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 - Thesis Introduction  

Herbicide resistance is a tenacious and constantly evolving problem for the control of 

weeds worldwide. Effective management strategies are required to reduce the incidence 

of herbicide resistance and to affect greater herbicide use efficiency, reduce production 

costs and ensure proper herbicide stewardship (Swanton and Weise, 1991). Australia's 

most damaging cropping weed annual ryegrass (Lolium rigidum Gaudin) costs the 

agricultural industries $250-500 million per year to manage, a significant portion of 

which is for herbicides (Jones et al., 2005). Control of ryegrass is problematic as it has 

the propensity the evolve herbicide resistance, having already evolved resistance to 11 

different herbicide groups and sub-groups. This is due to its high genetic variability as it 

is an obligate outcrosser (Owen et al., 2007). 

The use of genetic assays offers a new and effective tool in weed management through 

the identification of genetic markers linked to herbicide resistance. Largely, research 

into weed genetics is dedicated to the elucidation and identification of different forms of 

herbicide resistance.  Fewer studies have been conducted refining this research for the 

development of the next generation of wide scale herbicide resistance assays, the tools 

needed to combat the increasing herbicide resistance problem (Tranel and Horvath, 

2009).  This thesis addresses this by detailing the development of assays using two 

genotyping technologies, Diversity Arrays Technology (DArT) and Diversity Arrays 

Technology genotyping by sequencing (DArTseq), to identify and link genetic markers 

to multiple forms of herbicide resistance in annual ryegrass.  
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Thesis outline 

Chapter 2 is a review of the literature in respect to herbicide resistance, testing 

protocols, the weed Lolium rigidum Gaud, and genetic markers. The chapter also 

establishes the research hypothesis of this thesis.   

Chapter 3 details general methods and materials used throughout experimental chapters. 

Chapter 4 details the examination of different herbicide resistance phenotyping methods 

for diversity arrays technology (DArT). 

Chapter 5 explores the use of DArT to identify and segregate L. rigidum samples 

resistant and susceptible to multiple herbicides. 

Chapter 6 details the refinement of DArT based analysis, using DArTseq to identify 

resistance to multiple herbicides simultaneously, in a single assay. 

Chapter 7 provides an overview of the findings of this research and discusses the 

implications of the results. 
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  - Review of literature 

 

Introduction  

Herbicides are an integral tool for control of weeds worldwide, and are routinely used in 

most forms of modern agriculture due to their efficacy, low cost and ease of use 

(Powles and Shaner, 2001). Consequently, this has encouraged an over-reliance on 

herbicides and the lack of diversity in their use has created a selection pressure on 

weeds (Heap, 2014).  Genes that confer herbicide resistance are part of a plant’s natural 

genetic diversity (Délye et al., 2013a). The addition of this selection pressure has 

benefited plants with natural resistance, affording them the ability to withstand 

herbicides that would otherwise be toxic. The repeated use of herbicides, coupled with 

lack of rotation or mixtures of herbicide modes of action utilising different biochemical 

pathways for weed kill, has increased this selection pressure, thereby favouring 

organisms with this characteristic and enhancing their competitive ability (Powles and 

Yu, 2010). Over time, this advantage results in weed populations dominated by 

herbicide resistance (Mithila and Godar, 2013). The follow-on effect of this is a 

dramatic loss in crop productivity, up to 50% in some cases (Wu et al. 1998), and the 

loss of a previously effective herbicide (Neve, 2007).  

The evolution of herbicide resistance varies on a species basis, with the incidence and 

transmission for resistance genes regulated by plant physiology, reproduction, and 

biochemistry (Délye et al., 2013b; Jasieniuk et al., 1996). Herbicide resistance can 

result from many different mutations but are broadly split into two categories: target site 

and non-target resistance. Herbicide resistant plants can have either or a mixture of 

these mechanisms. 
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Herbicide resistance 

 

Target site resistance 

Target site resistance is caused by a mutation that either: 

- prevents herbicide binding to the activation site; or 

- increases production of the herbicides targeted enzyme. 

 In each method, herbicides are prevented from interfering with normal plant processes, 

reducing its effect (Nandula, 2010; Powles and Yu, 2010). In the first instance, the 

physical structure of the target site changes or there are changes in the ability of the 

herbicide to bind to the activation site. The second is a result of gene amplification, with 

multiple copies of the targeted gene increasing enzyme expression (Gaines et al., 2010; 

Vila-Aiub et al., 2014).   Target site resistance is most commonly mitigated by rotating 

or mixing herbicides, ensuring that the same herbicide modes of action is not used 

excessively in isolation.   

 

Non-target site resistance 

Non-target site resistance is due to the evolution of either herbicide sequestration, 

reduced translocation, metabolic detoxification or reduced herbicide absorption. Each of 

these methods limit herbicide interaction with the activation site of the herbicide (Délye 

et al., 2013b). Herbicide sequestration away from the target site has been identified in 

Hordeum glaucum Steud (Lasat et al., 1997), Conyza canadensis (L.) Cronq. (Ge et al., 

2010), and Lolium species (Ge et al. 2012).  Reduction in herbicide translocation of the 

herbicide to target sites has been identified in C. canadensis (Koger and Reddy, 2005), 

Lolium rigidum Gaud. (Preston and Wakelin, 2008), Raphanus raphanistrum L. 
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(Goggin et al., 2016) Conyza bonariensis L. (Shaner, 2009) and Sorghum halepense (L) 

Pers. (Vila-Aiub et al., 2012). 

Another action is metabolic detoxification, where the herbicide engages with enzymes 

and is metabolised into non-toxic products neutralising its effect. The prominent 

enzymes include cytochrome P450 mono-oxygenases, glutathion-S-transferases (GSTs) 

and aryl acylamidase. Metabolic resistance has been detected in L. rigidum (Christopher 

et al., 1991), Echinochloa phyllopogon (Stapf) Koss, (Fischer et al., 2000; Yun et al., 

2005) Amaranthus tuberculatus (Moq.) Sauer and Alopecurus myosuroides Huds. 

(Cocker et al.,  1999). Non-target site resistance mechanisms are thought to exist as 

both monogenic and multigenic and with high complexity, making genetic elucidation 

difficult (Baucom, 2016).  

Of particular concern is the discovery of cross resistance, mutations that confer broad 

resistance to several herbicide groups. Cross resistance is found in target site and non-

target site resistance mutations and has been detected in many weed species, but feature 

prominently in L. rigidum and A. myosuroides (Beckie and Tardif, 2012; Powles and 

Preston, 1995). 

The various forms of these mutations, their evolution and individual effects are well 

described in reviews by Jasieniuk et al. (1996), Busi et al. (2013), Délye et al. (2013b) 

and Preston and Mallory-Smith (2001) 

 

Herbicide resistance testing 

An important first step in resistance remediation and herbicide efficacy preservation is 

the identification of herbicide resistance in field. This can be difficult, prima facie, as 

lack of suitable plant mortality on weeds previously sprayed with herbicide could 

indicate resistance or simple errors with application. The primary tool to address this 
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issue is herbicide resistance testing. With testing, new cases of herbicide resistance can 

be identified or it can be used to monitor existing incidences. The ultimate goal of 

identification of herbicide resistant weeds is to implement management practices that 

minimise weed impact, ensure adequate control and preserve the longevity of the 

herbicides. In the short term however, herbicide resistance testing is needed to deliver 

quick answers for the identification of herbicide resistance or application failure, and 

importantly assist in decision making about the appropriate tools or strategies that can 

be used to counteract this.  Resistance identification allows for informed decisions about 

herbicide use and implementation of other integrated weed management solutions. A 

chief strategy to manage herbicide resistance has been the rotation of herbicide modes 

of action, however, recently this has been demonstrated to be less effective than mixing 

herbicide modes of action (Evans et al., 2015; Beckie and Harker, 2017). 

Herbicide stewardship is increasingly important due to the rise of incidences of 

resistance in the context of a decline in the production of new herbicide chemistries 

(Duke and Dayan, 2015). Several different methods have been devised to confirm 

suspected herbicide resistance. Broadly these methodologies fall into four categories: 

whole plant, germination and seedling growth, plant tissue and genetic assays.  

 

Whole plant assays 

Considered the benchmark for resistance testing, whole plant assays are usually 

conducted as pot trials in glasshouses or other controlled environments. Seeds are 

germinated and seedlings treated with herbicide at the appropriate growth stage. 

Samples are grown with known resistant and susceptible weed populations for 

comparison. Response to the herbicide is usually measured between 21 to 40 days post 

herbicide application (Beckie et al., 2000). Whole plant assays are versatile and can 
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accommodate any herbicide and weed combination, and are frequently used to validate 

other testing methods (Burgos et al., 2013). A benefit of whole plant assays are that 

they are a close representation of field conditions, limiting interference from climatic 

conditions (e.g. frost, excessive heat) or pests.  Whole plant assays are bound by seed 

dormancy, a characteristic that prevents seed from germinating until favourable 

conditions are met to assist in the successful development of the plant. These conditions 

can be temperature, moisture, light, hormone based, or a combination. Seed dormancy 

often subsides following a period of after-ripening. Otherwise, seed dormancy can be 

broken by imitating the conditions the seed requires (e.g. a period of temperature 

incubation, scarification or imbibing the seed).  

The entire analysis period for whole plant assays is an extensive process. In the 

Australian winter cropping season, resistance is usually suspected in field in May-June, 

after pre and post emergent herbicide application.  To confirm, seed is collected in 

October-November, and seed dormancy resolved by March. Resistance testing is then 

conducted and results are delivered in April, some nine months after first observed in 

the field.  This long timeframe for whole plant assays means that results are received too 

late to offer any immediate value in-crop, but can be used in managing the following 

crop. The time consuming and laborious nature of these tests has resulted in for the 

search for faster assays. The Syngenta Quick-Test method detailed by Boutsalis (2001) 

reduced this timeframe by using seedlings collected in the field rather than produced 

from collected seeds. Once collected, seedlings are grown to tillering, tillers separated 

and planted, allowed to regrow, and phenotyped by applying herbicides. As the test uses 

established plants it precludes testing of pre-emergent herbicides. This process takes 4 

weeks and so may offer a chance for a late herbicide application, or inform herbicide 

selection for crop desiccation or crop-topping as additional weed control options. Other 

late-season weed management strategies have been developed, targeting the collection 
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of weed seed at harvest to prevent them entering the seed bank for the following year 

(Walsh and Powles, 2006). The strategies for harvest weed seed control fall into two 

categories, either processing the straw and chaff containing weed seed at harvest for 

immediate physical destruction (Harrington Seed Destructor) (Walsh et al., 2012) or 

concentration of the straw and chaff into chaff carts or bails for subsequent use as 

animal feed or funnelled into windrows for narrow windrow burning (Walsh et al., 

2013). These strategies are not a replacement for herbicide control, but instead act to 

reduce the number of weeds present and thus reduce the likelihood of herbicide 

resistance.  

Confirmation of resistance in these methods is normally determined by variation in 

growth by measuring biomass of the sample population as compared to a treated control 

or susceptible population (Perez-Jones et al., 2005), percentage survival of resistance 

and susceptible seedlings (Letouzé et al., 1997) or a visual scoring of herbicide injury 

(Boutsalis, 2001). Other methods have been developed including relative isothermal 

calorimetry of resistant and susceptible populations (Saja et al.,  2014) and comparisons 

of new leaf emergence from treated seedlings (Beckie et al., 2000) but these have not 

been widely implemented thus far. Whole plant tests provide an important benchmark 

of herbicide resistance testing, with versatile and accurate testing methods. However, 

the need for germination and maturation of samples to occur before testing can 

commence limits the timeliness of these results. To address this, many protocols have 

been developed using the germination and early growth of samples to assess herbicide 

resistance.  

Germination and seedling growth bioassays 

To address the lengthy timeframes required of whole plant assays, many protocols have 

been developed using the germination and early growth of samples to assess herbicide 

resistance. Germination assays are relatively simple, involving the placement of pollen, 
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seeds or seedlings onto a growth medium and examining plant development after 

herbicide application. Effective herbicide concentrations that allow phenotyping of 

resistant and susceptible plants are determined by examining plant growth at a range of 

herbicide dosages. Resistance or susceptibility is determined by the relative growth of 

radicle or shoot between the sample population and a known resistant or susceptible 

population. Other simpler methods measure differences in percentage of surviving 

plants or number of plants to grow 1cm in diagnosis time (Moss, 2000). Growth media 

vary, but usually comprise filter paper or agar that has been enriched with herbicide 

(Burke et al., 2006; Moss, 2000; Murray et al., 1996). Generally, either Petri dishes 

(lined with filter paper or agar), ELISA plates or similar vessels are used as they are 

inexpensive and easily replicated. Other methods have been used successfully using 

wicks of paper (Zhang et al., 2013) and pouches (Zhang et al., 2015).  More 

complicated methods have been developed using spectrophotometry to detect variations 

between susceptible and resistant populations (Burke et al., 2007) and variation in total 

specific thermal energy using calorimeters (Saja et al., 2014).  

As with whole plant assays, germination assays can be confounded by seed dormancy. 

Reduced germination due to dormancy can mask effects of herbicides and appropriate 

controls need to be used to ensure that the germination percentage can account for 

treatment effects accurately. Alternatively, pre-germinating seeds circumvents this 

although it is precluded for the assessment of pre-emergent herbicides as issues can 

arise in distinguishing the effect of the control from the effectiveness of the germination 

conditions.  

Germination tests are characterised by short phenotyping time, usually within two 

weeks, and so provide rapid assessment of resistance.  Tests that rely on seed or pollen 

collection can only generate information to be used in the following season or towards 

the end of the current season, respectively (Letouzé and Gasquez, 2000). If acted upon 
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quickly, seedlings can be captured from the field, phenotyped and resistance status 

determined (Kaundun et al., 2011). Similar to the Syngenta Quick-Test, this may allow 

a late herbicide application, or inform how best to integrate other weed management 

strategies such as narrow windrow burning (Chauhan et al., 2012), harvest weed seed 

destruction (Walsh et al.,  2012) or crop-topping (Preston, 2010).  

Results from germination assays are often compared against whole plant trials for 

validation (Gill, 1990; Tal et al., 2000); (Gherekhloo et al., 2008). An issue with 

germination assays is they have a tendency to overestimate the effective dosage required 

to control resistant samples relative to dosages for pot or field experiements 

(Ghanizadeh et al., 2015).  

 

Plant tissue assays  

As well as testing seed, seedlings and whole plant assays, testing protocols using plant 

tissue are a common method for the detection of herbicide resistance. Tissues are taken 

from plants (usually as leaf discs) followed by the application of the herbicide of 

interest. The effects of the herbicide are assessed to allow comparison of resistant and 

susceptible populations.  Tissue assays have the greatest diversity in testing methods 

because of their highly specific nature, usually targeting one herbicide (or group) or 

species in each assay. Enzymatic (assessing differential biochemical response of the 

herbicide target site) (Shaner et al., 2005), chlorophyll fluorescence (Anderson et al.,  

1996), leaf disc flotation (Vencill and Foy, 1988) and biochemical metabolism 

(Gerwick et al.,  1993) are some of the methods for resistance determination that use 

plant tissue. These methods can significantly reduce the timeframe required for 

phenotyping to hours, if plant material is available for analysis. The highly specific 

nature of these tests limits their usefulness as ideal phenotyping can provide information 
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about many herbicides. These methods are also highly technical and in most instances, 

require expensive reagents (e.g. chemical standards, extraction buffers) or equipment 

(e.g. high-performance liquid chromatography, spectrophotometer) (Dayan et al., 2015).   

 

Genetic assays 

Alternative methods have been devised to rapidly identify and study herbicide 

resistance, including the use of genetic assays.  Like tissue assays, genetic assays have 

many variants and protocols, and require expensive reagents (e.g. extraction buffers, 

primers) and highly specialised equipment (e.g. DNA sequencers, tissuelysers, thermal 

cyclers). DNA or RNA is extracted from plants resistant and susceptible to the selected 

herbicide and contrasted to identify genetic markers that allow for resistance 

phenotyping.  Polymerase chain reaction (PCR), Single nucleotide polymorphisms 

(SNPs), derived cleaved amplified polymorphic Sequences (dCAPS) and sequencing 

are the dominant methods for these analyses. These assays are limited to the detection 

of known alleles, and biochemical discovery and elucidation must be completed before 

these assays can be used for all herbicides. Methods have been devised for the detection 

of target-site and non-target site resistance. Target site assays have identified genetic 

markers for resistance to inhibitors of the following targets: Acetyl CoA Carboxylase 

(ACCase), acetolactate synthase (ALS), photosystem II (PS II), microtubule assembly, 

phytoene desaturase (PDS), protoporphyrinogen (PPO), and 5-enolpyruvylshikimate-3-

phosphate synthase (EPSPS) (Burgos et al., 2013). Research is underway on non-target 

site resistance, but is confounded by the highly complex nature of these mechanisms. 

RNA analysis has allowed gene expression to be identified for increased herbicide 

metabolism with cytochrome P450 monooxygenases (P450s), nitronate 

monooxygenase, glucosyl transferases (GTs), glutathione S-transferases (GSTs), all of 



25 

 

which are known to affect herbicide metabolism (Duhoux et al., 2017; Gardin et al., 

2015).  

Genetic assay methods have the advantage of rapid identification of the resistance 

phenotype. In some assays, results can be generated in as little as an hour. A limitation 

is that they are highly specific, with a very narrow focus on an individual herbicide 

group or even only one variant of a resistance mechanism. Given the variety of 

resistance mechanisms that may be present within a weed species this means they can 

only provide limited information about possible in-field diagnostic use (Yu et al., 

2007a; Marshall et al., 2013).  Recently, a method has been devised to identify multiple 

resistances in single genetic assays with the use of SNP markers. In their study, 

Marshall et al. (2013) detail the use of the SNP based SNaPshot assay to identify two 

different target site resistance mechanisms for ALS and ACCase inhibitors. Despite 

positive results, the authors note the limitations of this assay, including: poor suitability 

for identifying non-target site resistance; the need for conserved regions flanking the 

SNP site (not always possible with diverse weed species); and the need for a known 

location of the polymorphism.  

The use and implementation of individual herbicide resistance testing assays is 

summarised in Appendix 1. 

 

Lolium rigidum Gaud. 

Known as annual ryegrass, rigid ryegrass and Wimmera ryegrass, this grass species is 

the most economically damaging weed in Australia costing $93.1 million in lost 

revenue annually (Llewellyn et al., 2016).  The reproductive nature of L. rigidum, 

coupled with its use as a pasture plant has resulted in extensive distribution across 

Australia (Figure 2.1).  
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Figure 2.1 Distribution of L. rigidum in Australia (generated from The Atlas of Living 

Australia http://www.ala.org.au/) 

 

Biology of L. rigidum  

L. rigidum is from the family Poaceae, and is one of thirteen species recognised within 

the genus Lolium. Other Lolium species include: L. multiflorum Lam. (Italian ryegrass), 

L. perenne Lam. (perennial ryegrass), L. canariense Steud., L. giganteum Lam., L 

persicum Boiss. & Hoh. (Persian Darnel), L. pratense (Huds.) Darbysh, L remotum 

Schrank., L. saxatile H.Scholz & S.Scholz., L. mazzettianum (E.B.Alexeev) Darbysh L. 

temulentum Lam., and L. hybridum Hausskn. The classification of another Lolium sp., 

L. arundinaceum Schreb., is contentious, and is often still classified as Festuca 

arundinacea Schreb. Of these, three are cross pollinated, self-incompatible and freely 

hybridise: L. multiflorum, L. perenne and L. rigidum (Wheeler et al., 2002). Each of 

these species are diploid (2n=14).  

 

 

https://en.wikipedia.org/w/index.php?title=Lolium_canariense&action=edit&redlink=1
https://en.wikipedia.org/wiki/Lolium_giganteum
https://en.wikipedia.org/wiki/Lolium_persicum
https://en.wikipedia.org/wiki/Lolium_persicum
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Ecology of L. rigidum 

L. rigidum displays a high level of phenotypic plasticity, readily naturalising in new 

environments, likely due to its being an obligate outcrosser (Naylor, 1960; Pratley et al., 

1999).   Seeds of L. rigidum have a long germination window from late autumn to 

summer and staggered seed dormancy persisting in the seed bank for up to five years.  

In addition, L. rigidum has high fecundity producing up to 45,000 seeds / m2 (Gill, 

1996). Seed dispersal is limited to the immediate surrounding of plants, although its 

pollen can travel as far as 3 km (Busi et al., 2008)   

This highly adaptable nature of ryegrass, paired with the extensive use of herbicides for 

control has resulted in the evolution of resistance to eleven different herbicide modes of 

action (Heap, 2017). Many of these resistances can be found in individual plants, with a 

highly resistant population reported by Burnet et al.(1994) that was resistant to nine 

different herbicide groups. This is not an isolated occurrence as populations with 

multiple forms of resistance have been found widespread (Owen et al., 2007). The wide 

distribution of herbicide resistance L. rigidum in Australia is shown in Figure 2.2. 
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Figure 2.2 The incidence of L. rigidum with herbicide resistance by postcode in relation to 

state averages for a) ACCase inhibitors (fops), b) ACCase inhibitors (dims), c) ALS 

inhibitors and d) microtubule assembly inhibitors. Reprinted from ‘A decade of 

monitoring herbicide resistance’ by J.C. Broster 2006, Australian Journal of Experimental 

Agriculture, 46: 1156. Copyright 2006. Reprinted with permission. 

