (Délye et al., 2013). 

The elucidation of resistance mechanisms would provide scientists and agronomists with a scientific 

basis to better control, mitigate and manage herbicide resistance. Generally, herbicide resistance 

can be caused by target-site resistance (TSR) and/or non-target-site resistance (NTSR) mechanisms. 

Since herbicides usually aim at a specific protein, TSR refers to the resistance caused by the change 

in the herbicide target protein. The change can be either the alteration of the target protein 

structure to reduce the binding between herbicide and the target, or incremental target protein 

expression by increasing the number of copies of the genes or its transcription into mRNA. Early 

reports on herbicide resistance in weeds mainly focused on TSR, and many target-site mutations 

have been identified for the target genes of herbicides inhibiting photosystem II (PSII), acetolactate 

synthase (ALS), acetyl-CoA carboxylase (ACCase), microtubule synthesis and assembly, 5-

enolpyruvylshikimate-3-phosphate synthase (EPSPS) and protoporphyrinogen oxidase (PPO). 

However, no TSR has yet been revealed in field-evolved weeds resistant to 4-HPPD or photosystem 

I (PSI) inhibitors. TSR mechanisms of genomic amplification/duplication or enhanced transcription 

were mainly identified in glyphosate-resistant weeds. To date, eight weedy species have evolved 

glyphosate resistance with increased EPSPS copy number (Chen et al., 2015; Gaines et al., 2014; 

Malone et al., 2016; Nandula et al., 2014; Ngo et al., 2018; Salas et al., 2012; Wiersma et al., 2015), 

and one resistant Eleusine indica population with incremental EPSPS transcription after glyphosate 

treatment (Zhang et al., 2018). 
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Fig. 1 Global increase in unique resistant weed cases (a species × site of action) from 1957 to 2018 

(From http://weedscience.org/). 

NTSR includes all the resistance mechanisms reducing the amount of herbicide reaching the target 

(Powles & Yu, 2010). Compared to TSR, NTSR is much more challenging to study. Not only because 

NTSR is easily masked by the presence of easy-detectable TSR, but also the research object (e.g. a 

metabolic enzyme, a membrane transporter, etc.) of NTSR is lesser known. Three major aspects are 

encompassed by NTSR: reduced foliar penetration of the herbicide, altered herbicide translocation 

or compartmentalisation, and enhanced herbicide metabolism or detoxification (Délye et al., 2013). 

Among them, the enhanced capacity to metabolise herbicides is better understood, which was 

comprehensively reviewed by Yu & Powles (2014a). With the capacity to metabolise herbicides, 

irrespective of the site of action, weeds have the ability to gain multiple resistance to herbicides 

with different mechanisms of action, or even resistance to herbicides yet-to-be discovered. Certain 

endogenous enzymes are involved in metabolising herbicides. Cytochrome P450 monooxygenases 

(P450s) and glutathione S-transferases (GSTs) are the best known metabolic enzyme superfamilies 

endowing NTSR. For example, indirect confirmation of the involvement of metabolic degradation 

enzymes such as P450s or GSTs was obtained by using specific inhibitors. These molecules, known 

to be competitors at the active site, can reverse resistance in some weed species (Burnet et al., 

1993a, 1993b; Busi et al., 2017; Cummins et al., 2013; Hall et al., 1997; Hyde et al., 1996; Kemp et 

al., 1990). Most P450s members identified (e.g. CYP81A12, CYP81A21, CYP72A31 and CYP749A16), 

endow metabolic resistance to ALS-inhibitors (Iwakami et al., 2014; Pan et al., 2006; Saika et al., 

2014; Thyssen et al., 2018). GSTs were reported to detoxify atrazine via elevated glutathione 
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conjugation in Abutilon theophrasti and Amaranthus tuberculatus (Gronwald et al., 1989; Ma et al., 

2013). Additionally, the GST gene AmGSTF1 could mediate the increased accumulation of protective 

compounds like flavonoids etc. to confer herbicide resistance (Cummins et al., 2013). Thus far, 

limited information is known on other NTSR mechanisms. However, with the advanced utilisation 

of genomics, transcriptomics and metabolomics tools, integrated and systematic molecular NTSR 

mechanisms, especially regarding the reduced penetration and altered translocation of herbicides, 

will be undoubtedly uncovered in the future (Maroli et al., 2018). This knowledge will enhance and 

refine our understanding of herbicide resistance (Ravet et al., 2018). 

3 Herbicide resistance evolution and mechanisms in Lolium rigidum 

Lolium rigidum Gaudin (common name: annual ryegrass, Italian ryegrass, rigid ryegrass), is the 

subject of this PhD project. Lolium rigidum is native to Europe, temperate Asia, North Africa and the 

North Atlantic islands (Terrell, 1968). It was deliberately introduced into Australia as a quality 

pasture species, or even under-sown in crops in most southern agricultural areas since around 1880 

(Kloot, 1983). With the price of wool decreasing after the 1950s, an increased amount of pasture 

farmland in Australia was converted to cropping (Kingwell, 1997; 1965). Annual ryegrass thus turned 

from a grazing pasture, into the most economically damaging weed in the cropping land (Kloot, 

1983). A heavy infestation of 200 plants/m2 can cause a 50% yield loss in wheat, costing $100-

$250/ha (Wu et al., 1998). 

As the most time- and labour-saving weed management strategy, herbicides have been used to 

control annual ryegrass since the 1970s in Australia (Burnet et al., 1994b). Pre-emergence herbicides 

including trifluralin, prosulfocarb, triallate and pyroxasulfone as well as post-emergence herbicides 

like ALS-, ACCase-, PSII-inhibitors and glyphosate etc., were applied widely in different crops for 

ryegrass management. Particularly, with the extension of soil-conserving minimum tillage cropping 

systems in Australia, the pre-emergence dinitroaniline herbicides (trifluralin, pendimethalin etc.) 

made great contributions to annual ryegrass control (Broster et al., 2018). However, over-reliance 

on a single weed management strategy induces the onset of resistance evolution. For annual 

ryegrass in Australia, the initial great genetic diversity, the obligatory cross-pollination biology, plus 

the frequent use of a single herbicide at a low or sub-optimal dose, all favour the evolution of 

herbicide resistance (Monaghan, 1980; Neve & Powles, 2005). From 1982 to date, ryegrass has 

evolved resistance to herbicides of 13 different mechanisms of action, affecting 12 target sites 

across 12 countries globally (Heap, 2018). Moreover, genes endowing multiple herbicide resistance 

are enriched in single annual ryegrass populations surveyed (Broster et al., 2013; Owen et al., 2014). 



CHAPTER 1 GENERAL INTRODUCTION 

6 

 

For example, the annual ryegrass population VLR69, with a 21-year field selection history, was 

resistant to nine classes of herbicides of five mechanisms of action (Burnet et al., 1994b).  

In response to herbicide resistance evolution, some resistance mechanisms were investigated and 

have been successively revealed in annual ryegrass. A number of TSR-endowing mutations have 

been found in Lolium spp., including mutations in ACCase (De Prado et al., 2005; Délye et al., 2002, 

2003; Saini et al., 2017; Tan et al., 2007; Yu et al., 2007b; Zagnitko et al., 2001; Zhang & Powles, 

2006a; Zhang & Powles, 2006b), ALS (Tan et al., 2007; Yu et al., 2008, 2010), EPSPS (Gaines et al., 

2010; Kaundun et al., 2011; Wakelin & Preston, 2006b), psbA (Liu et al., 2014) and GS2 (Avila-Garcia 

et al., 2012). In addition, various NTSR mechanisms were identified in annual ryegrass, including the 

capacity for metabolising ALS and ACCase inhibitors (Han et al., 2016; Preston et al., 1996; 

Shimabukuro & Hoffer, 1991; Yu et al., 2009a), and reducing translocation of glyphosate or paraquat 

(Wakelin et al., 2004; Yu et al., 2004, 2009a).  

With continued research on herbicide resistance, more annual ryegrass populations with both TSR 

and NTSR have been identified. For example, annual ryegrass populations from Australia contained 

EPSPS mutations conferring glyphosate resistance as well as altered glyphosate translocation 

(Wakelin & Preston, 2006b; Yu et al., 2007a). Similarly, another South African annual ryegrass 

population was also identified with TSR and unknown NTSR to glyphosate (Kaundun et al., 2011). 

However, with the evolution of dinitroaniline resistance in annual ryegrass, the resistance 

mechanisms have not been fully revealed. It is hypothesized that both TSR and NTSR contributed to 

dinitroaniline resistance in annual ryegrass. 

4 Research objectives 

Despite the increasing number of dinitroaniline-resistant annual ryegrass populations across 

Australia (see Chapter 2), resistance mechanisms at the commencement of this PhD were unknown. 

The overall objective of this study was to investigate dinitroaniline herbicide resistance mechanisms 

in L. rigidum. To address this issue, the specific aims of this dissertation are to: 

1. Summarize current knowledge on dinitroaniline herbicide resistance in weeds (Chapter 2). 

2. Ascertain the current dinitroaniline resistance status of L. rigidum populations from the WA grain 

belt, and investigate potential target-site resistance mechanisms (Chapters 3, 4 and 6). 

3. Investigate possible non-target-site resistance mechanisms, including differences in uptake, 

translocation and metabolism between susceptible and resistant populations (Chapters 5 and 6). 
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4. Reveal the resistance inheritance pattern in dinitroaniline-resistant populations (Chapter 7). 

5. Explore possible fitness costs of resistance as well as the plant malformation involved in certain 

tubulin mutants (Chapter 8). 

5 Thesis outline 

This thesis is in agreement with the Postgraduate and Research Scholarship Regulation 1.3.1.33 (1) 

of the University of Western Australia (Crawley, Western Australia). All information presented 

resulted from work conducted towards this thesis. There are nine main chapters, and the six 

experimental chapters are presented in the format of scientific papers that can be read individually 

or as a part of the whole thesis. Each experimental chapter includes the following section: Abstract, 

Introduction, Materials and Methods, Results, Discussion and References. 

Chapter 1 is a general introduction summarising the literature related to herbicide resistance and 

Lolium rigidum. The research objectives and thesis outline are also stated. Chapter 2 is a literature 

review particularly on dinitroaniline resistance in weeds, including the mechanism of action, the 

herbicide history, the resistance evolution and the resistance mechanisms of dinitroaniline 

herbicides. Chapter 3 characterises a dinitroaniline-resistant L. rigidum population from Western 

Australia, and reveals the target-site resistance mechanisms present in this population. Chapter 4 

demonstrates that the novel α-tubulin mutation Arg-243-Met/Lys confers dinitroaniline resistance, 

using rice transformation and protein modelling. Chapter 5 describes how both enhanced trifluralin 

metabolism and target-site α-tubulin mutations co-exist in several L. rigidum populations, and 

establishes a diagnostic methodology for identification of trifluralin metabolic resistance. Chapter 

6 confirms the α-tubulin mutation Val-202-Phe, together with enhanced trifluralin metabolism, 

endows dinitroaniline resistance in one L. rigidum population. Chapter 7 reveals the complexity of 

the genetic inheritance pattern in a purified L. rigidum population containing the homozygous Val-

202-Phe α-tubulin mutation. Chapter 8 involves the detailed characterisation of the α-tubulin 

mutation Arg-243-Met, and looks especially at its impact on plant morphology and resistance cost. 

Chapter 9 is the general conclusion of the whole PhD project. 
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Chapter 2 Literature review on dinitroaniline resistance 

1 History and mechanism of action of dinitroaniline herbicides 

Dinitroanilines represent a class of chemicals with a structure containing two nitro groups attached 

to an aniline ring. Originally discovered in evaluations of dyes and dye chemical synthesis 

intermediates, dinitroanilines are now widely used in agriculture, industry and medical science. In 

the field of agriculture, dinitroanilines are mainly used as pre-emergence herbicides to control grass 

weeds and some dicot weeds with activity first reported in 1960 (Alder et al., 1960).  Commercialised 

dinitroaniline herbicides include trifluralin, pendimethalin, ethalfluralin, oryzalin, butralin, 

benfluralin and dinitramine. The first and the most prominent dinitroaniline herbicide, trifluralin 

(α,α,α-trifluoro-2,6-dinitro-N,N-dipropyl-p-toluidine, Fig. 1), was commercialised in the 1960s in the 

US (Grover et al., 1997; Timmons, 2005), and was used as a pre-plant soil-incorporation herbicide in 

soybean fields for grass weed control (Epp et al., 2017). Later on, trifluralin was introduced into Latin 

America and the Asia Pacific area, extensively used in sugarcane, cereal crop and legume fields 

(Jolley & Johnstone, 1994; Lima et al., 2018). With the introduction of transgenic glyphosate-

resistant crops from 1996, as well as the newly developed post-emergence herbicides inhibiting ALS 

and ACCase in the 1980s (Kukorelli et al., 2013; Yu & Powles, 2014), the application of pre-

emergence herbicides was reduced remarkably, especially in North and South America (Duke et al, 

2018). However, with the subsequent evolution of resistance to post-emergence herbicides, and 

the extension of the Australian innovation of ‘Incorporate by sowing’ (IBS) seeding techniques in no-

till farming systems (Congreve & Cameron, 2014), the pre-emergence herbicide trifluralin returned 

to prominence in Australia. 

 

Fig. 1. Trifluralin chemical structure. 

The selectivity of dinitroaniline herbicides mainly lies in the different positions of crop and weed 

seeds in the soil. Since dinitroaniline herbicides are applied or incorporated in the surface soil, the 

emergence of weed seeds located in this shallow soil layer is inhibited, while crop seeds avoid the 
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herbicide treatment by being placed at a deeper position. The chemical nature of dinitroaniline 

herbicides also contributes to their selectivity. For instance, trifluralin can readily be trapped in lipids 

(making it less available), and thus is more toxic to monocot plants (wheat, oats, barley, rice), which 

generally have a lower seed lipid concentration than dicot plants (cotton, soybean, pea, cucumber) 

(Barrentine & Warren, 1971). It is also hypothesised that the selective phytotoxicity of trifluralin to 

young seedlings is determined in part by the amount of endogenous lipids available to trap trifluralin 

and keep it from the site of phytotoxic action (Hilton & Christiansen, 1972).  

