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ABSTRACT 

Hordeum glaucum has emerged as a problematic weed in cereal and broadleaf crops of 

South Australia (SA). Recent reports from growers and agricultural advisors in SA have 

indicated an increase in the incidence of H. glaucum in field crops. The increase in the 

incidence was suspected due to the evolution of herbicide resistance and an increase in 

seed dormancy in H. glaucum populations. Initially, dose response studies confirmed high 

levels of resistance to (aryloxyphenoxypropanoate) APP acetyl-coenzyme A carboxylase 

(ACCase)-inhibiting herbicides in the populations where growers had reported control 

failures with ACCase-inhibiting herbicides. As a result of previous reports of an increase 

in seed dormancy and confirmation of herbicide resistance in H. glaucum, it was 

considered important to investigate herbicide resistance status and seedbank behaviour of 

field populations of this weed species. Therefore, studies were conducted to characterise 

herbicide resistance, study seedbank behaviour, inheritance of resistance, fitness penalties 

associated with herbicide resistance and alternative herbicides for the management of 

ACCase-inhibiting herbicide-resistant H. glaucum in field peas. A field survey was 

undertaken in the Upper North and Eyre Peninsula regions of SA in October 2012. Of the 

90 H. glaucum populations screened for resistance to quizalofop, 14% exhibited some 

level of resistance and 86% were susceptible. Resistance to ALS-inhibiting herbicides 

(imazamox+imazapyr and sulfosulfuron) was low (3% to 12% populations). The majority 

of H. glaucum populations emerged rapidly (median T50 = 8d), but some populations 

displayed an extremely slow emergence pattern with T50 >20 d. There was no direct 

linkage between seed dormancy and herbicide resistance. The majority of H. glaucum 

populations showed a low level or no seedbank persistence but a few populations persisted 

for one year (up to 20% seedbank persistence). Dose–response studies confirmed that H. 

glaucum populations had variable levels of resistance to both ACCase and ALS-inhibiting 

herbicides, with greater resistance to ACCase-inhibiting herbicides. Gene sequencing 
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confirmed the presence of previously known mutations Ile-1781-Leu, Ile-2041-Asn and 

Gly2096Ala in the ACCase gene of some H. glaucum populations. No amino acid 

substitution was found in the ALS gene of resistant populations, but the reversal of SU 

resistance by malathion (a cytochrome P450 inhibitor) and susceptibility to sulfometuron 

suggest that non-target site mechanisms confer resistance to ALS-inhibitors in this 

species. The mode of inheritance of resistance to ACCase-inhibiting herbicides was 

identified as a single gene with a partially-dominant allele. Fitness studies conducted 

under intraspecific competition and/or interspecific competition in pots and the field with 

wheat and lentil revealed that the amino acid substitution at 1781 position of the ACCase 

gene did not impose any fitness costs, but there was some evidence for fitness cost 

associated with Ile-2041-Asn mutation in H. glaucum populations. To identify alternative 

herbicides to control ACCase-inhibiting herbicide-resistant H. glaucum, a range of pre- 

and post-emergent herbicides were examined in field peas. The results of this investigation 

suggest that propyzamide or pyroxasulfone applied PP and POST imazamox could be 

used effectively in the field for the management of ACCase-inhibiting herbicide-resistant 

H. glaucum in South Australia. 
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CHAPTER 1 

REVIEW OF LITERATURE 

—————————————————————–— 
 

1. Herbicide use in weed control  

The use of herbicides in weed control started around the end of 19th century (Hay 1974). 

During the 1890s, research on the development of inorganic chemicals for weed control 

began in Europe. Various inorganic chemicals such as: lime, sodium chloride, copper 

sulphate, iron sulphate, sulphuric acid, nitric acid, sodium arsenite, carbon bisulfide, 

sodium chlorate, sodium borate, salt of dinitrophenol, ammonium sulfamate, sodium 

pentachlorophenate, kerosene, and gasoline were used to control weeds from 19th to mid-

20th century ( Timmons 1970). Although, copper sulphate was first used for selective weed 

control in wheat, the arsenicals were the first chemicals to be tested and commercially 

used as herbicides. The discovery of phenoxyacetic acid herbicides during the 1940s in 

Britain and USA marked the beginning of herbicide phase of the “Chemical Era of 

Agriculture” (Timmons 1970). This discovery ushered in a series of discoveries and 

development of the aliphatic acids, carbanilates and their derivatives (Timmons 1970).  

These inventions provided additional herbicides to farmers for the control of weedy 

grasses. Herbicides were promptly adopted by farmers because of their benefits over other 

methods of weed control. Due to the increase in demand for herbicides, the herbicide 

market increased at 6.3% per annum up to 1970s (Cobb and Kirkwood 2000). The success 

of the phenoxy herbicides created interest among governments and in the industry that 

provided the stimulus to start weed research as a new science. The number of herbicides in 

Weed Science list of the Weed Science Society of America of common and chemical 

names was 15 in 1940 and rose to 25 in 1950 (Timmons 1970). Thousands of new 

agricultural chemicals (mostly organic compounds) were tested after 1950 and 



 

2 

 

approximately 120 herbicides were included in the Weed Science list of common and 

chemical names by 1969 (Timmons 1970). After another 40 years, the list compiled by the 

Weed Science Society of America includes 374 herbicides with 16 herbicide modifiers 

(WSSA 2010). Herbicide modifiers are chemical substances used with herbicides to 

change their herbicidal properties by a physiological mechanism. They include safeners, 

synergists, extenders, etc., but do not include compounds such as surfactants that may 

modify herbicidal activity by chemical or physical mechanisms (WSSA 1994).  

Herbicides have helped to increase global food production to feed the ever 

increasing human population. They have been the most reliable, least expensive methods 

of weed control, and have helped to harvest the most profitable crops from the field. 

Although herbicides have made a large contribution to increasing world food production, 

their ongoing success has been endangered by the evolution of herbicide resistance. 

2. Herbicide resistance 

Herbicide resistance is a striking example of ‘evolution in action’. The heavy reliance on 

herbicides as the primary method of weed control in cropping systems has resulted in 

reduction in the use of other methods. Whilst economically this approach has been 

rewarding to farmers, it has led to herbicide resistance in weeds, just as had happened to 

pests with fungicides and insecticides. Herbicide resistance, as defined by Powles et al. 

(1997) is the inherited ability of a weed population to survive a herbicide application that 

is normally lethal to the vast majority of individuals of that species. In 1970, resistance in 

Senecio vulgaris to simazine and atrazine was reported, which is regarded as beginning of 

herbicide resistance era (Ryan 1970). Concurrently, various other species of Amaranthus 

and Chenopodium were also reported resistant to triazines (Holt 1992). Subsequently, the 

number of herbicide-resistant weeds has increased at an alarming rate. In the 56 years 

since Harper predicted the evolution of herbicide resistance (Harper 1956), the world 

database shows there are 383 resistant biotypes of 250 weed species (145 dicots and 105 
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monocots) (Heap 2016). In the last few decades, herbicide resistance has been documented 

across the six continents of the globe.  

 In Australia, the first case of herbicide resistance was reported in 1980 (Heap and 

Knight 1982). The numbers of reported herbicide-resistant weeds since then have 

increased dramatically. According to ‘The International Survey of Herbicide-resistant 

Weeds’, Australia has the second highest number (81) of resistant weed biotypes after US 

with 151 (Heap 2016). Lolium rigidum Gaudin, which is the most widespread weed in 

southern Australia, has the highest number of resistant biotypes in Australia. Avena fatua 

L., A. Sterilis sp. ludoviciana, and Raphanus raphanistrum L. are among the other major 

resistant species in Australia (Preston et al. 1999). Some of the reasons for widespread 

herbicide resistance in Australia include heavy reliance on ACCase and ALS-inhibiting 

herbicides in continuous cropping systems and high weed density of weeds like L. rigidum 

(Gill 1996; Preston et al. 1999). Herbicide resistance to all the major groups has been 

reported in weed species around the world (Figure 1). 

 

Figure 1: Number of resistant weed species to different herbicide groups in the world 

(Heap 2015) 
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3. Factors contributing to the evolution of herbicide resistance  

Herbicide resistance is an evolutionary phenomenon in plant species (Maxwell and 

Mortimer 1994). In response to repeated treatment with the same group of a herbicide, 

weed populations change in genetic composition to adapt to intense selection pressure 

imposed by the herbicide (Jasieniuk et al. 1996). Many factors contribute to the evolution 

of herbicide resistance. They include the frequency of resistant alleles in natural 

population, the intensity of selection, the mode of inheritance of resistance, gene flow 

within and between populations, the nature and extent of herbicide use, and the relative 

fitness of susceptible and resistant biotypes in the presence and absence of herbicide 

(Diggle et al. 2003; Jasieniuk et al. 1996; Powles et al. 1997). 

3.1 Genetic variation 

Genetic variation is a pre-requisite for the evolution of herbicide resistance in a 

susceptible population. The presence of appropriate variation on which selection can act is 

the key to the evolution of resistance. Genetic variation could occur by mutation (or 

recombination) or could be pre-existing (Maxwell and Mortimer 1994). Resistant traits are 

expressed in a population either as a major gene, or genes, could be present at lower 

frequencies, or mutate and expressed due to selection from a susceptible population 

(Maxwell and Mortimer 1994; Preston and Powles 2002). The probability of a resistant 

mutant arising in a weed population is directly related to the size of the population 

(Jasieniuk and Maxwell 1994). Some populations may not have sufficient number for the 

occurrence of a resistant plant. Generally, out-crossing species are likely to be more 

variable, with large population size, than inbreeding species (Charmet et al. 1996).  

3.2 Selection  

The evolution of herbicide resistance in weeds is directly related to the intensity of the 

selection pressure imposed by herbicides. Intense selection pressure coupled with genetic 
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diversity, provide stimuli for rapid evolution of herbicide resistance (Maxwell and 

Mortimer 1994). If resistant traits are present in a genetically variable natural population, 

even at low frequencies, the recurrent selection of only these traits with the repeated 

herbicide application will increase the frequency of resistant individuals. The use of highly 

selective herbicides results in rapid evolution of herbicide resistance (Jasieniuk and 

Maxwell 1994). The selection pressure increases with the application of herbicides that 

possess a single target site and specific mechanism of action, long term soil residual 

activity, and frequent and continuous application of the same herbicides (Jasieniuk et al. 

1996; LeBaron and McFarland 1990).  

3.3 Genetic inheritance 

Inheritance is the process of passing of genetic traits from a parent to its offspring. The 

heritability of traits is governed by nuclear and cytoplasmic inheritance (Rao 2000).  

Pollen and ovules are the propagules for transmission of nuclear inheritance, whereas, 

transmission of cytoplasmic inheritance occurs only through ovules (i.e. maternal parent) 

(Rao 2000). The majority of resistance to various classes of herbicides is associated with 

nuclear genes (Jasieniuk and Maxwell 1994). Seefeldt et al. (1998) showed that diclofop 

resistance due to insensitive target-site in Avena fatua L.  biotypes is controlled by a single 

nuclear gene, with resistance being dominant at lower herbicide doses and susceptibility 

being dominant at increased doses. Wang and Darmency (1997) demonstrated that 

sethoxydim resistance in Setaria italica L. was controlled by a single, completely 

dominant, nuclear gene and later the resistance was confirmed to be due to the 1781 

mutation (Délye et al. 2002). Inheritance of resistance to fenoxaprop in a Alopecurus 

myosuroides Huds. population with insensitive ACCase-enzyme and an enhanced 

herbicide metabolism is conferred by two dominant and independent nuclear genes 

(Letouzé and Gasquez 2001). However, inheritance of triazine resistance is cytoplasmic in 

most species, but in Abutilon theophrasti it is controlled by nuclear genes (Andersen and 
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Gronwald 1987). The chloroplast genome contains the gene for the triazine target site, the 

D1 protein of Photosystem II, and therefore resistance is passed with the chloroplasts from 

the maternal parent (Hirschberg and Mcintosh 1983). A notable exception to the partial or 

complete dominance of herbicide resistance is trifluralin resistance in Setaria viridis, 

which is determined by a single, recessive allele (Jasieniuk et. al. 1994). 

3.4 Gene flow 

Gene flow is an important phenomenon for herbicide resistance evolution in weeds. It can 

occur through seed or pollen migration. Gene flow through pollen plays a vital role in 

genetic variation in natural populations by increasing the frequency of resistant alleles 

(Campbell and Waser 2001; Hidayat et al. 2006). Pollen migration is usually the mode of 

transmission of genetic traits in cross-pollinated species, whereas, in self-pollinated 

species gene flow occurs through seed migration (Darmency 1996). If the rate of gene 

flow is higher than the rate of mutation this will result in higher frequency of resistant 

plants in the recipient population (Jasieniuk et al. 1996; Rao 2000).  Gene flow helps in 

the spread of herbicide-resistant alleles in or among populations (Jasieniuk et al. 1996). 