 

Target site and non-target site mutations are commonly found in L. rigidum, with a 

study by Han et al.(2016) finding both mutations in 70% of the sampled populations. Of 

particular concern is its ability to develop cross-resistance (Beckie and Tardif, 2012). 

Consequently, this can make effective ryegrass control problematic, which is of concern 

as the incidence of herbicide resistant L. rigidum is increasing (Busi and Powles, 2016; 

Matthews et al., 1990; Owen et al.,  2014; Boutsalis et al., 2012).  
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Genetic markers 

Many genetic marker technologies have been implemented in identifying different 

resistance mutations in Lolium spp. (Délye, 2013, 2015). Genetic markers are 

differences between organisms that are observed at the DNA level. The development of 

molecular markers has allowed greater examination and elucidation of plant 

characteristics beyond observable chemical and physical differences.  Genetic marker 

analysis falls into three broad categories: hybridised, polymerase chain reaction (PCR) 

based and sequenced DNA (Grover and Sharma, 2016).  

Hybridised markers 

Hybridised genetic markers were the first markers originally developed in the 1980s as 

part of the human genome mapping project (Botstein et al., 1980).  In this process, 

DNA is broken into fragments and denatured, separating the double strand of DNA onto 

a single strand.  The DNA is then bound onto a membrane. The membrane is exposed to 

a hybridisation probe, a fragment of DNA that contains the target DNA that has been 

labelled with dye of radiation. The membrane is then washed and the hybridisation 

pattern visualised to determine the presence of absence of the target DNA.   

Restriction fragment length polymorphism was the first genetic marker technology 

(Powell et al., 1996). Markers are created by digesting DNA with restriction enzymes 

which will fragment the DNA into specific sections. The fragments will then be 

separated according to their length by agarose gel electrophoresis and transferred to a 

membrane and hybridised with DNA probes. Changes in the length of these fragments 

can indicate a polymorphism due to single base changes, insertions/deletions or 

inversions, and provides reliable and consistent data and been used for genome mapping 

for a number of plant families (Tanksley et al., 1989). RFLP markers are codominant, 

able to detect both alleles in heterozygous samples (dominant markers can distinguish 
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between the absence or presence of a marker only) (Mueller and Wolfenbarger, 1999). 

Codominant markers have the advantage of allowing for detection and analysis of 

multiple alleles where present. Due to its laborious and technical nature, coupled with 

high costs especially in relation to the analysis of large populations and the requirement 

for large amounts of DNA, its use is waning (Andersen and Lübberstedt, 2003; Semagn 

et al., 2006; Poczai et al., 2013) 

PCR markers 

Polymerase chain reaction technology was developed soon after hybridisation markers 

in 1983 (Bartlett and Stirling, 2003). PCR involves the amplification of specific 

segments of DNA. First the DNA double strand is denatured into two single strands by 

heating the DNA to 94-96°C. From this begins the annealing step where the short 

nucleic acid sequences (Primers) hybridise with specifically selected segments of the 

DNA and these segments are synthesised into new DNA stands.  This cycle is repeated 

until the primers and DNA polymerase are consumed resulting in tens of thousands of 

copies of the selected DNA sequence. This makes it easier to closely examine a 

particular segment of DNA.  PCR has the advantage of using small amounts of DNA, 

compared to the large amount required for hybridisation. As it is simpler to use and is 

significantly cheaper than hybridisation it has rapidly overtaken hybridisation methods 

is a dominant method for the development of genetic markers (O’Hanlon et al., 2000; 

Délye et al., 2015).   

A method has been devised to combine PCR and RFLP called cleaved amplified 

polymorphic sequence (CAPS), using PCR to amplify a segment of DNA followed by 

digestion by restriction enzymes. This allows for more targeted analysis without the 

need for the lengthy hybridisation process as the differences in the amplified PCR 

fragment can be visualised by simple agarose gel electrophoresis (Agarwal et al., 2008). 

A popular variation of CAPS is dCAPS (Derived Cleaved Amplified Polymorphic 
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Sequence), where a known mutation is targeted by specific primers followed by 

restriction enzymes. The specificity of the primer results in changes in the restriction 

product based on presence or absence of the targeted mutation (Neff et al. 1998). Both 

CAPS and dCAPS makers are codominant, inexpensive and highly reproducible.  

 

Amplified Fragment Length Polymorphism (AFLP) 

Amplified Fragment Length Polymorphism is a genetic marker technique similar to 

CAPs as it utilises aspects of both RFLP and PCR, although the it is more selective in 

the region that is amplified. Restriction enzymes digest genomic DNA followed by 

ligation of adaptors attached to the targeted fragment. Primers specific to these adaptors 

are then used for amplifying the fragments via PCR (Powell et al., 1996). Like RFLP, 

AFLP is low cost and does not require sequence information allowing for greater 

utilisation. Unlike RFLP however, the results are repeatable with a high level of 

accuracy. AFLP can detect high levels of polymorphism and can create a large number 

of markers, although they are dominant, preventing determination of parental linkage 

(Staub et al., 1996).  

 

Simple Sequence Repeat (SSR) 

SSR are a type of genetic marker where the polymorphism isn’t created by restriction 

enzymes like with RFLP, but uses existing polymorphism within a nucleotide sequence. 

Within an organism some DNA is organised as a tandem repeat, where a pattern of 

nucleotides is repeated consecutively in the sequence (Li et al., 2002). A variation of the 

number of repeats of this pattern can indicate a difference in alleles.  With SSR markers 

the number of repeats present in a sequence can have great variability allowing for the 

generation of multiple alleles. The high level of polymorphism of these markers can 
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implead phylogenetic studies (Park et al., 2009). These markers are co-dominant, 

repeatable, and provide a high level of alleles.   

 

Random Amplified Polymorphic DNA (RAPD)  

Random Amplified Polymorphic DNA is a genetic marker technique that uses PCR to 

amplify 10 random segments of DNA to form new genetic markers. DNA is broken into 

random segments with primers and the resulting fragments amplified with the results 

then compared to a sample with the selected trait (Powell et al., 1996). RAPD markers 

are simple in their creation and efficient markers making them useful markers for an 

investigative first look at DNA of previously un-researched organisms (Poczai et al., 

2013).  RAPD markers require small amounts of DNA but the random nature of the 

marker creation means that they are difficult to reproduce (Schlötterer, 2004). The 

resolution of RAPD markers is low relative to other methods like SSR although it has 

the advantage that it does not require the organism to be sequenced for markers to be 

created. The dominant nature of RAPD markers limit its application for lineage 

analysis. 

  

Single nucleotide polymorphisms (SNPs) 

SNPs are variations of single nucleotides within sections of DNA and can be detected 

with many different technologies including hybridisation, PCR, dCAPS and sequencing 

(Bernardo, 2008; Agarwal et al., 2008). Once markers are created, SNPs are detected by 

comparing known segments of DNA and identifying changes in nucleotides.  SNPs are 

codominant, can be produced with high density, have high reproducibility and require 

small amounts of DNA. A limitation of SNPs is that they require sequencing, and until 

recently were quite expensive (Grover and Sharma, 2016).  
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Diversity Arrays Technology (DArT) 

DArT is a high throughput, reproducible genotyping protocol that does not require a 

genetic map for analysis as it is sequence independent (Jaccoud et al., 2001). DArT is 

used for genetic diversity studies, linkage maps, and marker assisted breeding selection. 

As DArT does not need a genetic map for markers, it is ideal for species with limited 

molecular data. The only requirement for DArT is precise phenotyping and sufficient 

linkage disequilibrium between genetic markers to separate traits from background 

genetic diversity. Multiple traits can be identified simultaneously once marker-trait 

relationships are established. DArT is already used as a commercial genotyping service, 

particularly for major crops (Govindaraj et al., 2015).  

Two methods of analysis are available for DArT, the conventional DArT method, which 

uses hybridisation and micro array technology, and DArTseq, a more recent 

development that uses Next Generation Sequencing (NGS). 

For microarray based DArT, the first step is the creation of a genetic representation of 

the target organism (termed ‘library’). This is prepared by extracting DNA from 

numerous samples, with an emphasis on replicating an accurate representation of the 

organisms’ total diversity. This DNA undergoes fragmentation and complexity 

reduction, selecting for unique and non-repetitive fragments using restriction enzymes. 

Fragments are then cloned with E. coli and printed onto microarray plates, followed by 

labelling with fluorescent dye.  

Individual samples are treated in a similar manner, being fragmented and reduced, 

although the sample is then pipetted onto the array plate and allowed to hybridise. 

Samples fluoresce if the markers are present in both the sample and the library, 

indicating their presence (or absence). The pattern of this fluorescence is then captured 

with an Affymetrix 418 Scanner and the image processed with either Scanalyse v.2.44 
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(Stanford University), GenePix Pro v.3 (Axon instruments) or GMS Pathways 

(Affymetrix v. Beta). 

The output of this is a spreadsheet containing the presence/absence of thousands of 

markers. Markers produced in this way are termed DArT markers and are dominant, 

cost effective and easy to develop.  

In the DArTseq process, instead of the conventional method of binding markers to an 

array and hybridising a sample, after restriction enzyme digestion, fragments are 

sequenced with an Illumina GAIIx high-throughput sequencer. Sequenced DNA is 

DNA that has been analysed and the nucleotide sequence determined. This can take the 

form of complete genome sequencing where the complete DNA sequence of an 

organism’s genome is determined, or in this instance, the markers produced by the 

restriction enzyme process are sequenced. 

The DArTseq process produces two types of data, SilicoDArT and single nucleotide 

polymorphism (SNP) markers. SilicoDArTs are similar to microarray DArT markers as 

they are a binary scoring of the presence/absence of a marker, but are extracted from 

sequences rather than hybridisation of microarrays. SilicoDArT markers have the 

advantage over SNPs as they can detect polymorphism created by SNPs including 

methylation which can be caused by epigenetic effects. The standard restriction enzyme 

used in DArT, PstI, is methylation-sensitive, creating different polymorphisms for 

methylation detection. SNPs markers however, are co-dominant, allowing for the 

determination of homo or heterozygosity of alleles in lineage analysis. A summary of 

each of aforementioned genetic marker technology are included in Table 2.1 
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Table 2.1: Comparison of different genetic marker technologies 

Marker Dominant Needs 

sequence 

information 

Advantage Disadvantage 

RFLP Codominant No Reproducible, rapid Large DNA 

sample 

required, 

expensive 

AFLP Dominant No Highly reproducible, small 

amount of DNA required, 

inexpensive 

Dominant 

markers 

SSR Codominant Yes Reproducible, small amount 

of DNA required 

High start-up 

costs, requires 

sequencing 

CAPS  Codominant Yes Inexpensive, small amount 

of DNA required, and 

highly reproducible 

Requires 

sequencing 

RAPD Dominant No Small amount of DNA 

required. Inexpensive 

Poor 

reproducibility 

SNP Codominant Yes Highly reproducible, small 

amount of DNA 

Expensive 

(until 

recently) 

DArT Dominant No Small amount of DNA 

required, automation 

Mostly 

dominant 

DArTseq Codominant 

and 

Dominant 

No Small amount of DNA 

required, automation, Co-

dominant/dominant markers 

produced 

 

 

The future of herbicide resistance testing 

Despite this wealth of research, herbicide resistance testing for L. rigidum and other 

weeds is still conducted by either whole plant or germination assays (Boutsalis, 2006). 
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As demonstrated, the current whole plant testing procedures used for commercial 

herbicide resistance testing are limited in their ability to provide timely results to 

identify herbicide resistance in season. Other methods, such as germination, seedling, 

and plant tissue assays have attempted to reduce the time required for testing, and 

despite a more rapid delivery of results, these methods are still constrained by seed 

dormancy or the inability to provide broad testing of herbicides due to the specificity of 

their assays.  In addition to these methods, many technologies have been implemented 

in identifying different resistance mutations in L rigidum. Target site mutations for 

resistance to ACCase (Délye et al.,  2002c), ALS (Tan et al., 2007; Yu et al.,  2008) and 

EPSPS (Bostamam et al., 2012; Wakelin and Preston, 2006) have been characterised 

with a combination of PCR, dCAPS and sequencing.  Research has also explored non-

target site mutations, identifying the mechanisms involved (enhanced gene expression 

and enhanced metabolism) for both ACCase and ALS herbicide resistance, largely with 

the use of RNA-seq (Duhoux et al., 2015; Gaines et al., 2014).  The use of genetic 

assays to detect herbicide resistance is summarised in Appendix 1. These assays are also 

rapid, precise and can provide detailed information on the mechanism of resistance and 

are not constrained by seed dormancy. The highly specific nature of these tests has 

prevented them being implemented in broad detection of herbicide resistance as they are 

currently limited to screening for well documented mutations, usually in individual 

assays. Of these, resistances to only one or two modes of action have been detected 

simultaneously (Marshall et al., 2013). If a method could be developed using genetic 

screening, the prospects for the simultaneous testing of multiple forms of herbicide 

resistance are increased. This could be up-scaled to commercial herbicide resistance 

testing and it would provide more timely, detailed, and actionable results than current 

testing methods. As the incidence of herbicide resistance is increasing (Boutsalis et al., 

2012; Owen et al., 2015a; Shergill et al., 2015a) and no new herbicide modes of action 
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commercialised in the last thirty years (Duke and Dayan, 2015) there is a demonstrated 

need for better herbicide detection methods to facilitate better resistance detection and 

management 

A genetic screening technology yet to be explored for resistance phenotyping is DArT. 

As DArT can detect and identify multiple traits simultaneously, it is an ideal technology 

for resistance phenotyping, as it has the potential to screen for multiple forms of 

resistance once they are properly characterised. As yet, DArT has not been used to 

characterise traits for weed species, but as most weed species have limited molecular 

data, it is a highly suitable technology for this analysis. L. rigidum is an ideal weed for 

study as it is genetically diverse, has multiple forms of herbicide resistance and is a 

widespread weed of economic significance. If DArT can be used successfully to 

identify multiple forms of herbicide resistance in L. rigidum in a quick, cheap and 

accurate assay, the applicability to other less diverse weeds will be demonstrated and a 

new paradigm in resistance testing will be established 

 

Research hypothesis 

The hypothesis for this study is that DArT can be used to determine the resistance status 

of individual Lolium rigidum samples to multiple herbicides in a single assay. To test 

this, a series of experiments were devised that:  

- determined effective and accurate resistance phenotyping protocols suitable for 

DArT analysis;  

- applied microarray DArT on L. rigidum samples to examine reliability of 

phenotyping performance against different forms of resistance; and 

- applied DArTseq analysis for resistance phenotyping of L. rigidum samples to 

several herbicides, using methods refined from microarray DArT analysis.   
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 - General materials and methods 

This chapter details materials and methods common to most experiments within this 

thesis.  

 

Seed source, validation and germination  

Seed was sourced from Charles Sturt University’s commercial Herbicide Resistance 

Testing Service (CSU HRTS) seed store at Wagga Wagga, NSW campus.  Seed 

contained in the store had been collected from surveys or mailed in by farmers for 

herbicide resistance analysis. Over 60 seed populations selected for analysis were first 

tested for viability through germination to ensure sufficient viable seeds of chosen 

populations were available for extensive experimentation. One hundred seeds per 

population were surface sterilised using a modified version of the procedure of Sauer 

and Burroughs (1986). Seeds were fully immersed in a 2% sodium hypochlorite 

solution for 2min before being rinsed several times with deionised water and then dried 

in a laminar flow. This protocol limits interference from microorganism growth. Seeds 

were then spread out within 90 mm plastic Petri dishes lined with filter paper 

(Advantech No. 2) and covered with 4 mL of deionised water. The Petri dishes were 

sealed with laboratory film and stored in a growth chamber (12 hr 15/25°C day/night 

cycle). After five days, seed were inspected for coleoptile and root radicle development.  

After 6 days germination was complete and seedlings were transferred to the glasshouse 

where they were individually placed in 40 cell plastic containers (8x5 tray, 93 mL cell 

volume) filled with a 1:3 mix of sand and peat moss.  Indents of approximately 10 mm 

received individual seeds, with the radicle aimed downwards ensuring that the 

hypocotyl was exposed and unrestricted.  Soil was then gently packed in around the 
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seed.  Glasshouse conditions were maintained at a day/night temperature cycle of 

25/10°C.   

Propagation of plants via tiller cloning 

To enable both herbicide resistance testing and DNA extraction of individual plants, 

seedlings were cloned via tiller propagation. This resulted in an untreated plant (for 

DNA extraction) and multiple separate tillers suitable for herbicide application at 

different rates and herbicides.  

To encourage tillering, plants were cut to a height of approximately 40mm repeatedly 

during their growth. Plants were maintained with water and fertilised with commercial 

fertiliser as required until multiple tillers formed (approximately 9 weeks). Then whole 

plants are excised from the soil with a scalpel.  Tillers are separated by incision between 

the tillers at the crown. The separated tillers (henceforth clones) were trimmed to 40 

mm and 10 mm leaf and root length respectively, measured from crown. Clones were 

then replanted into new 40 cell plastic containers filled with a 1:3 mix of sand and peat 

moss. Clones are watered and fertilised as required for growth and healthy vigour.  As 

the clones are genetically identical, some can be tested for resistance with confidence 

that the others isolated for DNA extraction would have the same response.  

 

Herbicide application and resistance screening 

To determine herbicide resistance status, seedlings and clones were sprayed with the 

selected herbicide at the 2-3 leaf stage or one week after propagation. Herbicide, at the 

recommended label rates and adjuvants, was applied using a laboratory moving boom 

sprayer equipped at 50cm height with two TeeJet (XR11001) flat fan nozzles at an 

operating speed of 5 km hr−1. Output from the sprayer was calibrated at 85 L ha−1 at a 

pressure of 250 kPa. After spraying, the plants were allowed to dry before being 
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transported to a temperature-controlled glasshouse and watered as required. To ensure 

accurate phenotyping of resistance, plants were reviewed after 30 days to confirm the 

effect of the herbicide. Surviving plants were deemed resistant to the applied herbicide. 

  

DNA extraction and quality validation 

Several DNA extraction methods were trialled for this study, being Qiagen DNeasy 

Plant Mini Kit, Promega Wizard® Genomic DNA Purification Kit, and Norgen 

plant/fungal DNA isolation kit.  The Qiagen DNeasy Plant Mini Kit was subsequently 

selected for all DNA extractions in this study as it was able to extract the highest 

amount of DNA whilst maintaining purity.  Fresh, young, healthy leaf tissue (3-4 leaf 

stage) was collected from samples and flash frozen with liquid nitrogen. Samples were 

then ground into a fine powder with a mortar and pestle before undergoing DNA 

extraction using the DNeasy Plant Mini Kit (Qiagen). Extracted DNA was tested for 

quality with gel electrophoresis (high molecular weight band on gel) and quantity and 

RNA presence with a Nanodrop 1000 (Thermo Scientific, DE, USA). DNA was stored 

in a -80°C freezer until phenotyping was complete.  
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 - Examining herbicide resistance phenotyping methods for 

DArT analysis 

 

Introduction 

Herbicide resistance in annual ryegrass (Lolium rigidum Gaud.) is an ongoing 

agricultural challenge, the species having already evolved resistance to 11 different 

herbicide groups and sub-groups of herbicides (Heap, 2017). Herbicide resistance 

testing plays a vital part in ryegrass and herbicide management, helping to determine 

whether errant weeds are herbicide survivors or application escapees (Boutsalis et al., 

2006; Broster and Pratley, 2006).  

Many methods have been developed to phenotype herbicide resistance and can be 

broadly categorised as seed, tissue, whole plant, biochemical or DNA assays (Beckie et 

al., 2000; Burgos et al., 2013). Of these, only variants of whole plant analysis are 

commercial herbicide resistance testing methods as they are versatile, non-specific, 

accurate and informative. Other assay techniques are often very rigid, targeting one 

mutation of a target herbicide, and requiring multiple assays to pinpoint and identify 

resistance (Beckie et al., 2000; Boutsalis, 2001; Boutsalis et al., 2006). The rapid 

adaptation of weeds ensures that herbicide resistance detection too must adapt to 

maintain effective weed management and long-term control. 

It has been hypothesised in this thesis that diversity arrays technology (DArT) can be 

developed as a new herbicide resistance detection assay. If successful, DArT can 

address shortcomings in current genetic testing protocols, overcoming issues of 

mechanistic specific assays, long testing time and provide a broad-spectrum analysis of 

herbicide resistance in L. rigidum in a single assay. Analysis with DArT requires 

accurate phenotyping and high-quality DNA together with sufficient diversity among 
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individual plants to allow accurate genetic marker association to the various herbicide 

resistance phenotypes (Jaccoud et al., 2001). A key aspect of this phenotyping is the 

need for a non-destructive protocol to allow DNA sampling for subsequent DArT 

analysis, pre or post phenotyping.  High sample numbers require that phenotyping 

methods be inexpensive, accurate (matching results from glasshouse trials) and 

versatile, allowing for the same methodology to be applied to different herbicides with 

minimal changes to the protocol. The high cost, and highly selective nature of other 

genetic assays preclude them from such an assessment. This applies also to biochemical 

analysis methods, due to their costs and highly-specialised nature.   