Dinitroaniline herbicides have two main negative characteristics: they are highly volatile and readily 

subject to photodecomposition. Therefore, most dinitroaniline herbicides need to be incorporated 

into the soil to avoid photo-degradation and atmospheric loss. For example, the volatility of 

trifluralin is as high as 9500 kPa at 25 °C (the volatility of water is 3.17 kPa at 25 °C) (Congreve & 

Cameron, 2014), and trifluralin vapour plays an important phytotoxic role if it can be kept within 

the soil (Barrentine & Warren, 1971; Charles & Richard, 1972). Additionally, trifluralin is rapidly 

degraded under direct sunlight and so its effectiveness is greatly subject to its incorporation depth 

into the soil (Savage & Barrentine, 1969; Spencer & Cliath, 1974; Wright & Warren, 1965). Different 

methodologies for trifluralin application have been invented to tackle this problem. In Australia, the 

IBS technique using knife point seeders set up to throw soil into the inter-row to cover the herbicide 

and reduce trifluralin volatilisation losses, has been quite successful (Ashworth et al, 2010). 

Dinitroanilines target microtubules, which, together with microfilaments and intermediate 

filaments, are the major components of the plant cytoskeleton. Microtubules are hollow cylinders 

about 25 nm in diameter, comprised of α- and β-tubulin heterodimers usually assembled into 13 

protofilaments (Fig. 2) (Desai & Mitchison, 1997; Downing & Nogales, 1998a, 1998b). The α- and β-

tubulins, each with a molecular mass of 50,000 daltons, share 36-42% amino acid sequence identity 

(Little & Seehaus, 1988). Microtubules perform functions in different forms at the interphase and 

mitosis stages of the cellular cycle. During interphase, microtubules are critical for orchestrating cell 

wall synthesis in plant cells (Paredez et al, 2006). Also, microtubules combine with the plasma 

membrane, forming cortical microtubules to help support the shape of the cell (Shaw & Vineyard, 

2014) (Fig. 3). Mutant tubulins possibly result in aberrant plant morphogenesis, depending on the 

position and the substituted amino acid of the mutant residue. During mitosis, microtubules form a 

spindle apparatus that correctly places chromosomes at the cell midplane and then directs 

separated chromatids to opposite ends of the cell (Shaw & Vineyard, 2014). To realise this mobile 

function, microtubules are kept in a dynamic balance, which is commonly organised by the 
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centrosome (Mitchison & Kirschner, 1984). The two ends of a microtubule (designated plus and 

minus) are not equivalent. The plus end grows and shortens more rapidly and more extensively than 

the minus end (Jordan & Wilson, 2004). The function of microtubules and thus the spindle apparatus 

and mitotic dynamics, depend upon the balance of the polymerisation and de-polymerisation 

processes. 

 

 

Fig. 2. Simulative structure of a microtubule. The ring shape depicts a microtubule in cross-section, 

showing the 13 protofilaments surrounding a hollow centre (https://goo.gl/images/BKJ9m3, under 

the Creative Commons Attribution-Share Alike 4.0 International license). 

  

Fig. 3. Plant cortical microtubules at cell interphase. Diagram depicts a typical epidermal cell encased 

in a cell wall (CW), with a large central vacuole (Vac), and the cytoplasm (Cyt) and nucleus (Nuc) in 

a thin layer around the inner cell. The cortical array of microtubules laterally associates with the 

plasma membrane (PM) to form a layer around the cell. (Shaw & Vineyard, 2014). 

Dinitroaniline herbicides inhibit plant growth mainly by combining with tubulins, disturbing the 

function of microtubules in mitosis. After being absorbed by plant seedlings, the dinitroanilines bind 

with unliganded α/β-tubulin heterodimers, to form a herbicide-tubulin complex (Hugdahl & 
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Morejohn, 1993). With the complex being added to the plus end of the growing microtubule, further 

elongation of the microtubule ceases. Due to the continuous depolymerisation of microtubules from 

the minus end, the microtubules become progressively shorter, eventually leading to a complete 

loss of microtubules (Cleary & Hardham, 1988). Cytological studies found that after trifluralin 

treatment, the loss of spindle microtubules resulted in arrest of mitosis at prometaphase, and the 

loss of cortical microtubules led to the formation of isodiametric cells with abnormal, polymorphic 

nuclei in the elongation zone (Vaughn, 1986). Therefore, seedlings treated with dinitroanilines 

usually exhibit swollen and stunted symptoms (Lignowski & Scott, 1971), and affected seedlings 

either cannot emerge from the soil, or the emerged cotyledon cannot continue to grow, as the 

swollen roots fail to supply water and nutrients to the parts above the ground. 

Interestingly, dinitroaniline herbicides target microtubules from plants and protists but not from 

animals, due to the lack of a dinitroaniline binding site for tubulins in animals (Bell, 1998; Chan & 

Fong, 1990, 1994; Chan et al., 1991; Dempsey et al., 2013; Gu et al., 1995; Hugdahl & Morejohn, 

1993; Murthy et al., 1994). For instance, oryzalin binds with tubulins isolated from maize and 

Chlamydomonas eugametos in vitro, but not with tubulins purified from bovine brain (Hugdahl & 

Morejohn, 1993; Morejohn et al., 1987; Strachan & Hess, 1983). Additionally, the carrot family that 

is not affected by trifluralin is an exception in plants. Immunofluorescence and electron microscopy 

indicated that the microtubules of carrot roots were unaffected by dinitroaniline treatment 

(Vaughan & Vaughn, 1988). There is no evidence of restricted uptake or compartmentalisation of 

dinitroanilines in the carrot family, so this appears to be a case of “pre-existing” resistance (Vaughan 

& Vaughn, 1988).  

Different from the single-target herbicides, dinitroaniline herbicides bind proteins belonging to 

small gene families. Many members of the α/β-tubulin families have been identified. In the model 

plant Arabidopsis thaliana, there are at least six expressed α-tubulin genes and nine expressed β-

tubulin genes (Snustad et al., 1992; Kopczak et al., 1992). In rice, there are three α-tubulin 

transcripts and eight β-tubulin genes reported (Qin et al., 1997; Yoshikawa et al., 2003). The same 

situation occurs in weeds. In goosegrass (Eleusine indica (L.) Gaertn.), four β-tubulin genes and three 

α-tubulin isotypes were identified (Waldin et al., 1992; Yamamoto & Baird, 1999; Yamamoto et al., 

1998), and another weed species, green foxtail (Setaria viridis (L.) P. Beauv.), was identified with 

two α- and two β-tubulin genes (Délye et al., 2004; Waldin et al., 1992).  
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2 Resistance evolution to dinitroaniline herbicides in weeds 

Dinitroaniline herbicides have been commercialised for more than half a century. However, there 

are limited reports of dinitroaniline-resistant weed species. Globally, thus far, seven weed species 

have evolved resistance to dinitroaniline herbicides, namely goosegrass, green foxtail, Palmer 

amaranth (Amaranthus palmeri S. Wats.), blackgrass (Alopecurus myosuroides Huds.), annual 

ryegrass (Lolium rigidum Gaud.), annual bluegrass (Poa annua L.) and water foxtail (Alopecurus 

aequalis Sobol.). Reported resistant weed species are mainly distributed in America, Oceania and 

East Asia, where dinitroaniline herbicides were first used and intensively applied. In the US, a South 

Carolina goosegrass population, was the earliest reported case of dinitroaniline herbicide resistance 

(Mudge et al., 1984). Afterwards, two additional dinitroaniline-resistant biotypes of goosegrass 

were characterised (Vaughn et al., 1990). Also, trifluralin resistance in Palmer amaranth and annual 

bluegrass populations collected from South Carolina, North Carolina or Georgia was confirmed 

(Gossett et al., 1992; Isgrigg III et al., 2002; Lowe et al., 2001). In Canada, trifluralin-resistant green 

foxtail populations were found in southern and southwestern Manitoba (Morrison et al., 1989). In 

Asia, trifluralin-resistant water foxtail populations were identified in Japan (Hashim et al., 2012), and 

weeds resistant to trifluralin or pendimethalin in cotton-growing areas were reported in China (Zhu 

et al., 2018).  

Particularly, in Australia, dinitroaniline resistance in annual ryegrass populations has reached a 

concerning level since its first report in 1995 (McAlister et al., 1995). Herbicide resistance surveys 

across Australia have drawn a distribution map of trifluralin-resistant annual ryegrass populations. 

From 2004-2005, 54% of surveyed annual ryegrass populations from South Australia, and 62% from 

Victoria were found to be resistant to trifluralin, with a survival rate higher than 20% (Boutsalis et 

al., 2006). From 2003-2010, 24-26% of surveyed annual ryegrass populations from Western 

Australia were resistant to trifluralin (Owen et al., 2014; Owen et al., 2007). With the intensive 

application of trifluralin, more trifluralin-resistant annual ryegrass populations are anticipated. 

3 Mechanisms of resistance to dinitroaniline herbicides 

The substitution of a single amino acid in α- or β-tubulin can potentially reduce the binding between 

dinitroaniline herbicides and tubulin, resulting in resistance. Therefore, the major work on TSR 

focused on looking for mutations in α-/β-tubulin in dinitroaniline-resistant weeds. It is worth noting 

that the mutations reported in protists (for example, Toxoplasma gondii, Chlamydomonas 

reinhardtii, etc.) offer valuable references for the discovery of mutations in plant species, as 
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dinitroanilines bind microtubules in both plants and protists. Compared with plants, protists have a 

shorter life cycle and are readily treated with mutagens such as ethyl methane-sulphonate (EMS) or 

radioactive rays. Tubulin mutants in seed plants mainly come from plants with naturally altered 

morphology or induced by chemical- or irradiation-induced mutagenesis (Baird et al., 2000). The 

dinitroaniline resistance-conferring mutations so far reported in α- and β-tubulins are listed in Table 

1 and Table 2, respectively. 

Discovering mechanisms for non-target-site resistance (NTSR) to dinitroaniline herbicides is much 

more difficult and complicated than TSR, and only very limited research on NTSR to dinitroanilines 

in weeds has occurred. Generally, no difference in uptake or translocation of dinitroaniline 

herbicides have been confirmed to confer resistance in weeds, though the translocation pattern 

varied with different dinitroaniline herbicides, weed species, and experimental conditions. In the 

earliest research on dinitroaniline herbicide uptake and translocation, it was found that in both 

monocot and dicot plants, the translocation of 14C-labelled profluralin to plant tops was very limited 

(Fig. 4), while 14C-dinitramine was more readily translocated through whole plants, and higher 

temperature (38 °C) could help enhance translocation to the leaves (Fig. 5) (Hawxby, 1974). Limited 

trifluralin translocation to the aerial portions of the plant was reported in soybean and cotton plants 

(Strang & Rogers, 1971), and Alopecurus aequalis seedlings (Hashim et al., 2012). 

In terms of enhanced metabolism in NTSR, some assumptions or indirect indications have been 

provided. In a black grass population, resistance to pendimethalin but not to trifluralin, benfluralin 

or ethalfluralin was attributed to oxidative degradation of the 4-methyl group of pendimethalin 

(James et al., 1995). By applying the P450 inhibitor malathion, enhanced pendimethalin metabolism 

was involved in dinitroaniline resistance in one annual ryegrass population, SLR31 (Tardif & Powles, 

1999).  Similarly, Busi et al. found that trifluralin resistance in one L. rigidum population was partly 

reversed by another P450 inhibitor, phorate (Busi et al., 2017). These studies demonstrated the 

presence of dinitroaniline metabolism in plants, though the identities of the metabolites are not 

clear yet.  

For a long time, scientists have been trying to elucidate the major trifluralin metabolic pathway in 

plants, and isolate trifluralin metabolites from crop species such as sweet potatoes and peanuts. 

However, the results showed that either there were low levels of trifluralin metabolism in the plants 

examined, or that only the initial, still phytotoxic metabolic products were obtained by incomplete 

dealkylation of trifluralin (Biswas & Hamilton Jr, 1969; Probst et al., 1967). There has also been some 

research on trifluralin metabolism in animals and microorganisms (Chan et al., 2013; Erkog & 
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Menzer, 1985; Nelson et al., 1977; Zeyer & Kearney, 1983). However, the metabolic pathway in 

higher plants is distinct from the system in animals or microorganisms, so no clues were obtained 

as to the identity of the plant metabolites. In addition, the highly volatile character of dinitroaniline 

herbicides creates problems during the extraction procedure and the quantification of metabolites 

(Strang & Rogers, 1971). Therefore, studies of NTSR to dinitroaniline herbicides have stagnated, and 

further research is required. 
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Table 1. Mutations in α-tubulin identified in dinitroaniline-resistant protists and plants.  

Mutation 
site 

Organism 
Wild type  
amino acid 

Substituted  
amino acid 

Reference 

Protists       

8 T. gondii His Tyr Morrissette et al., 2004  

52 T. gondii Phe Leu/Ile/Tyr Ma et al., 2007 

65 T. gondii Ser Pro Morrissette et al., 2004 

43 T. gondii Arg Cys/Ser Morrissette et al., 2004 

252 T. gondii Val Leu Morrissette et al., 2004 

273 T. gondii Ala Val Ma et al., 2007 

301 T. gondii Met Thr Morrissette et al., 2004 

367 T. gondii Asp Val Ma et al., 2007 

24 C. reinhardtii Tyr His 
James et al., 1993; 
Lyons-Abbott et al., 2010 

 
Plants 

      

 
136 

A. aequalis 
S. viridis 

Leu Phe Délye et al., 2004 

202 
A. aequalis 
L. rigidum 

Val Phe 
Hashim et al., 2012 
 

239 
E. indica 
S. viridis 

Thr Ile 
Anthony et al., 1998; 
Délye et al., 2004; 
Yamamoto et al., 1998 

268 E. indica Met Thr Yamamoto et al., 1998 
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Table 2. Mutations in β-tubulin identified in dinitroaniline-resistant protists and plants.  