Gene flow can occur from resistant plants to susceptible plants in the same field or to/from 

adjacent fields (Hidayat et al. 2006; Preston et al. 1996). The primary source of gene flow 

for maternally inherited traits are the seeds, whereas, pollen and seed transmit nuclear 

inherited resistant traits (Darr et al. 1981). The role of pollen in spread of resistance has 

been calculated to be around 1% in the populations within a few hundred metres vicinity, 

which is very low (Jasieniuk et al. 1996). Thus, its role in herbicide resistance spread has 

largely been ignored. However, gene flow with seed dispersal could be important in case 

of self-pollinated species where pollen flow probability is minimal. 
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3.5 Fitness 

Fitness is the measure of survival and reproduction of a viable offspring under a selection 

pressure. It is a relative term whereby inter-genotypic comparisons are made relative to the 

fit populations. If there are no differences in the fitness of two biotypes or 

resistant/susceptible plants, their relative frequency will not be affected during periods 

when herbicide is not used. However, if the resistant populations suffer a fitness penalty, 

their relative frequency will decrease in the absence of herbicide selection pressure (Gill et 

al. 1996). Whether there will be a decrease in the frequency of resistant traits depends 

upon the fitness cost; the higher the fitness cost the sooner the replacement of resistance 

with susceptibility is likely to occur. Thus, herbicide rotations can be used to delay 

evolution of herbicide resistance, but may lead to multiple resistance evolution (Jasieniuk 

and Maxwell 1994). Purba et al. (1996) argued that gene modification or association of 

resistant individuals with deleterious genes could be the possible source of reduced fitness. 

Herbicide resistance has been associated with a fitness penalty, e.g. in case of triazine 

resistant broadleaf weeds, it was observed that the number of resistant weeds decreased 

when triazine herbicides were not sprayed (Gill et al. 1996; Holt and Thill 1994). 

Surprisingly, many resistance mechanisms do not have measurable associated fitness cost. 

For example, H. leporinum resistant biotypes (paraquat resistant) did not show any fitness 

penalty relative to susceptible genotype (Purba et al. 1996). Warwick and Black (1994) 

reported that there were no consistent differences in relative fitness for non-triazine 

resistant and susceptible biotypes; however, for triazine resistant weed species, resistant 

plants were generally less fit than susceptible plants, although exceptions do exist. Lower 

relative fitness of resistant biotypes than susceptible biotypes of H. glaucum and H. 

leporinum from the same area has also been reported (reviewed in Powles and Howat 

1990).  
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 Theoretically, herbicide-resistant biotypes should have a fitness cost, although it 

may not be detectable. For the fitness estimates, measures throughout the plant life cycle 

should be taken in order to encompass the effects of selection on mortality and fecundity 

(seed set) of survivors (Maxwell and Mortimer 1994). Fitness is a dynamic entity and can 

change over time with the selection under different environments for more fit individuals 

(Maxwell and Mortimer 1994).    

4. Mechanisms of herbicide resistance 

There are number of mechanisms conferring herbicide resistance: modified target site, 

enhanced detoxification, reduced absorption or translocation, sequestration or 

compartmentation, and repair of the toxic effects of herbicides. However, these can be 

grouped under two broad categories, i.e. target site and non-target site resistance. 

4.1 Target site resistance  

Herbicides act on proteins by binding or otherwise interacting with them, thereby 

exhibiting negative effects on plant growth or metabolism. Target site proteins can be 

altered by mutations, which reduces or eliminates the ability of herbicides to bind or 

interact with them; alternatively, resistant plants can also over-produce these herbicide-

binding proteins (Preston and Mallory-Smith 2001). In this type of resistance, the 

herbicides reach the site of action at lethal doses but are unable to exhibit the lethal action 

due to changes at the target site (Powles and Yu 2010).  

Photosystem II (PS II) inhibiting herbicides (triazines, ureas and nitriles) block the 

electron transport chain on the reducing side of PS II leading to production of excess 

singlet oxygen, resulting in the destruction of lipids and chlorophyll (Preston and Mallory-

Smith 2001). In most triazine-resistant plants, the herbicide binding domain on D1 protein 

of PS II can change. The molecular basis of this change is a single amino acid substitution 

of Ser 264 to Gly in the D1 protein, which removes a hydrogen bond important for 
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herbicide binding. Mutations in the D1 protein have been reported in species such as 

Potulaca oleraceae and Poa annua with changes of Ser 264 to Thr and Val 219 to Ile, 

respectively. The Ser 264 to Thr mutation confers resistance to linuron and atrazine, 

while, the Val 219 to Ile substitution confers resistance to diuron and metribuzin. The Ser 

264 to Thr change most likely interferes with the entry of herbicide to QB site, which 

results in herbicide resistance (reviewed in Preston and Mallory-Smith 2001).    

Acetolactate synthase (ALS) or acetohydroxyacid synthase (AHAS) inhibiting 

herbicides include five families i.e. sulfonylureas (SUs), imidazolinone (IMIs), 

pyridinyloxybenzoate (PTBs), triazolopyrimidine (TPs) and sulfonylamino-carbonyl-

triazolinone (SCTs) (Singh and Shaner 1995). AHAS act as a catalyst in the formation of 

aceto-hydroxybutyrate and acetolactate. These five families of herbicides act on AHAS, 

thereby stopping synthesis of the branched chain amino acids (valine, leucine and 

isoleucine) resulting in plant death. In resistant weeds, the amino acid substitutions in the 

protein sequence at target-sites i.e. Pro 197, Ala 205, Asp 376, Trp 574, Ser 653 and Ala 

122 confer resistance to ALS-inhibiting herbicides (Yu et al. 2008).  

ACCase-inhibiting herbicides from three different chemical families i.e. 

aryloxyphenoxypropionate (APPs), cyclohexanedione (CHDs) and phenylpyrazolin 

(DENs) inhibit acetyl-coenzyme A carboxylase (ACCase) enzyme in graminaceous weeds 

(Sasaki et al. 1995). This enzyme is responsible for fatty acid synthesis in plants (Burton 

et al. 1991). ACCase inhibiting herbicides are used for grass control in dicots because 

grasses contain two different ACCase enzymes with about 80% of the activity associated 

with the plastid form. The plastid ACCase of dicots is structurally different from that of 

grasses and is insensitive to ACCase inhibitor herbicides (Preston and Mallory-Smith 

2001). This difference in the sensitivity to ACCase-inhibiting herbicides of plastid 

ACCase of grass weeds and broadleaf crops allows their safe use for the selective control 

of grasses. Resistance to this herbicide group is caused by amino acid substitution in the 
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carboxyltransferase (CT) domain of the ACCase gene (Délye 2005) or due to active 

exclusion or compartmentation of the herbicide from the site of action, reduced herbicide 

absorption or translocation or both (Deprado et al. 2000). Target-site resistance is most 

often reported as the mechanism of resistance to ACCase-inhibiting herbicides (Beckie 

and Tardif 2012; Délye 2005; Yu et al. 2007b). The amino acid substitutions in the protein 

sequence at target sites i.e. Ile 1781, Trp 1999, Trp 2027, Ile 2041, Asp 2078, Cys 2088 

and Gly 2096 in the ACCase gene have been reported to confer resistance to ACCase-

inhibiting herbicides (Beckie and Tardif 2012; Kaundun 2014). The Ile-1781-Leu 

mutation is associated with resistance to APP, some CHD and DEN herbicides. The Trp-

2027-Cys or Ile-2041-Asn mutations confer resistance to APP and DEN herbicides. The 

Asp-2078-Gly mutation and Cys-2088-Arg mutation provides high-level resistance to all 

three classes of herbicides: APP, CHD and DEN. The Gly-2096-Ala mutation confers 

resistance mainly to APP herbicides and Trp-1999-Cys only to the APP herbicide 

fenoxaprop (reviewed in Beckie and Tardif 2012).  

Changes to micro-tubule assembly in weeds have been shown to confer resistance to 

dinitroaniline herbicides. The main herbicides belonging to this group include 

pendimethalin and trifluralin, which target germinating seeds by inhibiting microtubule 

growth thereby disrupting cell division. Microtubules are formed with the polymerisation 

of α and β-tubulin. These herbicides bind to tubulin, prevent polymerisation, hence 

preventing cell division and elongation (Powles and Yu 2010; Preston and Mallory-Smith 

2001).  

 Glyphosate is the broad spectrum herbicide that is widely used in agriculture 

throughout the world. It inhibits the chloroplast enzyme EPSP synthase, which disrupts 

the shikimate pathway of amino acid production, resulting in the death of the plants 

(Powles and Yu 2010). The amino acid substitution of Ser, Thr and Al at Pro 106 within 

the putative glyphosate binding site confers resistance to glyphosate (Preston and Mallory-
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Smith 2001; Sammons and Gaines 2014; Yu et al. 2007a).  Similary, a double mutation 

(TIPS) in the EPSPS gene causing high level of glyphosate resistance in Eleusine indica 

has also been recently reported (Yu et al. 2015). The amplification of EPSPS gene in 

Dacus carota resulted in glyphosate resistance in these species. These are examples of 

over expression of target site or gene amplification causing herbicide resistance (Gaines et 

al. 2010; Goldsbrough et al. 1990; Shyr et al. 1992).  

4.2 Non-target site resistance 

In non-target site resistance, the herbicide is unable to reach the target site at a lethal dose, 

due to modification of mechanisms in plants: e.g. decreased rates of herbicide 

penetration/translocation and increase in herbicide sequestration/metabolism (Powles and 

Yu 2010). These mechanisms limit the availability of herbicides at the target-site. Various 

other plant modifications such as hairy epidermis and waxy cuticles may also limit the 

availability of herbicide at the target site. Epicuticular waxes have been reported to reduce 

glyphosate absorption in Erythroxylum coca and diclofop penetration in L. rigidum 

(Ferreira and Reddy 2000; Prado et al. 2001). Similarly, glyphosate resistance in Lolium 

multiflorum has also been reported, due to lower spray retention, lower foliar uptake, and 

altered translocation pattern (Michitte et al. 2007). Selective herbicides are safe to crops 

generally due to the ability of the crop to rapidly detoxify them. Target weed species often 

also have the ability to detoxify herbicides to some extent, but cannot detoxify them at a 

rate required to escape death (Preston and Mallory-Smith 2001).  Yuan et al. (2007) 

explains that detoxification processes can occur in four phases. In Phase I, herbicide 

molecules are activated, typically with oxidation. Phase II involves conjugation of a bulky 

hydrophilic molecule to the activated xenobiotic using thiols or sugars, which is then 

recognised by Phase III. Phase III involves transporting the conjugated molecule into the 

vacuole or extracellular space by active transport involving ABC transporters. Further 

degradation of conjugated molecule in the vacuole or extracellular space is done in phase 
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IV. The major detoxifying proteins involved in these processes include cytochrome P450 

in Phase I, Glutathione transferases (GST’s) and glycosyltransferases in Phase II, and 

ABC transporters in Phase III (Yuan et al. 2007). Research has shown that non-target site 

resistance to ALS-inhibiting herbicides in weeds is usually due to enhanced rates of 

herbicide metabolism, often involving   cytochrome P450s (reviewed in Yu and Powles 

2014). Non-target site resistance to ACCase-inhibiting herbicides is also conferred by the 

enhanced metabolism of FOP, DIM and DEN compounds mainly by cytochrome P450s 

and GSTs (reviewed in Kaundun 2014). 

5. Barley grass 

Hordeum glaucum Steud. (smooth barley) and Hordeum leporinum L. (hare barley), 

collectively known as barley grass, is a prolific seed producer, inbreeding annual weed of 

Poaceae family, which can germinate under high osmotic pressure (Campbell et al. 1972; 

Giles and Lefkovitch 1986; Kloot 1987).  

H. glaucum and H. leporinum belong to the H. murinum complex, which consists of 

three species: H. murinum L., H. leporinum Link and H. glaucum Steud. (Cocks et al. 

1976; Covas 1949). Hubbard (1954), Covas (1949) and Morrison (1958) described the 

complex to be containing three distinct species (murinum, leporinum and glaucum); 

however, Humphries (1980) disagreed and gave them a subspecific status (Cited in Giles 

and Lefkovitch 1986). 