Previous studies have evaluated herbicide resistance assays for glyphosate with simple 

Petri dish methods on Lolium spp. (Ghanizadeh et al., 2014; Neve et al., 2004), using 

un-germinated seed in various media and herbicide concentrations. Another method for 

consideration, the Syngenta Quick-Test evaluates resistance using tillers from whole 

plants, and has been used widely against many herbicides (Boutsalis, 2001).  

This chapter aims to: 

- assess seed and cloning assays for their ability to phenotype L. rigidum in a non-

destructive, cost effective and accurate manner and compare response to 

glasshouse trials; and  

- evaluate which method is superior, based on accuracy of phenotyping, cost, and 

availability of DNA of suitable quality and quantity for DArT analysis. 

 

Methods and materials 

Criteria were established for this assay to be inexpensive, accurate and non-destructive. 

Two protocols were selected that addressed these criteria, seed germination assay, and a 
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variation of the Syngenta Quick-Test. In each method, individual samples can be 

phenotyped, cheaply and in a non-destructive manner.  

This study evaluated resistance testing annual ryegrass populations with both un-

germinated and pre-germinated seed on filter paper.  The second protocol uses similar 

methodology as the Syngenta Quick-Test (Boutsalis, 2001), however plant mortality is 

assessed rather than plant wounding.  In this protocol, plants are matured to the tillering 

stage, then tillers are separated and cut to resemble seedlings, before undergoing 

phenotyping with a laboratory boom spray. An important aspect of this is the 

assumption that tillers from the same plant have uniform response to herbicides. This 

aspect of the Quick-Test was assessed by examining the phenotyping of multiple clones 

from multiple populations across two herbicides.   

 

Seed germination assay  

Annual ryegrass populations were selected from Charles Sturt University herbicide 

resistance testing service seed collection. Four populations, two with known glyphosate 

resistance history and two with known susceptibility were selected. Two seed assay 

methods were trialled, using pre-germinated and un-germinated seed. 

 

Un-germinated seed 

The surface of the seed was sterilised and ten seeds from each population were selected 

and germinated as per methods in Chapter 3. A concentration range was selected that 

would capture a discriminating dosage of glyphosate. A similar test on Italian and 

perennial ryegrass used a dosage range of 0 to 320 mg a.e. L-1 although differing 

concentration ranges were used for resistant and susceptible populations (0-320 mg a.e. 
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L-1 and 0-40 mg a.e. L-1, respectively) (Ghanizadeh et al., 2014). Adhering to the aim of 

developing a cost effective and simple protocol, one concentration was range (0- 40 mg 

a.e. L-1) was tested. Four mL of glyphosate solution (0, 2.5, 10 and 40 mg a.e. L-1) were 

applied directly to the filter paper. Each treatment was replicated 4 times and dishes 

arranged in a randomised block design. Seed was germinated as per methods in Chapter 

3. Root length was measured after seven days and data analysed as mean values across 

replicates for each population and treatment. Root, but not shoot, growth was measured 

as it has been reported to be a better early indicator of resistance (Neve et al., 2004; 

Ghanizadeh et al., 2014). 

 

Pre-germinated seed 

Pre-germinated seed was treated in the same manner as un-germinated seed, undergoing 

surface sterilisation and drying before being transferred to a Petri dish lined with filter 

paper. Seed was germinated as per methods in Chapter 3. Once germinated, the assay 

was repeated in the same manner as for the un-germinated seed. 

 

Cloning based assay 

Five populations were sourced from Charles Sturt University Herbicide Resistance 

Testing Service, two with known resistance to chlorsulfuron, two with known resistance 

to glyphosate, and another with known susceptibility to both herbicides. The 

populations used in the seed assays were not used in this assay due to limited seed 

availability. Each population was germinated from seed and grown as per methods in 

Chapter 3. From these, 40 plants from each population (80 for susceptible) were 

selected and three tillers excised from each plant as per methods in Chapter 3. Each 

tiller was transferred to individual pots and watered and fertilised as required for growth 
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and healthy vigour.  After 1 week, tillers were sprayed with the label recommended 

rates of 360g a.e. L-1   for glyphosate or 20 g a.i. ha−1 for chlorsulfuron as per methods in 

Chapter 3. Plants from the susceptible population were divided into groups of 30, with 

each group receiving same rates of glyphosate (360g a.e. L-1 )  or chlorsulfuron (20 g 

a.i. ha−1).  Ten plants from each group remained unsprayed to gauge herbicide response. 

The health and vigour of each tiller clone was recorded prior to herbicide application. 

Plant mortality was scored 30 days after herbicide application. Plants that were 

thoroughly brown and had no erect leaf or stem were scored as susceptible. Plants 

which were green, had erect leaf and stem and had evidence of new growth (i.e. 

formation of additional leaf tissue or tillers) were scored as resistant. This process was 

repeated to validate the methodology.  

Statistical analysis 

Growth reduction analysis (GR50) was performed using non-linear regression with the 

statistical software ‘R’ (Team, 2015). Regression curves were generated with the ‘drc’ 

package using the three-parameter logistic curve model. ANOVA was performed in R 

using the ‘LOGIT’ package.  

 

Results 

Seed germination assay 

Un-germinated assay 

Root length was measured and calculated as a percentage of the growth of the control. 

All populations experienced greater root length inhibition as glyphosate dosage 

increased. An exception to this was the response of the resistant populations, which had 

an increase of root length at 2.5 mg a.e. L-1 of glyphosate. This response may be the 

result of hormesis, an effect common in sub-lethal herbicide application (Belz and 
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Duke, 2014). The two resistant populations had root lengths inhibited the least of the 

four populations tested. The most informative dosage (dosage that provided the greatest 

difference in root inhibition) was 2.5 mg a.e. L-1 (Figure 4.1A). At this dosage, there 

was a 43% difference in root inhibition between resistant and susceptible populations. 

ANOVA showed no difference (P>0.05) in growth response as a percentage of control 

at each dosage between resistant populations or between susceptible populations. As 

they were not significantly different, data from these populations were grouped and 

their growth response averaged.  Significant differences were detected between the 

averaged growth responses for the resistant and susceptible populations (P = 0.008). 

Root growth was reduced by 50% with a glyphosate dose of 17.0mg a.e. L-1 for the 

resistant populations and 5.1 mg a.e. L-1 for the susceptible populations (Table 4.1).  

 

Pre-germinated assay 

Root length inhibition was calculated in the same manner as for the un-germinated 

assay. Resistant populations again had the lowest amount of root inhibition of the four 

populations tested. The greatest difference in root inhibition between resistant and 

susceptible populations was at 10 mg a.e. L-1 glyphosate (Figure 4.1B). At this dosage, 

there was a 61% difference in root inhibition between resistant and susceptible 

populations. As seen in the ungerminated seed assay, ANOVA showed no difference 

(P>0.05) in growth response as a percentage of control at each dosage between resistant 

populations or between susceptible populations. Again, data from these populations 

were grouped and their growth response averaged.  Significant differences were 

detected between the averaged growth responses for the resistant and susceptible 

populations (P <0.001). The herbicide dose that reduced root growth by 50% (GR50) 

was 13.1 mg a.e. L-1 for the resistant populations and 4.4 mg a.e. L-1 for the susceptible 

populations (Table 4.1).  
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Figure 4.1  Effect of glyphosate concentration on root length inhibition (as percentage of 

control) Resistant (R) populations were inhibited less than susceptible (S), A) Un-

germinated seed assay, greatest difference between populations at 2.5 mg a.e. L-1. B) Pre-

germinated seed assay, greatest difference between populations at 10 mg a.e. L-1. Data are 

means of populations, with 4 replicates and 10 seeds per replicates, measured after 7 days. 

 

A 

B 
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Table 4.1: Parameter estimates from non-linear regression analysis of Petri dish assays 

establishing a dose response for populations of annual ryegrass resistant (R) and 

susceptible (S) to glyphosate. GR50 is in mg a.e. L-1 

Population Germination d ± SE b ± SE GR50 
R/S GR50 

ratio 

R Un 108.4 ± 12. 07 1.60 ± 0.68 17.0 ± 6.7 3.33 

S Un 100.0 ± 0.61 0.83 ± 0.02 5.1 ± 0.1  

R Pre 101.2 ± 3.02 1.19 ± 0.13 13.1 ± 1.4 2.97 

S Pre 100.3 ± 3.78 1.38 ± 0.19 4.4 ± 0.5  

Un, ungerminated assay; Pre, pregerminated assay; d, upper limit of curve; b, slope of 

curve at GR50; SE, standard error; GR50 dose of herbicide required to reduce root growth 

by 50% relative to control; R/S GR50, ratio of GR50 values of resistant to susceptible. 

 

Cloning based assay 

Each population had a moderate incidence of resistance to the applied herbicides, except 

for the susceptible population in which there were no resistant plants.  Individual clones 

of each tiller had similar herbicide phenotype responses across each clone. The few 

incidences where clone response was not uniform (i.e. only two out of three clones 

displaying resistance) could be attributed to a lack of clone vigour recorded pre-

herbicide application.  No significant differences were detected between the initial and 

subsequent testing of this methodology (P < 0.05).  Summary of phenotyping and clone 

phenotype uniformity is included in Table 4.22.  
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Table 4.2  Resistant and susceptible phenotypes for five populations resulting from 

glyphosate and chlorsulfuron application. Number of resistant and susceptible plants for 

each population with a summary of the number of clones with a uniform phenotype 

response as a percentage of all clones. Trial number indicates initial trial (1) and repeated 

trial (2). 

 

Population Herbicide Trial Resistant Susceptible Clone 

phenotype 

uniformity 

(%) 

120105 chlorsulfuron 1 19 11 91.7 

  2 15 15 100 

120191 chlorsulfuron 1 13 17 95.8 

  2 20 10 99.2 

120080 glyphosate 1 15 15 95.8 

  2 17 13 95.0 

120081 glyphosate 1 20 10 98.3 

  2 19 11 91.7 

Susceptible glyphosate 1 0 30 100 

  2 0 30 100 

Susceptible chlorsulfuron 1 0 30 100 

  2 0 30 100 
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Discussion  

Two methods, a seed Petri dish assay and a cloning based assay (Syngenta Quick-Test), 

were evaluated for their ability to phenotype individual L. rigidum plants in a non-

destructive manner so as to allow downstream DNA analysis. Each assay was assessed 

on its ability to phenotype, the accuracy of phenotyping and the cost of each assay.  

Two variants of the seed assay were investigated using population root inhibition as the 

measure across four populations. Differences between populations of the same 

phenotype were not significant (P>0.05) and so data were arranged as the mean of the 

two populations. Resistance or susceptibility of each population had previously been 

determined via glasshouse trials. In each seed assay, resistant populations displayed less 

inhibition of root length than susceptible populations. Susceptible populations were 

more sensitive at low to midrange concentrations of glyphosate in both assays, 

providing a greater root length differential between phenotypes. A significant difference 

between resistant and susceptible populations was found for both assays (P = 0.008, 

P<0.001 for ungerminated and pre-germinated assays respectively). Un-germinated seed 

showed greater phenotype separation at 2.5 mg a.e. L-1 of glyphosate with a 43% 

difference in root inhibition, whereas the higher dosage of 10 mg a.e. L-1 of glyphosate 

provided greater difference in pre-germinated seed with 61% difference in root 

inhibition between resistant and susceptible populations. GR50 values generated from 

each assay produced comparable estimates for each phenotype assay response, 

generating similar values for the ratio of resistant to susceptible GR50 values (3.33 and 

2.97 for ungerminated and pre-germinated respectively). An analysis of variance 

between assays indicated that there was no significant difference of root inhibition 

between populations in either un-germinated and pre-germinated assays (P>0.05). The 

observed hormesis response in the resistant populations in the un-germinated assay may 

be resultant from the plants germinating in glyphosate. The early stress caused by 
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germinating in herbicide solution might generate a more vigorous growth response, 

uninhibited due to the low dose of glyphosate and the presence of resistance 

mechanisms.   

Each of the seed assay methods trialled had inexpensive materials and labour costs, 

totalling approximately $40 per population, and was completed in 1-2 weeks. Either 

assay could be used to phenotype populations, although the use of pre-germinated 

seedlings reduces confounding issues of individual seed health and growth vigour from 

resistance phenotyping since dormant or poor quality seeds can be removed from the 

evaluation. Individual seed response was evident in the pre-germinated assay for the 

resistant population with root length clustering into two groups, at each herbicide 

dosage. It is likely that these clusters represent resistant and susceptible individuals, 

susceptible with < 1cm root growth, resistant > 5cm vs control.   DNA could be 

extracted from these individuals, although seed DNA extraction can be problematic due 

to the presence of polyphenols, alkaloids and polysaccharides which reduce the quality 

of DNA. These contaminants can be eliminated via the use of specialised seed DNA 

procedures (Varma et al., 2007). Although the amount of DNA extractable from seed is 

much lower than from leaf tissue (1.5-2 μg for similar sized seed, compared with 8 μg 

or more from leaf tissue) (Délye et al., 2002a; Kang et al., 1998), DArT only requires a 

minimum of 500ng of DNA for analysis. Comparison of the incidence of resistance in 

these populations in glasshouse trials relative to the pre-germinated assay highlighted 

the inherent variability in seed assays. Glasshouse trials showed resistance in 50% of 

samples, consistent across replicates for both populations (J. Broster personal 

communication), whereas Petri assay resistance incidence varied from 100-70%.  

Conversely, propagation by cloning assay provided phenotyping of individual samples, 

with incidence of resistance matched with previous glasshouse pot trials (J. Broster 
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personal communication). This confirms that this method is the more suitable surrogate 

of conventional glasshouse trials.  

Individual clones had almost uniform tiller response with any phenotyping variation 

across clones attributable to poor establishment of tillers pre herbicide application. This 

highlights the importance of assessing tillers pre-herbicide application. For DArT 

analysis, it would be appropriate to remove these tillers from assessment as they may 

cause inaccurate phenotyping. No differences were detected between either iteration of 

the propagation assay in terms of the uniformity of cloning.  

As for the seed assay protocols, tiller propagation had relatively inexpensive material 

costs totalling approximately $60 per population, but was completed in a much longer 

time frame (14 weeks). This additional time is required to allow for plant tillering 

before assaying can begin, as well as the laborious nature of preparing multiple clones. 

An advantage of the propagation assay is that one clone can be used for phenotyping 

while another can remain unsprayed and its leaf tissue used for DNA extraction. This 

would address the potential issues with seed DNA extraction. 

Overall, the tiller propagation assay provided the better response to herbicides than the 

seed assay as it more closely matched the glasshouse outcomes and there were fewer 

questions around consistent phenotyping. Although more expensive through requiring 

more time and labour, the consistency of results and lack of problematic DNA 

extraction make it the preferred choice for phenotyping for DArT analysis.  Propagation 

via tillering also allows for the analysis of resistance of individual plants to many 

herbicides, which then provides useful phenotyping for DArT analysis.  
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Conclusion 

In this study, versatile and non-destructive methods were examined for their potential to 

phenotype L. rigidum in simple, repeatable and inexpensive protocols. Two seed assays 

were tested for their ability to detect herbicide resistance in annual ryegrass. Both assays 

were able to segregate populations into their respective phenotypes consistent with 

glasshouse trials. A third assay, cloning plant tillers, was also tested and was found to 

identify phenotype for populations and individual samples. Overall each assay method 

offers a cheap, low tech and simple test for resistance that allows for further 

downstream DNA analysis. Differences in the DNA quality and quantity likely from 

sampling from seed or leaf is minimal due to the small amount of DNA required by 

DArT, however additional sample preparation is required for extracting quality DNA 

from seed. Overall, tiller propagation was selected as the best assay for DArT 

phenotyping as it was more versatile and provided reliable phenotyping of individual 

samples.   
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 - Using diversity arrays technology for herbicide resistance 

detection in Lolium rigidum 

 

Introduction 

Agriculture has progressed from the era of herbicide discovery and is moving towards 

an era of herbicide exhaustion due to herbicide resistance. The pipeline for herbicide 

discovery and the development of new commercial herbicides has slowed to a trickle 

with no new modes of action entering the commercial market in thirty years (Duke and 

Dayan, 2015). In light of this, a concerted industry effort is underway to encourage 

herbicide stewardship in an attempt to preserve the longevity of current herbicides 

(Ervin and Jussaume, 2014; Mortensen et al., 2012; Shaner and Beckie, 2014; Shaner et 

al., 2012). The loss of effective weed control due to widespread herbicide failure would 

be catastrophic as agricultural productivity has become completely entwined with 

herbicides due to their low cost, efficacy and the shift away from historic weed control 

measures (i.e. the development of no tillage conservation farming). In Australia, 

approximately $2.6 billion per annum are spent to control weeds, a large portion of 

which ($1.6 billion) is for in-season herbicide purchase and application (Llewellyn et 

al., 2016). Annual ryegrass (Lolium rigidum Gaud.) invokes the highest economic cost 

equating to $93.1 million in lost revenue annually (Llewellyn et al., 2016).  

Annual ryegrass has rapid and opportunistic growth, high fecundity and displays a high 

level of phenotypic plasticity, naturalising in new environments due to it being an 

obligate outcrosser (Naylor, 1960; Pratley et al., 1999).  This highly adaptable nature of 

ryegrass, coupled with the extensive use of herbicides as its chief control tool, has 

enabled this species to evolve resistance to eleven different herbicide modes of action 

(Heap, 2017). Annual ryegrass also exhibits the ability to develop cross-resistance, i.e. 
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resistance to herbicides to which it has not been exposed, thereby making effective 

ryegrass control problematic (Busi and Powles, 2016; Christopher et al., 1991; Heap 

and Knight, 1986; Matthews et al., 1990; Owen et al., 2014).  

To address herbicide resistance and maintain effective control, ryegrass populations are 

routinely screened for herbicide resistance (Boutsalis et al., 2006; Broster and Pratley, 

2006). These assays are usually in the form of glasshouse spray trials of germinated 

seed or propagated cuttings taken from populations with suspected resistance. 

Shortcomings of these methods include the long processing time which, for glasshouse 

tests, comprise seed collection, seed after-ripening, germination and then herbicide 

application. This process can take can take 9 months after resistance is first suspected in 

the field. For the propagation methods, the processing time is around four weeks, 

although it is limited to screening for resistance to post-emergent herbicides (Boutsalis, 

2001). Both methods consume extensive resources and require testing to a broad range 

of herbicides in order to produce a useful analytical report that identifies herbicide 

resistance and indicates which herbicides may still be effective. Either method only 

offers limited information about developing resistance. Resistance that is only at a low 

level can be difficult to detect without extensive dose response analysis and this is not 

practical due to the high number of samples in a commercial testing service. In most 

cases these results become available too late to offer remedy for the current crop and 

therefore are limited to use in the following year for pre-sowing field establishment or 

in-crop management strategy.  

Other protocols exist to detect resistance i.e. seed and pollen germination assays (Burke 

et al., 2007; Letouzé and Gasquez, 2000; Richter and Powles, 1993) and enzymatic 

analysis (Cummins et al., 2013; Dayan et al., 2015; Tehranchian et al., 2015). However, 

these methods have not been up-scaled to commercial testing due to their highly 

specific nature, requiring many assays and protocols to analyse different herbicides.  
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Screening methods that use genetic markers have been used to detect resistance, 

focusing on the identification of specific mutations that confer resistance (target-site, 

gene amplification) (Beckie et al., 2000; Kaundun et al., 2006; Salas et al., 2012, 

Shaner and Beckie, 2014). The high specificity of these detection protocols precludes 

them from broad diagnostic testing for many forms of resistance. These methods are 

able to detect and predict whether a plant has low/high levels of resistance, as they 

identify specific mutations which are coupled with known levels of associated 

resistance (Shergill et al., 2015b; Yu, Collavo, et al., 2007; Yu and Powles, 2014). 

Initial development of these protocols is difficult due to reliance on other organisms that 

have had extensive genetic analysis and mapping to guide their analysis, as few weeds 

have otherwise received this detailed analysis.   

Diversity Arrays Technology (DArT), a genotyping protocol, does not require a genetic 

map for analysis (Jaccoud et al., 2001). Instead there is a need for precise phenotyping 

and sufficient linkage disequilibrium between markers to separate traits from 

background genetic diversity. DArT offers high throughput analysis (i.e. many samples 

rapidly) and the ability to detect multiple traits simultaneously once marker-trait 

relationships are known. DArT is already used as a commercial genotyping service, 

particularly for major crop species but not for weed species (Govindaraj et al., 2015). 

DArT has been used to identify and link markers to many important and complex 

agronomic traits including disease resistance (Alsop et al., 2007; Wenzl et al., 2006), 

flowering time (Bennett et al., 2012; Kamran et al., 2013) and plant height (Alheit et 

al., 2014; Griffiths et al., 2012).  