Mutation 
site 

Organism 
Wild type  
amino acid 

Substituted  
amino acid 

Reference 

Protists       

350 C. reinhardtii Lys Glu/Met Lee & Huang, 1990 

Plants       

241 Poa annual Arg Lys Lowe et al., 2001 
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Fig. 4. Distribution of 14C-profluralin in barnyard grass (A) and pigweed (B), and 14C-dinitramine in 

barnyard grass (C) and pigweed (D) 24 h after application to the nutrient solution at 16 °C (top) and 

38 °C (bottom). In A, B, C or D, left is the autoadiogram picture and right is the photograph of the 

plant. (Hawxby, 1974) 

  

A B 

C D 
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4 Genetic inheritance patterns of dinitroaniline herbicide resistance 

The dramatic increases in herbicide resistance in weeds warrants studies to help enhance our 

knowledge of resistance evolution. In contrast to most inheritance patterns of TSR, the TSR to 

dinitroanilines in weeds was reported mainly to be recessively inherited as nuclear genes. The 

genetic inheritance studies were carried out in two self-pollinated species, E. indica (Zeng & Baird, 

1997) and S. viridis (Jasieniuk et al., 1994). The corresponding molecular basis of the TSR, revealed 

later in α-tubulin, include the following mutations: Thr-239-Ile and Met-268-Thr in E. indica 

(Anthony et al., 1998; Yamamoto et al., 1998), and Leu-136-Phe and Thr-239-Ile in S. viridis (Délye 

et al., 2004). The molecular results revealing the mutation in the nuclear tubulin gene confirmed 

the conclusion drawn from the inheritance studies. 

The recessive inheritance pattern for TSR as seen with the dinitroanilines is not common in herbicide 

resistant weeds, and heterozygous tubulin mutants are not supposed to survive the field rate of 

dinitroaniline herbicides (Darmency, 1994). This could be one reason for the relatively slow 

evolution of dinitroaniline resistance. So far, no research has been done on the inheritance pattern 

of dinitroaniline resistance in cross-pollinated weed species like L. rigidum. However, with the cross-

pollination between individuals possessing multiple resistance genes (TSR or NTSR or both), it is 

anticipated that resistance heredity could possibly be more complicated in L. rigidum. 

5 Potential fitness cost of dinitroaniline herbicide resistance 

The fitness of a particular genotype in a particular environment represents its success in contributing 

individuals to the next generation (Cousens & Fournier-Level, 2017). Overall, limited research on 

the potential fitness cost of dinitroaniline resistance in weeds has been conducted. Microtubules 

are less abundant in a resistant E. indica biotype compared to a susceptible biotype in the absence 

of trifluralin treatment (Vaughn, 1986), suggesting the existence of a fitness cost in this 

dinitroaniline resistant weed. In S. viridis containing the Thr-239-Ile α-tubulin mutation, the 

homozygous mutants were smaller and had a lower seed yield (Darmency et al., 2011). This result 

implies that the mutant tubulin could possibly affect biological processes in cells and result in a plant 

fitness penalty. Additionally, in the parasite Toxoplasma gondii, it was found that a secondary 

tubulin mutation is always required to compensate for or correct the fitness defects caused by the 

first mutation (Ma et al., 2007, 2008). Further research on dinitroaniline resistance or fitness cost in 

weeds is needed. 
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6 Summary and knowledge gaps 

With intensive herbicide application, resistance evolution in weeds is in action. The increasing 

number of L. rigidum populations with dinitroaniline resistance warrants detailed characterisation 

of the currently unknown resistance mechanisms so that potential amelioration strategies can be 

developed based on these mechanisms. The knowledge gaps to be addressed in this dissertation 

are as follows: 

1) The dinitroaniline herbicide resistance mechanisms in L. rigidum. 

2) The resistance inheritance pattern of dinitroaniline resistance in L. rigidum. 

3) The potential fitness cost conferred by tubulin mutations. 

References 

Alder EF, Wright WL, Soper QF (1960) Control of seedling grasses in turf with diphenylacetonitrile 

and a substituted dinitroaniline. Control of seedling grasses in turf with diphenylacetonitrile and a 

substituted dinitroaniline:23-24. 

Anthony RG, Waldin TR, Ray JA, Bright SW, Hussey PJ (1998) Herbicide resistance caused by 

spontaneous mutation of the cytoskeletal protein tubulin. Nature 393:260-263. 

Ashworth M, Desbiolles J, Tola E (2010) Disc Seeding in Zero-Till Farming Systems: A review of 

technology and paddock issues. West Australian No-Tillage Farmers Association. 

Baird V, Blume YB, Wick SM (2000) Microtubular and cytoskeletal mutants. In:  Plant microtubules. 

Springer, pp 159-191. 

Barrentine WL, Warren GF (1971) Differential phytotoxicity of trifluralin and nitralin. Weed Science 

19:31-37. 

Bell A (1998) Microtubule inhibitors as potential antimalarial agents. Parasitology Today 14:234-240. 

Biswas PK, Hamilton Jr W (1969) Metabolism of trifluralin in peanuts and sweet potatoes. Weed 

Science 17:206-211. 

Boutsalis P, Preston C, Broster J Management of trifluralin resistance in annual ryegrass (Lolium 

rigidum Gaudin) in southern Australia. In: Proceedings of the 15th Australian Weeds Conference, 

eds C. Preston, JH Watts and ND Crossman, 2006. pp 507-510. 



CHAPTER 2 LITERATURE REVIEW 

 

26 

 

Busi R, Gaines TA, Powles S (2017) Phorate can reverse P450 metabolism-based herbicide resistance 

in Lolium rigidum. Pest Management Science 73:410-417. 

Chan D, Fussell RJ, Hetmanski MT, Sinclair CJ, Kay JF, Grant A, Sharman M (2013) Investigation of 

the fate of trifluralin in shrimp. Journal of Agricultural and Food Chemistry 61:2371-2377. 

Chan MM-Y, Fong D (1990) Inhibition of leishmanias but not host macrophages by the antitubulin 

herbicide trifluralin. Science 249:924. 

Chan MM, Fong D (1994) Plant microtubule inhibitors against trypanosomatids. Parasitology Today 

10:448-451. 

Chan MMY, Triemer RE, Fong D (1991) Effect of the anti‐microtubule drug oryzalin on growth and 

differentiation of the parasitic protozoan Leishmania mexicana. Differentiation 46:15-21. 

Charles WS, Richard B (1972) Phytotoxicity of Trifluralin Vapors from Soil. Weed Science 20:143-146. 

Cleary AL, Hardham AR (1988) Depolymerization of microtubule arrays in root tip cells by oryzalin 

and their recovery with modified nucleation patterns. Canadian Journal of Botany 66:2353-2366. 

Congreve M, Cameron J (2014) Soil behaviour of pre-emergent herbicides in Australian farming 

systems: a reference manual for agronomic advisers. Grains Research and Development 

Corporation: Canberra, ACT. 

Cousens RD, Fournier-Level A (2018) Herbicide resistance costs: what are we actually measuring and 

why? Pest Management Science 74:1539-1546. 

Darmency H (1994) Genetics of herbicide resistance in weeds and crops. In: Herbicide resistance in 

plants, pp. 263-298. CRC Press. 

Darmency H, Picard J, Wang T (2011) Fitness costs linked to dinitroaniline resistance mutation in 

Setaria. Heredity 107:80-86. 

Délye C, Menchari Y, Michel S, Darmency H (2004) Molecular bases for sensitivity to tubulin-binding 

herbicides in green foxtail. Plant Physiology 136:3920-3932. 

Dempsey E, Prudêncio M, Fennell BJ, Gomes-Santos CS, Barlow JW, Bell A (2013) Antimitotic 

herbicides bind to an unidentified site on malarial parasite tubulin and block development of liver-

stage Plasmodium parasites. Molecular and Biochemical Parasitology 188:116-127. 



CHAPTER 2 LITERATURE REVIEW 

27 

 

Desai A, Mitchison TJ (1997) Microtubule polymerization dynamics. Annual Review of Cell and 

Developmental Biology 13:83-117. 

Downing KH, Nogales E (1998a) Tubulin and microtubule structure. Current Opinion in Cell Biology 

10:16-22. 

Downing KH, Nogales E (1998b) Tubulin structure: insights into microtubule properties and 

functions. Current Opinion in Structural Biology 8:785-791.  

Duke SO, Powles SB, Sammons RD (2018) Glyphosate–How it became a once in a hundred year 

herbicide and its future. Outlooks on Pest Management 29:247-251. 

Epp JB, Schmitzer PR, Crouse GD (2017) Fifty years of herbicide research: Comparing the discovery 

of trifluralin and halauxifen-methyl. Pest Management Science 74:9-16. 

Erkog FU, Menzer RE (1985) Metabolism of trifluralin in rats. Journal of Agricultural and Food 

Chemistry 33:1061-1070.  

Gossett BJ, Murdock EC, Toler JE (1992) Resistance of Palmer amaranth (Amaranthus palmeri) to 

the dinitroaniline herbicides. Weed Technology 6:587-591. 

Grover R, Wolt JD, Cessna AJ, Schiefer HB (1997) Environmental fate of trifluralin. In: Ware G.R. (eds) 

Reviews of Environmental Contamination and Toxicology, vol 153, 1-64. Springer, New York, NY. 

Gu L, Gaertig J, Stargell LA, Gorovsky MA (1995) Gene-specific signal transduction between 

microtubules and tubulin genes in Tetrahymena thermophila. Molecular and Cellular Biology 

15:5173-5179. 

Hashim S, Jan A, Sunohara Y, Hachinohe M, Ohdan H, Matsumoto H (2012) Mutation of alpha-

tubulin genes in trifluralin-resistant water foxtail (Alopecurus aequalis). Pest Management Science 

68:422-429. 

Hawxby KW (1974) Absorption and translocation of dinitramine and profluralin in susceptible and 

resistant plants at various temperatures. Doctoral dissertation, Oklahoma State University. 

Hilton JL, Christiansen MN (1972) Lipid contribution to selective action of trifluralin. Weed Science 

20:290-294. 

Hugdahl JD, Morejohn LC (1993) Rapid and reversible high-affinity binding of the dinitroaniline 

herbicide oryzalin to tubulin from Zea mays L. Plant Physiology 102:725-740. 



CHAPTER 2 LITERATURE REVIEW 

 

28 

 

Isgrigg III J, Yelverton FH, Brownie C, Warren Jr LS (2002) Dinitroaniline resistant annual bluegrass in 

North Carolina. Weed Science 50:86-90.  

James EH, Kemp MS, Moss SR (1995) Phytotoxicity of trifluoromethy- and methyl- substituted 

dinitroaniline herbicides on resistant and susceptible populations of black-grass (Alopecurus 

myosuroides). Pesticide Science 43:273-277. 

James SW, Silflow CD, Stroom P, Lefebvre PA (1993) A mutation in the alpha 1-tubulin gene of 

Chlamydomonas reinhardtii confers resistance to anti-microtubule herbicides. Journal of Cell 

Science 106:209-218. 

Jasieniuk M, Brûlé-Babel AL, Morrison IN (1994) Inheritance of trifluralin resistance in green foxtail 

(Setaria viridis). Weed Science 42:123-127. 

Jolley AV, Johnstone PK (1994) Degradation of trifluralin in three Victorian soils under field and 

laboratory conditions. Australian Journal of Experimental Agriculture 34:57-65. 

Jordan MA, Wilson L (2004) Microtubules as a target for anticancer drugs. Nature Reviews Cancer 

4:253. 

Kopczak, S. D., Haas, N. A., Hussey, P. J., Silflow, C. D., & Snustad, D. P. (1992). The small genome of 

Arabidopsis contains at least six expressed alpha-tubulin genes. The Plant Cell 4: 539-547. 

Kukorelli G, Reisinger P, Pinke G (2013) ACCase inhibitor herbicides-selectivity, weed resistance and 

fitness cost: a review. International Journal of Pest Management 59:165-173. 

Lee VD, Huang B (1990) Missense mutations at lysine 350 in beta 2-tubulin confer altered sensitivity 

to microtubule inhibitors in Chlamydomonas. The Plant Cell 2:1051-1057. 

Lignowski EM, Scott EG (1971) Trifluralin and root growth. Plant and Cell Physiology 12:701-708. 

Lima PLT, de Souza Magalhães CA, de Carvalho RF, Lima LA, de Lima JM, de Bastos Andrade LA (2018) 

Trifluralin leaching in soils cultivated with sugarcane irrigated by sub-surface drip system. IRRIGA 

17:39. 

Little M, Seehaus T (1988) Comparative analysis of tubulin sequences. Comparative Biochemistry 

and Physiology Part B: Comparative Biochemistry 90:655-670. 



CHAPTER 2 LITERATURE REVIEW 

29 

 

Lowe DB, Swire-Clark GA, McCarty LB, Whitwell T, Baird WV (2001) Biology and molecular analysis 

of dinitroaniline-resistant Poa annua L. International Turfgrass Society Research Journal 9:1019-

1025. 

Lyons-Abbott S, Sackett DL, Wloga D, Gaertig J, Morgan RE, Werbovetz KA, Morrissette NS (2010) α-

Tubulin mutations alter oryzalin affinity and microtubule assembly properties to confer 

dinitroaniline resistance. Eukaryotic Cell 9:1825-1834. 

Ma C, Li C, Ganesan L, Oak J, Tsai S, Sept D, Morrissette NS (2007) Mutations in α-tubulin confer 

dinitroaniline resistance at a cost to microtubule function. Molecular Biology of the Cell 18:4711-

4720. 