5.1 Biology and ecology  

Barley grass is a vigorous winter annual, propagating through its seed (Popay and Sanders 

1975). It is an obligate self-pollinated plant (Giles and Lefkovitch 1986; Johansen and von 

Bothmer 1994). H. murinum and H. leporinum are both cool season annuals, whereas, H. 

glaucum is a warm season annual (DiTomaso and Healy 2007). As reviewed by Giles and 

Lefkovitch (1986), H. murinum tends to occur in the coolest, wettest regions and 
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leporinum in hotter, drier Mediterranean-type conditions. Furthermore, the H. glaucum 

appears to be confined to the hottest, driest conditions of the Mediterranean climatic 

zones. Although native to Europe, western Asia and north Africa, this complex (Hordeum 

spp.) is restricted to the Mediterranean region and western Asia, whereas, H. glaucum is 

only found in dry eastern parts of this region (Cocks et al. 1976). They also distinguished 

its distribution according to the rainfall, and reported H. glaucum to occur in areas having 

rainfall less than 425 mm, whereas, H. leporinum was found in areas with rainfall greater 

than 425 mm. Hordeum sp. starts to germinate with late summer rains from late February 

to early May with autumn rains, when soil temperatures range from 18-24 C 

(Biddiscombe et al. 1954; Harris 1961; Popay 1981). Popay and Sanders (1975) also 

reported its germination continuing through winter to spring.  

5.2 Introduction and geographical distribution in Australia 

Barley grass was introduced into Australia soon after the European settlement (Smith 

1968). Its introduction is associated with the import of wool and farm animals in the 

nineteenth century from England, South Africa, N-W India and Pakistan and also from 

eastern Mediterranean, with the opening of the Suez canal (Cocks et al. 1976; Davison 

1977). 

According to Smith (1968), barley grass is a ubiquitous weed in the annual pasture 

zone of southern Australia with varying population density depending upon the season. It 

can be found in cropping as well as non-cropping areas such as roadside verges, sheep and 

cattle enclosures, building sites and waste ground (Davison 1977). H. glaucum has 

naturalised in Australia and can be found in all states of the continent (Figure 2). 

 

 



 

14 

 

 

Figure 2: Distribution of H. glaucum in Australia (Anonymous 2012) 

 

5.3 Cytology and taxonomy 

Jacobsen and Von Bothmer (1995) analysed material from 229 populations and found that 

H. glaucum was a diploid (2n=2x=14), H. murinum was a tetraploid (2n=4x=28) and H. 

leporinum was tetraploid (2n=4x=28) as well as hexaploid (2n=6x=42). The results are in 

agreement with Giles and Lefkovitch (1986). However, Cocks et al. (1976) reported H. 

leporinum only to be a tetraploid.  

All three Hordeum species are similar in appearance, but Cocks et al. (1976) have 

illustrated the taxonomy of this complex. According to them, each member of the complex 

consists of three spikelets at each node of the rachis, in all there may be 20-30 such triads 

of spikelets. The triad is the seed dispersal unit, which consists of the hermaphroditic 

central spikelet, while the lateral may be male or sterile or hermaphrodite (Johansen and 

von Bothmer 1994). According to Cocks et al. (1976), H. murinum has sessile (shortly 



 

15 

 

pedicellate) central spikelet and lemma awns of the lateral spikelets are shorter than those 

of the central spikelet, whereas, both H. leporinum and H. glaucum have pedicellate 

central spikelets and lemma awns of the lateral spikelets are longer than those of the 

central spikelet. Further, H. leporinum has larger anthers, and a looser spike than H. 

glaucum. These descriptions are in concordance with Covas (1949), who also suggested 

that H. glaucum has no starch grains in the filaments of the anthers.  

5.4 Seed germination, phenology and fecundity 

The Hordeum complex exhibits weak or nil requirement of diurnal temperature 

fluctuations for maximum germination (Cocks and Donald 1973). Previous studies have 

shown that the Hordeum complex has short-lived innate dormancy; with H. glaucum 

possessing the most and H. murinum the least. Furthermore, Popay (1981) has reported 

10-22 oC as the temperature range for maximum germination; with no germination at or 

above 35 oC. The overall range of temperature for germination is between 8-30 oC (Cocks 

and Donald 1973). On the contrary, Fleet and Gill (2010) recently reported large variation 

in seed dormancy between H. glaucum populations. They found that the populations from 

cropped fields exhibited high levels of dormancy, while those from fence lines or long-

term pastures showed low levels of seed dormancy. In comparison to Lolium, H. 

leporinum germinates more rapidly with lesser water content in seed, and germinates from 

soil surface (Cocks and Donald 1973). 

Light is not a pre-requisite for germination of Hordeum spp., however burial does 

not enforce dormancy (Davison 1971; Popay 1981; Popay and Sanders 1975). The 

minimum and maximum time for flowering, reported by Cocks et al. (1976) for H. 

glaucum was 102 & 144 days from sowing, respectively.  

Barley grass is a prolific seed producer. The seed is dispersed as an entire triad by 

various agents like wind, birds or farm animals (Ridley 1930 cited in Kloot 1985). H. 

murinum produce a seed bank in the range of 708 to 1813 seeds/m2 (Makarian et al. 2007). 
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Powles et al. (1992) reported an average population of 987 seeds/m2 in a field infested 

with H. glaucum. Recent research conducted by Fleet and Gill (2010) reported H. glaucum 

populations of 376 plants/m2 of with seed production of 8702 seeds/m2 in the absence of 

weed control.  

5.5 Impact of Hordeum spp. 

Even though barley grass is readily grazed by animals in pasture in its vegetative stage, it 

becomes a problem when it matures. The seeds have long barbed awns that irritate the 

mouths, eyes and noses of the cattle or sheep, or get entangled in wool, resulting in loss of 

productivity (Campbell et al. 1972; Cocks et al. 1976).  

Weeds can be a potential host for various fungi and nematodes. Nematodes are able 

to multiply or persist in weeds which provide a ready source of inoculum for susceptible 

crop plants (Belair and Benoit 1996; Townshend and Davidson 1960). The presence of 

susceptible weeds prior to cropping, or post-harvest in the field enables nematodes with 

short life cycles such as Pratylenchus spp. to produce more generations each year 

(Vanstone and Russ 2001). 

 Vanstone and Russ (2001) reported that H. glaucum, Bromus diandrus and B. 

rubens were poor hosts of the root lesion nematode, Pratylenchus thornei. However, 

Avena sterilis and H. leporinum were good hosts of P. thornei.  Barley grass also acts a 

host for Rhizoctonia solani Kuhn., which causes patches of poor growth in cereals 

(Mohammadi et al. 2003; Roget et al. 1987). It also carries soil borne fungus 

Gaeumannomyces graminis, causal organism of Take-all disease in wheat and other 

cereals (Gutteridge et al. 2005; Kirkegaard et al. 1996; Wong 1975).  

5.6 Evolution of herbicide resistance in barley grass 

Worldwide adoption of no-till systems began with the commercialisation of paraquat. 

Studies on paraquat started in the United Kingdom in 1955; however, in Australia, field 
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experiments with bipyridyl herbicides in no-till started in 1964 (reviewed by Derpsch 

1998). With the introduction of herbicides, the use of cultural methods of weed control i.e. 

tillage, mowing, sheep grazing etc. reduced significantly. No-tillage systems reduce soil 

erosion, fuel cost, labour requirement, and allowed timely sowing of crops; which were 

the major reasons for their adoption in Australia (Chauhan et al. 2006; Derpsch 1998; 

Pratley 1995). Due to short growing seasons and fragile soils, minimum tillage systems 

have been widely adopted in South Australia (Pratley 1995). 

With the adoption of no-till, the weed infestation of some weeds will increase while 

others may decrease. In a 12 year field investigation to measure the effects of tillage, 

Legere et al. (2011) discovered that total seedbank density generally increased as tillage 

was reduced and no-till systems had more weed seeds at or near the soil surface. Their 

results are in agreement with Conn (2006) and Mohler et al. (2006). In an earlier study, 

Cocks and Donald (1973) reported that barley grass germinated and established readily on 

the soil surface. Therefore, it has an advantage in minimum or no-till systems.  In a 

subsequent study in 1987, Medd reported that H. leporinum was more prevalent when 

cultivation intensity was reduced (cited in Pratley 1995).  

Barley grass (Hordeum spp.) is a problematic weed in field crops and pastures of 

southern Australia (Cocks et al. 1976; Smith 1972). So far it has evolved resistance to 

three groups of herbicides; namely, ACCase inhibitors, ALS inhibitors, and bipyridiliums 

(Heap 2015). The first case of paraquat resistance in H. glaucum was reported in early 

1980s (Powles 1986; Warner and Mackie 1983). H. glaucum had evolved herbicide 

resistance in fields that had been treated with bipyridyl herbicides annually for many years 

(Alizadeh et al. 1998; Tucker and Powles 1988). For effective control of paraquat resistant 

biotypes of barley grass, selective and non-selective (knock-down) herbicides, with 

alternate mechanisms have been successfully used (Powles and Howat 1990). In 2000, 

Matthews et al. (2000) reported resistance in H. leporinum population to ACCase 
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inhibiting herbicide fluazifop-p-butyl in South Australia. They also reported moderate 

cross-resistance to other herbicides of ACCase-inhibiting herbicides (i.e. haloxyfop-

ethoxyethyl, quizalofop-p-ethyl, sethoxydim and clethodim). This resistance had evolved 

under the selection pressure of fluazifop-p-butyl. Recently, herbicide resistance in H. 

leporinum to ALS inhibiting herbicides has been reported in Western Australia (Yu et al. 

2007c). In a subsequent study, sulfonylurea and imidazolinone cross-resistance has also 

been confirmed in ALS-inhibiting herbicide-resistant biotypes of H. leporinum (Owen et 

al. 2012). 

5.7 Mechanisms of herbicide resistance 

As stated earlier, barley grass has been reported to be resistant to three groups of 

herbicides i.e. bipyridyl, ACCase and ALS-inhibiting herbicides (Matthews et al. 2000; 

Owen et al. 2012; Preston et al. 1992; Yu et al. 2007c). Preston et al. (1992) reported 

reduced translocation of paraquat in the resistant plants of H. glaucum to be the possible 

reason for resistance. In H. glaucum the cell wall contributes to reduce movement across it 

and into the chloroplast; however, there is no difference in cell wall function in the case of 

paraquat resistant H. leporinum. Herbicide sequestration in apoplast, i.e. exclusion of 

herbicide from cytoplasm, has also been reported as the mechanism of paraquat resistance 

in H. glaucum by other workers (Bishop et al. 1987; Powles and Cornic 1987).    

Increased herbicide detoxification has been reported as the mechanism for resistance 

to fluazifop-p-butyl and other aryloxyphenoxypropionate (APP) herbicides, whereas, a 

modified target enzyme appears to be mechanism involved in sethoxydim resistance in H. 

leporinum (Matthews et al. 2000). In a later study, resistance to ALS inhibiting herbicides 

in H. leporinum was reported to be caused by a mutation resulting from Pro to Ser 

substitution (Yu et al. 2007c).  
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5.8 Management of barley grass 

Heavy reliance on herbicides, due to their ease of application and effective control, has 

reduced the use of other methods of weed control. This has led to widespread herbicide 

resistance in weeds. Moreover, capture of the major portion of the herbicide market by 

glyphosate and genetically modified (GM) glyphosate resistant crops have diminished 

herbicide discovery. There has been no major introduction of new site-of-action herbicides 

in the last two decades (Beckie and Tardif 2012). Therefore, research is needed to develop 

strategies to preserve current mode of action of herbicides by delaying resistance 

evolution.  

Use of crop and herbicide rotations, knowledge of seed-bank persistence, 

identification of alternative herbicides, herbicide mixtures and cultural practices may help 

in achieving this goal. Genetic variation through mutations and the initial frequency of 

genes conferring resistance cannot be controlled, but the weed densities present in the 

fields can be managed. In a simulation modelling study, use of herbicide mixtures was 

found to delay onset of resistance by four years in finite weed populations (Diggle et al. 

2003). 

Rotating a cereal based cropping system with other competitive crops like canola 

could reduce the weed seed bank. Diversifying crop rotations would offer opportunities to 

control herbicide-resistant barley grass with herbicides of different chemistries. It has been 

observed that a paraquat resistant biotype of H. glaucum can be eradicated by preventing 

seed set for 3 successive years, due to its short residual life in the seed bank (Powles et al. 

1992). 

H. glaucum has been reported to be increasing in abundance in cropping systems in 

South Australia (Fleet and Gill 2010). Adoption of the no-till seeding system has also 

promoted barley grass establishment or infestation. Recent research by Fleet and Gill 

(2010) has shown that farming practices used in southern Australia have selected barley 



 

20 

 

grass populations that possess high levels of seed dormancy, which is broken by exposure 

to cold temperatures in winter. This is an effective escape mechanism that allows these 

populations to defer establishment until after the crops have been planted. In the past, non-

dormant populations of barley grass could be easily controlled with the use of knockdown 

herbicides applied in late autumn. But the change in weed biology as reported by Fleet and 

Gill has raised serious concerns about prospects for increasing incidence of H. glaucum.    