This study hypothesises that DArT can be used to identify and segregate L. rigidum 

samples resistant and susceptible to multiple herbicides.   To test this, a series of 

experiments were devised that would:  
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- evaluate whether DArT could discriminate between L. rigidum samples resistant 

and susceptible to glyphosate 

- evaluate if DArT could identify and separate L. rigidum samples resistant to 

chlorsulfuron or trifluralin; and 

- evaluated whether DArT could identify and separate L. rigidum samples with 

resistance to different ACCase inhibiting herbicides.  

 

Materials and method 

Library creation 

For analysis, DArT requires a genetic library of the species with maximum diversity 

(Jaccoud et al., 2001; Wenzl et al., 2004). As the nature of this test was to detect traits 

for herbicide resistance, the library needed to contain material that had known 

incidences of the various resistances. This process comprised two parts: collection of 

suitable plant material and library development. Suitable populations with extensive 

resistance history (known resistance to multiple modes of action e.g. ACCase, ALS and 

EPSPS) were selected from the seed store of the Charles Sturt University Herbicide 

Resistance Testing Service (CSU HRTS). Populations were germinated, grown and 

their seedling DNA extracted as per Chapter 3. Library creation followed the method 

detailed by Kopecký et al. (2010). To summarise, 0.5 µL of DNA from each sample 

(with at least 100 ng µL-1 concentration) was mixed and digested using the restriction 

enzyme combination of PstI/TaqI.  Previous analysis of Lolium spp. with DArT had 

used different combinations of restriction enzymes, with the combination of PstI/TaqI 

being the most effective at creating a high number of polymorphic markers (Kopecký et 

al., 2009; Kopecký et al., 2010). Fragments were then ligated with an adapter to the PstI 

ends followed by amplification. Amplicons were precipitated with isopropanol and 
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washed with ethanol before drying and labelling with the fluorescent dyes Cy3-dUTP 

(orange) or Cy5-dUTP (far-red). Labelled representations, called ‘targets’, were 

hybridised to the genotyping arrays as per Kopecký et al. (2009). From the plant 

material sourced, 7680 genetic markers were generated for the DArT library. 

 

Sample hybridisation and analysis 

Samples underwent complexity reduction and fluorescent labelling before being 

hybridised onto the array and incubated for 14-16hrs at 62°C. After this, slides were 

washed and scanned with a Tecan LS300 scanner (Grödig, Salzburg, Austria). Images 

were generated by producing a laser at the specific fluorescence wavelengths of each of 

the dyes (543nm for Cy3, 633 for Cy5). DNA fragments, from samples that matched 

library fragments, hybridised and emitted a unique fluorescence. The resulting image 

was analysed via DARTSOFT (DArT Pty Ltd), an in-house software package that 

scored the intensity of markers.  

The hybridisation response was scored with two methods, binary and continuous. 

Binary scoring attributes a 1 or a 0 to a marker on a presence or absence basis 

respectively, whereas continuous scoring is a measure of fluorescence intensity relative 

to the performance of the other markers.  The image processing and marker 

classification were performed using DArTsoft version 7.3. DArTsoft is an in-house 

proprietary software designed by DArT Pty Ltd and is used for processing and analysis 

of DArT markers. 
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Statistical Analysis 

Marker analysis, including principal coordinate analysis (PCoA) and Unweighted Pair 

Group Method with Arithmetic Mean (UPGMA), were conducted on PAST (Version 

3.14; Hammer et al. (2001)).  PCoA and UPGMA are commonly used to visualise the 

similarity and distance between samples based on their genetic markers (Jombart et al., 

2009). Although UPGMA and PCoA both present the diversity and structure of the 

samples, they have differing implications. UPGMA better demonstrates the genetic 

similarity and relatedness of individual samples and visualises population structure. 

PCoA reduces the variation of samples to two or three dimensions, emphasising 

diversity and assists in visualising patterns and identifying outliers. 

Both PCoA and UPGMA were generated using Jaccard similarity index (Jaccard, 1908) 

bootstrapped 10,000 times for cross validation. Statistical machine learning (SML), 

linear mixed models (LMM, also known as mixed linear models) and proportion of 

variance (PAVE) analysis were conducted with DArTsoft (Version 7.3). SML, LMM 

and PAVE were selected for association analysis with as they are commonly used with 

DArT and other genetic marker platforms (Niedziela et al., 2012; Raman et al., 2014; 

Jighly et al., 2015; Lex et al., 2014; Cruz et al., 2013). Each of these analyses were 

conducted with DArTsoft.  

DArTsoft uses SML to evaluate the contribution of each marker to the accurate 

phenotyping of a trait by first examining the performance of the entire marker set, then, 

using different algorithms, the contribution of each marker is assessed. Two algorithms, 

Recursive Feature Elimination (RFE) and  Support Vector Machine Recursive Feature 

Elimination (SVM-RFE) algorithm were used in this experiment.  RFE is the typical 

method used for DArT analysis, while SVM-RFE was used to examine algorithm 

specific effects. The suitability of SML analysis for DArT markers has been established 

by Bedo et al. (2008) who concluded that an advantage of SML was that it makes no 
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assumptions about the mechanisms involved (no genetic model is built into it) and does 

not need a genetic map for markers and so it can be applied to any type of 

material/population. Consequently, RFE and SVM-RFE are ideal for the study of poorly 

understood organisms with limited genetic information such as L. rigidum.  

RFE is performed by fitting a linear model to the phenotype, and then assessing the 

performance of each marker using least-squares (Vu et al., 2015). The least informative 

marker is removed from the analysis, and the model re-fitted. This is repeated until only 

a single marker remains. Each marker is assigned a change in variance value based on 

their effect on the model once they have been removed.  

SVM-RFE is performed by fitting a vector (hyperplane) between two classes (resistance 

phenotype in this instance) and assessing the size of the margin (distance from vector to 

nearest class) between the classes (Guyon and Elisseeff, 2003). As in RFE, markers are 

removed from the model and hyperplane re-fitted, and the contribution to the margin 

assessed. An increase in margin size correlates to a better performing hyperplane. 

Analysis was undertaken to evaluate the ‘complexity’ of each of the resistance 

phenotypes by plotting the cumulative value of PAVE (a measure of the significance of 

the marker for the character) for the models of increasing complexity (in terms of 

number of markers).   

 

Evaluation of DArT to discriminate resistance to glyphosate in Lolium rigidum.    

Initially, 42 populations were selected from seeds collected from the Liverpool Plains 

area of the North-western slopes of NSW (Figure 5.1). These samples were used to 

construct the original DArT library. Germination, propagation, resistance phenotyping 

and DNA extraction were conducted as per methods detailed in Chapter 3. Glyphosate 

was applied at the label rate of 360g a.e. L-1. Plant mortality was scored 21 days after 
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herbicide application. Plants that were thoroughly brown and had no erect leaf or stem 

were scored as ‘dead’. Plants which were green, had erect leaf and stem and had 

evidence of new growth (i.e. formation of additional leaf tissue or tillers) were scored as 

‘alive’. To minimise confounding from indeterminate phenotyping, plants exhibiting 

some level of resistance, i.e. some browning of leaf tissue or semi-erect plant tissue, 

were excluded from further analysis.  

In order to increase the genetic diversity and assess any difference in phenotyping 

accuracy, a further 24 populations were selected from the CSU HRTS seed store based 

on their known resistance status. This was achieved by preferentially selecting 

populations with the greatest geographic spread (Figure 5.1). Glasshouse trials were 

then used to determine individual plant resistance, within each population, to 

glyphosate. There were approximately equal representations of resistance and 

susceptibility in the populations. 

A resistant and a susceptible plant from each population (if plant material was available) 

were selected and the DNA extracted and analysed. If a population did not have both 

phenotypes available, a double of the existing phenotype was taken.   In total, 84 plants 

were analysed. These samples were added to expand the original DArT library and form 

the basis for all other analyses 
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Figure 5.1. Distribution of annual ryegrass samples in south-eastern Australia with EPSPs 

resistance selected for DArT analysis. Liverpool Plains area is shaded in black.  

 

Evaluation of DArT for identification of resistance to herbicides chlorsulfuron and 

trifluralin 

Twenty-five populations were selected from the CSU HRTS seed store, with fifteen of 

these populations known from previous testing to have resistance to a Group B (either 

chlorsulfuron or triasulfuron) herbicide and nine known to have resistance to trifluralin. 

The remaining population had no herbicide application history and was used to 

represent a susceptible population. Populations were selected to maximise geographic 

spread in order to capture greatest genetic diversity possible (Figure 5.2) 
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Figure 5.2 Locations across Australia of populations selected for analysis with trifluralin 

(red square) or chlorsulfuron (blue circle) resistance. The location of a susceptible 

population is in green (star). 

 

Each population selected for Group B resistance was screened for resistance for 

chlorsulfuron resistance as per the methods detailed in Chapter 3. Herbicide was applied 

at the recommended label rate of 20 g a.i. ha−1 for control of annual ryegrass. 

Trifluralin, a pre-emergent herbicide, required a different screening protocol. Seeds 

from the selected populations were placed on the surface of prepared soil (1:3 mix of 

sand, sphagnum moss) with herbicide incorporated by raking prior to sowing. A layer of 

5mm of soil then covered the sown seeds. Trifluralin was applied at the label rate of 384 

g a.i. ha−1. 
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For both assays, ten plants from each population were placed into soil inside plastic 500 

mL containers, 170mm (length) x 120mm (width) x 40mm (height), replicated 5 times 

with one remaining unsprayed as a control to validate herbicide efficacy. Plants were 

phenotyped 30 days after herbicide application to confirm the effect of the herbicide. 

Surviving plants were deemed resistant to chlorsulfuron or trifluralin. The susceptibility 

of the ‘susceptible’ population was also tested with the same protocols for chlorsulfuron 

and trifluralin resistance testing.  

Leaf tissue from resistant plants and the unsprayed susceptible population were 

collected and DNA extracted as per methods in Chapter 3. Individual DNA was then 

transferred to a 96 well micro plate and taken to Diversity Arrays Technology Pty Ltd 

for processing.  

 

Evaluation of DArT to identify herbicide resistance markers for ACCase inhibiting 

herbicides. 

Thirty-nine populations were selected based on geographic spread from CSU HRTS 

seed store using populations with known resistance or susceptibility to a range of 

ACCase herbicides. Location data are included in Figure 5.3. Populations were 

screened, grown and clones generated as described in Chapter 3.  
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Figure 5.3 Geographic distribution of populations with ACCase resistance selected for 

DArT analysis.  

 

Samples separated for resistance phenotyping were then sprayed with one of the 

following ACCase inhibiting herbicides: haloxyfop, tralkoxydim, clethodim, 

sethoxydim, or combination of diclofop/ sethoxydim. All application rates are listed in 

Table 5.1.  

After spraying, the plants were allowed to dry before being transported to a temperature 

controlled glasshouse and watered as required. To ensure accurate phenotyping of 

resistance, plants were reviewed after 30 days to confirm the effect of the herbicide.  

Surviving plants were deemed to be resistant. 
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Table 5.1. ACCase herbicides and required adjuvants application rates used.   

Herbicide Application rate 

(g a.i. ha-1) 

Adjuvant Adjuvant rate 

(v/v%) 

Haloxyfop 52 BS1000 1 

Tralkoxydim 200 None N/a 

Sethoxydim 186 D-C-Trate 1 

Clethodim 60 D-C-Trate 1 

Diclofop-methyl / 

sethoxydim 

200 / 20 BS1000 1 

 

DNA extraction and processing 

Samples were selected, where possible, to have an equal mix of resistant and susceptible 

samples within populations. When susceptible plants were not present in a population, 

multiple resistant samples were taken to increase sample genetic diversity. DNA from 

samples was then extracted and tested as described in Chapter 3 before being transferred 

to a 96 well micro plate and taken to Diversity Arrays Technology for analysis.  

 

Results 

Evaluation of DArT to discriminate resistance to glyphosate in Lolium rigidum    

The populations collected from the Liverpool Plains displayed similar incidence of 

glyphosate resistance, with approximately equal representation of resistant and 

susceptible. Two plants from each of population, one resistant and one susceptible, were 

selected and DNA extracted and analysed, there being 84 plants in total. The additional 
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24 populations selected to increase genetic diversity had similar incidence of resistance, 

except population GLR0019 which did not have resistant plants.  As with the Liverpool 

Plains samples, two plants from each population, one resistant and one susceptible, were 

selected and DNA extracted resulting in an additional 48 plants, there being 132 plants 

analysed.   

From the initial collection from the Liverpool Plains, a total of 6200 markers was 

generated for the library. Markers were selected for analysis with a reproducibility score 

(a measure of the consistency technical replicate markers are scored) greater than 95% 

and a call rate (the percentage a marker was scored correctly and could be read) greater 

than 80. This analysis resulted in the identification of 3240 polymorphic markers. The 

increase in diversity from the inclusion of the additional 48 samples provided an 

additional 1480 markers, increasing the total to 7680 markers generated.  All markers 

collected had a reproducibility score between 100 and 96.80, with an average of 99.61. 

Markers had a P value, an ANOVA based estimate of marker quality, range of 95.90 to 

45.31, with an average of 78.04. Call rate ranged from 100 to 80.00 with an average of 

91.62. Polymorphic information content, a measure of marker informativeness, ranged 

from 0.5 to 0.022 with an average of 0.34. 

UPGMA analysis of population structure showed little stratification of the initial 

populations (Figure 5.4) and this is also seen in the principal co-ordinates analysis 

(Figure_5.5).
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Figure 5.4 UPGMA cluster analysis of DArT markers generated from Liverpool Plains samples tested with glyphosate 
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Figure 5.5 Principal co-ordinate analysis (PCoA) of 3240 markers generated from the 

Liverpool Plains samples tested for glyphosate resistance. PC1 = 10.8, PC2 = 3.6. 

 

A similar result was achieved for the additional populations analysed.  When the criteria 

were applied of removing monomorphic markers, requiring markers have a call rate of 

>80% and having reproducibility of >95%, the total number of informative markers was 

reduced from 7680 to 3285.  UPGMA analysis showed very little clustering by 

population (Figure 5.6), this is also seen in the PCoA (Figure 5.7). 



70 

 

 

Figure 5.6 UPGMA cluster analysis of DArT markers generated from additional samples tested for glyphosate resistance. Resistant samples are labelled 

black, susceptible samples are labelled red.
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Figure 5.7 Principal co-ordinate analysis (PCoA) of 3285 markers generated from the 

additional samples tested for glyphosate resistance. PC1 = 4.5, PC2 = 4.2. Black circles are 

resistant, red circles are susceptible.  

 

Data analysis was completed on each set of array markers using RFE SML. Some 6200 

marker probes were deployed for the microarray results of the initial glyphosate plate, 

and 7680 for the second. In each analysis, several statistically significant associations 

where identified.  Markers were significant (between 1 to 6 % contribution to 

phenotype) in both analyses, even though the intensity of contributions varied (Figure 

5.8). Some analysis-specific signals were also noticeable. The plot of PAVE values for 

the two independent analyses shows that the major effects are consistent. There was an 

impact of changed array, and different composition of samples analysed, on the 

measured effect of specific markers (Figure 5.8). 
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Figure 5.8 Distribution of PAVE value (a measure of marker contribution to resistance above the X axis and susceptibility below the X axis) of individual 

markers from two analyses with 132 and 84 genotypes respectively. Markers with significant contribution to phenotyping are apparent in both analyses, 

although with differing intensities. 
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As the choice of algorithm in machine learning may also have an effect on the outcome 

of the analysis, the same datasets were analysed using the Support Vector Machine 

(SVM) algorithm to complement the RFE form of SML analysis.  As before, the 

analysis was done both on the binary (0/1) and continuous data.  In order to increase the 

stringency of the analysis further, both algorithms were run by randomly re-sampling 

the continuous and binary marker datasets, using overlapping sets of 2,000 markers, so 

that each marker is evaluated for its contribution to the resistance phenotype in various 

marker combinations. 

The effects of the many markers are relatively consistent across the re-sampling runs 

and machine learning algorithms. Each of the algorithms SVM and RFE identified 

markers that contributed to accurate phenotyping, and had similar results for the 

contribution of each marker. Some markers were repeatedly identified in the subsequent 

re-sampling to be contributing to either the resistant or susceptible phenotype. For the 

majority of markers, the continuous measurement of array signal intensity provided 

greater discriminatory power for phenotype than binary scores. Results from this 

analysis are shown in Figure 5.9  
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Figure 5.9 Presentation of the contribution of selected markers to glyphosate 

resistance/susceptibility based on 20 rounds of Recursive Feature Elimination(RFE) 

statistical machine learning and Support Vector Machine (SVM) machine learning 

analysis re-sampling sets of markers (both binary 0/1 and continuous signal intensity on 

the arrays).  The 6 digit numbers along the Y axis represent marker IDs while the number 

after “+” indicates in how many independent “re-sampling” analyses the effect was 

detected. 

 

 

 

  

% Contribution to accurate phenotype  

M
ar

ke
r 

ID
 +

 t
im

es
 m

ar
ke

r 
ef

fe
ct

 d
et

e
ct

e
d

 



75 

 

Evaluation of DArT for identification of resistance to herbicides chlorsulfuron and 

trifluralin 

The populations selected for analysis displayed a high incidence of resistance, with 

most plants surviving herbicide application. Each population resistant to chlorsulfuron 

had three plants selected for DNA extraction and analysis. One population had six 

plants selected due to an abundance of plant material, resulting in a total of 48 selected 

plants. As there were only nine populations available for trifluralin resistance, additional 

plants (between 3 and 6) were collected to provide a similar number of samples to those 

for chlorsulfuron, there being 41 samples in total.  All samples from the susceptible 

population were killed by the respective herbicide, confirming previous screening 

outcomes and validating its suitability to represent susceptibility.  Five plants from this 

population which were kept as unsprayed control samples were collected to represent a 

susceptible population in the DNA analysis for comparison.  

In total, 3087 markers were generated from the DNA collected from the chlorsulfuron 

and trifluralin resistant and the susceptible population. Developed markers had a 

reproducibility score of between 100 and 97.50, with an average of 99.16. Markers had 

a P value of between 92.58 and 43.42, with an average of 74.59. Call rate ranged from 

100 to 80 with an average of 94.04. Polymorphic information content ranged from 0.5 

to 0.064 with an average of 0.35. 

Population structure analysis was conducted to evaluate whether the underlying 

population structure may confound results. UPGMA analysis showed little stratification 

of the populations (Figure 5.10), although the principal co-ordinates analysis indicated 

that there may be some population effects in the susceptible population (Figure 5.11).  
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Figure 5.10 UPGMA cluster analysis of DArT markers generated from samples with 

susceptibility (red) or resistance to chlorsulfuron (black) or trifluralin (blue). 
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Figure 5.11 Principal coordinate analysis (PCoA) of selected DArT markers generated 

from samples with susceptibility (red X) or resistance to chlorsulfuron (white circle) or 

trifluralin (blue circle).  PC1 = 5.3, PC2 = 2.9. 

 

A PAVE analysis was conducted for the binary and continuous array data.  For samples 

resistant to chlorsulfuron the continuous array intensity scores provided 70 to 90% 

discriminatory power for phenotype with very few markers (<100). Binary scores failed 

to provide discriminatory power greater than 28% of the phenotype (Figure 5.12). 
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Figure 5.12 Analysis of samples resistant and susceptible to chlorsulfuron. PAVE analysis 

of the number of markers (x-axis) against the contribution of markers to the accurate 

determination of phenotype (y-axis) for continuous and binary array results. 

 

This analysis was repeated for samples resistant to trifluralin. Again, the continuous 

array intensity provided greater discriminatory power for phenotype (70–90%) with 

very few markers (<100) when compared with the binary scores which had maximum 

discriminatory power of 28% of the phenotype (Figure 5.13). 

 

-60

-40

-20

0

20

40

60

80

100

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

A
cc

u
ra

te
 d

e
te

rm
in

at
io

n
 o

f 
p

h
e

n
o

ty
p

e
 (

%
)

No.  of Array Probes

Continuous Array

Binary Array



 

80 

 

 

Figure 5.13 Analysis of samples resistant and susceptible to trifluralin. PAVE analysis of 

the number of markers (x-axis) against the contribution of markers to the accurate 

determination of phenotype (y-axis) for continuous and binary array results 

 

The high level of similarity of the cumulative PAVE plot for the B and D herbicide 

resistance phenotypes suggests that there may be common elements in the genetic 

pathways leading to the resistance phenotype for these herbicides. To examine this, each 

markers contribution to phenotyping both forms of herbicide resistance were plotted, 

and a correlation assessed (Figure 5.14).  
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Figure 5.14 Correlation of trifluralin resistance markers to chlorsulfuron resistance 

markers.  Each axis represents the different contributions a marker has on the total 

determination of phenotype for the specific herbicide group. 