Ma C, Tran J, Li C, Ganesan L, Wood D, Morrissette N (2008) Secondary mutations correct fitness 

defects in Toxoplasma gondii with dinitroaniline resistance mutations. Genetics 180:845-856.  

McAlister FM, Holtum JA, Powles SB (1995) Dinitroaniline herbicide resistance in rigid ryegrass 

(Lolium rigidum). Weed Science 43:55-62. 

Mitchison T, Kirschner M (1984) Dynamic instability of microtubule growth. Nature 312:237-242. 

Morejohn LC, Bureau TE, Mole-Bajer J, Bajer AS, Fosket DE (1987) Oryzalin, a dinitroaniline herbicide, 

binds to plant tubulin and inhibits microtubule polymerization in vitro. Planta 172:252-264. 

Morrison IN, Todd BG, Nawolsky KM (1989) Confirmation of trifluralin-resistant green foxtail 

(Setaria viridis) in Manitoba. Weed Technology 3:544-551. 

Morrissette NS, Mitra A, Sept D, Sibley LD (2004) Dinitroanilines bind α-tubulin to disrupt 

microtubules. Molecular Biology of the Cell 15:1960-1968.  

Mudge LC, Gossett BJ, Murphy TR (1984) Resistance of goosegrass (Eleusine indica) to dinitroaniline 

herbicides. Weed Science 32:591-594. 

Murthy JV, Kim H-H, Hanesworth VR, Hugdahl JD, Morejohn LC (1994) Competitive inhibition of high-

affinity oryzalin binding to plant tubulin by the phosphoric amide herbicide amiprophos-methyl. 

Plant Physiology 105:309-320. 

Nelson JO, Kearney PC, Plimmer JR, Menzer RE (1977) Metabolism of trifluralin, profluralin, and 

fluchloralin by rat liver microsomes. Pesticide Biochemistry and Physiology 7:73-82. 

Owen MJ, Martinez NJ, Powles SB (2014) Multiple herbicide-resistant Lolium rigidum (annual 

ryegrass) now dominates across the Western Australian grain belt. Weed Research 54:314-324. 



CHAPTER 2 LITERATURE REVIEW 

 

30 

 

Owen MJ, Walsh MJ, Llewellyn RS, Powles SB (2007) Widespread occurrence of multiple herbicide 

resistance in Western Australian annual ryegrass (Lolium rigidum) populations. Crop and Pasture 

Science 58:711-718. 

Paredez AR, Somerville CR, Ehrhardt DW (2006) Visualization of cellulose synthase demonstrates 

functional association with microtubules. Science 312:1491-1495. 

Probst GW, Herberg RJ, Herberg RJ, Holzer FJ, Parka SJ, Van der Schans C, Tepe JB (1967) Fate of 

trifluralin in soils and plants. Journal of Agricultural and Food Chemistry 15:592-599. 

Qin X, Gianı ̀ S, Breviario D (1997) Molecular cloning of three rice α-tubulin isotypes: differential 

expression in tissues and during flower development. Biochimica et Biophysica Acta (BBA)-Gene 

Structure and Expression 1354:19-23. 

Savage KE, Barrentine WL (1969) Trifluralin persistence as affected by depth of soil incorporation. 

Weed Science 17:349-352. 

Shaw SL, Vineyard L (2014) Cortical microtubule array organization and plant cell morphogenesis. 

Plant Cell Wall Patterning and Cell Shape:97-126. 

Snustad DP, Haas NA, Kopczak SD, Silflow CD (1992) The small genome of Arabidopsis contains at 

least nine expressed β-tubulin genes. The Plant Cell 4:549-556. 

Spencer WF, Cliath MM (1974) Factors affecting vapor loss of trifluralin from soil. Journal of 

Agricultural and Food Chemistry 22:987-991. 

Strachan SD, Hess FD (1983) The biochemical mechanism of action of the dinitroaniline herbicide 

oryzalin. Pesticide Biochemistry and Physiology 20:141-150. 

Strang RH, Rogers RL (1971) A microradioautographic study of 14C-trifluralin absorption. Weed 

Science 19:363-369. 

Tardif FJ, Powles SB (1999) Effect of malathion on resistance to soil-applied herbicides in a 

population of rigid ryegrass (Lolium rigidum). Weed Science 47:258-261. 

Timmons FL (2005) A history of weed control in the United States and Canada. Weed Science 53:748-

761. 

Vaughan MA, Vaughn KC (1988) Carrot microtubules are dinitroaniline resistant. I. Cytological and 

cross-resistance studies. Weed Research 28:73-83. 



CHAPTER 2 LITERATURE REVIEW 

31 

 

Vaughn KC (1986) Cytological studies of dinitroaniline-resistant Eleusine. Pesticide Biochemistry and 

Physiology 26:66-74. 

Vaughn KC, Vaughan MA, Gossett BJ (1990) A biotype of goosegrass (Eleusine indica) with an 

intermediate level of dinitroaniline herbicide resistance. Weed Technology 4:157-162. 

Waldin TR, Ellis JR, Hussey PJ (1992) Tubulin-isotype analysis of two grass species-resistant to 

dinitroaniline herbicides. Planta 188:258-264. 

Wright WL, Warren GF (1965) Photochemical decomposition of trifluralin. Weeds 13:329-331. 

Yamamoto E, Baird WV (1999) Molecular characterization of four β-tubulin genes from 

dinitroaniline susceptible and resistant biotypes of Eleusine indica. Plant Molecular Biology 39:45-

61. 

Yamamoto E, Zeng L, Baird WV (1998) α-Tubulin missense mutations correlate with antimicrotubule 

drug resistance in Eleusine indica. The Plant Cell 10:297-308. 

Yoshikawa M, Yang G, Kawaguchi K, Komatsu S (2003) Expression analyses of β-tubulin isotype genes 

in rice. Plant and Cell Physiology 44:1202-1207. 

Yu Q, Powles SB (2014) Resistance to AHAS inhibitor herbicides: current understanding. Pest 

Management Science 70:1340-1350. 

Zeng L, Baird W (1997) Genetic basis of dinitroaniline herbicide resistance in a highly resistant 

biotype of goosegrass (Eleusine indica). Journal of Heredity 88:427-432. 

Zeyer J, Kearney PC (1983) Microbial dealkylation of trifluralin in pure culture. Pesticide 

Biochemistry and Physiology 20:10-18. 

Zhu J, Wang J, DiTommaso A, Zhang C, Zheng G, Liang W, Islam F, Yang C, Chen X, Zhou W (2018) 

Weed research status, challenges, and opportunities in China. Crop Protection. 

doi:10.1016/j.cropro.2018.02.001 

 



 

 
 
 
 
 
 
 

Chapter 3 
 

Dinitroaniline herbicide resistance in a multiple-resistant 

Lolium rigidum population 

  



CHAPTER 3 DINITROANILINE RESISTANCE CHARACTERISATION IN LOLIUM 

33 

 

Chapter 3 Dinitroaniline herbicide resistance in a multiple-resistant 
Lolium rigidum population 

  



CHAPTER 3 DINITROANILINE RESISTANCE CHARACTERISATION IN LOLIUM 

34 

 

 
  



CHAPTER 3 DINITROANILINE RESISTANCE CHARACTERISATION IN LOLIUM 

35 

 

 
  



CHAPTER 3 DINITROANILINE RESISTANCE CHARACTERISATION IN LOLIUM 

36 

 

 
  



CHAPTER 3 DINITROANILINE RESISTANCE CHARACTERISATION IN LOLIUM 

37 

 

 
  



CHAPTER 3 DINITROANILINE RESISTANCE CHARACTERISATION IN LOLIUM 

38 

 

 
  



CHAPTER 3 DINITROANILINE RESISTANCE CHARACTERISATION IN LOLIUM 

39 

 

 
  



CHAPTER 3 DINITROANILINE RESISTANCE CHARACTERISATION IN LOLIUM 

40 

 

 
 



 

 
 
 
 
 
 
 

Chapter 4 
 

Novel α-tubulin mutations conferring resistance to 

dinitroaniline herbicides in Lolium rigidum 

  



CHAPTER 4 NOVEL α-TUBULIN MUTATIONS IN DINITROANILINE-RESISTANT LOLIUM 

42 

 

Chapter 4 Novel α-tubulin mutations conferring resistance to 
dinitroaniline herbicides in Lolium rigidum 

 
  



CHAPTER 4 NOVEL α-TUBULIN MUTATIONS IN DINITROANILINE-RESISTANT LOLIUM 

43 

 

 
 

  



CHAPTER 4 NOVEL α-TUBULIN MUTATIONS IN DINITROANILINE-RESISTANT LOLIUM 

44 

 

 
  



CHAPTER 4 NOVEL α-TUBULIN MUTATIONS IN DINITROANILINE-RESISTANT LOLIUM 

45 

 

 
  



CHAPTER 4 NOVEL α-TUBULIN MUTATIONS IN DINITROANILINE-RESISTANT LOLIUM 

46 

 

 
  



CHAPTER 4 NOVEL α-TUBULIN MUTATIONS IN DINITROANILINE-RESISTANT LOLIUM 

47 

 

 
  



CHAPTER 4 NOVEL α-TUBULIN MUTATIONS IN DINITROANILINE-RESISTANT LOLIUM 

48 

 

 
  



CHAPTER 4 NOVEL α-TUBULIN MUTATIONS IN DINITROANILINE-RESISTANT LOLIUM 

49 

 

 
  



CHAPTER 4 NOVEL α-TUBULIN MUTATIONS IN DINITROANILINE-RESISTANT LOLIUM 

50 

 

 
  



CHAPTER 4 NOVEL α-TUBULIN MUTATIONS IN DINITROANILINE-RESISTANT LOLIUM 

51 

 

 
  



CHAPTER 4 NOVEL α-TUBULIN MUTATIONS IN DINITROANILINE-RESISTANT LOLIUM 

52 

 

 
  



CHAPTER 4 NOVEL α-TUBULIN MUTATIONS IN DINITROANILINE-RESISTANT LOLIUM 

53 

 

 
 



 

 
 
 
 
 
 
 

Chapter 5 
 

Enhanced trifluralin metabolism can confer resistance in 
Lolium rigidum 

  



CHAPTER 5 ENHANCED TRIFLURALIN METABOLISM IN LOLIUM RIGIDUM 

55 

 

Chapter 5 Enhanced trifluralin metabolism can confer resistance in 
Lolium rigidum 
 

  



CHAPTER 5 ENHANCED TRIFLURALIN METABOLISM IN LOLIUM RIGIDUM 

56 

 

 

  



CHAPTER 5 ENHANCED TRIFLURALIN METABOLISM IN LOLIUM RIGIDUM 

57 

 

 
  



CHAPTER 5 ENHANCED TRIFLURALIN METABOLISM IN LOLIUM RIGIDUM 

58 

 

 
  



CHAPTER 5 ENHANCED TRIFLURALIN METABOLISM IN LOLIUM RIGIDUM 

59 

 

 
  



CHAPTER 5 ENHANCED TRIFLURALIN METABOLISM IN LOLIUM RIGIDUM 

60 

 

 
  



CHAPTER 5 ENHANCED TRIFLURALIN METABOLISM IN LOLIUM RIGIDUM 

61 

 

 
  



CHAPTER 5 ENHANCED TRIFLURALIN METABOLISM IN LOLIUM RIGIDUM 

62 

 

 
 



 

 
 
 
 
 
 
 

Chapter 6 
 

A Val-202-Phe α-tubulin mutation and enhanced 

metabolism confer dinitroaniline resistance in a single 

Lolium rigidum population 

  



CHAPTER 6 A VAL-202-PHE α-TUBULIN MUTATION AND METABOLIC RESISTANCE 

64 

 

Chapter 6 A Val-202-Phe α-tubulin mutation and enhanced 

metabolism confer dinitroaniline resistance in a single Lolium 

rigidum population 

Jinyi Chen1, Zhizhan Chu2, Heping Han1, Danica E Goggin1, Qin Yu1, Chad Sayer3, Stephen B Powles1 

1Australian Herbicide Resistance Initiative (AHRI)–School of Agriculture and Environment, University 

of Western Australia (UWA), Perth, Australia 

2College of Life Sciences, South China Agricultural University, Guangzhou, China 

3Nufarm Limited, Melbourne, Australia 

Correspondence 

Qin Yu, Australian Herbicide Resistance Initiative (AHRI)–School of Agriculture and Environment, 

University of Western Australia (UWA), Perth, Australia  

Email: qin.yu@uwa.edu.au 

Abstract:  

A Lolium rigidum Gaud. population collected from Western Australia was previously reported as 

highly resistant to dinitroaniline herbicides mainly due to a Val-202-Phe substitution in the target 

site -tubulin protein. To further determine the contribution of the 202 mutation to resistance, two 

sub-populations, respectively comprising 202 mutant and wild type (WT) individuals, were isolated 

from within the same resistant population and treated with dinitroaniline herbicide. A rice 

transgenic study was conducted to demonstrate whether the amino acid substitution at the 202 

residue confers resistance. In addition, as indicated in the phenotyping and genotyping study, the 

potential for non-target-site enhanced trifluralin metabolism was examined. Results showed that 

the 202 mutants were more resistant than the WT plants. Rice calli transformed with the L. rigidum 

mutant α-tubulin gene (Val-202-Phe) were more resistant to dinitroaniline herbicides relative to 

calli transformed with the wild type gene. Also, enhanced trifluralin metabolism was detected in the 

202 mutants in comparison to the susceptible seedlings. Therefore, both target-site Val-202-Phe α-

tubulin mutation and non-target-site enhanced trifluralin metabolism co-exist in this dinitroaniline-

resistant L. rigidum population. 

Key words: resistance; microtubule organisation; weed  
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1 Introduction 

Dinitroanilines (e.g. trifluralin, pendimethalin, ethalfluralin or oryzalin) are important pre-

emergence herbicides used for weed control in a range of crops including cotton, soybean, wheat 

and oilseed. Trifluralin (α,α,α-trifluoro-2,6-dinitro-N,N-dipropyl-p-toluidine), one of the most 

prominent dinitroaniline herbicides, has been used extensively to control grass weeds and certain 

dicot weeds since its commercialisation in the 1960s. Due to long-term, repeated application, field-

evolved dinitroaniline resistance is known in weedy species including goosegrass (Eleusine indica (L.) 