This change in weed biology has increased the selection pressure of post-emergent 

herbicides, as these are being increasingly relied on for the control of barley grass in 

broadleaf crops. Recent investigations of a closely related species H. leporinum have 

confirmed resistance to ACCase-inhibiting herbicides in South Australia (Matthews et al. 

2000) and to ALS-inhibiting herbicides in Western Australia (Owen et al. 2012; Yu et al. 

2007c). Growers are reporting increasing difficulty in managing barley grass with these 

herbicides.  

The combination of increased seed dormancy with herbicide resistance would make 

it very difficult for Australian farmers to effectively manage this weed species. A new 

herbicide pyroxasulfone (Sakura) can provide effective control of barley grass in wheat; 

however, control of ACCase resistant barley grass in pulse crops would be particularly 

difficult. Therefore, there is an urgent need to undertake a comprehensive study to 

quantify herbicide resistance status of barley grass populations on South Australian farms, 

investigate mechanisms, genetics and fitness of resistant biotypes. If resistance is 

confirmed then field studies would be needed to identify alternative herbicides for the 

management of herbicide-resistant populations of this weed species. 

6. Summary and knowledge gaps 

H. glaucum is a problematic weed that has been reported to be increasing in abundance in 

the cropping systems of South Australia. It has been observed that the management 

practices used in cropping systems on South Australian farms have selected barley grass 
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populations that possess high levels of seed dormancy, which is broken by exposure to 

cold temperatures in winter. This is an effective escape mechanism that allows these 

populations to defer establishment until after the crops have been planted. Previously, 

non-dormant populations of H. glaucum could be easily controlled with the use of 

knockdown herbicides applied in late autumn. This change in weed biology has increased 

the selection pressure of post-emergent herbicides, as these are being increasingly relied 

on by the growers for the control of H. glaucum in broadleaf crops.  Resistance to the 

ACCase and ALS-inhibiting herbicides has already been identified in Australia in a 

closely related species H. leporinum. Growers are reporting increasing difficulty in 

managing H. glaucum with ACCase-inhibiting herbicides. There is a need to better 

understand the characteristics of resistance to ACCase-inhibiting herbicides in these 

species and to identify alternative control methods for resistant populations of this species. 

Therefore, the work presented in this thesis is designed to address the following 

objectives: 

i. To undertake a survey to collect H. glaucum populations from South Australian 

crops to determine their resistance status and seedbank behavior. 

ii. To undertake detailed dose response investigations to quantify the level of resistance 

(LD50 and GR50) in different H. glaucum populations.  

iii. To undertake laboratory investigations to determine the mechanisms of herbicide 

resistance including identification of mutations conferring resistance. 

iv. To undertake crosses between R and S parents and screen the progeny to determine 

the mode of inheritance of ACCase resistance in H. glaucum. 

v. To undertake competition experiments to determine the fitness costs of herbicide-

resistant biotypes of H. glaucum. 

vi. To undertake field studies to identify alternatives to ACCase inhibiting herbicides 

for use in pulse crops. 
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Abstract 

BACKGROUND: Previously, ACCase and/or ALS-inhibitor resistance was identified by 

herbicide resistance screening in eight populations obtained from cropping regions of 

South Australia. This study aimed to quantify the level of resistance and characterize the 

molecular basis of resistance to ACCase and ALS-inhibitors in these H. glaucum 

populations. 

RESULTS: H. glaucum populations from the upper-north region were highly resistant (RI 

> 12) to the APP herbicides quizalofop and haloxyfop and less resistant (RI = 2 to 12) to 

CHD herbicide clethodim. Some mid-north populations had low level of resistance (RI = 2 

to 6) to the SU herbicide mesosulfuron and one population had multiple resistance to both 

ACCase and ALS-inhibitors. Gene sequencing confirmed the presence of Ile-1781-Leu, 

Ile-2041-Asn and Gly-2096-Ala mutations in the ACCase gene, with no mutation found in 

the ALS gene.  The use of malathion in combination with mesosulfuron enhanced the 

activity of herbicide. These populations were also susceptible to SU herbicide 

sulfometuron.  

CONCLUSION: This study has documented herbicide cross-resistance and multiple-

resistance to ACCase and ALS-inhibitors in H. glaucum. Resistance to ACCase-inhibitors 

is due to a target site mutation. The reversal of SU resistance by malathion and 
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susceptibility to sulfometuron suggests that non-target site mechanisms confer resistance 

to ALS-inhibitors. 

Keywords: Smooth barley; ACCase gene; ALS gene; ACCase mutation; target-site; non-

target site 

 

1. INTRODUCTION  

Acetyl coenzyme-A carboxylase (ACCase)-inhibiting herbicides (hereafter called 

ACCase-inhibitors) and acetolactate synthase (ALS) [also called acetohydroxyacid 

synthase (AHAS)]-inhibiting herbicides (hereafter called ALS-inhibitors) are important 

herbicide groups commonly used to selectively control grass weeds in a variety of crops in 

Australia1-3. ACCase-inhibitors inhibit ACCase enzyme, responsible for fatty acid 

biosynthesis in grass weeds4. Two different types of ACCase enzymes have been 

identified in plants i.e. cytoplasmic and plastidic. The plastidic form is sensitive to 

ACCase-inhibitors and contributes up to 80% of the enzyme activity in grasses5. ACCase-

inhibitors from three different chemical classes i.e. sulphonylureas (SU), 

aryloxyphenoxypropionate (APP), cyclohexanedione (CHD) and phenylpyrazolin (DEN) 

specifically target the carboxylase-transferase (CT) domain of the plastidic ACCase, 

inhibiting fatty acid biosynthesis and ultimately causing plant death6. Similarly, ALS-

inhibitors from four different chemical families i.e. imidazolinones (IMI), 

triazolopyrimidines (TP), pyrimidinyl-thiobenzoates (PTB) and sulfonylamino-carbonyl-

triazolinones (SCT) inhibit the AHAS enzyme that catalyzes the first reaction in the 

biosynthesis of branched-chain amino acids valine, leucine and isoleucine7, 8. The reduced 

synthesis of branched-chain amino acids, which is crucial to the growth of young tissues, 

leads to starvation of the plant for these amino acids and eventually causes plant death9, 10.  

Widespread use of ACCase-inhibitors has led to the evolution of herbicide 

resistance in 12 grass weed species throughout Australia11. ALS-inhibitors due to their 
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broad spectrum weed control have also been widely used by Australian growers for weed 

control in fields. Currently, there are 8 grass weed species resistant to ALS-inhibitors in 

Australia11. An altered target-site has been most often reported as the mechanism of 

resistance to ACCase12 and ALS-inhibitors9, 10. However, non-target site resistance to 

ACCase-inhibitors is also increasingly being recognised as a mechanism of resistance12, 13. 

Non-target site based resistance to ALS inhibitors is relatively rare but has been reported 

in several weed species (reviewed in Corbett and Tardif9). 

H. glaucum is one of the most problematic annual weeds in the grain cropping 

regions of South Australia (SA)14, 15. ACCase-inhibitors from APP and CHD classes and 

ALS-inhibitors from SU and IMI classes are commonly used to control H. glaucum in 

Australia. Currently, this species has evolved resistance to three different groups of 

herbicides: ACCase-inhibitors, ALS-inhibitors and bipyridiliums16-18. Previously, 1781-

Leu and 2096-Ala mutant alleles in the CT domain of ACCase gene have been reported to 

confer resistance to APP herbicides in populations of H. glaucum16. So far the mechanism 

of resistance to ALS-inhibitors has not been reported, however, 197-Thr/Ser mutant alleles 

in the ALS gene of a closely related species H. leporinum have been previously reported 

to confer resistance to ALS-inhibitors2, 19.  

Recent reports from growers and agricultural advisors in SA indicated an increase in 

the incidence of H. glaucum in field crops. Research by Fleet and Gill20 has shown that 

weed management practices used in cropping systems of SA have increased seed 

dormancy in H. glaucum, which may have contributed to its increased abundance in field 

crops. Incidence of resistance to APP ACCase-inhibitors and ALS-inhibitors in H. 

glaucum populations has already been reported16, 17. The combination of herbicide 

resistance and high seed dormancy would make it difficult for Australian farmers to 

effectively control such weed populations in their fields. Surveys of crop fields identified 

resistance to ACCase and ALS-inhibiting herbicides in field populations of this weed 
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species17. In this study we have quantified the level of resistance to ACCase and ALS-

inhibitors in H. glaucum populations collected from SA and also characterised the 

molecular basis of resistance to both groups of herbicides.  

2. MATERIALS AND METHODS 

2.1 Plant material  

The eight herbicide-resistant (ACCase or ALS-inhibitor or both) H. glaucum populations 

used in this study were collected from different parts of SA (Table 1). Five populations 

were obtained in a survey from Upper-North (UN) region of SA in 201217 and three other 

populations were obtained from Mid-North (MN) region in 2013, where ACCase or ALS-

inhibitor or both herbicides had provided inadequate control of H. glaucum in the field. 

Previously, herbicide resistance screening of these populations had confirmed that 

populations collected from UN were resistant to ACCase-inhibitor quizalofop17 and 

populations collected from MN were resistant to ALS-inhibitor mesosulfuron (data not 

shown). Moreover, one population collected from MN region was resistant to both 

ACCase and ALS-inhibitors tested. Therefore, detailed dose-response studies were 

conducted to determine the level of resistance to ACCase and ALS-inhibitors. A known 

ACCase-inhibitor resistant population (FP) and a standard susceptible population 

(Yaninee) were used as resistant and susceptible standards for these experiments21.  

2.2 Seed germination and plant growth 

Seeds for all experiments were germinated in plastic trays (33 cm x 28 cm x 5 cm) 

containing standard cocoa peat potting mix22. Germinated seedlings at Z11 stage23 were 

transplanted into 9.5 cm x 8.5 cm x 9.5 cm punnet pots (Masrac Plastics, SA) containing 

standard potting mix. There were seven to nine seedlings per pot and the pots were 

arranged in a randomized complete block design with three replications for each herbicide 

dose. The pots were watered as required and maintained outdoors during the normal 

growing season in 2014 and 2015. 
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Table 1. Geographical locations of the tested H. glaucum populations.  

Population Location Coordinates 

UN4 Mambray Creek, SA 32º49’S, 137º57’E 

UN6 Mambray Creek, SA 32º50’S, 137º55’E 

UN10 Port Germein, SA 33º02’S, 138º03’E 

UN13 Baroota, SA 32º54’S, 137º58’E 

UN15 Mambray Creek, SA 32º48’S, 137º57’E 

M146 Rosedale, SA 34°34'S, 138°50'E 

M83 Yorketown, SA 35°00'S, 137°37'E 

M87 Sheok Flat, SA 34°42'S, 137°51'E 

FP Baroota, SA 32º55’S, 137º59’E 

Yaninee Yaninee, SA 32°56'S, 135°14'E 

 

2.3 Dose-response experiments 

To determine the level of resistance to ACCase and ALS-inhibitors among resistant 

biotypes of H. glaucum, dose-response experiments were conducted during May-

September in 2014 and 2015. At Z12-13 stage, commercial formulations of herbicides 

from subgroups of ACCase and ALS-inhibitors were applied with a moving-boom 

laboratory twin-nozzle cabinet sprayer delivering herbicide in 121 L ha-1 water at a 

pressure of 250 kPa and a speed of 1 m s-1. Plants were returned and maintained outdoors 

after herbicide application. At 28 days after treatment (DAT), visual survival assessment 

was made and above ground shoot biomass of surviving plants was harvested. Plants with 

new green leaf tissue after herbicide application were recorded as resistant (R), and plants 

showing severe chlorosis, stunting and mortality were considered as susceptible (S). The 

harvested plants were oven dried at 80°C for 72 h, and weighed. The details of ACCase 

and ALS-inhibitors used in this study are given below. 
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2.3.1 ACCase-inhibitors 

Commercial formulations of two APP herbicides: quizalofop (Targa®, 99.5 g L-1) and 

haloxyfop (Verdict®, 520 g L-1); and one CHD herbicide: clethodim (Select®, 240 g L-1) 

were applied. Herbicides as commercial formulations were applied with adjuvants as 

specified on the labels: 0.2% v/v BS1000, a biodegradable wetting and spreading agent, 

for quizalofop and 1% v/v Hasten™, a blend of esterified vegetable oil and non-ionic 

surfactants, for haloxyfop and clethodim. Seedlings were sprayed with a range of 

herbicide doses (minimum six): quizalofop was applied from 0 to 199 g ha-1, haloxyfop 

from 0 to 312 g ha-1 and clethodim from 0 to 480 g ha-1. The recommended field rate for 

quizalofop, haloxyfop and clethodim in Australia is 25, 39 and 60 g ha-1, respectively. 