 

Evaluation of DArT to identify ACCase herbicide resistance markers 

Populations selected displayed an approximately equal incidence of resistance and 

susceptibility to ‘fop’ herbicides. Results from ‘dim’ herbicides differed due to a higher 

incidence of resistance. The combination mix of ‘fop’ and ‘dim’ herbicides did not 

identify any susceptible plants. These results are summarised in Table 5.2.
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Table 5.2. Resistance testing outcomes of DArT samples sprayed with differing ACCase herbicides 

Trade name Chemical name No. tested Resistant Susceptible 

 FOPs 36 18 18 

Haloxyfop 2-[4-[3-chloro-5-(trifluoromethyl)pyridin-2-yl]oxyphenoxy]propanoic acid 36 18 18 

 

 DIMs 27 18 9 

Tralkoxydim 2-cyclohexen-1-one,2-[1-(ethoxyimino)propyl]-3-hydroxy-5(2,4,6-trimethylphenyl)-

(9cl) 

10 5 5 

Sethoxydim 2-[1-(ethoxyimino)butyl]-5-[2-(ethylthio)propyl]-3-hydroxy-2-cyclohexen-1-one 4 2 2 

Clethodim 2-(e)-1-[(e)-3-chloroallyloxyimino]propyl-5-[2-(ethylthio)propyl]-3-hydroxy-2-

cyclohexen-1-one 

13 11 2 

 

 FOP and DIM combination 31 31 0 

Diclofop-methyl / 

sethoxydim 

Methyl 2-[4-(2,4-dichlorophenoxy)phenoxy]propanoate /  2-[1-(ethoxyimino)butyl]-5-

[2-(ethylthio)propyl]-3-hydroxy-2-cyclohexen-1-one 

31 31 0 
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In total, 3128 markers were generated from these samples. Markers had a 

reproducibility score of between 100 and 97.50, with an average of 99.12. P values 

ranged from 92.58 to 43.42, with an average of 74.87. Call rate ranged from 100 to 

85.01 with an average of 94.57. Polymorphic information content ranged from 0.5 to 

0.064 with an average of 0.36. UPGMA analysis showed little stratification of the 

populations ( 

 

Figure 5.15), which was also seen in the principal co-ordinate analysis Figure 5.16; 

Figure 5.17).  
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Figure 5.15 UPGMA cluster analysis of DArT markers generated from samples tested 

with ACCase herbicides: haloxyfop (black), clethodim (blue), tralkoxydim (red), 

sethoxydim (green), and diclopfop-methyl/sethoxydim combination (purple). 
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Figure 5.16 Principal co-ordinate analysis (PCoA) of DArT markers generated from 

samples tested with ACCase herbicides: haloxyfop (black dots), clethodim (blue squares), 

tralkoxydim (red circles), sethoxydim (green diamonds), and diclopfop-methyl/sethoxydim 

combination (purple crosses). PC1 = 3.0, PC2 = 2.5.   
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Figure 5.17 Principal co-ordinates of DArT markers generated from samples tested with 

ACCase herbicides. Colours represent samples with resistance to a ACCase herbicide 

(black dot) or susceptibility (red square). PC1 = 3.0, PC2 = 2.5.   

 

Some 3128 markers developed during the array were utilised against the DNA samples 

submitted.  Data analysis was completed with using PAVE and linear mixed models 

(LMM). When all probes were utilised, PAVE analysis could determine accurately the 

phenotype resistance to ACCase inhibitors with 5.6% accuracy (Figure 5.18). This 

response was mirrored by LMM analysis of the data, where the highest P value 

achieved was 4.29% (Figure 5.19) and 4.39% achieved when accounting for structure 

effects (Figure 5.20).   
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Figure 5.18 PAVE analysis of continuous array data of ACCase DArT markers on 

predicting phenotype (resistance or susceptibility). Y-axis indicates what proportion of 

variance (PAVE) can accurately account for phenotype. X-axis is the number of markers 

used in the PAVE analysis. 

 

 

Figure 5.19 Genome-wide marker-trait association analysis using generalised log linear 

mixed models for DArT markers data, p-values for determination of phenotype vs number 

of markers used. 
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Figure 5.20 Genome-wide marker-trait association analysis using generalised for inverse 

log linear mixed models for DArT markers data, p-values for determination of phenotype 

vs number of markers used 

 

 

Discussion  

DArT analysis for linkage or association analysis is ideal for organisms with limited 

known genetics as it does not make assumptions about mechanisms involved (i.e. no 

genetic model built into it) and it does not need a genetic map for markers. Therefore, it 

can be applied to any type of material/population. The only requirement for the efficient 

detection of genetic signal and characterisation of genetic complexity of the trait is 

precise analysis of phenotype(s) and sufficient linkage disequilibrium (LD) between 

markers and genetic factors behind the phenotypic diversity. This study hypothesised 

that DArT can be used to identify and segregate L. rigidum plants resistant or 

susceptible herbicides.  To assess this, DArT markers were generated from plants 

phenotyped for resistance against three herbicides, glyphosate, trifluralin and 

chlorsulfuron. In addition, DArT markers were generated from plants phenotyped with 

ACCase inhibitor herbicides to assess whether it was sensitive enough to segregate 
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variations in phenotype to the differing ACCase inhibiting herbicides. This study is the 

first use of DArT for the detection of the herbicide resistance trait.  

The markers generated were of high quality as determined by the majority having high 

call rate, reproducibility and polymorphic information content. In each analysis, call rate 

was above 80, with an average of 91.6 to 94.  Reproducibility was high in all assays, 

with all markers scoring above 96.8. PIC varied between 0.022 to 0.5 for glyphosate 

assays and 0.064 to 0.5 for all others.  High call rate markers are preferred as they are 

more reliable. DArT markers with P values above 80 are considered to be very 

consistent scores. These values are comparable with other DArT analyses for sorghum 

(Mace et al., 2008), sugar beet (Simko, Eujayl, and van Hintum, 2012), wheat (Akbari 

et al., 2006), barley (Wenzl et al., 2006) and Eucalyptus (Sansaloni et al., 2010). 

Initial library representation was 6200 markers, although this was expanded to 7680 

markers with the addition of more samples covering a wider geographic range to 

incorporate more diversity. Marker metadata performance was monitored (call rate and 

PIC) during testing with samples analysed for chlorsulfuron, trifluralin and ACCase 

inhibiting herbicide resistance. As metadata scores were consistent with those from 

glyphosate assays (no reduction in call rate or PIC) this indicated that the second library 

expansion was sufficiently robust, making additional contributions to the library 

unnecessary.  No segregation was apparent in the UPGMA or PCoA plots except for 

some grouping within population, indicating that population structure would not 

confound marker association analysis. 

Two algorithms were used for SML marker association analysis for the detection of 

glyphosate resistance, RFE and SVM. Statistically significant associations were 

identified between markers and resistance/susceptible phenotype for RFE for both the 

initial and expanded array (between 1 to 6 % contribution to phenotype) but these could 
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not account for enough of the diversity to provide meaningful resistance phenotyping. 

The markers with significant contributions to phenotype featured in both the initial and 

subsequent analyses, although the specific contribution of these markers did change.  

This analysis was repeated with SVM to assess if algorithm selection affected the 

analysis. Results in Figure 5.9 show quite clearly that the effects of many markers were 

relatively consistent across the resampling runs and machine learning algorithms. As 

well, for the majority of markers, the continuous measurement of array signal intensity 

(Ratios) performed better than with binary scores. Algorithm selection had no effect on 

the association analysis, with the effect of key markers being consistent across both 

types of analysis. For most markers, continuous array data (intensity) markers 

contributed more to accurate phenotyping than binary array data. It is likely that the 

continuous signal represents better the contribution to this trait as it can discriminate 

between the presence of two (homozygote) and just one (heterozygote) “1” alleles in 

polymorphic loci. Both the molecular data and the biology of Lolium spp. suggest that 

the majority of loci are in Hardy-Weinberg equilibrium, with heterozygotes being a 

dominant genotypic class (Charmet and Balfourier, 1994; Ruttink et al., 2013; Warren 

et al., 1998). 

These results suggest that the material analysed did not have a significantly high enough 

linkage disequilibrium, thus providing limiting markers that could not overcome 

background genetic signal sufficiently to establish a relationship with markers for the 

glyphosate resistance phenotype.  

The EPSPs resistance mechanism of L. rigidum is known to be complex and multigenic 

(Délye et al., 2013b; Sammons and Gaines, 2014). The exact form of the resistance in 

these samples is unknown, but standalone and collaborative methods have been 

established and characterised for Australian Lolium rigidum including reduced 
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translocation (Adu-Yeboah et al., 2014; Lorraine-Colwill et al., 2002; Preston and 

Wakelin, 2008; Wakelin et al., 2004; Yu, et al., 2007a, 2009) and target-site mutation 

(Wakelin and Preston, 2006; Yu et al., 2007a). Other mechanisms, that are neither from 

translocation or target-site mutation, have been detected in South American populations 

(Kaundun et al., 2011) but the precise mechanism is unknown. Standardisation of the 

form of glyphosate resistance (reducing the diversity of resistance mechanisms) present 

should increase the accuracy of the DArT phenotyping. 

Using the same expanded library, plants resistant to trifluralin or chlorsulfuron were 

compared against those generated from a susceptible population. Results analysed using 

RFE and PAVE values clearly were able to separate samples based on phenotype and 

predict whether a sample was resistant or susceptible with 87.6% accuracy for 

chlorsulfuron and 86.2% for trifluralin. As seen with markers generated in association 

with glyphosate resistant samples, the continuous array data had more significant 

associations to phenotype than binary markers, achieving a maximum phenotype 

accuracy of 87.6% cf.  27.1% for chlorsulfuron and 86.2% cf. 27.1% for trifluralin. As 

few array features provided 70-90% of discrimination power, it is inferred that there is a 

more discrete inheritance of resistance to this herbicide. 

The similarities between the cumulative PAVE plots suggest some commonality in the 

genetics for the resistance mechanisms of chlorsulfuron and trifluralin. This could be 

similar to the non-target site resistance that found by Busi et al. (2017) to mediate 

trifluralin and chlorsulfuron resistance in L. rigidum. However, the PAVE analysis 

indicated that correlation was not shown since nearly all 7,680 library markers did not 

have any significant PAVE value. Therefore, the relationship between the two 

herbicides is presented in a graphical format (Figure 5.14). The majority of markers are 

shared between the two phenotypes, although markers with the most significant 

contribution to a phenotype are generally low contributors to the opposing phenotype.     
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Markers with significant effects (PAVE values > 0.01) are common, although the most 

significant marker for chlorsulfuron resistance (356196) with a PAVE value of 0.09 had 

no effect on the trifluralin herbicide resistance phenotype, while the most significant 

marker for trifluralin resistance (351784) contributed significantly (PAVE =0.017) to 

chlorsulfuron resistance. The markers in common may indicate that the selected samples 

have resistance to both herbicide groups, ensuring that both sets of markers will be 

present in samples. Alternatively, these markers in common may indicate that there is a 

genetic commonality present in these populations that is absent from the susceptible 

population. Nevertheless, there are numerous markers with high discrete contributions 

to phenotyping for each set allowing for identifying phenotype for each mode of action. 

Further phenotyping of samples is required to elucidate the role of each marker in 

conferring resistance to each respective herbicide. Although positive, these results were 

achieved against a single susceptible population. UPGMA and PCoA plots showed 

clustering of the susceptible population, but diversity in chlorsulfuron and trifluralin 

resistant populations, indicating that the susceptible population lacked diversity. This 

could be addressed in future research by the inclusion of multiple susceptible 

populations or paired resistant and susceptible samples from the same populations, 

proving the veracity of this phenotyping. Paired populations are difficult to generate for 

trifluralin as a pre-emergent herbicide, as it kills susceptible plants before generation of 

leaf tissue. This could be amended by a Petri assay at sub lethal doses that would allow 

identification of susceptibility whilst preserving samples for seed DNA or planting and 

subsequent leaf DNA extraction.  

L. rigidum samples with resistance and susceptibility to ACCase inhibitors were 

assessed with DArT. Samples were tested with subgroups of ACCase herbicides, fops, 

dims, and a fop/dim combination to further assess whether generated markers could 

identify resistance to these subgroups. DArT generated 3128 high quality markers from 
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these samples which were analysed with RFE. As continuous array intensity results 

were the best performing for phenotyping resistance to glyphosate, chlorsulfuron and 

trifluralin, binary results were not analysed for this assay. PAVE results identified 

several statistically significant associations with a maximum cumulative PAVE value of 

5.6% using a generic ‘resistant to any ACCase’ vs ‘susceptible to any ACCase 

inhibiting herbicide’. Additional analysis, using linear mixed models achieved a similar 

result of 4.29%, with a marginally higher result achieved when population structure 

effects were taken into account. The low change between these values indicates that 

population structure was sufficiently diverse, as indicated by PCoA and UPGMA 

cluster analysis. Association analysis for herbicide resistant/susceptible subgroups 

(fops, dims, individual herbicides) was not practical due to the low number of samples 

in each of these groups. 

This result is different from the previous studies with chlorsulfuron and trifluralin 

samples, where phenotype could be predicted at approximately 90%. The major 

difference between these studies is the sampling of resistant and susceptible populations 

and the number of samples used to identify herbicide resistance for a particular 

herbicide. The high level of accurate phenotyping in chlorsulfuron and trifluralin 

suggested a similar result could be achieved for ACCase inhibitors. However, 

chlorsulfuron and trifluralin phenotyping was conducted with one herbicide, with the 

samples having a standardised response. In this study, 4 herbicides and one combination 

of herbicides were used to phenotype the samples. This created a phenotype response 

across 5 different chemistries, and two different chemical families (fops and dims). It 

was thought that DArT could be robust enough to detect generic markers for ACCase 

resistances, and perhaps detect differences between fops and dims herbicide resistance. 

Furthermore, it was considered that DArT may detect differences between similar 

chemistries (three different dims chemicals used) as they are known to have different 
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responses to differing resistance mechanisms (Yu et al., 2007b).  The poor response 

from the analysis indicates that with the limited material used (88 samples), this is not 

achievable. These results indicate that DArT markers generated are highly specific and 

confirm the need for consistent phenotyping. This specificity is detrimental in other 

genotyping assays, requiring additional testing for each set of specific markers. DArT 

however, can analyse multiple sets of highly specific markers in a single assay. Future 

use of DArT will require phenotyping to be specific for individual herbicides or require 

consistent and thorough phenotyping of all the herbicides being tested for each 

individual sample. Further experimentation is required to establish the predictive ability 

of DArT to ACCase herbicides.    

These results establish the use of DArT for herbicide resistance testing for L. rigidum 

and validate that it can be used to detect resistance to two herbicides. The predictive 

power of this assay could be increased by improving phenotyping methodology, 

ensuring that phenotyping is specific to one herbicide and ensuring sufficient 

representation of resistant and susceptible samples. In addition to this, increasing 

linkage disequilibrium between samples would also enhance DArT performance. Data 

collected in this study suggest that the extent of linkage disequilibrium is low in L. 

rigidum, a common attribute in obligate outcrossing grasses (Flint-Garcia et al., 2003; 

Xing et al., 2007) and therefore association analysis may require even higher marker 

densities to assess comprehensively the genetic base for resistance. Linkage 

disequilibrium can be increased with inbreeding of controlled crosses among resistant 

and susceptible populations and then analysing progeny. An alternative, or 

complementary, approach would be to increase LD and analyse with a genotyping 

technology with higher marker density. In addition, examining samples homozygous 

and heterozygous for resistance in L. rigidum may allow greater marker association to 

resistance.  
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Further study is required before this assay will be appropriate for commercial use, 

although this study is an important exploration of DArT towards this goal.  

 

Conclusion 

This study has established the application of DArT genome profiling technology and 

Statistical Machine Learning methods to identify herbicide resistance in L. rigidum. A 

range of small effects contributing to resistance against glyphosate were identified (1 to 

6% of phenotype).  Additional analysis investigated resistance to chlorsulfuron and 

trifluralin which could be identified with 87.6% and 86.2% accuracy respectively 

against a susceptible population when using continuous markers. Finally, DArT was 

applied to develop markers for herbicide resistance detection for ACCase inhibitors, 

using samples phenotyped with multiple ACCase inhibiting herbicides.  A maximum 

determination of 5.6% phenotype was achieved for generic ACCase inhibitor resistance.  

DArT has been successfully used to identify and segregate L. rigidum samples resistant 

and susceptible to multiple herbicides.  These results are an important first step in the 

development of a high-throughput, multi-trait assay to deliver a rapid and accurate 

herbicide resistance diagnostic. Additional analysis increasing linkage disequilibrium, 

examining samples homozygous and heterozygous for resistance in L. rigidum, 

improving phenotyping methodology and greater marker density will enhance the 

ability to link markers to specific resistance mechanisms.  
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 - Using DArTseq to identify herbicide resistance in Lolium 

rigidum 

 

Introduction 

To date, research into the use of genetic tools for the identification of herbicide 

resistance has been largely academic, dominated by the discovery and elucidation of 

resistance mechanisms. Though important, these identifications have had little impact 

on commercial resistance testing which is at the coalface of resistance remediation. 

Commercial testing still relies on conventional glasshouse trials or the Syngenta Quick-

Test (Boutsalis et al., 2006). In Chapter 5 it was demonstrated that genetic analysis with 

diversity arrays technology (DArT) could generate genetic markers and link them to 

herbicide resistance for multiple herbicides in annual ryegrass (Lolium rigidum Gaud.) 

using multiple assays. This served as an exploration in the development of a protocol to 

rapidly and simultaneous assess resistances to multiple herbicides in a single assay. In 

so doing, this would address a major shortcoming in current glasshouse testing 

procedures. The use of DArT has indicated that broad-spectrum, high throughput 

genetic testing for herbicide resistance is possible although further refinement is 

required before it is suitable for commercial use. Despite the high marker density 

afforded by DArT analysis in Chapter 5, only a fraction of the resistance phenotype 

could be accounted for in glyphosate and ACCase herbicide resistances, although 

resistances could be accounted for with chlorsulfuron and trifluralin against a 

susceptible population.  

Previous investigations with DArT indicated that the mechanism for EPSP resistance is 

complex. Analysis of the genetics of resistance in L. rigidum have shown that resistance 

results from reduced translocation of the herbicide (Adu-Yeboah et al., 2014; Feng et 
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al., 1999; Yu et al., 2009), a modification to the EPSP target site (Bostamam et al., 

2012; Wakelin and Preston, 2006) or increased expression. Another possible resistance 

mechanism is gene amplification of the EPSPs gene. Amplification of the EPSPs gene 

causing resistance to glyphosate has been identified in Amaranthus palmeri S. Wats 

(Vila-Aiub et al., 2014), Kochia scoparia (L.) Schrad.(Wiersma et al., 2015) , Bromus 

diandrus Roth (Malone et al. 2016), Chloris truncata R. Br (Ngo et al. 2017)  as well as 

Lolium multiflorum Lam (Salas et al. 2012), a close relative of L. rigidum. It is likely 

that this resistance mechanism is present in L. rigidum, but has not been detected to 

date. The multigenic and complex nature of these mechanisms were considered to be a 

significant factor in DArT analysis only accounting for a small percentage of the 

resistance phenotype.  

Previous study here (Chapter 45) suggested that L. rigidum had low linkage 

disequilibrium (LD), a limiting factor for DArT analysis. LD is a measure of the non-

random association of alleles at different loci and is directly related to the method of 

breeding of a species. This is consistent with reports that L. rigidum is an obligate 

outcrosser (Naylor, 1960; Pratley et al., 1999), which conventionally results in high 

genetic diversity in plants due to recombination but conversely low LD (Flint-Garcia et 

al., 2003; Xing et al., 2007). LD has been increased by reducing the population size and 

inbreeding populations (Gupta et al., 2005). 

To address these shortcomings and refine the use of DArT as a herbicide resistance 

screening protocol, a new strategy was devised to use the higher resolution genotyping 

technology, next-generation sequencing. Multiple technologies and protocols are 

available that use next-generation sequencing, including restriction-site-associated DNA 

sequencing (RADseq) (Baird et al., 2008), genotyping by sequencing (Elshire et al., 

2011), and multiplexed shotgun genotyping (MSG) (Andolfatto et al., 2011).  At the 

time of this study, DArT Pty Ltd had released a new next-generation sequencing 
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method called DArTseq, a genotyping technology that produces higher marker density 

than conventional microarray based DArT (Cruz et al., 2013).  Each of these genotyping 

methods use a similar analysis protocol: a DNA sample undergoes complexity reduction 

with restriction enzymes followed by adapter ligation, PCR amplification and 

sequencing (Davey et al., 2011.). Of these methods, GBS and DArTseq are the most 

widely used for the study of crop genetics (Rasheed et al., 2017). Despite this, there are 

few examples of comparative analysis of DArTseq and GBS. A study by Chen et al. 

(2016) demonstrated that GBS had a high markers density but and low coverage when 

compared to DArTseq that conversely had low density but higher coverage. This is 

contrary to results by Juliana et al. (2017) who found that GBS and DArTseq had 

similar marker coverage, although GBS had higher minor allele frequency than 

DArTseq, perhaps due to strict filtering of markers in the DArTseq protocol. Juliana et 

al. (2017) also examined linkage disequilibrium and prediction accuracies for a number 

of traits with markers from both genotyping methods with each method displaying 

similar linkage disequilibrium patterns and trait prediction accuracy. As previous work 

(Chapter 4) had already established a successful protocol for complexity reduction and 

marker creation with DArT, DArTseq was selected as the next-generation sequencing 

technology to detect herbicide resistance in L. rigidum. 