Gaertn.), green foxtail (Setaria viridis (L.) P. Beauv.), Palmer amaranth (Amaranthus palmeri S. 

Wats.), annual ryegrass (Lolium rigidum Gaud.), annual bluegrass (Poa annua L.), blackgrass 

(Alopecurus myosuroides Huds.) and water foxtail (Alopecurus aequalis Sobol.) (Gossett et al., 1992; 

Hashim et al., 2010; James et al., 1995; Lowe et al., 2001; McAlister et al., 1995; Morrison et al., 

1989; Mudge et al., 1984). 

Dinitroaniline herbicides are microtubule inhibitors in plants and protists. Microtubules are a highly 

conserved component of the eukaryotic cytoskeleton, comprised of α- and β-tubulin heterodimers 

(Nogales et al., 1998). In mitosis, the microtubules form a bipolar spindle apparatus capable of 

correctly positioning chromosomes within the cell plane and guiding separated chromatids to 

opposite ends of each daughter cell. During interphase, the microtubules are critical for 

orchestrating cell wall synthesis in plant cells (Shaw & Vineyard, 2014). After the application of 

dinitroaniline herbicides, mitosis in emerging seedlings is disrupted and two daughter cells fail to 

separate. The seedlings display swollen roots and ultimately die because they cannot emerge from 

the soil (Schultz et al., 1968). 

Specific amino acid substitutions in plant α-tubulin isoforms known to endow dinitroaniline 

resistance include Leu-136-Phe (Délye et al., 2004), Thr-239-Ile (Anthony et al., 1998), Arg-243-

Lys/Met (Chapter 4, Chu et al., 2018) and Met-268-Thr (Yamamoto et al., 1998). A Val-202-Phe 

substitution was reported in several dinitroaniline-resistant A. aequalis populations (Hashim et al., 

2012), and in L. rigidum populations (Chapter 3, Chen et al., 2018b; Fleet et al., 2017). However, 

convincing evidence is still lacking on whether this Val-202-Phe substitution confers resistance, 

because all the other known resistance mutations are at conserved sites closer to dinitroaniline 

binding, whereas the 202 residue is not conserved nor involved in herbicide binding (Blume et al., 

2003; Chapter 4, Chu et al., 2018; Mitra & Sept, 2006).  
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Lolium rigidum Gaud. (annual ryegrass) is an obligate cross-pollinated diploid grass weed which has 

become ubiquitous throughout agricultural areas of southern Australia since its initial introduction 

as a pasture plant in the 1800’s (Kloot, 1983). For decades, most of the L. rigidum infesting cropping 

fields were well controlled by trifluralin. However, recently, trifluralin resistance in L. rigidum has 

been increasingly documented across Australia (Boutsalis et al., 2012; Broster et al., 2011; Owen et 

al., 2007, 2014). Target-site α-tubulin mutations resulting in amino acid substitutions (e.g. Val-202-

Phe, Thr-239-Ile and Arg-243-Met/Lys) and non-target-site enhanced trifluralin metabolism have 

been reported in dinitroaniline-resistant L. rigidum (Chapter 3, Chen et al., 2018b; Chapter 4, Chu 

et al.,2018; Chapter 5, Chen et al., 2018a;  Fleet et al., 2017). As the Val-202-Phe mutation was 

identified with a higher frequency than other tubulin mutations in resistant L. rigidum populations 

(Chapter 3, Chen et al., 2018b, Fleet et al., 2017), it is necessary to provide further evidence as to its 

contribution to target-site dinitroaniline resistance. Also, three other resistant populations studied 

before exhibited enhanced metabolism, so it is anticipated that the same mechanism is present in 

population M4/16. Therefore, this study aimed 1) To characterise resistance to dinitroaniline 

herbicides in a purified L. rigidum sub-population homozygous for the Val-202-Phe substitution, 2) 

To confirm whether the Val-202-Phe substitution endows dinitroaniline resistance by expressing 

this mutation in rice and 3) To clarify whether non-target-site metabolic resistance is also present 

in this trifluralin-resistant L. rigidum population. 

2 Materials and methods 

2.1 Plant material  

A trifluralin resistant L. rigidum population (M4/16) was originally identified in a random weed 

resistance survey of the Western Australian cropping region in 2010 (Owen et al., 2014). Most plants 

in this resistant population survived 960 g a.i. ha-1 trifluralin (the recommended field rate) and 

contained the Val-202-Phe substitution in the α-tubulin gene (Chapter 3, Chen et al., 2018b). Plants 

(more than 20 individuals) homozygous for the Val-202-Phe mutation were identified and allowed 

to cross-pollinate with each other to produce the purified sub population (the 202-phenylalanine-

type, hereafter referred to as 202FT). Meanwhile, M4/16 plants (more than 10 individuals) without 

any known resistance-conferring α-tubulin mutations were used to generate the purified wild type 

(Val-202) sub-population (hereafter referred to as WT). In addition, a herbicide susceptible 

population, SVLR1 (hereafter referred to as S) (Manalil et al., 2012), was included as a control in 

some experiments.  
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2.2 Response of the resistant 202FT vs. WT sub-populations to dinitroaniline herbicides 

It is possible that population M4/16 possesses non-target-site-based resistance to dinitroaniline 

herbicides which could confound analyses of the contribution of the Val-202-Phe target site 

mutation to resistance. In order to offset possible contributions from non-target-site mechanisms, 

the purified 202FT sub-population was compared with the WT sub-population in a dose-response 

experiment with four dinitroaniline herbicides. The two sub-populations were sprayed with various 

doses of trifluralin, pendimethalin, ethalfluralin and oryzalin. Seeds were pre-germinated on wet 

tissue paper at room temperature for two days. There were 20 germinating seeds in each pot, three 

replicate pots per herbicide rate, and six rates for each herbicide (Table 1). Herbicide treatment 

methods and spray facilities were the same as described earlier (Chapter 3, Chen et al., 2018b). After 

treatment, the pots were kept in a glasshouse under natural light at a day/night temperature of 

25/15 °C, watered and fertilised regularly. This experiment was conducted in April 2017, the natural 

growing season for L. rigidum. The number of survivors, classified as emerged seedlings with healthy 

new growth, was assessed 21 days after treatment. 

2.3 Val-202-Phe mutation validation by rice genetic transformation 

The full coding sequence of α-tubulin containing the Val-202-Phe mutation was amplified and 

cloned using the published primer A4F2/A4R2 (Chapter 3, Chen et al., 2018b). DNA cassette 

construction, Agrobacterium tumefaciens transformation and rice callus transformation protocols 

were the same as described in Chapter 4 (Chu et al., 2018). Transformed rice calli were grown on 

NB-medium (3% sucrose, 0.4% N6 salts, 0.03% casamino acids, 0.2% 500×N6 vitamin, 0.29% proline, 

0.03% 10 g L-1 2,4-D and 0.4% gelrite, pH= 5.8) containing various rates of dinitroaniline herbicides 

as follows: trifluralin at 0, 5, 10, 50, 250 µg L-1, pendimethalin at 0, 2.5, 7.5, 10, 20 µg L-1 and 

ethalfluralin at 0, 10, 50, 75, 200 µg L-1. Petri dishes were sealed with self-sealing thermoplastic 

(Parafilm M, Bemis Company, Neenah WI) and kept in an incubator at 28°C in the dark. Herbicidal 

symptoms in the rice calli became obvious at 21 days after treatment. DNA was isolated from five 

randomly selected WT and 202-Phe rice calli according to Yu et al. (2008). The introduction of the 

transgene into rice callus DNA was confirmed by PCR using the primer pair HygF/HygR (HygF: 

GACCTGCCTGAAACCGAACTG; HygR: CCCAAGCTGCATCATCGAAA), followed by agarose gel 

electrophoresis to visualise the 562 bp PCR product. The PCR cycling was run as follows: 94°C 5 min, 

35 cycles of 94°C 30 s, 55°C 30 s, 72°C 60 s, and a final extension step of 10 min at 72°C. 
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2.4 Phenotype and genotype correlation analysis 

Phenotype-genotype correlation analysis was conducted to determine if resistance mechanisms 

other than target-site tubulin mutations coexist in the 202FT sub-population. Two S×202FT parental 

pair-crosses were used, and F1 seeds from the two crosses were harvested separately: F1S1 was 

collected from the S mother plant of one pair, and F1R2 was from the 202FT mother plant of another 

pair. Their corresponding ψ-F2 seeds were named as F2S1 and F2R2, respectively. 

The ψ-F2 seeds (16 seeds of F2S1 and 24 seeds of F2R2) were imbibed on moistened filter paper at 

24 °C in the dark for 48 h until just germinating (radical length approximately 5 mm), and then 

transplanted to Petri dishes containing 1 µM trifluralin dissolved in 0.6% agar-water. This trifluralin 

concentration represents the discriminating rate for susceptible and resistant seedlings as 

determined previously (Chapter 3, Chen et al., 2018b). Forty-eight hours after treatment, 

susceptible plants with obvious symptoms of swollen roots, and normally-growing resistant plants, 

were removed from the agar, washed and transplanted into pots filled with potting soil (50% 

peatmoss, 25% sand and 25% pine bark). The phenotypes (i.e. susceptible or resistant) of the 

rescued seedlings (16 from F2S1 and 24 from F2R2) were recorded and the plants were kept in the 

glasshouse for one month with regular watering and fertilisation, before leaf tissue was taken for 

genomic DNA isolation. The rescued seedlings were then individually genotyped by Sanger DNA 

sequencing using the primer pair LrTubulinF1/5-R-seq (LrTubulinF1: GGCCTTGGTTCTCTTCTCCTT, 5-

R-seq: CAGGCCATGTACTTGCCGTG) designed for Val-202-Phe detection in L. rigidum. The PCR 

cycling was as follows: 94°C 5 min, 35 cycles of 94°C 30 s, 60°C 30 s, and 72°C 60 s, followed by a 

final extension step of 10 min at 72 °C. The chromatogram files of all sequences were visually 

checked using the Chromas software (version 2.5.1; Technelysium Pty Ltd, Australia).  

2.5 Investigation of non-target-site resistance mechanisms 

Seeds from S and 202FT were imbibed on moistened filter paper at 24°C for 5 days with a 12 h 

photoperiod until the coleoptile reached 2-3 cm. Seedlings from each population were randomly 

selected and transferred into a 10 ml glass beaker (10 plants per beaker per replicate) containing 

700 µl 14C-trifluralin (ring-14C [U]; 16 mCi/mmol stock dissolved in ethanol; American Radiolabeled 

Chemicals, St Louis, Missouri) solution at a concentration of 1.35 Bq/µl (equivalent to 2 µM 

trifluralin), ensuring all roots were immersed in the solution. The beakers were sealed with Parafilm 

to minimize volatilisation, and kept in an incubator at 20/15°C day/night in the dark for 48 h.  
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To examine for trifluralin uptake and translocation pattern, plants were removed from the beaker, 

and each was washed with 5 ml 20% methanol containing 0.2% Triton X-100, and blotted dry. Then, 

plants were pressed and oven-dried at 70°C for 48 h, prior to exposure to a storage phosphor screen 

(BAS-IP MS2040; GE Healthcare, Little Chalfont, UK) for 24 h. Trifluralin translocation was visualised 

using a phosphor imager (Typhoon 5, GE Healthcare Life Sciences). 

To examine for trifluralin metabolism, fresh 14C-trifluralin-treated, methanol-washed S and 202FT 

seedlings were extracted in 80% methanol and partitioned against hexane as described in Chapter 

5 (Chen et al., 2018a), with ten seedlings per replicate and four replicates per population. Aliquots 

of the methanol and hexane phases were taken for scintillation counting, and the distribution of 14C 

between the two phases was determined and compared between populations. 

2.6 Statistical analysis 

Dose-response curves were generated with SigmaPlot® (version 13.0; Systat Software, Inc., San Jose, 

CA, USA) to determine LD50 (the herbicide rate causing 50% seedling mortality) by non-linear 

regression. The data were fitted to the four parameter logistic model:  

𝑦 = 𝐶 +(D-C)/[1+(x/x0)b] 

Or the three parameter logistic model: 

𝑦 =
𝐷

1 + (𝑥 𝑥0⁄ )𝑏
 

where C is the lower limit representing plant survival at infinitely large herbicide rates, D is the upper 

limit representing plant survival at low herbicide doses where minimum response is observed, x0 is 

the LD50 and b is the slope around x0. Significant differences in estimated LD50 values between WT 

and 202FT, and the radioactivity distribution after partitioning between S and 202FT were 

determined by the t-test, using the software Prism® (version 5.0, GraphPad Software, Inc., San Diego, 

CA). The resistance index was calculated through dividing the LD50 of 202FT by the LD50 of WT.   

3 Results 

3.1 Plants containing the α-tubulin mutation Val-202-Phe are resistant to dinitroaniline herbicides 

From dinitroaniline dose-response curves, the LD50 values were obtained and compared between 

WT and the resistant 202FT populations. WT plants with Val being the amino acid at 202 were nearly 

100% controlled at the field rate of each herbicide (Table 1), while 202FT plants with Phe at 202 
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survived (Fig. 1). The 202FT plants displayed low levels of resistance (3- to 6-fold) to trifluralin, 

pendimethalin and ethalfluralin; and high level (68-fold) resistance to oryzalin (Table 2). 

3.2 Rice calli transformed with the α-tubulin mutant (Val-202-Phe) gene are resistant to 

dinitroaniline herbicides  

To establish definitively if the Val-202-Phe substitution endows dinitroaniline herbicide resistance, 

rice calli were transformed with the L. rigidum WT and 202FT α-tubulin genes. This was confirmed 

by PCR amplification of the 562 bp hygromycin tag gene in the expression vector (Fig. 2). 