2.3.2 ALS-inhibitors 

Commercial formulations of two SU herbicides mesosulfuron (Atlantis®, 30 g L-1) and 

sulfometuron (Oust®, 750 g kg-1) and one IMI herbicide imazamox plus imazapyr 

(Intervix®, 33 g L-1 and 15 g L-1) were applied. Herbicides as commercial formulation 

were applied with adjuvants as specified on the labels: 1% v/v Hasten™ for mesosulfuron 

and 0.2% v/v BS1000 for imazamox plus imazapyr. Seedlings were sprayed with 

mesosulfuron from 0 to 40 g ha-1, sulfometuron from 0 to 30 g ha-1 and imazamox plus 

imazapyr from 0 to 79 plus 36 g ha-1. The recommended field rate for mesosulfuron, 

sulfometuron and imazamox plus imazapyr in Australia is 9.9, 15 and 19.8 plus 9 g ha-1, 

respectively. 

2.4 Synergistic effect of malathion  

Malathion is a non-systemic, contact, organophosphate insecticide and acaricide known to 

inhibit cytochrome P450 monooxygenases24, 25. Seedlings were sprayed with malathion at 

1000 g ha-1, 30 min prior to the herbicide application as described above. ACCase-

inhibitors were applied with or without malathion at untreated control and field rate, 
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whereas, ALS-inhibitor mesosulfuron was applied with or without malathion at all 

herbicide rates. Assessments were taken at 28 DAT as described above. 

2.5 Sequencing of ACCase and ALS gene 

At 28 DAT, fresh leaf material plant material (100mg) from the new or youngest green 

leaf tissue of R and S plants (5 individuals per population) was collected from the dose-

response experiments. Fresh leaf tissue thus obtained was snap frozen in liquid nitrogen 

and stored at -20 °C. As per manufacturer’s instructions, DNeasy Plant Mini Kit (Qiagen) 

was used to extract DNA from 50 to 100 mg plant tissue under liquid nitrogen. For 

ACCase gene, polymerase chain reactions (PCR) were performed using two sets of 

previously described primers 16, 26, which amplified nearly the entire carboxyl transferase 

(CT) domain of the plastidic ACCase gene. For ALS gene, PCR were performed using 

two sets of primers designed on the basis of homologous regions of ALS gene sequences 

of Arabidopsis thaliana (AY042819) and Raphanus raphanistrum (AJ344986). Primers 

used were: ALS-1R (5’-CAAGCTGTTGCTGAATATC-3’), ALS-1F (5’-

TTCATCTCCCGATACGCTCCC-3’), ALS-3R (5’-TCAATACTAAGTGCTACCATC-

3’) and ALS-3F (5’-GGAGAAGCCATTCCTCC-3’). MyFi DNA polymerase kit 

(Bioline) was used to run a PCR reaction of 25 µL, which contained 1 × MyFi reaction 

buffer, 80-100 ng DNA template, 0.8µM primers each and 2 units of DNA polymerase. 

An automated DNA thermal cycler (Bioer) was used for DNA amplification with PCR 

conditions as follows: 3 min denaturing at 94 ºC, 40 cycles of 30s denaturation at 94 ºC, 

30s annealing at 56 ºC and 2 min elongation at 68 ºC, and a final extension for 7 min at 68 

ºC. 

PCR products were prepared using 1 × Ficoll loading dye [15% (w/v) Ficoll 4000, 

0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol FF] and visualised on 1.5% 

agarose gels stained with 1 × SYBR® Safe DNA gel stain. Samples were electrophoresed 

in 1 × TAE Buffer (40 mM Trizma base, 1 mM Na2EDTA, pH to 8 with glacial acetic 
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acid) at 100 V and photographed under UV light (λ = 302 nm). DNA fragment sizes were 

estimated by comparing their mobility to bands of known sizes in a low mass molecular 

weight marker (EasyLadder; Bioline). PCR products were sequenced by Australian 

Genome Research Facility (AGRF) Ltd., Australia using same primers described 

previously for ACCase gene16, 26; ALS gene was sequenced using the same primers as for 

amplification. All the sequences were visually rechecked using the chromatogram files 

and DNA sequence data were assembled, compared and analyzed using Geneious® v8.1 

(Biomatters). 

2.6 Statistical analysis 

Plant survival was pooled and analysed using probit analysis for binary data 27 and the 

dose of herbicide required to kill 50% of the plants (LD50) were obtained. Dose-response 

curves were obtained by plotting probits and actual data using GraphPad Prism v6.0. The 

level of resistance from the dose-response was derived by calculating resistance index 

(RI), i.e. the ratio between the LD50 of R population and the LD50 of the S control. The RI 

of LD50 values was used to classify the herbicide resistance level for the R populations. 

The populations were rated as having high (RI > 12), moderate (RI > 6 to 12) or low (RI = 

2 to 6) resistance 28, 29. 

 Shoot dry biomass data from the dose-response experiment were transformed as 

percent of untreated control before regression analysis. Data were pooled and a non-linear, 

log-logistic regression model (Equation 1) was fitted to the data using GraphPad Prism 

v.6.0. Herbicide dose required to inhibit plant growth by 50% (GR50) with respect to the 

untreated control were calculated for each population, and RI was computed as GR50 

(R)/GR50 (S). The model fitted was  

 
y =

100

1 + 10
( log IC50 − x) × b

 (1) 
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where, y is the plant biomass (% of control), x is the log-dose of the herbicide used, IC50 is 

the dose of herbicide required to inhibit plant growth by 50%, and b is the slope of the 

curve. 

3. RESULTS AND DISCUSSION 

3.1 Dose-response to ACCase-inhibitors     

Dose-response experiments showed high level of resistance in H. glaucum populations 

collected from UN region and low level of resistance in populations collected from MN 

(Table 2). Sole application of malathion at 1000 g ha-1 did not affect survival or biomass 

of either R or S populations compared to untreated control (data not shown). Moreover, no 

synergistic effect of malathion was observed when applied in addition to ACCase-

inhibitors (data not shown). Similar non-synergistic effect was observed when malathion 

was used in combination of diclofop and tralkoxydim in Lolium rigidum Gaudin30. At 28 

DAT, the standard S population (Yaninee) was controlled and the standard R population 

(FP) survived (74 to 100% survival) at the recommended field rates of all the ACCase-

inhibitors used, i.e. quizalofop at 24.9 g ha-1, haloxyfop at 39 g ha-1 and clethodim at 60 g 

ha-1 (Figure 1).  

During both the experimental runs, all the populations tested were highly resistant 

(RI > 12) to quizalofop except M146, which had low resistance (RI = 6). The quizalofop 

LD50 for the standard R and S populations (F.P and Yaninee) was 178.8 and 2.5 g ha-1, 

respectively, with a RI of 71.3 (Table 2). One population, UN15, exhibited little mortality 

even at 199.2 g quizalofop ha-1 (8-fold the recommended field rate) (Figure 1A), therefore, 

the LD50 for this population could not be predicted. Based upon the maximum rate used 

(199.2 g ha-1), LD50 was >199.2 g ha-1, which was >79.7-fold greater than S population 

(Table 2). For the remaining five R populations, the quizalofop LD50 ranged from 15.0 to 
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Table 2. Estimated LD50, GR50 and resistance index (RI) values for H. glaucum populations treated with quizalofop, haloxyfop and 

clethodim. Values in parenthesis are 95% confidence intervals. Data are means of two experiments. 

Populatio

n 

Quizalofop Haloxyfop Clethodim 

LD50 RI GR50 RI LD50 RI GR50 RI LD50 RI GR50 RI 

UN4 165.9 

(144.2, 

199.1) 

66.1 68.1 

(51.4, 90.3) 

26.2 117.1 

(106.9, 

129.3) 

27.7 57.7 

(45.7, 

73.0) 

14.7 79.5 

(65.9, 95.7) 

8.0 62.7 

(41.2, 95.4) 

8.3 

UN6 149.3 

(126.9, 

184.2) 

59.5 60.7 

(44.7, 82.7) 

23.4 88.6 

(78.6, 99.9) 

21.0 58.2 

(45.9, 

73.8) 

14.9 89.9 

(76.2, 

106.1) 

9.1 42.8 

(34.2, 53.5) 

5.7 

UN10 186.6 

(161.3, 

231) 

74.4 74.4 

(55.9, 99.1) 

28.7 74.4 

(67.3, 82.2) 

17.6 66.2 

(53.8, 

81.4) 

16.9 102.2 

(87.4, 

119.5) 

10.

3 

101.5 

(76.5, 

134.7) 

13.4 

UN13 139.5 

(110.1, 

194.2) 

55.6 80.5 

(55.5, 

116.7) 

31.0 100.6 

(67.7, 170.1) 

23.8 63.8 

(46.1, 

88.3) 

16.3 36.8 

(32, 42.2) 

3.7 39.2 

(30.9, 49.7) 

5.2 

UN15 >199.2 >79.7 >199.2 >76.6 >312 >74.3 >312 >80 35.0 

(29.9, 40.6) 

3.5 20.3 

(15.4, 26.7) 

2.7 

M146 15 

(7.8, 22.8) 

6.0 17.8 

(13.6, 23.4) 

6.8 - - - - 22.0 

(0.9, 44) 

2.2 21.3 

(17.9, 25.4) 

2.8 

FP 178.8 

(160.2, 

200.8) 

71.3 87.6 

(58.5, 

131.1) 

33.7 86.9 

(77.2, 97.8) 

20.6 65.6 

(55.8, 

77.1) 

16.7 96.3 

(81.8, 

113.4) 

9.7 52.5 

(42.7, 64.7) 

6.9 

Yaninee 2.5 

(2.5, 2.5) 

- 2.6 

(2.4, 2.8) 

- 4.2 

(3.4, 5.1) 

- 3.9 

(3.2, 4.8) 

- 9.9 

(8.2, 12.1) 

- 7.6 

(6.1, 9.5) 

- 

Resistance index (RI) was calculated as the ratio between the LD50 or GR50 of each population and the LD50 or GR50 of the susceptible 

control. The recommended field rate for quizalofop, haloxyfop and clethodim is 24.9, 39 and 60 g ha-1, respectively.  
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Figure 1. Dose-response for survival (A, B and C) and shoot dry matter (D, E and F) of one herbicide-resistant (UN15 ▲), standard resistant 

(FP □) and susceptible (Yaninee ○) population of H. glaucum treated with quizalofop (A and D), haloxyfop (B and E) and clethodim (C and 

F). Plants with new green leaf tissue were recorded as resistant, whereas, those that displayed severe chlorosis or no new growth were 

recorded as susceptible. Each data point represents the mean percentage survival ± SE or mean shoot dry weight expressed as a percentage of 

the untreated controls ± SE of the pooled data for both the experiments. Downward arrow (↓) indicates the recommended field rate of the 

herbicide used. 
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186.6 g ha-1, which was 6 to 74.4-fold greater than the S population. Similarly, the 

quizalofop GR50 for the standard R and S populations was 87.6 and 2.6 g ha-1, with a RI of 

33.7 (Table 2). The shoot dry biomass production of UN15 population was reduced to 

65% of untreated control at the maximum dose of quizalofop used. The quizalofop GR50 

for UN15 population could not be predicted but was greater than the maximum dose 

(>199.2 g ha-1) of the herbicide used, which was >76.6-fold greater than S population. The 

quizalofop GR50 for the remaining five R populations ranged from 17.8 to 80.5 g ha-1, 

which was 6.8 to 31-fold greater than the S population. Varying levels of quizalofop 

resistance have previously been reported in H. glaucum, where the resistant populations 

were greater than 27-fold resistant to the herbicide16. Similarly, high level of quizalofop 

resistance was observed in other grasses, such as Avena fatua L.31, Echinochloa crusgalli 

(L.) Beauv.32, 33 and Setaria faberi Herrm34. 

Similar to quizalofop, all the resistant populations were highly resistant (RI > 12) to 

haloxyfop (Table 2). Although haloxyfop was also not effective in controlling R 

populations at the field rate (39 g ha-1), it exhibited greater activity than quizalofop at 

higher herbicide rates. This is consistent with a previous study conducted on H. glaucum 

16. The haloxyfop LD50 for the standard R population was 86.9 g ha-1, which was 20.6-fold 

greater than S population, with LD50 of 4.2 g ha-1 (Table 2). Similar to quizalofop, 

haloxyfop was ineffective in controlling UN15 population even at the maximum herbicide 

dose used (8-fold the recommended field rate) (Fig 1B). The predicted LD50 for UN15 was 

>312 g ha-1, which was >74-fold greater than the S population. The remaining four R 

populations were 17.6 to 27.7-fold resistant to haloxyfop than S population, with LD50 

ranging from 74.4 to 117.1 g ha-1. For the standard R and S populations, the haloxyfop 

GR50 was 65.6 and 3.9 g ha-1, with a RI of 16.7 (Table 2). Similar to quizalofop, shoot dry 

biomass reduction for UN15 population was 61% compared to the untreated control at the 

maximum haloxyfop dose used. Therefore, the GR50 could not be predicted, but was 
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greater than the maximum dose of haloxyfop used (>312 g ha-1). The haloxyfop GR50 

values ranged from 57.7 to 66.2 g ha-1 for the remaining four R populations, which were 

14.7 to 16.9-fold greater than the S population. Previously high level of resistance to 

haloxyfop (15 to 60-fold) has been reported in H. glaucum16. Similarly, Alopecurus 

japonicus Steud. populations from China were also found to be 12-fold resistant to 

haloxyfop35.  