The DArTseq process produces two types of data, SilicoDArTs and single nucleotide 

polymorphism markers (SNPs). SilicoDArTs are analogous to DArT markers as they 

are binary scoring of the presence/absence of a marker, but are extracted from 

sequences rather than hybridisation of microarrays (Raman et al., 2014).   

It was hypothesised that a more accurate assay for prediction of multiple forms of 

resistance can be established with DArT. This would be accomplished by increasing 

linkage disequilibrium, analysing samples homozygous and heterozygous for resistance 
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in L. rigidum, and the use of DArTseq and its higher resolution analysis. To test this, an 

experiment was devised that would: 

- increase linkage disequilibrium in L. rigidum samples and develop samples 

homozygous and heterozygous for resistance; and 

- use DArTseq to identify resistance to multiple herbicides in said samples 

simultaneously, in a single assay. 

 

Materials and method 

Plant material  

Populations were selected with resistance to two herbicides, glyphosate and 

chlorsulfuron. To ensure sufficient genetic diversity, populations known to be resistant 

to chlorsulfuron were screened for resistance to glyphosate and populations resistant to 

glyphosate were screened for resistance to chlorsulfuron, as described in Chapter 3. This 

provided twenty populations with known resistances to both herbicides.  

Phenotyping results were used to segregate populations with the criteria of requiring 

similar incidence of susceptible and resistant plants. Each population was phenotyped 

with respect incidence of glyphosate resistance and their suitability for breeding. The 

LD50 value of each population was estimated by identifying the applied dose of 

glyphosate that resulted in 50% mortality of samples. Ideal populations were those with 

sufficient representation of resistant and susceptible plants to provide multiple samples 

of each phenotype without the need for excessive screening.  The number of populations 

was reduced to ten, preferentially selecting populations with closest to equal incidence 

of susceptibility and resistance to both herbicides. Seeds from these populations were 

then germinated and planted as per methods described in Chapter 3. When seedlings 



 

101 

 

were at Zadok 13 or above, but before tillering, they were transferred to cool rooms at 

1-4°C to provide a vernalisation period for to assist with early flowering (Silsbury, 

1964). After 14 days in the cool room, plants were returned to the glasshouse and grown 

until they reached tillering at which stage they were cloned and phenotyped using the 

same method as in Chapter 3. Herbicide application rates for glyphosate dose responses 

are included in Table 6.1 

 

Table 6.1 Herbicide and adjuvant application rates for glyphosate, chlorsulfuron and 

diclofop-methyl. *Glyphosate application rate is expressed in  g a.e. L-1 

Herbicide Application rate  

(g a.i. L-1) 

Adjuvant Adjuvant rate  

(% v/v) 

Glyphosate* 180 360 720 1440 Wetter TX 0.2 

Chlorsulfuron - 20 40 - BS1000 0.1 

Diclopfop-

methyl 

- 375 750 - BS1000 0.25 

 

DNA extraction from designated clones was performed as before (Chapter 3) and was 

stored at -80°C. To enhance marker linkage to phenotype a controlled crosses protocol 

was devised to create F1 samples homozygous and heterozygous for resistance. Clones 

were retained post DNA-collection for breeding.  

Breeding pairs were chosen by matching flowering times of plants to be crossed. 

Genetic crosses required alternating the maternal and paternal resistant plants with 

susceptible plants.  

Thirty-six plants across four populations were selected to be the F0 samples used for 

breeding. F1 populations were generated via a controlled crosses protocol, comprised of 
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pairing resistant (R) and susceptible (S) plants from the different populations in the 

combinations RxR, RxS, SxR and SxS. In this way, individual plants were created that 

were known to be homozygous or heterozygous for resistance or susceptibility. Paired 

plants were transferred to 200 mm plastic pots containing a 1:3 peat moss to sand mix. 

Plants grew until they approached inflorescence when plastic pollen exclusion bags 

were placed over paired plants to prevent cross contamination from other paired plants. 

At anthesis, plants were shaken lightly in the morning and afternoon to facilitate the 

transfer of pollen. After seed formation and plants had begun to mature, paired plants 

were carefully separated and their seed heads removed and stored in paper bags. Seed 

was threshed manually and stored in an airtight container for four months of after-

ripening. 

Seeds from each of the F1 populations were then planted at a depth of 10mm in pots 

containing a 1:3 peat: sand mix. Pots were lightly watered daily to effect seed 

germination. Individual seedlings were transferred to 40 cell trays filled with 1:3 

peat:sand mix and grown, cloned and phenotyped in the same manner as described in 

Chapter 3. Multiple clones were taken from each plant to allow for dose response 

determinations to each herbicide. One clone from each seedling was retained for DNA 

analysis, four were used for glyphosate testing, and two for chlorsulfuron testing. Where 

an abundance of tillers occurred, one or two additional clones were taken to test for 

resistance to an additional herbicide, diclofop-methyl. Dose response evaluations were 

conducted in the same manner as for F0, with four concentrations of glyphosate 

representing 0.5x, 1x, 2x and 4x recommended herbicide label rates (Table 6.1). Where 

extra tillers existed for cloning, similar dose response evaluations were conducted for 

resistance to chlorsulfuron and diclofop-methyl at 1x and 2x recommended herbicide 

label rates for each herbicide (Table 6.1). DNA was extracted as per the method detailed 
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in Chapter 3. DNA from both F0 and F1 was transferred to 96 well microplates and 

taken to DArT Pty Ltd for DArTseq analysis.    

 

DArTseq  

Previous DArT analysis on L. rigidum produced satisfactory results with the 

combination of PstI/TaqI restriction enzymes. These were reused for DArTseq analysis. 

PstI-specific adapters, including a sequencing primer, were tagged with 94 barcodes to 

allow the 94 samples on the microplate to run on a single lane on an Illumina GAllx. 

After sequencing, the sequences were filtered (90% reproducibility, Callrate > 0.4) and 

divided into the respective samples using barcode data. Sequences were trimmed to 69 

base pairs. Around 120,000 markers were generated and separated into co-dominant 

SNP and dominant SilicoDArT markers. Only SNP markers were analysed as their co-

dominance would allow analysis of heterozygous alleles.  

 

Data analysis  

Genome wide association analysis was performed using ridge regressed best linear 

unbiased prediction (rrBLUP) using R Studio (Endelman, 2011) package rrBLUP. The 

suitability of rrBLUP phenotype prediction analysis with DArTseq markers have been 

established by dos Santos et al. (2016), Roorkiwal et al. (2016) and de Azevedo Peixoto 

et al.  (2017). Principal co-ordinate analysis (PCoA) and unweighted pair group method 

with arithmetic mean analysis (UPGMA) were generated with Jaccard similarity index 

(Jaccard, 1908) bootstrapped 10,000 times for cross validation and images generated 

with the statistical software ‘R’ using the inbuilt ‘stats’ package (Team, 2015). Mixed 
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models analysis was also performed on R to correct phenotyping data, using the 

mixed.solve function as part of the ‘rrBLUP’ package (Endelman, 2011).    

The predictive ability of rrBLUP was validated using a training population to teach 

marker linkage to phenotype, followed by comparing the prediction of these against the 

remaining samples (hereafter the validation dataset) and comparing the accuracy of this 

phenotyping to the actual recorded values. Samples used in the training population are 

selected at random and removed from the validation dataset to prevent prediction bias. 

Sampling, training and testing of prediction accuracy was run 1000 times and the 

average taken. Five training population sizes were trialled to determine the effect on 

predictive accuracy.  

 

Results 

Ten chlorsulfuron resistant populations and ten glyphosate resistant populations were 

screened to assess incidence of resistance within each population. These populations 

were also screened against the other herbicide mode of action to assess their suitability 

for further analysis. Population 110061 was removed from analysis it more closely 

resembled Lolium multiflorum Lam, lacking the scabrous leaves common to L. rigidum. 

Results are listed in Table 6.2. Populations with known glyphosate resistance had higher 

incidence of resistance to chlorsulfuron and glyphosate than those with known 

chlorsulfuron resistance, making them more suitable for further analysis.  Ten 

populations were selected (bold in Table 6.2) and germinated, grown, cloned and a 

glyphosate dose response developed. Each population provided differing amounts of 

plants suitable for cloning. Although at least 40 plants were cloned for each population, 

the number that survived this process varied. The lowest was population GLR043 with 

13, the highest GLR037 with 61. The number of plants analysed and average dose 



 

105 

 

response for each population is included in Table 6.3. The majority of populations 

exhibited resistance equivalent to 2-4x field rates (720-1040 g a.e. L-1) of glyphosate  

Table 6.2 Percentages of samples from populations tested with resistance to glyphosate 

and chlorsulfuron. 110061 was removed from analysis as it was identified to be Lolium 

multiflorum. Bold populations were selected for further analysis.  

Population Resistant to glyphosate (%) Resistant to chlorsulfuron (%) 

110013 22.7 100 

120082 22.7 93.3 

GLR005 66.7 0 

GLR014 75.0 50 

GLR015 41.2 77.8 

GLR037 66.7 100 

GLR026 39.3 100 

GLR034 54.1 80 

GLR043 23.1 60 

GLR044 39.5 100 

60346 0 75.0 

70095 0 71.4 

100088 10 90.5 

100117 0 84.6 

110050 0 78.9 

110061 - - 

120102 0 85.7 

120206 5 87.5 

120312 8.3 75.0 

120314 8.3 75.0 
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Table 6.3 Glyphosate resistance phenotype for populations and their associated LD50. 

Population Number of samples LD50 (g a.e. L-1) 

GLR005 27 720 

GLR014 24 1440 

GLR015 17 720 

GLR026 24 1440 

GLR034 28 720 

GLR037 61 1440 

GLR043 13 360 

110013 22 360 

GLR044 43 720 

Total 281  

 

In total, 281 individual plants across the ten populations had complete dose response 

data. DNA was extracted from each of the designated clones of these plants and stored 

at -80°C. Plant breeding was performed, combining resistant and susceptible plants 

from each population, maternal and paternal. The only exceptions were populations that 

were geographically close - these were not crossed. In total 128 breeding pairs were 

made (Table 6.4).  The resultant F1 seed was evaluated and 74 populations were deemed 

suitable for further analysis. Seed was classified as unsuitable if the crosses resulted in 

low seed production or non-viable seed.  
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Table 6.4 Crossing manifest for F1 populations. Resistant (R) and susceptible (S) plants from each population were crossed (where possible) with other R 

and S plants from each other population. Populations from close geographic locations are coloured for grouping and were not crossed. Blank cells indicate 

non-viable seed, 1 indicates viable seed. Colours (red, blue green) indicate that these populations have a close geographical region and were not crossed. 

Population  GLR005 GLR014 GLR015 GLR026 GLR034 GLR037 GLR043 110013 GLR044 120082 

 R S R S R S R S R S R S R S R S R S R S 

GLR005 R 
  

1 1 
  

1 1 1 1 1 1 1 1 
 

1 1 1 1 1 

S 
        

1 1 1 1 1 1 
  

1 1 
  

GLR014 R 1 
    

1 
  

1 1 1 1 
    

1 1 
  

S 1 
    

1 
    

1 1 
        

GLR015 R 
      

1 1 
  

1 1 
    

1 1 
  

S 
  

1 1 
    

1 1 
   

1 
  

1 1 
 

1 

GLR026 R 1 
   

1 
   

1 1 1 1 
 

1 
  

1 1 
  

S 1 
   

1 
     

1 1 
    

1 1 
  

GLR034 R 1 1 1 
  

1 1 
       

1 1 
    

S 1 1 1 
  

1 1 
       

1 1 
  

1 1 

GLR037 R 1 1 1 1 1 
 

1 1 
       

1 
   

1 

S 1 1 1 1 1 
 

1 1 
       

1 
   

1 

GLR043 R 1 1 
                

1 1 

S 1 1 
   

1 1 
       

1 1 
    

110013 R 
        

1 1 
   

1 
      

S 1 
       

1 1 1 1 
 

1 
  

1 1 
  

GLR044 R 1 1 1 
 

1 1 1 1 
       

1 
   

1 

S 1 1 1 
 

1 1 1 1 
       

1 
   

1 

120082 R 1 
        

1 
  

1 
       

S 1 
    

1 
   

1 1 1 1 
   

1 1 
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Four F0 populations (GLR005, 120082, GLR034 and GLR044) made very consistent 

crosses when paired, producing a near complete crossing pattern for RxS, RxR and SxS.  

Progeny from these crosses were selected as the F1 populations to undergo DArTseq 

analysis as they had complete phenotyping. The crosses made from the F0 populations 

are summarised in Table 6.5.  

 

Table 6.5 Controlled crosses of four selected populations, R = Resistant to herbicide, S = 

Susceptible.  

Maternal 

population 

Paternal 

population 

Cross 

type 

Cross 

ID 

Maternal 

population 

Paternal 

population 

Cross 

type 

GLR005 GLR034 SXS 1 GLR034 GLR005 SXS 

GLR005 120082 RXS 3 120082 GLR005 SXR 

120082 GLR044 RXR 5 GLR044 120082 RXR 

GLR005 GLR044 SXR 7 GLR044 GLR005 RXS 

120082 GLR034 RXS 11 GLR034 120082 SXR 

GLR005 GLR044 RXS 12 GLR044 GLR005 SXR 

GLR005 120082 RXR 13 120082 GLR005 RXR 

GLR005 120082 SXS 14 120082 GLR005 SXS 

GLR034 120082 SXR 15 120082 GLR034 RXS 

GLR005 GLR044 RXR 17 GLR044 GLR005 RXR 

GLR034 GLR044 RXS 19 GLR044 GLR034 SXR 

GLR034 120082 SXS 22 120082 GLR034 SXS 

GLR034 120082 RXS 23 120082 GLR034 SXR 

GLR034 GLR044 SXR 24 GLR044 GLR034 RXS 

GLR044 120082 RXS 26 120082 GLR044 SXR 

GLR034 GLR044 SXS 27 GLR044 GLR034 SXS 

120082 GLR044 SXS 28 GLR044 120082 SXS 
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F1 plants were phenotyped against glyphosate, diclofop and chlorsulfuron, the results of 

which are summarised in Table 6.6. In total, 287 individual plants were tested for 

glyphosate resistance. Of these, 188 individuals had enough clones for chlorsulfuron 

testing, and 130 had enough for phenotyping against diclofop. Between 3 and 33 

samples were collected from each F1 population, depending on the number of samples 

available and the uniqueness of their phenotype profiles (i.e. individuals within 

population with resistance to one herbicide but not another).  
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Table 6.6 Herbicide resistance results for all Lolium rigidum samples analysed with 

DArTseq. F1 populations are grouped and included with their maternal parent F0 

population. R indicates the number of resistant samples, S the number of susceptible. 

*Glyphosate application rate is expressed in g a.e. L-1 

  Herbicide application rate 

(g a.i. L-1) 

  Glyphosate* Diclofop-

methyl 

Chlorsulfuron 

  180 360 720 1040 375 750 20 40 

Population Phenotype Number of samples tested 

GLR044 R 108 92 56 6 21 5 41 12 

 S 5 24 58 37 22 2 22 5 

 Total 113 116 114 43 43 7 63 17 

GLR034 R 52 59 27 5 20 0 17 8 

 S 0 10 37 27 6 9 16 1 

 Total 52 69 64 32 26 9 33 9 

GLR005 R 74 74 55 6 11 1 24 1 

 S 0 0 19 11 14 2 22 2 

 Total 74 74 74 17 25 3 46 3 

120082 R 87 71 47 1 29 7 33 12 

 S 0 15 39 41 7 5 13 2 

 Total 87 86 86 42 36 12 46 14 

Total across 

 all populations 

R 321 296 185 18 81 13 115 33 

S 5 49 153 116 49 18 73 10 

Total 326 345 338 134 130 31 188 43 

 

A total of 64 F0 and 287 F1 samples were collected and analysed with DArTseq. Over 

69,000 markers were created by DArT analysis. SNP markers had a reproducibility 

score between 1 and 0.92, with an average of 0.992. Markers had a PIC value of 

between 0.5 and 0.0, with an average of 0.23. Call rate ranged from 1 to 0.45 with an 

average of 0.78. A summary of this marker metadata is in Table 6.7. 
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Table 6.7 Summary of marker metadata for DArTseq SNP callrate, polymorphic 

information content (PIC) and reproducibility  

  CallRate PIC Reproducibility 

Min 0.44828 0 0.91667 

Max 1 0.5 1 

Average 0.78265 0.22961 0.99245 

 

A subset of these markers was created by removing non-informative monomorphic 

markers and selecting high quality markers with call rate > 80% and reproducibility 

>95%.  Frequency of specific markers was compared and correlated with herbicide 

resistance phenotypes. Markers that did not have a discriminating presence (>30% 

difference in occurrence between phenotype groups) were discarded. A summary of this 

is included in Table 6.8. 

 

Table 6.8 Summary of high quality markers for SNP with monomorphic markers removed 

and call rate > 80% and reproducibility >95% and 30% difference in presence in allelic 

frequency between resistant and susceptible plants treated with either diclofop, 

chlorsulfuron or glyphosate. 

 Herbicide 

 Diclofop Chlorsulfuron Glyphosate 

Markers selected 

with allelic 

frequency 

discrimination 

1935 1064 567 
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Once duplicate markers were removed (markers identified in two or more phenotypes 

i.e. found in resistant samples for diclofop and glyphosate) the number of SNP markers 

was reduced to 3304 SNP.  

UPGMA analysis showed little stratification of the populations (Figure 6.1) but some 

clustering of F1 progeny of paired F0 crosses. This is also seen in the principal co-

ordinates analysis (Figure 6.2). 
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Figure 6.1 UPGMA of F0 and F1 L. rigidum samples based on 3304 SNP markers using 

Jaccard similarity, bootstrapped 10000 times. Progeny of F0 crosses are clustered into 

subgroups (cross ID beside parenthesis) 
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Figure 6.2  PCoA of F0 (X) and F1 (●) L. rigidum samples based on 3304 SNP 

markers. PC1 = 12.2, PC2 = 7.9. Clustered groups are samples with from same 

genetic cross.   

 

To assess whether population stratification was significant, eigenvalues from the 

principal co-ordinates analysis were taken and decomposed to assess its effect. 

The results of this are graphed in Figure 6.3. The first principal co-ordinate 

accounts for just over 5% of the portion of variance, indicating that any 

population effects would be negligible.  
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Figure 6.3 Decompostion of principal co-ordinates of 3304 SNP markers F0 and F1 

L. rigidum samples. First principal co-ordinate accounts for ~5% of total variance.   
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Marker association analysis was conducted to link markers to phenotype using 

rrBLUP. Missing data from markers were imputed with A.mat function of the 

rrBLUP package.  rrBLUP training results increased with accuracy with 

increasing training population size. Starting training population size was 50 

samples, with each additional assessment of training population increasing this 

number by an additional 50 samples, with the maximum number of samples used 

being 250. Predictive accuracy from these varying population sizes ranged from 

0.41 to 0.50 for glyphosate, 0.48 to 0.50 for diclofop-methyl and 0.50 to 0.59 for 

chlorsulfuron.  Only glyphosate resistance could be tested with a training 

population of 150+ due to a lack of samples phenotyped with the other 

herbicides.  Results of rrBLUP and the effect of increasing training population 

size are included in Table 6.9. 

Table 6.9. rr-BLUP results for herbicide resistance prediction and the training 

population size 

  Predictive ability of rrBLUP for herbicide resistance  

Training 

population size 

Glyphosate 

Diclofop-

methyl 

Chlorsulfuron 

50 0.41 0.48 0.50 

100 0.45 0.50 0.56 

150 0.48 - 0.59 

200 0.49 - - 

250 0.50 - - 
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Discussion 

The hypothesis of this study was that increasing LD in L. rigidum samples 

coupled with the use of DArTseq and its and a higher resolution analysis would 

improve upon the results from previous DArT analysis and better link genetic 

markers to herbicide resistance.  Glyphosate resistance was assessed as it is 

arguably the most important herbicide worldwide, and to which incidence of 

herbicide resistance is increasing (Beckie, 2011; Heap, 2017; Thornby and 

Walker, 2009). In addition, glyphosate resistance mechanisms are known to be 

multigenic and complex (Délye, et al., 2013b;  Sammons and Gaines, 2014). 

Successful association analysis of resistance with DArTseq would validate the 

use of DArTseq with other similarly complex herbicide resistance mechanisms. 

The ultimate objective was the development of a single assay that could test for 

multiple forms of resistance to several herbicides using the DArTseq platform. To 

assess this, in addition to examined glyphosate resistance, samples were also 

screened for resistance to chlorsulfuron and diclofop-methyl.  