Transformed rice calli grew vigorously on the control NB medium without herbicide. However, in 

the presence of herbicide, the transformed WT calli with Val at 202 stopped growing and became 

brown on growth medium containing at least 50 µg L-1 trifluralin, 7.5 µg L-1 pendimethalin and 50 µg 

L-1 ethalfluralin, respectively (Fig. 3). In contrast, the calli transformed with the mutant α-tubulin 

gene Val-202-Phe proliferated normally at discriminating rates of each dinitroaniline herbicide, and 

higher herbicide rates (e.g. 250 µg L-1 trifluralin, 20 µg L-1 pendimethalin and over 200 µg L-1 

ethalfluralin) were needed to inhibit their growth (Fig. 3).  

3.3 Phenotype-genotype correlation analysis 

For the ψ-F2 family F2S1, 10 seedlings were identified as resistant and six as susceptible to trifluralin. 

For F2R2, 10 seedlings were identified as the resistant phenotype, and 14 as the susceptible (Table 

3). Sequencing results showed that susceptible phenotype was either homozygous for WT (Val-202), 

or heterozygous (Val-202/202-Phe) genotype. In contrast, 17 of the 20 resistant phenotypes were 

identified as homozygous for 202-Phe, establishing the co-segregation of the Val-202-Phe mutation 

with trifluralin resistance. We note that three resistant individuals from F2R2 showed a wild type 

homozygous susceptible Val-202 genotype, suggesting that a potential non-target-site resistance 

mechanism is also present in the population. 

3.4 Enhanced trifluralin metabolism in L. rigidum mutants 

Root-absorbed [14C]-trifluralin translocated readily throughout seedlings of both the S and 202FT 

populations (Fig. 4). After phase partitioning of tissue extracts from 14C-trifluralin-treated seedlings, 

there was a significant difference (P<0.01) between the S and resistant 202FT samples in the relative 

distribution of radioactivity in the polar (methanol) and non-polar (hexane) phases (Fig. 5). In the 

methanol phase, containing the polar trifluralin metabolites, more than 41% of the total extractable 

radioactivity was detected in the resistant 202FT samples whilst less than 28% was recovered in the 

S samples (Fig. 5). 
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4 Discussion 

4.1 The α-tubulin substitution Val-202-Phe endows dinitroaniline resistance in L. rigidum 

In order to prove dinitroaniline resistance conferred by the Val-202-Phe mutation and to offset the 

possible contribution of NTSR, the WT sub-population, rather than an S population, was compared 

to the 202FT sub-population in whole plant dose response experiments. The observed higher 

resistance of the 202FT sub-population compared to the WT demonstrated that the Val-202-Phe 

substitution endows resistance to dinitroaniline herbicides (Table 2, Fig. 1). In contrast to other 

confirmed resistance-conferring α-tubulin mutations in higher plants, which occur at highly 

conserved amino acid residues (e.g. Thr-239 or Arg-243), the Val-202 residue is not conserved across 

kingdoms (Fig. S1). Moreover, both Val and Ile are present in different α-tubulin isoforms of 

Arabidopsis (Fig. S2). Therefore, to confirm the results of whole-plant dose-response studies and to 

provide direct evidence that the Val-202-Phe mutation confers dinitroaniline resistance, rice genetic 

transformation was employed. This transgenic approach established that the Val-202-Phe mutation 

does confer resistance to dinitroaniline herbicides in L. rigidum. 

In cases documented so far, α-tubulin mutations identified in resistant weeds were either in a 

homozygous state, or co-occurred as two different resistance-endowing tubulin mutations. For 

example, homozygous Thr-239-Ile mutations were reported in S. viridis (Délye et al., 2004) and L. 

rigidum (Fleet et al., 2017), while the Val-202-Phe mutation together with the Leu-125-Met or Leu-

136-Phe were reported in A. aequalis (Hashim et al., 2012), and Val-202-Phe with Thr-239-Ile in L. 

rigidum (Fleet et al., 2017). Based on these previous studies, and on the similar results of the current 

study, where only plants homozygous for the Val-202-Phe mutation were resistant, it suggests that 

a single, heterozygous α-tubulin substitution may not be sufficient for dinitroaniline resistance. 

4.2 Enhanced trifluralin metabolism also contributes to dinitroaniline resistance in sub-population 

202FT 

An agar-based phenotype-genotype test on the segregating ψ-F2 family F2R2 identified three plants 

without the Val-202-Phe mutation (WT genotype) that displayed the resistant phenotype, indicating 

possible involvement of non-target-site resistance in these WT plants derived from the 202FT 

parental population. Herbicide resistance conferred by possession of both TSR and NTSR 

mechanisms is common in resistant L. rigidum. For example, both target-site mutations and 

enhanced herbicide metabolism were found to endow resistance to ALS- and ACCase-inhibitors in 

many L. rigidum populations (Yu et al., 2007b, 2008; Zhang & Powles, 2006a; Zhang & Powles, 



CHAPTER 6 A VAL-202-PHE α-TUBULIN MUTATION AND METABOLIC RESISTANCE 

72 

 

2006b). In particular, in a recent study, 70% of the diclofop-resistant L. rigidum populations assayed 

were revealed to contain both target-site and non-target-site-based resistance mechanisms (Han et 

al., 2016). Similarly, both TSR and NTSR to trifluralin was demonstrated in a L. rigidum population in 

Chapter 5 (Chen et al., 2018a) and is now shown in another population in this current study.  

In summary, L. rigidum plants homozygous for the α-tubulin mutation Val-202-Phe exhibited target 

site resistance to dinitroaniline herbicides. Genetic transformation of rice calli confirmed that this 

specific Val-202-Phe mutation endows dinitroaniline resistance. Genotype-phenotype correlation 

analysis and quantification of trifluralin metabolism revealed both TSR and NTSR to dinitroaniline 

herbicide in this L. rigidum population. 
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Table 1 Dinitroaniline herbicide rates applied to WT and 202FT populations in a whole-plant dose-

response study. 

Dinitroaniline Herbicides Field rate (g ha-1) Population Rates applied (g ha-1) 

Trifluralin (TriflurX® 480g 
a.i.L-1, Nufarm) 

960 WT 0, 120, 180, 240, 720, 960, 
1440 

 202FT 0, 240, 720, 960, 1440, 1920 

Pendimethalin (Rifle®440, 
440 g a.i. L-1, Nufarm) 

594 WT 0, 31, 62, 124, 248, 495, 990 
 202FT 0, 62, 124, 248, 495, 990 

Ethalfluralin (Sonalan 
35.4%, Dow®) 

360 WT 0, 22.5, 90, 180, 360, 540, 
1080 

 202FT 0, 90, 180, 360, 540, 1080 

Oryzalin (Surflan® 480 g 
a.i. L-1, Villa Crop 
Protection) 

500 WT 0, 15, 31, 62, 125, 250, 500, 
2000 

 202FT 0, 125, 250, 500, 2000, 4000 
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Table 2 Parameter estimates of the nonlinear logistic analysis of the whole-plant dose-response to 

dinitroaniline herbicides for the purified WT and 202FT Lolium rigidum populations. Standard errors 

are in parentheses.  

Herbicide Population D C b LD50 

(g ha-1) 
P a Resistance 

index b 

Trifluralin WT 101 (7) 4 (6) 2 (1) 204 (27)  <0.01 6 
202FT  100 (1) -15 (9) 3 (0.3) 1230 (81) 

Pendimethalin WT 99 (4) 4 (4) 2 (0.4) 106 (9) 
<0.01 4 

202FT 98 (1) 24 (2) 4 (0.6) 457 (12) 
Ethalfluralin WT 100 (1) -1 (2) 3 (0.2) 174 (5) 

<0.01 3 
202FT 99 (1) 14 (2) 6 (0.5) 465 (8) 

Oryzalin WT 100 (3) 10 (2) 3 (0.6) 57 (3) 
<0.01 68 

202FT 97 (1) - 5 (1) 3889 (71) 
a Significance of a t-test comparison of LD50 values between the WT and 202FT. 

b Resistance index was calculated as the ratio of 202FT:WT LD50 values. 
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Table 3 Correlation analysis of trifluralin resistance phenotype and the α-tubulin genotype at the 

Val-202 site in the two ψ-F2 (F2S1 and F2R2) segregating families. 

F2 families Phenotype Plants number  
Plants number of different 

genotypes 

Phe/Phe Phe/Val Val/Val 

F2S1 
Resistant 10 10 0 0 

Susceptible 6 0 2 4 

F2R2 
Resistant 10 7 0 3 

Susceptible 14 0 5 9 
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Fig. 1 Dose response curves of Lolium rigidum population WT (filled circles) and 202FT (open 

circles) treated with dinitroaniline herbicides (a. trifluralin, b. pendimethalin, c. ethalfluralin, d. 

oryzalin), 21 days after treatment. Each data point represents the mean ± standard error of three 

replicates in a single dose-response experiment. 

 

  

a b 

c d 
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Fig. 2 Confirmation of rice callus transformation using PCR amplification of the hygromycin tag. 

Lanes 1-5 show the PCR products using DNA from calli transformed with the wild type tubulin 

transcript, and lanes 6-10 from calli transformed with the 202-Phe tubulin transcript. The length of 

the hygromycin tag is 562 bp. 
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Fig. 3 Growth of rice calli transformed with the WT or mutant Phe-202 α-tubulin cDNA in media 

containing the indicated concentrations of trifluralin, pendimethalin or ethalfluralin. The control 

medium contained no herbicides but the same amount of DMSO as was used as a solvent for the 

herbicides. Photos were taken 21 days after treatment. 

 

Trifluralin (µg L-1) 
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Fig. 4 Phosphor image of [14C]-trifluralin-treated SVLR1 (upper panel) and 202FT (lower panel) 

seedlings showing no visual differences in trifluralin uptake and translocation, 48 h after treatment. 

Roots of seedlings were immersed in [14C]-trifluralin solution for 48 h prior to washing, oven-drying 

and imaging. 
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Fig. 5 Distribution of recovered radioactivity in the nonpolar (100% hexane) and polar (80% 

methanol) phases of extracts from the S and 202FT populations treated with [14C]-trifluralin. Values 

are means ± standard errors (n = 4), and asterisks above the bar denote a significant difference 

(P<0.01) between S and 202FT in the proportion of 14C partitioning into the methanol phase. 
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Fig. S1 Alignment of partial α-tubulin protein sequences from different species across the animal, 

fungus, plant and protist kingdoms. The 202 site is highlighted in red bold font. Sequences were 

aligned using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo). All protein sequence 

numbers are from GenBank except the annual ryegrass sequence. The corresponding GenBank 

numbers are: human (P68363.1), crab-eating macaque (Q4R538.1), Chinese hamster (P68365.1), 

Pneumocystis carinii (P53372.1), Zymoseptoria tritici (O94128.1), Neurospora crassa OR74A 

(P38669.2), Toxoplasma gondii (P10873.1), Chlamydomonas reinhardtii (P09204.1), Chlorella 

vulgaris (Q9ZRJ4.1), rice (P28752.1), goosegrass (O22347.1), maize (P22275.1), Arabidopsis 

(P29511.1), wheat (Q9ZRB7.1), barley (Q96460.1). 
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Fig. S2 Alignment of partial α-tubulin protein sequences of Arabidopsis thaliana showing variations 

in the 202 residue between α-tubulin isoforms TBA1-TBA6. Data are from 

https://www.arabidopsis.org. The 202 site is highlighted in red bold font. 
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Chapter 8 An Arg-243-Met α-tubulin mutation endowing resistance 

to microtubule-inhibitors causes right-handed helical plant 

morphology 

Abstract: Plant microtubules are highly dynamic structural proteins playing important roles in 

regulating cell division, proliferation and morphology. Here, a sub-population of the weedy plant 

species Lolium rigidum with a helical and dwarf phenotype was isolated from a population with 

evolved resistance to the microtubule-inhibiting herbicide trifluralin. The L. rigidum plants 

containing the Arg-243-Met (243M) mutation in -tubulin showed 8-fold resistance to trifluralin 

compared to the susceptible plants. Interestingly, homozygous 243M plants also exhibited a right-

handed helical and dwarf growth traits. Transgenic rice seedlings homozygous for the 243M α-

tubulin gene displayed the same helical and dwarf growth, confirming that it is the 243M α-tubulin 

mutation that causes the aberrant morphology. Also, a severe resistance cost in biomass reduction 

was observed in 243M L. rigidum plants. Therefore, the Arg-243-Met α-tubulin mutation is a novel 

mutation endowing dinitroaniline resistance while impacting plant morphology. 

Keyword: tubulin; mutation; helical; dwarfism; resistance 

1 Introduction 

Microtubules are key components of the cytoskeleton in all eukaryotic cells. In plants, they are 

crucial in the development and maintenance of cell shape, in the transport of vesicles and in cell 

signalling and division. Microtubules are hollow filaments composed of many 100 kDa α/β-tubulin 

heterodimers of dimensions 4 nm × 5 nm × 8 nm (Jordan & Wilson, 2004). There are several different 

members of the α- and β-tubulin gene families, sharing 36-42% amino acid sequence identity (Little 

& Seehaus, 1988). Microtubules perform functions in different ways at different cellular cycle stages. 

During interphase, microtubules are critical for orchestrating cell wall synthesis in plant cells 

(Paredez et al., 2006). Also, microtubules combine with the plasma membrane, forming cortical 

microtubules to help support  and shape the cell (Shaw & Vineyard, 2014). During mitosis, 

microtubules make up a bipolar spindle apparatus, which is capable of guiding separated chromatids 

at the midplane to opposite ends of the cell (Shaw & Vineyard, 2014).  