APP-to-CHD herbicide cross-resistance was found in all the populations tested. In 

contrast to APP herbicides, all the populations tested with CHD herbicide clethodim had 

moderate (RI > 6 to 12) or low resistance (RI = 2 to 6). Although, clethodim is not 

preferentially used by growers to control H. glaucum due to its lower activity compared to 

APP herbicides, it was more active on R populations at higher doses compared to APP 

herbicides (Figure 1). The clethodim LD50 for the standard R and S populations were 96.3 

and 9.9 g ha-1, respectively, with a RI of 9.7 (Table 2). The R populations were 

approximately two to ten-fold more resistant to clethodim than the S population. Similarly 

clethodim was more effective in reducing shoot biomass compared to the APP herbicides 

tested. The clethodim GR50 values for the standard R and S populations were 52.5 and 7.6 

g ha-1, respectively (Table 2). The clethodim GR50 for the R populations ranged from 20.3 

to 101.5 g ha-1, which was 2.7 to 13.4-fold greater than the S population. APP-to-CHD 

herbicide cross-resistance in H. glaucum has not been reported in the literature yet. 

However, APP and CHD herbicide resistance has been previously reported in its closely 

related species H. leporinum from SA36. Studies conducted in other grass weed species, 

such as L. rigidum29, 37-40, L. perenne ssp. multiflorum L.41, A. fatua L.28, 42, Polypogon 

fugax43 and Phalaris paradoxa44, 45 reported high level of clethodim resistance.  Studies 

conducted on P. paradoxa showed APP-to-CHD cross-resistance patterns, with lower RI 

for CHD herbicides compared to APP herbicides45.  The level of resistance to clethodim in 
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the current study is lower than that of APP herbicides and some of these populations can 

still be controlled at high clethodim rates.  

3.2 Dose-response to ALS-inhibitors     

Dose-response experiments showed that the H. glaucum populations collected from MN 

had low level (RI = 2 to 6) of resistance to the SU herbicide mesosulfuron, but were 

susceptible to the SU herbicide sulfometuron and the IMI herbicide imazamox plus 

imazapyr. As expected, mesosulfuron controlled the standard S population (Yaninee) at 

the recommended field rate of 9.9 g ha-1 (Figure 2). A greater dose of mesosulfuron was 

required to control the R populations with LD50 ranging from 10.1 to 14.5 g ha-1, which 

are approximately three to four-fold greater than the S population (Table 3). Although, the 

presence of resistance to ALS-inhibitors has been previously reported in H. glaucum17 the 

level and mechanism of resistance has not been quantified till now. Resistance to SU 

herbicides has been previously reported in a closely related species H. leporinum2, 19 and 

various other grass weeds, such as L. rigidum46, Bromus rigidus47 and A. fatua25. 

Application of malathion (1000 g ha-1) 30 min prior to mesosulfuron application had a 

significant synergistic effect on R and S populations. The R populations became 

susceptible even at the lower herbicide rates and susceptibility of S population was further 

increased (Figure 2). In the presence of malathion, the mesosulfuron LD50 of R 

populations was similar to the S population (Table 3).  Synergistic effects of malathion 

and ALS-inhibitors have been well documented and literature suggests that malathion is 

an effective cytochrome P450 inhibitor25, 30, 48. This indicated that a non-target site 

mechanism that enhanced herbicide metabolism could be involved in conferring herbicide 

resistance to ALS-inhibitors.  
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Figure 2. Dose–response curves for survival of one herbicide-resistant (M146 ■ or □) and 

susceptible (Yaninee ● or ○) H. glaucum populations treated with a range of mesosulfuron 

doses plus (open symbols) or minus (filled symbols) 1000 g ha−1 malathion. Each data 

point represents the mean percentage survival ± SE of the untreated controls ± SE of the 

pooled data for both the experiments. Downward arrow (↓) indicates the recommended 

field rate of the herbicide used.  
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Table 3. Estimated LD50 and resistance index (RI) values for H. glaucum populations 

treated with mesosulfuron and mesosulfuron + malathion. Data are means of two 

experiments. 

Population 

Mesosulfuron Mesosulfuron + Malathion 

LD50   

95% C.I. 

RI LD50   

95% C.I. 

RI 

Lower Upper Lower Upper 

M146 10.1 7.8 13.2 2.9 0.04 0.04 0.04 1.0 

M83 11.3 9.1 14.2 3.2 0.04 0.04 0.04 1.0 

M87 14.5 11.7 18.3 4.1 0.04 0.04 0.04 1.0 

Yaninee 3.5 2.9 4.1 - 0.04 0.04 0.04 - 

Resistance index (RI) was calculated as the ratio between the LD50 of each population and 

the LD50 of the susceptible control. The recommended field rate for mesosulfuron is 9.9 g 

ha-1 and malathion was used at 1000 g ha-1. 

  

3.3 Multiple resistance in H. glaucum 

During both experimental runs, the M146 population demonstrated low level (RI = 2 to 6) 

of resistance to both ACCase and ALS-inhibitors (Table 2 and 4). It was 6-fold resistant to 

quizalofop, 2.2-fold resistant to clethodim and 2.9-fold resistant to mesosulfuron 

compared to the S population. Similarly, the GR50 values were 17.8 and 21.3 g ha-1 for 

quizalofop and clethodim, respectively, which was 2.8 and 6.8-fold greater than the S 

population (Table 2). As described earlier, application of malathion prior to ACCase-

inhibitors did not improve control, whereas survival was significantly reduced in the case 

of ALS-inhibitors. This study documents multiple resistance in a population of H. 

glaucum to both ACCase and ALS-inhibitors. However, multiple resistance to ACCase 

and ALS-inhibitors has been previously reported in other grass weed species such as L. 

rigidum 30, 49, A. aequalis8 and A. fatua 25.  
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3.4 Resistance mechanisms: Target and non-target site 

Among the H. glaucum populations resistant to ACCase-inhibitors, target-site mutations 

were identified in all resistant populations, except M146 population (Table 4). Sequencing 

of the CT domain of the plastidic ACCase gene revealed three known ACCase mutations 

(Ile-1781-Leu, Ile-2041-Asn and Gly-2096-Ala) in these populations (Table 4). The 

standard R population (FP) contained an amino acid substitution at 1781 position. Among 

five ACCase-inhibitor resistant populations containing mutations, Ile-2041-Asn mutation 

was detected in two populations (UN13 and UN15), and Ile-1781-Leu was identified in 

three other populations (UN4, UN6 and UN10) (Table 4). However, in UN13 multiple 

ACCase mutations were present, a codon change from GGC to GCC resulted in a 

predicted amino acid substitution of Gly-2096-Ala in four individuals, whereas, a codon 

change from ATT to AAT resulted in a predicted amino acid substitution of Ile-2041-Asn 

in one individual (Table 4). ACCase-inhibitor resistance in H. glaucum populations is 

likely due to altered target-site, i.e. amino acid changes at 1781, 2041 and 2096 positions. 

However, a non-target site mechanism of resistance to ACCase-inhibitors is suspected to 

confer resistance in M146, the multiple-resistant population. Amino acid substitution at 

1781 position confers high levels of resistance to most ACCase-inhibitors and is the most 

common substitution found in grass weed species50, 51. However, 2041 and 2096 mutations 

provides moderate to high level of resistance to APP herbicides (reviewed in Beckie and 

Tardif50) and low to moderate level of resistance to CHD herbicides29. Amino acid 

substitutions at 1781 and 2096 loci have been recently reported to be the basis of high 

level of resistance to APP herbicides in H. glaucum16, whereas 2041 mutation has not 

been previously reported in H. glaucum.  

Of the three populations resistant to ALS-inhibitor mesosulfuron (Table 3), no 

mutations were found in any of the populations. It was observed that application of  
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Table 4. Comparison of nucleotide sequence and derived amino acid sequence of a highly 

conserved region of the ACCase enzyme from susceptible and resistant populations of H. 

glaucum. 

Amino acid number 1781 1999 2027 2041 2078 2088 2096 

Amino acid Ile Trp Trp Ile Asp Phe Gly 

Consensus sequence ATA TGG TGG ATT GAT TTC GGC 

UN4 CTA (5) - - - - - - 

UN6 CTA (5) - - - - - - 

UN10 CTA (5) - - - - - - 

UN13 - - - AAT (1) - - GCC (4) 

UN15 - - - AAT (5) - - - 

M146 - - - - - - - 

FP CTA (5) - - - - - - 

Yaninee - - - - - - - 

Hyphen (-) indicates identical codon to the consensus sequence. Figures in parentheses are 

number of individuals in which specific mutation(s) were identified.  

 

malathion prior to herbicide application improved control of all these populations. Since 

malathion is a cytochrome P450 monooxygenases inhibitor, evidence suggests that 

cytochrome P450 plays a vital role in ALS-inhibitor resistance of these populations. 

Moreover, these populations were susceptible to sulfometuron, which also indicates the 

presence of non-target mechanism of resistance. Previous studies suggest that plants with 

non-target site mechanism of resistance are susceptible to sulfometuron2.  The absence of 

mutations in ACCase and ALS enzyme of M146 population and reversal of SU resistance 

by malathion suggest that non-target site mechanisms i.e. enhanced metabolism by 

cytochrome P450 are involved in conferring resistance to ACCase and ALS-inhibitors. 
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Similar synergism of SU and malathion has been previously reported in Alopecurus 

myosuroides52, Vulpia bromides53 and Lolium rigidum30. 

4. CONCLUSIONS 

The selection pressure imposed by the application of ACCase and ALS-inhibitors has 

resulted in the evolution of resistance to both modes of action in H. glaucum. H. glaucum 

has evolved a high level of resistance to ACCase-inhibitors and a low level of resistance to 

ALS-inhibitors. This study has documented the first known case of field evolved APP-to-

CHD herbicide cross-resistance, multiple-resistance to ACCase and ALS-inhibitors and 

also quantified the level of resistance to ALS-inhibitors in H. glaucum. Three previously 

known target-site mutations (1781, 2041, and 2096) conferring resistance to ACCase-

inhibitors and a non-target site mechanism of resistance to ALS-inhibitors were identified 

in H. glaucum populations. Furthermore, we have also confirmed the first case of 

ACCase-inhibitor resistance due to amino acid substitution at 2041 in H. glaucum. 

Resistance to both groups of herbicides pose a serious management problem for growers. 

Increasing herbicide doses in the case of CHD and SU herbicides may improve control of 

this species, but this strategy is unlikely to be effective in the case of APP herbicides and 

may select for more highly resistant individuals. Weed management strategies should be 

diversified by using herbicides with different modes of action. Clearfield™ technology in 

wheat is currently being heavily used by Australian growers for the control ACCase-

resistant H. glaucum. This practice is working well in most situations, but needs to be used 

with caution because resistance to ALS-inhibiting herbicides can develop rapidly 

compared to other herbicide groups 10, 50.  
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Abstract 

The amino acid substitutions that confer herbicide resistance may also involve fitness 

costs leaving mutant plants at a competitive disadvantage compared with wild–types. This 

research investigated the effect of two target–site point mutations of ACCase gene: Ile-

1781-Leu/Val and Ile-2041-Asn on plant growth and fecundity of Hordeum glaucum 

biotypes grown in intraspecific competition and/or under interspecific competition in the 

field with wheat and lentil. The amino acid substitutions at 1781 position of ACCase gene 

did not impose any negative pleiotropic effects on relative growth rate (RGR), panicle 

emergence, plant height, total biomass and seed production in H. glaucum mutant plants. 

There was some evidence for fitness cost associated with Ile-2041-Asn mutation in terms 

of reduced RGR and reduced vegetative biomass and seed production when grown in 

competition with lentils. The absence of measurable negative pleiotropic effects on plant 

growth and fecundity associated with Ile-1781-Leu/Val ACCase mutations in H. glaucum 

suggest that the frequency of these alleles will not decline in the absence of herbicide 

selection pressure. However, the 2041-Asn allele should decrease in frequency in the 

absence of herbicide selection pressure.  