To increase the LD of samples for analysis the number of populations was 

reduced, however LD this may have been decreased with the use of controlled 

crosses. At the time of this study, there was limited diversity of plant material 

available with resistance to glyphosate, and no material that additionally had 

confirmed resistance to chlorsulfuron. This was addressed by screening 

populations with known resistance to glyphosate for chlorsulfuron resistance and 

vice versa. It was found that populations with known resistance to glyphosate also 

had significant incidence of resistance to chlorsulfuron. This is unsurprising, as 

chlorsulfuron resistance is more common in L. rigidum (frequency of 1:10,000 

plants) than glyphosate resistance (1: 100,000,000 plants) (Preston and Powles, 
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2002.). Each of these herbicides has extensive use in Australian agriculture, 

although the higher frequency of ALS mutations, conferring chlorsulfuron 

resistance, would result in more chlorsulfuron resistant populations than occurs 

for glyphosate resistant populations. In addition to this, chlorsulfuron resistance 

predates glyphosate resistance in L. rigidum in Australia by over ten years (Heap 

and Knight, 1986; Pratley et al., 1999). Accordingly, surveys report a high 

incidence of chlorsulfuron resistance in L. rigidum (Boutsalis et al., 2012; 

Llewellyn and Powles, 2001) and low incidence of glyphosate resistance (Broster 

et al., 2011, 2013). 

A dose response for glyphosate resistance levels was established for the 

remaining populations. A high level of resistance was observed in most 

populations (between 2-4x recommended application rates). Resistance at these 

levels has been found in other Australian L. rigidum populations (Wakelin et al., 

2004) and attributed to changes in the translocation of glyphosate.  In susceptible 

plants, glyphosate is translocated from treated leaves to the shoot meristem, but in 

resistant plants it is instead translocated to leaf tips.   These resistance levels have 

also been found in L. rigidum with a target site mutation to the 5-

enolpyruvylshikimate-3-phosphate synthase (EPSPS) gene and with both target 

site mutation and reduced translocation (Bostamam et al., 2012). It is likely that 

each of the populations used in this study contain one or more of these mutations, 

or possibly another uncharacterised resistance mechanism.  

Paired breeding crosses intended to produce a mixture of homozygous and 

heterozygous resistant and susceptible F1 populations had varying success. 

Approximately 40% of crosses did not produce enough viable seed for 

subsequent herbicide screening to decipher F1 resistant and susceptible samples. 



 

120 

 

This was due to poor regrowth of selected plants post DNA tissue cutting. Some 

plants were affected by this process, becoming stunted and not undergoing 

subsequent tiller development thereby limiting the number of seed heads that 

formed.  Future methodology could extract DNA from the trimmed leaf tissue cut 

when tillers are trimmed to uniform size, as it is extraneous and usually 

discarded. This would leave an unsprayed control plant that would be available 

for further breeding if required. An alternative method used by (Wakelin and 

Preston, 2006) was to separate DNA sampling and phenotyping and complete a 

separate dose response to characterise each population. This method however 

removes the ability to have a dose response for each individual plant.  

F1 generation was focused on the crossing results of four populations, GLR005, 

120082, GLR034 and GLR044, which successfully crossed with each other for 

each combination of RxS, SxS and RxR for maternal and paternal plants. When 

combined with parental F0 populations for DArTseq analysis, it is evident that 

crossing resulted in a high number of glyphosate resistant samples. As glyphosate 

resistance in L. rigidum has no known maternal inheritance (Lorraine-Colwill et 

al., 2001; Simarmata, Bughrara, and Penner, 2005), the F0 parents were most 

likely heterozygous for glyphosate resistance. This is supported by Lorraine-

Colwill et al. (2001) who showed that glyphosate resistance is transferred via 

pollen with incomplete dominance.  

Determination of the transmission of resistance to chlorsulfuron and diclofop-

methyl from F0 to F1 was not possible as dose responses to these herbicides were 

not conducted on F0 population due to limited resources.  The incidence of 

resistance to either of these herbicides varied from approximately 50% - 75% 

percent of samples. Sample numbers were limited for diclofop-methyl testing as it 
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was only tested if there were sufficient tillers remaining after the full dose 

response treatments for glyphosate and chlorsulfuron. The resistance mechanisms 

for ALS resistance are well documented (Yu and Powles, 2014). Of these, six 

mutations are known to confer target site resistance (Yu et al., 2008) while 

herbicide metabolism via P450 enzymes is considered to be the mechanism for 

non-target site resistance in L. rigidum (Yu et al., 2009). ALS target site 

mutations have been shown to have different effects on the efficacy of different 

ALS inhibiting herbicides in L. rigidum. The mutation of Pro-197 to Ala, Arg, 

Gln, Leu or Ser have been shown to confer resistance to the sulfonylurea 

(chlorsulfuron) herbicides, whereas the Trp-574-Leu mutation confers resistance 

to both sulfonylurea and imidazolinone herbicides (Yu et al., 2008; Kaundun et 

al.,  2012). Non-target site mutations for ALS in L. rigidum confer resistance by 

enhancing the metabolic processing of the herbicide (Han et al. 2014). This 

mechanism has been linked to detoxifying both sulfonylurea and imidazolinone 

herbicides, in addition to diclofop-methyl (Heap and Knight, 1986, Busi,et al., 

2010). Establishing which mutation(s) are present in the studied populations was 

not sought due to the limited dose response data collected.   

ACCase herbicide resistance is also well characterised for L. rigidum with seven 

known mutations sites for target site resistance (Kaundun, 2014) and non-target 

site resistance attributed to enhanced metabolism (Yu et al., 2009). As seen with 

ALS target site mutations, ACCase target site mutations confer different levels of 

resistance to different ACCase inhibitors depending on their chemistries (Yu et 

al., 2007b). The mutations Ile-1781-Leu and Asp-2078-Gly confer resistance to 

fops and some dims, whereas Ile-2041-Asn, Trp-2027-Cys and Gly-2096-Ala 

provide resistance to fops only.  Non-target site resistance mutations for ACCase 



 

122 

 

resistance in L. rigidum are due to enhanced metabolism mechanisms involving 

cytochrome P450s which also confer resistance to ALS inhibitor (Busi et al., 

2010).  Again, the limited dose response data collected was insufficient to predict 

which mutation(s) were present.  

It is likely that the population examined in this study may contain target site and 

non-target site mutations as well as cross-resistance to diclofop-methyl and 

chlorsulfuron, as these have been identified in several L. rigidum populations 

(Owen et al. 2007; Yu and Powles, 2014). Additional screening, either by 

examining the mutations present and/or applying different herbicide chemistries 

(e.g. dims, imidazolinones), would allow elucidation of the likely resistance 

mechanisms present.  

Additionally, this could clarify the whether the mutations present were 

heterozygous. It as been shown that phenotype response is linked to the mutation 

presence as well as whether it is homo or heterozygous. This has been found in 

ACCase, ALS and EPSPs target site and non-target site mutation can be 

dominant, co-dominant or incompletely dominant. Knowledge of the mutation(s) 

present, and whether they are hetero or homozygous would strengthen the marker 

association analysis, and could increase the accuracy of phenotype prediction and 

allow for the identification of target-site or non target-site resistance.  

Another consideration is genome rearrangement and its effect on the marker 

associations. Genome rearrangement has been detected and examined in L. 

rigidum (Thomas et al., 2001) and other Lolium species (Książczyk et al., 2015; 

Rocha et al., 2015), however the consequences of this are unknown.  It is possible 

that this could result in a break in the marker linkage developed with DArT, 
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compromising the accuracy of the analysis. To address this, periodic review of 

DArT phenotyping vs other forms of phenotyping should be performed to 

validate the accuracy of DArT analysis and evaluate the performance of DArT 

marker linkage to continually validate the DArT marker set. 

It should be considered however, that the particular form of resistance present 

besides the identification of target site or non-target site resistance is mostly of 

limited value for in-field decisions making. The detection of resistance is enough 

to warrant immediate and long-term operational amendments to herbicide 

selection and weed management strategies. With this is mind, the goal of this 

analysis was not the detection of specific target site mutations and resistance 

mechanisms but to develop a quick, reliable and accurate test for multiple 

resistances. The use of resistant samples from various locations was designed to 

sample the natural diversity of the resistance and encapsulate sufficient diversity 

in resistance mechanisms and combinations.  

Over 69,000 SNP markers were generated by DArTseq analysis of L. rigidum. 

This abundance of markers differs from that generated with DArTseq for other 

grass species such as durum wheat (56,000) (Baloch et al., 2017), kikuyugrass 

(20,000) (Mock, 2016), rice (26,000) (Phung et al., 2014) and maize (23,000) 

(dos Santos et al., 2016). This is likely due to the highly variable genetic nature of 

L. rigidum and the low variability maintained in these commercial varieties. The 

number of markers was reduced by selecting those that were the most informative 

through a combination of high callrate, reproducibility, PIC and discriminatory 

marker allele frequency.  This method has been reliability used in other plant 

species to reduce noise and enhance signal focus (Alves et al., 2014; Lind et al.,  

2017; Raman et al., 2015; Yong et al., 2015).  
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Differences were found in the number of SNPs selected from the marker allele 

frequency for each of the phenotype groups. The hierarchy for herbicide 

phenotype and number of markers selected were diclofop-methyl > chlorsulfuron 

>glyphosate. This is likely an effect of the number of samples analysed with each 

herbicide, with diclofop receiving the fewest (130), followed by chlorsulfuron 

(188) and glyphosate (345). Lower sample numbers reduce the discriminatory 

power of marker frequency segregation as the changes in the presences/absence 

percentage of alleles is magnified in small groups. Consequently, marker 

association analysis is more difficult as the ratio of signal (markers linked to trait) 

to noise (markers unrelated to trait) diminished.   

UPGMA and PCoA results showed that markers clustered samples within the 

same crossing group, whilst diversity was still maintained between groups. As 

population structure can confound marker association analysis, eigenvalue 

decomposition was performed on the 1st principal co-ordinate from PCoA 

analysis, confirming that population structure was negligible, accounting for ~5% 

of variance.   

rrBLUP analysis of markers were able to predict phenotype against each 

herbicide, with a maximum accuracy for glyphosate and diclofop-methyl of 0.50 

whilst a slightly higher accuracy was achieved for chlorsulfuron 0.59.  

Microarray DArT analysis could only account for ~ 5% of phenotype for both 

glyphosate and ACCase herbicides. DArTseq results represent a marked 

improvement in phenotyping, validating the hypothesis that reducing LD, 

analysing homozygous and heterozygous  samples, and using DArTseq would 

improve the association of genetic markers to herbicide resistance. An exception 

to this is the phenotype prediction for chlorsulfuron; initial DArT analysis 
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identified chlorsulfuron resistant samples against a susceptible population with 

87.6% accuracy. Although higher accuracy was achieved with DArT, the 

DArTseq analysis is a more robust test, as it has a higher diversity in susceptible 

plants.  

DArT analysis served as an important proof of concept that was expanded with 

the use of DArTseq. The accuracy achieved with DArTseq was a more robust test 

of prediction accuracy as it had incorporated many susceptible samples with 

greater diversity. DArTseq analysis compared chlorsulfuron resistant samples 

against many susceptible samples, whereas the DArT analysis undertaken was 

against a single susceptible population.   

These results establish the use of DArTseq for herbicide resistance testing for L. 

rigidum. This proves its ability to detect resistance to multiple herbicides in one 

assay. This was achieved with greater accuracy than what was achieved with the 

previous exploratory study using microarray DArT.  The predictive power of this 

assay could be increased with analysis of an inbred F2 population coupled with 

greater sample numbers (Peixoto et al., 2016). Additionally, specific knowledge 

of the resistance mutations present for of the selected samples may have enhanced 

the accuracy of the resistance phenotype predictions, and allowed for possible 

sub-categorisation of the different populations. Inference could then be made 

about the ability of this assay to predict cross-resistance to untested herbicides. 

The maximum accuracy of 0.59 for herbicide resistance detection achieved in this 

study means that a DArTseq assay will predict resistance level with 59% 

accuracy with the current marker set. Both false negatives and false positives are 

likely until the many diverse forms of herbicide resistance and the genetic 
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background of L. rigidum can be analysed to eliminate spurious marker 

associations.  

Resistance prediction may not need to occur with 100% accuracy for a test to be 

useful, or superior to existing testing methods.  Future research could examine the 

accuracy threshold required of a DArTseq assay to provide meaningful diagnostic 

information to assist in on-farm agronomic choices.  

This analysis establishes a proof of concept that DArTseq can be utilised as a tool 

for broad-spectrum evaluation of herbicide resistance, having been demonstrated 

across three herbicide groups. This analysis occurred in a three week time frame, 

allowing for use in real time as an early in-season diagnostic tool, remedying the 

slowness of conventional glasshouse herbicide trials. Feasibly, early emerging 

annual ryegrass could be sampled and analysed with DArTseq and its resistance 

to a range of herbicides known within 4 weeks. In the Australian farming context, 

weeds emerging with the first March rain could be analysed, and resistance 

known before sowing in late April early May. This would facilitate application of 

an effective pre or post-emergent herbicide. Alternatively, ryegrass could be 

sampled and analysed whenever it is found in field, at any growth stage, as long 

as viable DNA can be extracted from its tissue.  

Further study is required before this assay will be appropriate for commercial use, 

to improve the accuracy of phenotyping and identification of key herbicide 

resistance markers. Once phenotyping accuracy has been enhanced, additional 

analysis will be required to validate the method across the wider Australian 

ryegrass populations.   
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Conclusion 

This study has established the use of DArTseq as the first genetic assay to detect 

resistance to several modes of action in one genetic screening protocol for L. 

rigidum. Once plant material was generated, this analysis was completed in 3 

weeks at DArT Pty Ltd which operates as a commercial genotyping laboratory.  

This time could be reduced to as little as one week if given commercial priority.  

A quick turnaround allows for an in-season remedy of weeds, with either another 

application of herbicide (in the case of escapees) or rotating herbicide (in cases of 

resistance), or preclude any additional herbicide usage with a greater reliance on 

integrated weed management strategies. In the event of a herbicide failure, this 

assay could be used to clarify whether remaining weeds are survivors or herbicide 

escapees.  As this assay is reliant on DNA analysis, resistance can be detected at 

any stage in a weed’s lifecycle, which is not possible in glasshouse trials 

(requiring the seed stage and the need to break seed dormancy) or Quicktest 

(requiring whole plants).   
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 - Summary and discussion 

Introduction 

This thesis presents the first evaluation of the genotyping technologies DArT and 

DArTseq for the detection of herbicide resistance. This research was prompted by 

the need for resistance testing methods to address an ever-increasing worldwide 

herbicide resistance problem. Currently, commercial resistance testing is 

performed using whole plant assays that provide resistance determination in a 

period between four weeks to nine months, post detection of weeds in field 

(Boutsalis et al., 2006). Often these results are received too late in season to allow 

any immediate remediation. Another aspect is the cost of resistance testing, with 

current commercial rates varying between $125 (AUS) for a single herbicide and 

weed species to $400 for five herbicides to a single weed species. Although not 

costly when compared with the value in controlling weeds and ensuring effective 

herbicide application, this cost is prohibitive to some, thereby reducing its uptake.  

These costs are largely due to the laborious and resource intensive nature of these 

tests (glasshouse space, pots, calibrated spray booths, labour).  A reduction in cost 

would likely increase uptake of routine herbicide resistance testing, particularly if 

results were in real time. This would be valuable for the producer and the industry 

as a whole as it would lead to more informed decision making and better 

identification and control of the spread of herbicide resistance.  

A new resistance test would need to have a wide phenotyping range, rapid 

delivery of results to allow potential immediate treatment of confirmed resistance, 

and a lower cost per sample. There has been some success in recent years with the 

development of many new methods for resistance testing, borne from the 
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elucidation of the biochemical and genetic pathways for resistance (Burgos et al., 

2013). Biochemical and genetic assays have shown promise in the delivery of 

rapid phenotyping, reduced to hours in some assays (Gerwick et al., 1993). 

However, there has been no development of a single assay that is versatile enough 

to identify resistance to a wide range of herbicide groups to allow a full 

diagnostic report to be generated and thereby challenge existing methods.  

The aim of this thesis was to explore whether genetic technologies could be used 

to create a single test for multiple resistance analysis in annual ryegrass. The 

hypothesis for this study was that DArT can detect and segregate populations 

resistant to several herbicides in the weed Lolium rigidum. This chapter 

summarises the main achievements from this research and provides a context for 

the outcomes. The prospects for a commercial outcome are then described.  

 

Examining herbicide resistance phenotyping methods for DArT analysis 

The aim of this experiment (detailed in Chapter 4) was to assess phenotyping 

methods for their ability to phenotype L. rigidum in a non-destructive, cost 

effective and accurate manner (as compared with glasshouse pot trials) and to 

evaluate the most suitable method for DArT analysis. Two methods were 

evaluated, a germination assay and a tiller propagation assay. Both methods 

proved useful for phenotyping and satisfied the requirement that they be non-

destructive and cost effective. The tiller propagation assay for phenotyping was 

the more accurate method, with incidence of phenotype closely matching values 

previously determined by glasshouse pot trials.  
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The uniformity of phenotype across propagated tillers was also assessed, with 

individual tiller clones from the same plant displaying almost uniform response to 

the selected herbicide. This experiment demonstrated that the propagation method 

produced accurate phenotyping and confirmed that tillers from the same plant had 

uniform phenotype.    

Propagation by cloning proved to be the superior phenotyping technique in 

preparation for DArT analysis.  

The successful use of this assay in Chapter 6 to phenotype a single plant to three 

different herbicides, at various dosages, demonstrates its value and suitability for 

this purpose.  

This assay is suitable for future genetic analysis as it will facilitate simpler 

phenotyping and can identify multiple resistance mechanisms in individual plants, 

undoubtedly a key component of future research. Although this method is only 

suitable for tillering grass species, alternate methods are available at least for 

some broadleaf weed species that do not undergo tillering.  Bolts from Raphanus 

raphanistrum L., for example, have been successfully cut and transplants used for 

phenotyping (M. Walsh, personal communication).  

  

Using diversity arrays technology for herbicide resistance detection in 

Lolium rigidum 

The hypothesis employed in this thesis was that DArT can identify and segregate 

L. rigidum samples resistant and susceptible to multiple herbicides. This approach 

was novel as it is the first investigation into the use of microarray DArT for 

herbicide resistance phenotyping. The aim of this study was to explore the 
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application of microarray DArT on L. rigidum samples, examining phenotyping 

performance against samples with different forms of resistance and variation in 

representation of resistant and susceptible samples. Three experiments were 

conducted to test this, each evaluating a different herbicide mode of action and 

representation of samples for analysis.  

The first experiment, evaluating glyphosate resistance phenotyping, identified 

that: 

- the genetic library established was diverse, providing a good genetic base 

for analysis;  

-  small effects contributing to the resistance could be were established, 

accounting for between 1 to 6% of phenotype; and 

- continuous measurement of the array signal produced a better outcome for 

phenotyping than binary measurement. 

 

The second experiment, evaluating the prospect of identification of resistance to 

herbicides chlorsulfuron and trifluralin, showed that: 

- large effects contributing to resistance were detected, accounting for 

87.6% of phenotype for chlorsulfuron and 86.2% for trifluralin; 

- Markers contributing significantly to phenotype determination were 

common to samples resistant both to trifluralin and chlorsulfuron, 

although markers with greatest contribution to each herbicide phenotype 

were separate; and  

- Analysis outcomes were improved where only a single population of 

susceptibles were represented, instead of the standard protocol of paired 
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resistant and susceptible samples from many populations. This outcome 

provides validation that DArT can be used to separate and identify 

samples based on resistance phenotype. The lack of diversity of the 

susceptible population however, limits widespread applicability of 

phenotyping accuracy.   

 

The third experiment, evaluating DArT to identify ACCase herbicide resistance 

markers, showed that: 

- small effects contributing to the resistance could be established, 

accounting for up to 5.6% of phenotype; and 

- DArT requires a standardised herbicide phenotyping response across 

samples, or a greater sample number, to differentiate between each 

herbicide subgroup. 

This investigation was considered as an exploration into the development of a 

high-throughput, multi-trait diagnostic assay.  Based on these results, the 

hypothesis, that DArT can be used to identify and segregate L. rigidum samples 

resistant and susceptible to multiple herbicides, was validated. It was evident that 

additional analyses increasing linkage disequilibrium, improving phenotyping 

methodology and having greater marker density would enhance the ability to link 

markers to specific resistance mechanisms.  

These results also highlight the difficulties in extending new technologies for 

different uses, as well as the complexity of developing genetic assays. Although 

DArT has been successfully used in genotyping many species, including Lolium, 

it has never been used for herbicide resistance phenotyping. DArT markers have 



 

133 

 

previously been used for marker association analysis of equally complex traits 

e.g. disease resistance (Alsop et al., 2007; Wenzl et al., 2006). However, such 

analyses have required significant investment and refinement to achieve those 

results. These experiments have assisted in refining a suitable experimental 

design for further DArTseq analysis.   