Given their important functions in key cell processes, microtubules became the target site for a 

number of pharmacological compounds such as anti-tumour drugs, antimalarial drugs, fungicides 

and herbicides (Peterson & Mitchison, 2002). A number of molecules from various chemical classes 



CHAPTER 8 AN ARG-243-MET α-TUBULIN MUTATION AND HELICAL PLANT MORPHOLOGY 

95 

 

have been developed as microtubule-inhibiting herbicides, including dinitroanilines, 

phosphoroamidates, benzoic acids, and pyridines (Délye et al., 2004). Dinitroaniline is the prominent 

group working as pre-emergence herbicides to control monocot and certain dicot weeds, with 

commonly-used members including trifluralin, pendimethalin and oryzalin. Dinitroaniline-

susceptible weed seedlings usually exhibit swollen and stunted symptoms following treatment, 

especially in the roots (Lignowski & Scott, 1971), and either cannot emerge from the soil at all, or 

stop growing soon after cotyledon emergence. 

Mutations in tubulin could change tubulin sensitivity to microtubule inhibitors by altering inhibitor 

binding or microtubule dynamics. For example, α-tubulin in the protozoan Tetrahymena 

thermophile containing Leu-136-Phe and Ile-252-Leu mutations exhibited deceased affinity for 

oryzalin (Lyons-Abbott et al., 2010). Also, in Toxoplasma gondii, 23 mutagenized lines harbouring 

single α-tubulin mutations showed resistance to oryzalin (Morrissette et al., 2004). In plants, a green 

foxtail (Setaria viridis (L.) Beauv.) population containing the α-tubulin mutations Leu-136-Phe and 

Thr-239-Ile was resistant to dinitroanilines and benzoic acid, but hypersensitive to carbamates 

(Délye et al., 2004). In Arabidopsis, the Ser-180-Phe α-tubulin mutation in the TUA4 and TUA6 

isoforms were more sensitive to the microtubule-specific drugs taxol and propyzamide (Thitamadee 

et al., 2002). Transgenic rice calli expressing the Arg-243-Met α-tubulin gene from Lolium rigidum 

Gaud. are dinitroaniline resistant (Chapter 4, Chu et al., 2018). Remarkably, the purified L. rigidum 

sub-population containing plants homozygous for the Arg-243-Met α-tubulin mutation displayed 

aberrant helical and dwarf growth. 

This current study aims to investigate: 1) If the Arg-243-Met α-tubulin mutation in L. rigidum endows 

dinitroaniline-resistance at the whole plant level; 2) If this mutation is associated with helical and 

dwarf growth; 3) If this mutation comes with a resistance cost. 

2 Materials and methods 

2.1 Origin of the plant materials 

Lolium rigidum plants possessing the α-tubulin mutation Arg-243-Met (hereafter named as 243M) 

used in this study was originally detected in the M4/16 population from Western Australia as 

introduced in Chapter 4, (Chu et al., 2018). Plant cDNA was prepared from survivors of 960 g ha-1 

trifluralin treatment and from untreated individuals, and the full coding sequence of the α-tubulin 

isoform containing the mutation was amplified with the primer pair ATG/UAG in Chapter 3 (Chen et 

al., 2018b). In a total of 61 plants sequenced, no 243M homozygotes, but only three heterozygotes 
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were identified. These three plants were allowed to cross-pollinate with each other to generate a 

segregating progeny named 243P1. Only two homozygous 243M plants with poor growth were 

identified out of 45 243P1 plants sequenced with the DNA primer pair Intron F/R in Chapter 5 (Chen 

et al., 2018a). The two homozygous plants were crossed with each other, producing a progeny 

population named 243P2 with limited seed production. The 243P2 plants exhibited unusual right-

handed helical growth as well as severe dwarfism. To produce sufficient seeds for dose-response 

tests, about twenty uniform 243P2 plants were bulk-crossed, generating the progeny named 243P3. 

Four L. rigidum plants containing no known α-tubulin mutations were purified from within the 

M4/16 population as a wild type (WT) population. Another herbicide-susceptible population SVLR1 

(hereafter referred to as S) was used as a routine control population. 

2.2 Whole plant dose-response to trifluralin 

Seeds of S and 243P3 were germinated on moistened filter paper at 25 °C in the dark. To synchronise 

the germination time, S was imbibed for 65 h and 243P3 for 72h prior to transplanting. Germinating 

seeds were transplanted into pots (Ø = 18 cm, height = 16 cm) containing potting mix (50% peatmoss, 

25% sand and 25% pine bark). Plant culture and trifluralin treatment methods were the same as 

described in Chapter 3 (Chen et al., 2018b). Trifluralin doses applied were 0, 7.5, 15, 30, 60, 120 and 

240 g ha-1 for S and 0, 30, 60, 120, 240, 480 and 960 g ha-1 for 243P3. There were 20 seeds sown in 

each pot. The whole experiment was performed twice, with five replicates for 243P3 for each rate 

in the first trial and three in the second trial. There were three replicates for S in both trials. The 

treated pots were kept in a glasshouse at day/night temperatures of 25/10 °C under natural sunlight 

during April and May in 2018. The survival rate was assessed 21 days after treatment, and plants 

with vigorous new growth were taken as survivors. 

2.3 Helical and dwarf phenotype vs genotype analysis of L. rigidum plants 

To evaluate whether the helical growth and dwarf phenotype is solely associated with the α-tubulin 

mutation Arg-243-Met, a phenotype-genotype analysis experiment was conducted using the 243P1 

population segregating for Arg-243-Met/Arg genotypes. Fifty seeds of 243P1 were directly sown 

without imbibition into a plastic tray (300 × 400 × 100 mm) containing potting mix, and kept in a 

glasshouse under the same conditions as described in section 2.2 with regular watering. By 30 days 

after transplanting (DAT), a total of 29 seedlings had emerged. The phenotype of each seedling 

(helical or non-helical) was recorded before the leaf tissue (about 100 mg) was taken for DNA 

extraction according to Yu et al. (Yu et al., 2008). Individual plants were sequenced with the primer 
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pair Intron F/R as introduced in Chapter 5 (Chen et al., 2018a), and the chromatogram files of all 

sequences were visually checked using the Chromas software (version 2.5.1; Technelysium Pty Ltd, 

Australia). The correlation between the helical phenotype and the tubulin mutation was analysed. 

2.4 Genotype-phenotype analysis of rice plants transformed with 243M mutant -tubulin gene 

To further demonstrate whether it is the 243M α-tubulin mutation that causes the helical growth 

trait, transgenic rice seedlings were generated. As described in Chapter 4 (Chu et al., 2018), rice calli 

were transformed with the vector containing the 243M α-tubulin gene and a hygromycin resistance 

marker (hygromycin phosphotransferase) by Agrobacterium tumefaciens. Rice seedlings of the T0 

generation were regenerated from hygromycin-resistant rice calli. DNA from T0 plants was extracted 

and sequenced with the primer pair HPT F/R for hygromycin phosphotransferase gene (Table 1) to 

confirm transformation. Then T0 plants containing the vector were self-crossed to obtain the seeds 

of the T1 generation. DNA of T1 plants was extracted and sequenced using the thermal asymmetric 

interlaced PCR (TAIL-PCR) technique to determine the gene insertion site in rice genome (Liu & 

Whittier, 1995). The forward primer “Tubulin-insert-F” upstream of the insertion site, together with 

the reverse primer “Tubulin-insert-R” downstream the insertion site, were designed to amplify a 

396 bp rice genome sequence in the absence of the vector sequence. Another reverse primer 

“Vector-R”, located at the left end of the vector), together with the “Tubulin-insert-F” primer 

amplifies a 441 bp fragment, confirming the presence of the inserted vector. These two primer pairs 

(Table 1) work together to indicate the homozygosity of the T1 seedlings. Homozygotes with 

insertions would show a band by the amplification of the primer pair “Tubulin-insert-F/Vector-R”, 

but no band by the primer pair “Tubulin-insert-F/Tubulin-insert-R”. Heterozygotes should show 

bands by both primer pairs, and the wild type (WT) rice plants would only exhibit a band by the 

primer pair “Tubulin-insert-F/Tubulin-insert-R”, and no band by “Tubulin-insert-F/Vector-R”. 

Homozygous T1 rice lines identified were then self-crossed to generate homozygous T2 seeds. 

Seeds from WT rice and homozygous T2 rice were imbibed at the same time, and sown in square 

pots (height 175 mm, length 90 mm) filled with sterilised potting mix as described in section 2.2. All 

rice plants were kept in a controlled environment room with a 10/14 h day/night photoperiod and 

29.4/26.7 °C temperature. The plants were watered daily and fertilised with liquid NPK fertiliser with 

micronutrients (Poly-Feed GG 20-20-20, Haifa®) weekly. At 30 DAT, photographs of the two 

genotypes were taken for growth and morphology comparison. 

2.5 Growth difference between 243M and WT L. rigidum 
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Seeds of the two populations (243P2 and WT) were germinated on moistened paper and incubated 

in the dark at 25 °C, with WT imbibed for 65 h and 243P2 for 72h prior to transplanting. Seedlings 

of each population with consistent radicle length were transplanted into plastic pots (Ø = 18 cm, 

height = 16 cm) containing the same sterilised potting mix as described in section 2.2, with one 

seedling per pot. Plants were grown and kept in the same glasshouse under natural sunlight during 

mid-October to late-December in 2017, with the temperature ranges at 20/25 °C in the day time 

and 15/20 °C at night. Plants were set under a pressure-compensating auto-irrigation system, which 

offers the same amount of water with a consistent speed (33 ml/min) for each pot every day. Fresh 

weight of the above-ground biomass (leaf and stem) of twenty seedlings per genotype during the 

vegetative stage was recorded at 21, 35 and 49 DAT. 

2.6 Statistical analysis  

The trifluralin rate causing 50% plant mortality (LD50) was calculated by non-linear regression 

analysis using SigmaPlot® software (version 13.0, Systat Software, Inc.). The data were fitted to the 

four parameter logistic curve model: 

𝑦 = 𝐶 +(D-C)/ [1+(x/x0) b] 

where C is the lower limit for plant survival at infinitely high herbicide rates, D is the upper limit for 

plant survival at low herbicide rates close to untreated controls, x0 is the rate of LD50 and b is the 

slope around x0. A two-way analysis of variance (ANOVA) was run to compare results between two 

repeated experiments. Resistance index (RI) was calculated by dividing the LD50 of 243P3 by the LD50 

of S. 

3 Results 

3.1 Whole-plant dose-response to trifluralin  

With no significant statistical difference between the two independently repeated dose-response 

experiments (P>0.05), the mortality data of each population from the two experiments were pooled 

for statistical analysis. The S population was nearly fully controlled by trifluralin at 120 g ha-1, with 

the LD50 value at about 40 g ha-1 (Fig. 1, Table 2). In contrast, nearly no mortality of 243P3 plants 

was recorded at 120 g ha-1, and a higher trifluralin rate (960 g ha-1) was needed to control 243P3 

plants. The LD50 of 243P3 was 317 g ha-1, which is significantly higher than the S population (p<0.001, 

Table 2). Therefore, it is clear that L. rigidum plants with the 243M α-tubulin mutation are 8-times 

more resistant to trifluralin. (Table 2). 



CHAPTER 8 AN ARG-243-MET α-TUBULIN MUTATION AND HELICAL PLANT MORPHOLOGY 

99 

 

3.2 Phenotype-genotype analysis of 243P1 L. rigidum plants 

A total of 29 plants from 243P1 with clear twisting/helical phenotypes were sequenced and analysed. 

There were 17 plants showing helical growth and 12 normally-growing plants (Fig 2, Table 3). All 17 

helical plants exhibited single chromatography peaks of the nucleotide ATG at the 243 residue, 

representing the substitution of amino acid Met (codon ATG) for Arg (codon AGG). In contrast, six 

of the normally growing plants had the wild type amino acid Arg at 243 and the other six contained 

both Met and Arg (Table 3). 

3.3 Phenotype-genotype analysis of T1 transgenic rice plants  

The insertion site of the vector in T1 transgenic rice line (M11-5) was at the 17416116 site of rice 

chromosome 7. A total of 28 T1 plants were sequenced, and the number of homozygous 243 

insertion, heterozygous 243 insertion and no insertion plants was 6, 17 and 5, respectively 

(Supplementary Fig. S1). Two homozygous 243 inserted T2 lines with sufficient seeds were chosen 

for growth comparison with wild-type (WT) rice. By 30 DAT, the 243M plants showed prominent 

helical growth and a dwarf phenotype in comparison to WT plants (Fig. 4). Moreover, some 243M 

rice seedlings displayed a lethal tendency, presenting white leaves on weak seedlings 

(Supplementary Fig. S2). 

3.4 Growth difference evaluation between 243M and WT L. rigidum 

After sowing, WT and 243P2 plants exhibited remarkable differences in growth. According to the 

visual observation, most WT plants emerged from soil 3 DAT while 243P2 plants did not emerge 

until 8 DAT. By 49 DAT, some WT plants started heading while none of the 243P2 plants entered 

into the reproductive stage. On this basis, the vegetative biomass was compared between the two 

populations before 49 DAT. Between 21 and 49 DAT, the aboveground fresh weight of WT plants 

was 50-60 times greater than that of 243P2 plants, with the growth rate higher between 21 and 35 

DAT, and lower from 35 to 49 DAT as shown in the slope in Fig. 3. So it is evident that while conferring 

resistance to trifluralin, the 243M mutation also has a severe impact on plant growth.   

4 Discussion  

In this study, we investigated the effect of the α-tubulin mutation Arg-243-Met from L. rigidum on 

resistance to trifluralin by assessing changes in plant morphology and plant growth. 
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4.1 Dinitroaniline resistance and resistance cost of the Arg-243-Met α-tubulin mutation  

Transgenic rice calli expressing the Arg-243-Met mutant α-tubulin gene from L. rigidum are resistant 

to dinitroaniline herbicides (Chapter 4, Chu et al., 2018). The whole plant herbicide dose-response 

experiment in the current study clearly showed that L. rigidum plants possessing the Arg-243-Met 

α-tubulin mutation are also resistant to trifluralin.  