 

Keywords: Smooth barley; ACCase gene; pleiotropic effect; seed production; evolution 
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1. Introduction 

Acetyl coenzyme A carboxylase (ACCase)-inhibiting herbicides (hereafter called 

ACCase-inhibitors) are commonly used worldwide to selectively control grass weeds in a 

variety of crops. These herbicides inhibit plastidic ACCase enzyme, a key enzyme for 

fatty acid synthesis, in grass weeds (Preston & Mallory-Smith, 2001). Heavy reliance on 

these herbicides has led to a widespread evolution of resistance to ACCase-inhibitors in 

weeds. Until now, 47 grass weed species throughout the world have evolved resistance to 

ACCase-inhibitors (Heap, 2015). Hordeum glaucum (smooth barley) is a widespread 

problematic weed in the grain cropping regions of southern Australia (Cocks et al., 1976), 

which has also evolved resistance to ACCase-inhibitors (Shergill et al., 2015a, b). Target–

site point mutations at amino acid position 1781 and 2096 in the CT domain of ACCase 

gene have been reported as the genetic basis of herbicide resistance in populations of H. 

glaucum (Shergill et al., 2015b). 

It is widely accepted that evolution of herbicide resistance may involve fitness costs 

(Purba et al., 1996, Vila-Aiub et al., 2009, Powles & Yu, 2010). Fitness is the measure of 

survival and reproduction of a viable offspring in a given environment and plays a vital 

role in natural selection and adaptation (Orr, 2009). It is a relative term and if no 

differences in the fitness of two genotypes are found, their relative frequency will not be 

affected during reduced herbicide selection periods. However, if the resistant populations 

suffer a fitness penalty, the relative frequency of resistant genotypes will decrease in the 

absence of herbicide selection pressure. Therefore, in order to manage herbicide resistant 

populations and predict population dynamics, fitness costs need to be determined 

(Maxwell et al., 1990, Jasieniuk et al., 1996). 

Control of genetic background is crucial for the quantification of fitness costs 

associated with the resistance genes (Vila-Aiub et al., 2005, Délye et al., 2013). To 

unequivocally quantify herbicide resistance fitness costs, relative fitness of individuals 
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with similar genetic background should be compared. Identification of genes conferring 

herbicide resistance is also important because different genes may be associated with the 

expression of different fitness costs (Roux et al., 2004). Resistance costs have proven 

difficult to identify in situations where the resistance mechanism is unknown or where the 

genetic background has not been controlled (Marshall et al., 1994, Gill et al., 1996, Purba 

et al., 1996).    

Several studies of fitness in different weed species have used plant material of 

different origin, which exhibited genetic variability (Vila-Aiub et al., 2009).  This is the 

first study in which fitness costs associated with ACCase-inhibitor resistance have been 

quantified in resistant and susceptible biotypes of H. glaucum selected from within each 

population. Previous studies conducted in Alopecurus myosuroides and Lolium rigidum 

have shown that different mutations in the ACCase gene have different pleiotropic effects 

(Délye et al., 2013, Vila-Aiub et al., 2015). Therefore, studies were designed to investigate 

the effect of different mutations in the populations of H. glaucum. Here we compare 

growth and fecundity of plants possessing Ile-1781-Leu/Val and Ile-2041-Asn alleles with 

susceptible plants co-existing in each population. Because fitness costs are influenced by 

environmental factors (Bergelson & Purrington, 1996), it has been acknowledged that 

expression of fitness costs under laboratory or glasshouse conditions may be quite 

different from that expressed in the field (Neve, 2007). Previous studies have also shown 

that ecological costs may become evident under different biotic interactions such as 

disease, predation and/or competition (reviewed in Vila-Aiub et al., 2009). Fitness costs 

should be more evident under resource competition because the mutated allele could 

impair the ability of the plant to efficiently capture or utilise the captured resources (Vila-

Aiub et al., 2009). Therefore, fitness penalties associated with herbicide resistance were 

assessed in the field in two crop species of contrasting competitive ability.  
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2. Materials and Methods 

2.1 Plant material  

The ACCase-inhibitor resistant populations (n = 3) used in this study were collected in 

2012 from Upper North and Eyre Peninsula regions of South Australia and were 

previously confirmed to be resistant to ACCase-inhibitors (Shergill et al., 2015a). Seeds 

were collected by two people moving in different directions; each followed an inverted W 

pattern through at least 1 ha of the field, beginning at least 20 m from the edge of the crop. 

Sampling was discontinued once seeds or panicles from a minimum of 100 plants were 

collected.  

2.2 Selection and characterization of biotypes 

Control of genetic background to estimate and interpret fitness costs associated with 

herbicide resistance has been emphasized in the literature (Vila-Aiub et al., 2009, Délye et 

al., 2013). In order to minimize the effect of genetic background on fitness, comparisons 

were made between the ACCase-inhibitor resistant and susceptible plants selected within 

each population of H. glaucum. As H. glaucum is a self-pollinated species, selected 

biotypes were confirmed to be homozygous (RR) for the specific ACCase-inhibitor 

resistance mutations or homozygous (rr) susceptible.  

In 2013, seeds collected from the field were germinated in plastic trays (33 cm x 28 

cm x 5 cm) containing standard cocoa peat potting mix. For each population, germinated 

seedlings (four per pot) at Z11 stage (Zadoks et al., 1974) were transplanted into 24 

punnet pots (9.5 cm x 8.5 cm x 9.5 cm) (Masrac Plastics, South Australia) containing 

standard potting mix and were maintained outdoors during the normal growing season 

(April-October). At the Z23-24 stage, plants were uprooted and tillers were separated from 

the parent to form a clone. The tillers were carefully excised in order to retain some roots 

on each clone. Later, the parent and their respective clones were re-potted separately in a 

grid pattern to ensure subsequent identification. When the clones grew new green leaf 
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tissue, commercial formulation of quizalofop-p-ethyl (Targa®, 99.5 g L-1) at 24.9 g a.i. ha-1 

plus 1% v/v Hasten™ adjuvant was applied using a moving-boom laboratory twin nozzle 

cabinet sprayer (Tee-jet 110° flat fan spraying systems, Wheaton, IL) delivering herbicide 

in 121 L ha-1 water at a pressure of 250 kPa and a speed of 1 m s-1 to one set of clones and 

plants were returned and maintained outdoors. Previous research had shown that this rate 

of the herbicide is only lethal to susceptible plants. At 28 days after treatment (DAT), 

visual survival assessments were made and plants with new green leaf tissue were 

recorded as resistant (R), whereas those that displayed severe chlorosis or no new growth 

were recorded as susceptible (S) (Table 1). After the classification of clones as R or S, the 

unsprayed clones were repotted into 5 L pots and maintained outdoors till maturity. Plant 

material for DNA extraction and sequencing, as explained below, was collected from 

these plants (five individuals each) after R and S classification and sequences were 

compared to check that populations shared a similar genetic background. No separation 

with pollen proof bags was required since H. glaucum is a self-pollinated species (Cocks 

et al., 1976). Seeds from R and S plants were separately bulked to form a representative 

sample for each biotype of H. glaucum population. The seed obtained was stored in the 

laboratory under dry conditions at room temperature at The University of Adelaide, Waite 

Campus (34°58'S, 138°38'E), until February 2014 when they were threshed and cleaned 

manually. 

Herbicide resistance status of the selected homozygous H. glaucum biotypes (R and 

S) of all the populations was confirmed by herbicide screening in 2014. Eight to nine 

seedlings per pot with three replicates for all biotypes were transplanted (Z11) and sprayed 

(Z12-13) at 24.9 g a.i. ha-1 with quizalofop-p-ethyl plus 1% v/v Hasten™ adjuvant. The 

plants were transplanted, sprayed and assessed (28 DAT) following the procedure 

explained above. 
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2.3 Sequencing of ACCase gene 

To confirm the mechanism of herbicide resistance, plant material (100mg) from the 

youngest green leaf tissue of five resistant and susceptible plants of each biotype kept for 

seed production was collected. DNA was extracted and the presence of mutations in the 

CT domain of the ACCase gene was investigated by sequencing as described elsewhere 

(Shergill et al., 2015b). H. glaucum is a diploid and self-pollinated species, the target-site 

point mutations found were confirmed to be homozygous. The detailed information on H. 

glaucum populations used in this study is provided in Table 1. 

Table 1  

Information on the source of Hordeum glaucum populations used and survival assessment 

of clones and selected biotypes after quizalofop-p-ethyl application. 

Population Location Previo

us crop 

Biotype Amino acid 

substitution 

Frequency of 

clonesa (%) 

Survival of 

biotypes (%) 

UN7 32°48'S 

137°56'E 

Wheat R Ile-1781-Leu 25 (6) 100 

S - 75 (6) 0 

UN14 32°51'S 

137°58'E 

Wheat R Ile-1781-Val 19 (3) 100 

S - 81 (3) 0 

EP37 33°35'S 

136°13'E 

Pasture R Ile-2041-Asn 93 (3) 100 

S - 7 (3) 0 

a values in parenthesis are ±SE 

2.4 Pot experiment 

2.4.1 Experimental design  

The pot experiment was designed to assess growth and fecundity of R and S plants under 

intraspecific competition. Therefore in 2014, seeds (n = 10 pot-1 for UN7 and UN14; n = 

15 pot-1 for EP7) of each homozygous H. glaucum biotype (R and S) were separately 

planted in 6 replicate pots (5 L) containing standard cocoa peat potting mix. At 21 days 

after planting (DAP), emerged seedlings were randomly thinned to 5 plants pot-1. All pots 
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were arranged in a completely randomized design under natural conditions during April to 

October 2014. The pots were placed apart to avoid any pot to pot competition and were 

rearranged fortnightly to reduce any environmental bias due to pot position. Plants were 

watered as required and a recommended dose of fertilizer (1 scoop per five litre of water) 

(Peters Professional All-rounder; 20%N, 20% P2O5, 20% K2O, 0.7% MgO, 1.5% SO3, 

0.02% B, 0.015% Cu, 0.12% Fe, 0.06% Mn, 0.010% Mo, 0.015% Zn) was applied twice 

during the experiment. 

2.4.2 Plant growth assessments.  

To estimate the relative growth rate (RGR), all plants from three replicates for each H. 

glaucum biotype (R and S) were harvested twice during the experiment. Mean plant 

weight per pot was used to estimate RGR. Above ground plant parts were initially 

harvested at Z14-15 with a subsequent final harvest at maturity. RGR was estimated using 

the unbiased formula proposed by Hoffmann and Poorter (2002) (equation 1). Variance of 

RGR was calculated using ln-transformed plant weights at different times according to 

Causton and Venus (1981). The formula used to estimate RGR is: 

 
RGR = 

(ln W2 −  ln W1)

(t2 −  t1)
 [2] 

Where, ln W2 is the mean of the natural logarithm transformed aboveground plant 

weights at harvest time t2, ln W1 is the mean of the natural logarithm transformed 

aboveground plant weights at harvest time t1. The RGR estimates of each biotype (R and 

S) from a population were compared using Student’s t-test (GraphPad Prism v6, GraphPad 

software, San Diego, CA). 

2.4.3 Fecundity measurements.  

To estimate the time of panicle emergence, panicles were counted from plants (n = 15) of 

each H. glaucum biotype (R and S) at weekly intervals till maturity, beginning with the 

emergence of the first panicle. Panicles were considered emerged when a panicle had fully 
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emerged from the leaf sheath. The panicle emergence data were fitted to a functional 

three-parameter sigmoid model using SigmaPlot version 12.5. The model fitted was 

 
E(%) = 

Emax

1 +  exp - (
x - t50

Erate
)

 [3] 

where E is the panicle emergence (%) at time x, Emax is the maximum panicle 

emergence (%), t50 is the time (d) to reach 50% of maximum panicle emergence, and Erate 

indicates the slope around t50. 

At maturity, panicles were harvested and later threshed manually to extract seed. 

Seeds were dried in an oven at 35 °C for 48 h, and weighed. To estimate seed production, 

1 g seed for each biotype (R and S) was drawn and total seeds counted. The number of 

seeds per gram for each biotype and the total weight of seeds harvested per plant were 

used to calculate seed production per plant. Student’s t-test using GraphPad Prism was 

performed to compare panicle emergence and seed production estimates for all H. 

glaucum biotypes (R and S). 

 

2.5 Field experiment 

2.5.1 Experimental site location and design.  

The field experiment was designed to assess growth and fecundity of homozygous 

ACCase-herbicide-resistant and susceptible biotypes of each population under 

interspecific competition with wheat (high competition) and with lentils (low competition) 

in a replacement series design. In 2014, H. glaucum biotypes (R and S) for each 

population were grown in competition with wheat (cv. Shield) and lentils (cv. Nipper) at 

three relative proportions of 100% R, 50% R: 50% S and 100% S in the field at 

Roseworthy (34°31'S, 138°41'E), located in the Lower North region of South Australia. 