 

Using DArTseq to identify herbicide resistance in Lolium rigidum 

Herbicide resistance status of L. rigidum was reassessed on new material 

homozygous and heterozygous for resistance and use of DArTseq. It was 

hypothesised that analysis of this material with the higher resolution DArTseq 

would establish a stronger link than DArT between genetic markers and differing 

forms of resistance. Outcomes from this study were: 

- the first analysis of L. rigidum with DArTseq; 

- the first use of DArT to identify herbicide resistance at different herbicide 

dosages);  

- the first use of a genetic assay to identify resistance to three different 

herbicide groups in an individual plant, using a single protocol;  

- DArTseq derived SNP markers analysed with rrBLUP correlated 

resistance to glyphosate at four dosages with a maximum accuracy of 

0.50.  Resistance to diclofop-methyl at two dosages was also correlated 

with a maximum accuracy of 0.50. A slightly higher accuracy was 

achieved for chlorsulfuron resistance at two dosages with correlated with 

0.59 accuracy; and 
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- greater phenotyping accuracy was achieved with DArTseq than with the 

previous exploratory study using DArT. 

 

This study was an examination into the performance of DArTseq analysis for 

resistance phenotyping L. rigidum samples to several herbicides, using methods 

refined from DArT analysis.   Based on these results, the hypothesis that the 

higher resolution DArTseq would establish a stronger link than microarray DArT 

between genetic markers and differing forms of resistance has been validated. It 

is evident that that a combination of increasing linkage disequilibrium, improving 

phenotyping methodology, analysing samples homozygous and heterozygous for 

resistance, and using a higher density marker technology, enhanced the link of 

markers to specific resistance mechanisms. The phenotyping prediction values 

also accounted for resistance to different herbicide doses. 

It is envisaged that if the test were developed for commercial testing, plant tissue 

or seed samples would be sent direct from the field to a testing service, the DNA 

extracted and analysed by DArT. The analysis of material for each experiment 

was completed within three weeks, once DNA was extracted. As this analysis was 

for research, it was not given priority at DArT Pty Ltd which operates as a 

commercial genotyping laboratory.  If given commercial priority, this analysis 

could be reduced to less than a week (A. Kilian, personal communication). 

Genotyping was conducted at $50 AUS per sample, a cost that could be reduced 

if the test was commercialised. Such cost however covered several herbicides.  
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These results expand this use of genetic assays for the detection of herbicide 

resistance and contribute to the overall goal of the development of the next 

generation of resistance screening assays. 

 

Future research  

Further development needed is required to enhance these prediction values before 

this assay is appropriate as a commercial testing assay. To verify the versatility 

and predictive power of the assay in its current state, additional samples, separate 

from those studied, could be phenotyped with DArTseq and compared with 

glasshouse results.  The predictive power of this assay can be further increased 

with the generation of inbred F2 populations from these samples and the study of 

an additional 600 samples (Peixoto et al., 2016). Once a baseline of accurate 

phenotyping for multiple herbicides has been developed, a protocol for review of 

DArT phenotyping vs glasshouse or field phenotyping should be devised. 

Constant comparison of field data vs DArT prediction would continually validate 

the DArT marker set and ensure inaccuracies, or new resistance mechanisms 

unaccounted for by previous DArT analysis, can be identified. A similar 

genotyping assay could be developed using the SNPs of significance detected 

with DArT. Such a system, unlike DArT, would be inflexible and lack the 

prospects of readily adapting to new resistance mechanisms.   

It should be noted that the effect of non-target site resistance has not been 

determined in this assay. These mutations would be evident in the DNA and 

could be detected by DArTseq (Burgos et al., 2013; Gaines et al., 2014). It 

follows therefore that non-target site resistance may be present in the DArT or 
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DArTseq samples analysed, confounding the phenotype-marker association 

analysis in this study. Research has shown that non-target site resistance can be 

identified with the use of the insecticides malathion (Yang et al., 2016) and 

phorate (Busi et al., 2017) as cytochrome P450 inhibitors. Future studies could 

amend the phenotyping protocol to include application of one of these chemicals 

to a sample tiller clone to address this issue.   

Another consideration is the presence of epigenetic effects triggered by the stress 

of applied herbicides. Epigenetic effects in response to herbicide exposure have 

been reported (Markus et al., 2017) although they are poorly understood.  DNA 

methylation, a form of epigenetic alteration, has been shown to increase in 

response to the application of differing concentrations of glyphosate on wheat 

(Triticum aestivum L.) (Nardemir et al., 2015) and Arabidopsis thaliana (L.) 

Heynh. (Kim et al., 2017). Markus et al. (2017) have suggested that as the 

methylated genes have not been affected by other abiotic stress stimuli, they may 

be specifically linked to herbicide stress, and trigger herbicide detoxification 

processes. As DArT can detect DNA methylation, is has the potential to detect 

these epigenetic changes, further elucidating non target site resistance for 

detection.  

Additional research will establish the use of DArTseq as an effective, versatile 

and rapid commercial resistance test, providing information about a range of 

possible resistances that may be present as well as the form of resistance (target-

site or non-target site), for no additional cost. The value commercially is 

enhanced by the real-time feedback at a much lower cost. This would facilitate 

the expansion of the phenotyping of other herbicides and herbicide group 

resistance in L. rigidum, developing the assay to broadly screen resistance against 
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many herbicides. Such is the advantage of an assay like DArT, that once 

additional herbicide resistance marker associations are developed, they can be 

screened in the same assay for no additional cost.  

Considerable development of knowledge, expertise, and experimental protocols 

was required for assay development. A phenotyping protocol was developed, 

followed by exploratory use of microarray DArT where the technology and 

genetic material were assessed in various configurations to ascertain the most 

effective methodology for herbicide resistance phenotyping.  Then a focused and 

informed analysis was undertaken using the new generation technology DArTseq. 

As a result, the protocols for achieving the desired multi-herbicide commercial 

test are now clarified for annual ryegrass.  

There is now scope to explore the use of DArTseq as a resistance assay for other 

weed species, such as wild oats (Avena fatua L.) (Broster et al., 2013) and wild 

radish (Raphanus raphanistrum L.) (Owen et al., 2015b). In these studies, similar 

research will be needed to establish the appropriate protocols. Several principles 

have emerged from the current study to assist with such protocol development 

including:  

- the need for a species genetic library with sufficient genetic diversity;   

- knowledge of the genetics of the target species and how this may affect 

phenotyping; L. rigidum is diploid and where resistant alleles are present 

they can usually be detected at standard or sub-lethal herbicide rates.  

Polypoidy plants, like A. fatua, have complex resistance expression, with 

low level resistance possibly caused by a mutation of one of three 

homoeologous genes (Yu et al., 2013). Complementary genetic analysis 
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to establish the genetics of the target species will assist in elucidation of 

marker-phenotype association with DArTseq.  

-  the importance of establish a phenotyping protocol that allows 

examination of a single herbicide, but has capacity be used for multiple 

herbicides; this will prevent potential confounding issues of inconsistent 

phenotyping if multiple herbicides are later included in the study.  

- an understanding of the likely resistance mechanisms of each target 

population; a combination of herbicides with the same mode of action 

may assist in elucidation of the marker-phenotype association with 

DArTseq.  

- an understanding of all target site and non-target site mutations as their 

presence may confound results. 
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Appendix 1 – Summary of different herbicide resistance testing assays  

Assay type Species Herbicide  Determination of resistance Reference 

Germination Alopecurus myosuroides Huds. Clodinafop Mean radicle length vs S population (Tal et al., 2000) 

    Fenoxaprop, 

Clodinafop 

Germination % of pollen  (Letouzé and Gasquez, 

2000) 

    Fenoxaprop-p Coleoptile length >1cm, % population (Moss, 2000) 

    Fenoxaprop-p Mean coleoptile length vs S population (Letouzé and Gasquez, 1999; 

Letouzé et al., 1997) 

    Pendimethalin, 

Sethoxydim 

Coleoptile length >1cm, % population (Moss, 2000) 

    Fenoxaprop-p-ethyl, 

 mesosulfuron + 

iodosulfuron 

Relative fluorescence   (Kaiser et al., 2013) 

  Avena spp.  Fenoxaprop-p Coleoptile length >1cm, % population (Moss, 2000) 

  Avena fatua L. Clethodim Mean coleoptile length vs S population (Bourgeois et al., 1997) 

    Difenzoquat Mean coleoptile length vs S population (Rashid et al., 1997) 

    Fenoxaprop-p % survived (Murray et al., 1996) 

   Sethoxydim Mean coleoptile length vs S population (Bourgeois et al., 1997) 

    Triallate Mean coleoptile length vs S population (O'Donovan et al., 1996) 
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Assay type Species Herbicide  Determination of resistance Reference 

 Germination Chenopodium album L. Dicamba Mean radicle length vs S population (Ghanizadeh et al., 2015) 

 Echinochloa oryzicola (Ard.) 

Fritsch. 

Cyhalofop-butyl, 

Penoxsulam 

Mean radicle length vs S population (Zhang et al., 2013; Zhang et 

al., 2015) 

  Echinochloa colona (L.) Link Ametryn, Metribuzin  Shoot biomass vs susceptible (Elahifard et al., 2013) 

    Fenoxaprop-p, 

Propanil 

Shoot length vs susceptible (Kim, et al., 2000) 

  Echinochloa crus-galli (L.) Beauv Cyhalofop-butyl, 

Penoxsulam 

Mean radicle length vs S population (Zhang et al., 2013; Zhang et 

al., 2015) 

  Lolium multiflorum Lam. Diclofop-methyl Coleoptile length >1cm, % population (Moss, 2000) 

    Glyphosate Mean radicle length vs S population (Ghanizadeh et al., 2014) 

  Lolium perenne L. Glyphosate Mean radicle length vs S population (Ghanizadeh et al., 2014) 

  Lolium rigidum Gaud. Diclofop acid Mean coleoptile length vs S population (Letouzé and Gasquez, 1999; 

Letouzé et al., 1997) 

    Fenoxaprop-p Variation in total thermal specific 

thermal energy 

(Saja et al., 2014) 

    Sulfometuron Coleoptile length >1cm, % population (Burnet et al., 1994) 

  Papaver rhoeas L. Tribenuron-methyl Development of new leaves and roots (Cirujeda et al., 2001) 

  Lolium rigidum L. Diclofop Mean radicle length vs S population (Tal et al., 2000) 

   Lolium rigidum L. Triasulfuron, 

sulfometuron-methyl, 

Imazapyr, diclofop, 

Growth inhibition of resistant vs 

susceptible 

(Richter and Powles, 1993) 
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Assay type Species Herbicide  Determination of resistance Reference 

haloxyfop, 

sethoxydim 

Germination Lolium spp.  Clodinafop-propargyl, 

pinoxaden, 

Iodosulfuron + 

mesosulfuron 

Development of new leaves and roots (Kaundun et al., 2011) 

  Phalaris minor Retz. Diclofop, Fenoxaprop-

p 

Mean coleoptile length vs S population (Gherekhloo et al., 2008) 

 

    Fenoxaprop-p Mean radicle length vs S population (Tal et al., 2000) 

  Setaria viridis (L.) P.Beauv. Clethodim, 

Sethoxydim, 

Tralkoxydim, 

Fenoxaprop-P 

Mean coleoptile length vs S population (Beckie et al., 2000) 

    Trifluralin Radicle length, % population (Salas et al., 1999; Beckie et 

al.,  1990) 

  Sorghum Halepense (L.) Pers. Clethodim, Fluazifop-

p 

Mean coleoptile length vs S population (Burke et al., 2006) 

    Clethodim Spectrophotometric variation, 

germination % 

(Burke et al., 2007) 

Whole plant   

assay 

Alopecurus myosuroides Huds. Atrazine Plant survival (Yaacoby et al., 1986) 

   Chlorsulfuron, % inhibition of shoot biomass vs (Moss and Cussans, 1987) 
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Assay type Species Herbicide  Determination of resistance Reference 

Diclofop-methyl susceptible  

Whole plant   

assay 

  Chlortoluron, 

Isoproturon 

Scoring system (Moss et al., 1998) 

    Clodinafop % inhibition of biomass vs susceptible (Tal et al., 2000) 

  Alopecurus myosuroides Huds. Fenoxaprop-p % inhibition of shoot biomass vs 

susceptible 

(Clarke and Moss, 1991) 

  Avena fatua L. Difenzoquat % inhibition of biomass vs susceptible (O'Donovan et al., 1994) 

    Fenoxaprop-p % survived (Letouzé et al., 1997) 

    Fenoxaprop-p % survived (Dupont et al., 1997) 

    Fenoxaprop-p, 

diclofop 

Isothermal calorimetry (Stokłosa et al., 2006) 

    Flamprop, 

Imazamethabenz 

New leaf formation (Beckie et al., 2000) 

    Sethoxydim % survived (Dupont et al., 1997) 

    Sethoxydim % survived (Bourgeois and Morrison, 

1997) 

  Avena sterilis L. Fenoxaprop-p % survived (Letouzé et al., 1997) 

  Echinochloa colona (L.) Link Ametryn  Shoot biomass vs susceptible (Elahifard et al., 2013) 

 Echinochloa colona (L.) Link Metribuzin  Shoot biomass vs susceptible (Elahifard et al., 2013) 

 Echinochloa crus-galli (L.) Beauv Propanil Plant wounding (Carey et al., 1995) 
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Assay type Species Herbicide  Determination of resistance Reference 

Whole plant   

assay 

Fallopia convolvulus (L.) Á.Löve Atrazine, 

Chlorsulfuron 

% survived vs control (Adkins et al., 1997) 

  Helianthus annuus L. Chlorimuron, 

Imazethapyr 

Plant wounding (Baumgartner et al., 1999) 

 Hordeum leporinum L. Paraquat, 

sulfosulfuron,  

Sulfometuron, 

imazamox 

% survived (Owen et al., 2012) 

  Kochia scoparia (L.) Schrad. Chlorimuron, 

Triflusulfuron, 

Nicosulfuron, 

Thifensulfuron, 

Primisulfuron, 

Metasulfuron, 

Imazethapyr, 

Imazamethabenz, 

Imazaquin, 

Flumetsulam, 

Halosulfuron, 

Chlorsulfuron 

Plant wounding (Kwon and Penner, 1995) 

    Chlorsulfuron  Plant wounding (Friesen et al., 1993) 

  Lactuca serriola L. Metsulfuron % survived (Alcocer-Ruthling et al., 

1992) 

  Lolium multiflorum Lam. Glyphosate % inhibition of shoot biomass vs (Perez-Jones et al., 2005) 
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Assay type Species Herbicide  Determination of resistance Reference 

susceptible 

Whole plant   

assay 

Chenopodium album L. Dicamba % inhibition of biomass vs susceptible (Ghanizadeh et al., 2015) 

 Lolium rigidum Gaud. Atrazine Plant survival (Yaacoby et al., 1986) 

    Diclofop % inhibition of biomass vs susceptible (Tal et al., 2000) 

    Fenoxaprop-ethyl Visual estimate herbicide damage  (Boutsalis, 2001) 

  Lolium rigidum Gaud. Imazethapyr, 

Sulfometuron, 

Triasulfuron 

Shoot weight vs control (Gill, 1995) 

  Phalaris minor Retz. Fenoxaprop-p % inhibition of biomass vs susceptible (Tal et al., 2000) 

 Phalaris paradoxa L. Atrazine Plant survival (Yaacoby et al., 1986) 

  Rapistrum rugosum L. (All) Atrazine, 

Chlorsulfuron 

% survived vs control (Adkins et al., 1997) 

  Salsola iberica Sennen & Pau Chlorsulfuron % survived (Stallings et al., 1994) 

  Setaria viridis (L.) P.Beauv. Fenoxaprop-p % survived (Dupont et al., 1997) 

    Sethoxydim % survived (Bourgeois and Morrison, 

1997) 

  Sisymbrium orientale L. Atrazine, 

Chlorsulfuron 

% survived vs control (Adkins et al., 1997) 

  Sisymbrium thellungii O.E. Schulz Atrazine, % survived vs control (Adkins et al., 1997) 
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Assay type Species Herbicide  Determination of resistance Reference 

Chlorsulfuron 

Whole plant   

assay 

Sonchus oleraceus L. Atrazine, 

Chlorsulfuron 

% survived vs control (Adkins et al., 1997) 

 Sorghum bicolor (L.) Moench Chlorimuron Plant wounding (Lee et al., 1999) 

    Primisulfuron Plant wounding (Anderson et al., 1998) 

  Urochloa panicoides P.Beauv. Atrazine, 

Chlorsulfuron 

% survived vs control (Adkins et al., 1997) 

Tissue Abutilon theophrasti Medik. Imazaquin Difference in enzymatic activity from 

leaf disc 

(Gerwick et al., 1993) 

  Alopecurus myosuroides Huds. Chlortoluron Relative fluorescence  (Van Oorschot and Van 

Leeuwen, 1992) 

   Alopecurus myosuroides Huds. Clodinafop Difference in enzymatic activity (Tal et al., 2000) 

    Fenoxaprop-p-ethyl Difference in enzymatic activity (Reade and Cobb, 2002) 

  Amaranthus hybridus L. Atrazine Leaf disc flotation (Hensley, 1981) 

    Atrazine Leaf disc flotation (Vencill and Foy, 1988) 

    Atrazine Relative fluorescence   (Vencill and Foy, 1988) 

  Amaranthus rudis J.D.Sauer Atrazine Relative fluorescence   (Anderson et al., 1996) 

  Brassica napus L. Glyphosate Difference in enzymatic activity from 

leaf disc 

(Shaner et al., 2005) 

 Chenopodium album L. Atrazine Leaf disc flotation (Hensley, 1981) 
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Assay type Species Herbicide  Determination of resistance Reference 

    Atrazine Leaf disc flotation  (Vencill and Foy, 1988) 

    Atrazine Relative fluorescence   (Vencill and Foy, 1988) 

 Tissue Conyza canadensis (L.) Cronquist Glyphosate Difference in enzymatic activity from 

leaf disc 

(Koger et al., 2005) 

  Echinochloa crus-galli (L.) Beauv Propanil Relative fluorescence  (Norsworthy et al., 1998) 

  Glycine max (L.) Merr  Glyphosate Biochemical herbicide metabolism  (Singh and Shaner, 1998) 

  Glycine max (L.) Merr Glyphosate Difference in enzymatic activity from 

leaf disc 

(Shaner et al., 2005) 

  Lolium multiflorum Lam. Glyphosate Difference in herbicide metabolism  (Ghanizadeh et al., 2014) 

  Lolium perenne L. Glyphosate Difference in herbicide metabolism (Ghanizadeh et al., 2014) 

  Lolium rigidum Gaud. Diclofop Difference in enzymatic activity  (Tal et al., 2000) 

  Phalaris minor Retz. Fenoxaprop-p Difference in enzymatic activity (Tal et al., 2000) 

  Xanthium strumarium L. Imazaquin Difference in enzymatic activity from 

leaf disc 

(Gerwick et al., 1993) 

 Senecio vulgaris L. Atrazine Leaf disc flotation (Hensley, 1981) 

 Genetic Alopecurus myosuroides Huds. ACCase inhibitors PCR assay of known resistance 

mutations 

(Délye et al., 2002c) 

    ACCase inhibitors SNP assay of known resistance 

mutations 

(Délye et al.,  2002b) 

    ALS inhibitors Gene sequencing of known resistance (Marshall and Moss, 2008) 
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Assay type Species Herbicide  Determination of resistance Reference 

mutation region 

    Mesosulfuron + 

iodosulfuron 

dCAPS assay of known resistance 

mutation  

(Délye and Boucansaud, 

2008) 

 Genetic Alopecurus myosuroides Huds. Mesosulfuron + 

iodosulfuron,  

Cycloxydim 

Presence of known genetic mutations 

with SNaPshot assay 

(Marshall et al., 2013) 

 Amaranthus powellii S. Wats Imazethapyr, 

flumetsulam, 

flucarbazone 

PCR assay of known resistance 

mutations 

(Ashigh et al., 2009) 

   Linuron Gene sequencing of known resistance 

mutation region 

(Dumont et al., 2016) 

  Amaranthus spp. ALS inhibitors PCR assay of known resistance 

mutations 

(Wagner et al., 2002) 

  Hordeum leporinum L. Sulfosulfuron, 

sulfometuron, 

imazamox 

Gene sequencing of known resistance 

mutation region 

(Owen et al., 2012) 

  Lolium rigidum Gaud. Diclofop-methyl Transcriptomics study to identify 

transcriptional markers for resistance 

detection.  

(Gaines et al., 2014) 

    ACCase inhibitors PCR assay of known resistance 

mutations 

(Délye et al., 2002) 
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Assay type Species Herbicide  Determination of resistance Reference 

  Genetic Lolium spp. ACCase inhibitors Real time PCR of known resistance 

mutations 

(Kaundun et al., 2006) 

  Lolium spp. ALS inhibitors dCAPS assay of known resistance 

mutations 

(Délye et al., 2009) 

  Lolium spp.  ACCase inhibitors Presence of known genetic mutations 

with SNaPshot assay 

(Alarcón‐reverte et al., 

2013) 

  Lolium spp.  ACCase inhibitors dCAPS assay of known resistance 

mutations 

(Yu, et al., 2007b) 

  Various grasses (39 spp.) ACCase and ALS 

inhibitors 

dCAPS assay of known resistance 

mutations 

(Délye et al.,2011) 
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Appendix 2 – Conference papers developed during PhD 
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