Although being resistant to trifluralin, the homozygous 243M L. rigidum plants had poor growth 

compared to plants from the same population without the mutation (i.e. WT plants) (Fig. 3). The 

magnitude (%) of resistance costs (1 − (resistant biomass/WT biomass)) × 100 associated with 243M 

mutation was 98%, indicating a severe resistance cost at the vegetative stage. This strong negative 

effect on plant growth will likely be translated to reproductive growth and finally seed production, 

as changes in plant size and growth rate are positively associated with changes in reproductive traits 

in annual plants like L. rigidum (Vila-Aiub et al., 2009; Weiner, 1988; Weiner et al., 2009). It was also 

noticed that the seeds of homozygous 243M L. rigidum and rice plants had poor germination and 

viability (data not shown). Some 243M homozygous rice showed severe lethal defects with etiolated 

leaves (Supplementary Fig. S2). All these would explain the lack of 243M homozygotes in the 

trifluralin resistant L. rigidum population (M4/16), and low frequency of 243M homozygotes (2 in 

45) in 243P1 even by forced crossing among 243M heterozygotes. 

Additionally, only homozygous 243M mutant L. rigidum and rice plants showed the adverse growth, 

suggesting that the expression of the resistance cost may be recessive. This agrees with the 

recessive inheritance trait of trifluralin target-site resistance reported in weeds (Jasieniuk et al., 

1994; Zeng & Baird, 1997). Similarly but to a much lesser extent, Setaria plants containing the 

homozygous Thr-239-Ile α-tubulin mutation also showed a resistance cost in biomass and 1000-

grain weight (Darmency et al., 2011). A recessive resistance cost trait was also reported for the 

ACCase resistance mutation Asp-2078-Gly in Alopecurus myosuroides (Menchari et al., 2008) and L. 

rigidum (Vila-Aiub et al., 2015), and for the double EPSPS TIPS mutation in Eleusine indica (Han et 

al., 2017). A recessive resistance inheritance nature plus high resistance cost of the 243M mutation 

will limit dinitroaniline resistance evolution in crop fields. However, plants accumulating different 

mutations would offset such evolutionary disadvantages, which is possible for cross-pollinated 

species like L. rigidum. In fact, trifluralin resistant L. rigidum plants with two different tubulin 

mutations (e.g. 202+243, or 239+243) have already been identified (Chapter 4, Chu et al., 2018; 

Fleet et al., 2017).  
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4.2 The Arg-243-Met α-tubulin mutation causes right-handed helical growth in plants 

Both the phenotype-genotype correlation analysis and rice transgenic studies demonstrated that 

the homozygous Arg-243-Met α-tubulin mutation causes altered plant morphology. As indicated in 

previously published tubulin structural modelling (Chapter 4, Chu et al., 2018), the Arg-243 residue 

is possibly involved in forming a longitudinal contact interface between tubulin subunits (Chapter 4, 

Chu et al., 2018). Similarly, eight other tubulin mutations located in the longitudinal interface were 

related to morphological changes in Arabidopsis roots (Ishida et al., 2007). This implies that tubulin 

residues mediating tubulin heterodimer interactions are likely to be critical for plant morphology. 

In addition to the position of the mutant residues, the particular amino acid substitution also plays 

a critical role for plant morphogenesis. For example, in contrast to the helical growth of Arg-243-

Met plants, no altered plant morphology was evident in Arg-243-Lys homozygous plants, suggesting 

that the Met residue has a greater effect on microtubule conformation than the Lys residue at 

position 243.  

Tubulin mutations causing plant malformation have also been reported in crop plants. For instance, 

the semi-dwarf and lodging tolerance trait from mutagenised tef (Eragrostis tef) was linked to a Thr-

198-Ile α-tubulin mutation (Jöst et al., 2015). Also, the Thr-56-lle α-tubulin mutation from a 

mutagenised japonica rice cultivar was identified to endow dwarfism and right-handed helical plant 

growth (Sunohara et al., 2009). These crop tubulin mutations, together with the one we currently 

identified in the weedy species L. rigidum, could offer multiple and potential choices for agricultural 

and ornamental breeding. 
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Fig. 1. Survival response to trifluralin in the susceptible (filled circles) and the resistant 243 M3 

Lolium rigidum populations (open circles), 21 days after treatment. Each data point represents the 

pooled mean ± standard error of three or five replicates from two dose-response experiments. 
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Fig. 2 Lolium rigidum plants showing helical (left) and normal (right) growth for phenotype-

genotype analysis. Photos were taken 48 days after transplanting. 
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Fig. 3. The aboveground biomass of 243M and WT plants 21, 35 and 49 days after transplanting 

(DAT). 
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Fig. 4. Visual differences between homozygous Arg-243-Met (three on the left) and wild type Lolium 

rigidum plants (three on the right). Photographs were taken 42 days after transplanting. 
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Fig. 5. Helical, stunted growth of transgenic rice homozygous for the mutant Arg-243-Met α-tubulin 

gene, compared to the normal growth of non-transgenic wild type (WT) rice (a). Close-ups of two 

homozygous Arg-243-Met individuals showing detail of the right-handed helical growth in (b) and 

(c). Photographs were taken 30 days after transplanting (DAT). 
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Fig. S1. PCR results of DNA from 28 transgenic T1 plants amplified with two primer pairs Tubulin-

insert-F /Tubulin-insert-R (above) and Tubulin-insert-F/Vector-R (below).     
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Fig. S2. Two homozygous 243MT transgenic rice seedlings showed white leaves and lethal growth. 
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Table 1. Information on primers used for transgenic rice homozygosity evaluation. 

Primer name Primer sequence (5’-3’) Annealing temperature 
(°C) 

HPT F ATTTGTGTACGCCCGACAGT 
57 

HPT R GTGCTTGACATTGGGGAGTT 

Tubulin-insert-F GAGGGGGGCAATTTGATCAAGG 
58 

Vector-R GTTCCCAGATAAGGGAATTAGGGT 

Tubulin-insert-F GAGGGGGGCAATTTGATCAAGG 
58 

Tubulin-insert-R TGCCGAAGGATCGCATGAAGTC 
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Table 2. Parameter estimates of the non-linear logistic analysis of dose-response to trifluralin. S 

represents the trifluralin-susceptible population, and 243M3 denotes the Lolium rigidum population 

containing the Arg-243-Met α-tubulin mutation. Standard errors are in parentheses. LD50 values 

labelled with different letters indicate a significant difference between S and 243M3 (t-test; 

p<0.001). 

a 

Abbreviations: D, upper limit; C, lower limit; b, the slope around LD50; RI, resistance index, which is calculated by 
dividing the LD50 of 243M3 by the LD50 of S. 

 

  

Population Da Ca ba LD50 (g a.i. ha-1) 
r2  

(coefficient) 
RIa 

S 101.3 (3.2) -0.3 (2.3) 2.4 (0.2) 39.8 (1.7) b 0.9993 
8 

243M3 104 (9.2) 0.1 (8.1) 2.8 (0.6) 317 (32) a 0.9964 
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Table 3. Correlation between the helical phenotype and the α-tubulin genotype at the Arg-243 site 

in the original segregating Lolium rigidum population 243M1. 

Phenotype 
Number of 

plants of each 
phenotype  

Number of plants of each genotype at the 243 
residue 

Arg/Arg Met/Arg Met/Met 

Helical 17 0 0 17 
Non-helical 12 6 6 0 
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Chapter 9 General discussion and conclusions 

Overall, this PhD project mainly focused on answering one question: why annual ryegrass cannot be 

killed by dinitroaniline herbicides in the field? Other questions derived from this major one, as 

mentioned in knowledge gaps in Chapter 2, include: why dinitroaniline resistance in weeds evolves 

more slowly than other herbicides, what is the resistance inheritance pattern, and has the resistance 

mechanism resulted in any fitness cost in plants?  

To answer these questions, four field-collected dinitroaniline-resistant populations (i.e. M4/16, 

M2/6, M4/8 and SLR31, see Table 1), as well as three susceptible populations (i.e. VLR1, SVLR1 and 

DARGO, Table 1) were studied in this PhD research. Several sub-populations purified from 

population M4/16 with specific mutations were used for further research in Chapter 3, 6, and 7. 

Molecular approaches (gene amplification, gene cloning, transgenic rice calli etc.), together with 

biochemical methodologies (dose-response curves, 14C-trifluralin application, TLC and HPLC etc.), 

3D modelling and genetic crossing were employed to uncover dinitroaniline resistance mechanisms. 

1. Key findings of this PhD project 

The major achievements of this thesis are listed below: 

1) Both target-site (Chapter 3-8) and non-target-site (Chapter 5-6) resistance mechanisms are 

attributed to dinitroaniline resistance in annual ryegrass. 

2) In the field, dinitroaniline resistance is recessively inherited as a single gene (Chapter 7), which 

partially slows down the resistance evolution progress. 

3) Alpha-tubulin mutation Arg-243-Met causes great reduction on ryegrass vegetative growth 

(Chapter 8), as well as a twisting morphology change. 

While achieving these findings, high diversity was identified in annual ryegrass. Comparing with the 

self-fertilized species, cross-pollinated annual ryegrass own a more complicated background 

generated by mixing genetic information from various individuals. The complexity is manifested in: 

1) The diversity in tubulin gene family. α-Tubulin is a small gene family involving several family 

members. High sequence similarity is shared among these members, which adds difficulty to 

distinguish different tubulin isoforms.  

2) The diversity in annual ryegrass individuals. By crossing, the genetic information of different 

plants can be exchanged, and different tubulin members/mutations can be accumulated easily in 
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one single plant. Therefore, different annual ryegrass populations, or even different individuals 

within the same population, would probably have different tubulin sequence information. To 

exclude the potential present but unidentified tubulin mutations, the validation on novel target-site 

mutations heavily relies on transgenic techniques like rice calli transformation. 

2. Questions remaining to be resolved 

1) For target-site resistance 

Four α-tubulin mutations (Thr-239-Ile, Val-202-Phe, Arg-243-Met and Arg-243-Lys) were identified 

from different annual ryegrass populations. Interestingly, although there are at least four α-tubulin 

isoforms in annual ryegrass (data not shown), the four mutations identified are all located in one 

specific isoform. This may be associated with the expression level or tissue-specific site of each 

isoform, which remains to be revealed. 

In addition, other possible α/β-tubulin mutations associated with resistance remain to be uncovered 

at the individual or population level, with more samples to be analysed. With advances in genome 

and transcriptome sequencing, more genetic information on tubulin will be unequivocally provided. 

Furthermore, fitness cost caused by a specific tubulin mutation is supposed to be comprehensively 

studied. Direct evidence on the relationship between the mutant tubulin and the corresponding 

plant microtubule morphology is in demand. 

2) For non-target-site resistance 

Though enhanced trifluralin metabolism was identified, we are not clear on: 

• What are the major trifluralin metabolites? 

• What is the metabolic gene or gene family that is contributing to metabolic resistance in 

annual ryegrass? 

• What is the level or distribution of non-target-site resistance in annual ryegrass from the 

field? 

These questions could be answered by conducting biochemical research with the 14C-trifluralin, and 

molecular research on annual ryegrass transcriptome. 
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3. Final remarks 

This PhD study deciphered dinitroaniline resistance mechanisms in annual ryegrass, examined 

inheritance of dinitroaniline resistance and investigated the relations between mutant tubulins and 

plant morphogenesis. Mutant tubulins identified in herbicide-resistant weedy plants, together with 

their effect on plant morphology, could flow into other tubulin-related research areas (e.g. medical 

science, cytoskeleton etc.), and help interpret or predict possible aberrant conformation conferred 

by tubulin mutations. The resistance mechanisms revealed could help understand the dinitroaniline 

herbicide resistance evolution, and predict the development of dinitroaniline resistance in weeds, 

especially in obligatory cross-pollinated species like L. rigidum. The information and conclusions 

from this thesis bolster the promotion of diverse weed management strategies to minimise the 

selection pressure from the chemical weed control, and hence prolong the life of the precious 

dinitroaniline as well as other herbicides. 
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Table 1 Summary of dinitroaniline resistance mechanisms in annual ryegrass populations 

Population 

Dinitroaniline resistance mechanisms 

TSR 

(α-tubulin 

mutations) 

Corresponding 

Chapters 
NTSR 

Corresponding 
chapters 

M4/16 

Val-202-Phe  

Thr-239-Ile 

Arg-243-Met/Lys 

Chapter 3, 6 & 7 

Chapter 3 

Chapter 4, 5 & 8 
Enhanced trifluralin 
metabolisms were 
identified in all the 
four resistant 
populations 

Chapter 5&6 
SLR31 Not found Chapter 5 

M2/6 Arg-243-Lys Chapter 5 

M4/8 Not found Chapter 5 
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Table 2 Major primer pairs designed for α-tubulin sequence amplification in Lolium rigidum 

Primer 

Direction 

Primer 

Name 

Sequence 5’-3’ Annealing 

Temperature 

(°C) 

Template Corresponding 

Chapter 

Forward A4F2 ACCGCAGGGACAGGCGTCTTCGTAC 
56 cDNA Chapter 3, 4&6 Reverse A4R2 CGAAGCAGGTTCAAACATAGCACAG 

Forward ATG ACCATGAGGGAGTGCATCTCG 
56 cDNA Chapter 3, 4&5 Reverse UAG GAGGGTGATGAGTACTAGAGC 

Forward ATG ACCATGAGGGAGTGCATCTCG 
56 cDNA Chapter 3 Reverse UAG-2 GAGGGTGATGAGTACTAGAAC 

Forward Intron F GGTTAATCTACTGTGCAGGTCATCT  
58 Genomic DNA Chapter 5 Reverse Intron R TCGGACAACTCTCCCTCCTCCATAC 

Forward LrTubulinF1 GGCCTTGGTTCTCTTCTCCTT 
60 Genomic DNA Chapter 7 

Reverse 5-R-seq CAGGCCATGTACTTGCCGTG 

 