The field experiment was arranged in a randomized complete block design with three 

replicates for UN14 population and four replicates for UN7 and EP37 populations. The 
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soil type at the field site was sandy loam over medium calcareous clay with organic matter 

content 2 to 2.5% and a pH (water) of top-soil (0-20 cm) of 7 to 7.5. The crops (wheat and 

lentil) were sown on May 27, 2014 at a similar time (± 2 days) to H. glaucum biotypes 

sown in seedling trays (nursery).  

Prior to sowing of the experiment, the field site was sprayed with glyphosate 

(Raze®, 510 g L-1) at 1.5 kg a.i. ha-1 plus oxyfluorfen (Goal®, 240 g L-1) at 19.2 g a.i. ha-1 

for pre-plant weed control. Wheat at 90 kg ha-1 and lentils at 40 kg ha-1 were seeded in 

rows spaced 25 cm apart at a depth of 5 cm with a small-plot seeder fitted with knife-point 

opener and press-wheel closer. These crop seed rates represent commercial practice in the 

district. Diammonium phosphate (18 kg N and 20 kg P ha-1) at 115 kg ha-1 was banded 

below the seed at sowing. Seeds for each H. glaucum biotype (R and S) were germinated 

in nursery trays containing standard cocoa peat potting mix and later transplanted in the 

field at the Z11 stage. Each plot (1 m long and 1 m wide) consisted of three rows of H. 

glaucum manually transplanted at 5 cm (plant-to-plant) between the rows of wheat and 

lentils. To delineate plant position in plots transplanted in 50R:50S proportion, plants in 

each row were transplanted in 1:1 ratio starting with R biotype and the first plant in each 

row was marked with a plastic tag. Each of the three proportions consisted of 60 plants 

plot-1 surrounded by 1 m crop buffer.  

2.5.2 Plant growth assessments.  

To estimate the seedling establishment of H. glaucum in the field, plants of each biotype 

of all the populations were individually counted 4 weeks after transplanting (WAT) from 

each plot. At the end of the experiment, when around quarter of the panicles had matured, 

two plant growth descriptors of ecological significance were estimated from the plants of 

each H. glaucum biotype (R and S) grown in each crop. The measurements included plant 

height, which reflects the capacity for inflorescences to appear above the crop canopy and 

total dry biomass, which reflects the competitive ability of the plant. Plant height was 
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determined by measuring the length of the longest flowering tiller of ten random plants in 

each plot. Total dry biomass was determined by harvesting and drying all plants of each 

H. glaucum biotype in a plot. The number of plants were counted and harvested 

individually by excision at the ground level and later weighed after drying them in an oven 

at 80°C for 72 h. Plants were separated into vegetative and floral components before 

drying and were weighed separately. Vegetative and panicle dry biomass were summed to 

calculate total dry biomass at harvest.  

To quantify crop competitiveness, measurements such as crop density, plant height 

and total dry biomass at harvest were also recorded. At 4 weeks after sowing, crop density 

was determined by counting the number of plants along 0.6 m length of two adjacent crop 

rows at ten random locations in the experiment. At maturity, crop height was determined 

randomly from ten plants in each replicate and total crop dry biomass was determined by 

harvesting plants along 0.6 m length of two adjacent crop rows at a random location in 

each replicate. All the comparisons between homozygous ACCase-inhibiting herbicide-

resistant biotypes (R) and susceptible (S) biotypes for each population were made by 

performing a Student’s t-test using GraphPad Prism v6.  

2.5.3 Fecundity measurements.  

Fecundity measurements, such as time of panicle emergence and seed production, were 

recorded for each H. glaucum biotype (R and S) under different competition regimes. 

Time of panicle emergence was recorded as the date at which the first fully emerged 

panicle was seen. At maturity, panicles were harvested and weighed as described above. 

To estimate seed production, 1 g seed sample per plot for each biotype (R and S) was 

drawn and total seeds were counted. The number of seeds per gram for each biotype and 

the total panicle biomass per plant from each plot, and the number of plants per plot were 

used to calculate the seed production per plant. The seed production estimates for each H. 
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glaucum biotype (R and S) from a population were compared by performing a Student’s t-

test using GraphPad Prism v6.  

3. Results 

3.1 Characterization of selected biotypes 

Herbicide resistance status of the selected H. glaucum biotypes (R and S) for each 

population produced in 2013 was confirmed by screening with quizalofop-p-ethyl in 2014. 

As expected, at 28 DAT plants of all the homozygous ACCase-inhibiting herbicide-

resistant biotypes (R) survived (100% survival) quizalofop application at the 

recommended field rate (24.9 a.i. g ha-1), whereas plants of all the susceptible biotypes (S) 

were killed (0% survival) at this rate (Table 1). 

3.2 Sequencing of ACCase gene 

DNA fragments (1600 bp) of the CT domain of the plastidic ACCase gene from 5 

individuals of each R and S biotype were amplified by PCR and sequenced from both 

ends. This revealed a single nucleotide change among R and S biotype of each population, 

which resulted in a single amino acid modification conferring resistance to ACCase-

inhibitors. In UN7-R biotype a codon change from ATA to TTA resulted in an amino acid 

substitution of Ile-1781-Leu, whereas, a codon change from ATA to GTA resulted in an 

amino acid substitution of Ile-1781-Val in UN14-R biotype (Table 1). Similarly, a codon 

change from ATA to AAT resulted in an amino acid substitution of Ile-2041-Asn in EP37-

R biotype. No such substitution was observed in plants of S biotype of all the populations. 

Moreover, the comparison of 1600 bp of the CT domain of the plastidic ACCase gene of R 

and S biotypes revealed that biotypes of each population differed only for the mutation 

and there were no other nucleotide differences between the biotypes. However, there were 

several nucleotide differences among different populations. This confirms that the R and S 

biotypes share a similar genetic background and each population is different. Although, all 

individuals tested within each R biotype shared the same mutation, it does not preclude the 
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possibility that other individuals within the sample could have additional resistance 

mechanisms (either point mutation or non-target site). 

3.3 Pot experiment 

Growth analysis for homozygous R and S H. glaucum biotypes showed that plants 

homozygous for the mutation at 1781 position in UN7-R and UN14-R biotypes exhibited 

similar RGR (P > 0.05) compared to plants of their respective herbicide susceptible 

biotype (Fig. 1). On the other hand, plants homozygous for the mutation at 2041 position 

in the EP37-R biotype exhibited significantly reduced RGR (10%; P < 0.05) compared to 

plants of the herbicide susceptible biotype (Fig. 1). 

 

Fig. 1 Mean ± SE estimates of relative growth rate (RGR) of R and S biotypes of three 

Hordeum glaucum populations grown in pots. Asterisk indicates that values are 

significantly different within populations according to Student’s t-test (α = 5%).  

 

The functional three-parameter sigmoid model (Equation 2) provided a significant 

fit (P < 0.0001, R2 = 0.97–0.99) to the panicle emergence data for all the homozygous R 
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and S H. glaucum biotypes. No significant differences (P > 0.05) were found in the time 

taken to reach 50% maximum panicle emergence (t50) between plants of UN7-R and 

UN14-R biotypes, homozygous for the mutation at 1781 position, and plants of UN7-S 

and UN14-S biotypes, respectively (Fig. 2). Although, panicles in UN7-R biotype started 

emerging slightly later than the UN7-S biotype, both took a similar time (P > 0.05) to 

reach 50% maximum panicle emergence (Fig. 2a, Table 2).  However, a significant 

difference (P < 0.05) in t50 estimates occurred for plants of the EP37-R biotype (125 days), 

homozygous for the mutation at 2041 position, and the EP37-S biotype (144 days) (Fig. 

2c). Panicle emergence in EP37-S biotype started about 21 days later and took additional 

19 days to reach 50% maximum panicle emergence compared with the EP37-R biotype 

(Fig. 2c, Table 2).     
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Fig. 2 Rate of panicle emergence of homozygous R (●) and S (○) biotypes sourced from 

three H. glaucum populations grown in pots: UN7 (top), UN14 (middle) and EP37 

(bottom). Values are the mean ± SE for each recording date. Lines represent a functional 

three–parameter sigmoid model (Equation 1) fitted to the panicle emergence percent data 

for each biotype (R and S). 
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Fig. 3 Mean ± SE estimates of seed production of R (shaded) and S (clear) biotypes of 

three Hordeum glaucum populations grown in pots. The values are statistically similar 

within populations according to Student’s t-test (α = 5%). 

Table 2 

Date of panicle emergence of different biotypes of Hordeum glaucum populations grown 

in pots and field. 

Population Biotype 

Date of panicle emergence 

Pots Field 

UN7 R 8 September 2014 9 September 2014 

S 11 August 2014 8 August 2014 

UN14 R 8 September 2014 5 September 2014 

S 8 September 2014 5 September 2014 

EP37 R 1 September 2014 5 September 2014 

S 22 September 2014 25 September 2014 
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Seed production estimates from plants under intraspecific competition (pot study) 

revealed that the amino acid substitutions at 1781 or 2041 positions had no effect on the 

capacity of H. glaucum plants to produce seed. At maturity, the plants of the homozygous 

R biotype of all the populations produced similar (P > 0.05) amount of seeds to the S 

biotype (Fig. 3). 

3.4 Field experiment 

To assess the ecological fitness costs under resource competitive conditions, homozygous 

R and S biotypes of each population were grown in competition with wheat and lentils. 

Wheat grown at a density of 261 plants m-2 provided a high level of competition against H. 

glaucum, producing a final dry matter of 7 t ha-1. On the other hand, lentils grown at a 

density of 195 plants m-2 provided much lower competition against H. glaucum as 

indicated by the final lentil dry matter of 3 t ha-1. The majority of the transplanted 

seedlings of H. glaucum biotypes (R and S) of all the populations established and 

developed successfully in the field until maturity. H. glaucum seedling establishment at 4 

WAT showed that on average 75–82% seedlings of UN7-R biotype and 80–85% of UN7-

S biotype established successfully in wheat and lentils (Fig. 4a). For UN14 population, 

average seedling establishment was 78–84% for the R biotype and 78–81% for the S 

biotype (Fig. 4b). Similarly, high seedling establishment in wheat and lentils occurred for 

the EP37-R (73–77%) and EP37-S (72–80%) biotypes (Fig. 4c).  
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Fig. 4 Box and whiskers plot of transplanted seedling establishment in the field of 

resistant (R) and susceptible (S) biotypes of Hordeum glaucum populations (a) UN7, (b) 

UN14 and (c) EP37 in wheat and lentils. Lower and upper boxes represent the second and 

third quartiles, respectively. Line in the box represents median value. Plus ‘+’ sign in the 

box represents the mean value. Lower and upper whiskers extend to the 10th and 90th 

percentiles of the data, respectively. 
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When plants of the R and S biotypes of each H. glaucum population were grown in 

monoculture (100R and 100S) or in a mixture (50R:50S) in competition with wheat or 

lentils, the plant height of R biotypes was similar (P > 0.05) to that of the S biotypes (Fig. 

5). It was observed that H. glaucum plants of all the biotypes grown in competition with 

wheat were significantly taller (P < 0.05) than the H. glaucum plants grown in competition 

with lentils (Fig. 5). However, plants of all the H. glaucum biotypes were significantly 

taller (P < 0.05) than lentils and similar in height to wheat (P > 0.05). Time of panicle 

emergence of each H. glaucum biotype (R and S) grown in the field was similar to plants 

of the respective biotype in pots (Table 2). Panicles of UN7-R biotype started emerging 

approximately a month later than that of the UN7-S biotype but there was no difference in 

t50 between the R and S biotypes. In contrast, panicles of EP37-R biotype started emerging 

approximately 20 days earlier than that of S biotype in the field. There was no difference 

in the time of panicle emergence of UN14-R and UN14-S biotypes.  

No significant differences (P > 0.05) were identified in total dry biomass (Fig. 6), 

and seed production (Fig. 7) between the R and S biotypes of any of the populations when 

grown in monoculture or in a mixture in competition with wheat. Similarly, when plants 

of R and S biotypes of UN7 and UN14 populations were grown in competition with 

lentils, either in monoculture or in a mixture, there were no significant differences (P > 

0.05) in total dry biomass production (Fig. 6) and seed production (Fig. 7) of each biotype. 

In contrast, plants of EP37-R biotype grown either in monoculture or in a mixture in 

competition with lentils produced significantly lower (P < 0.05) dry biomass (Fig. 6) and 

fewer seeds (Fig. 7) than plants of the EP37-S biotype. 
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Fig. 5 Scatter–dot plot representing plant height of resistant (R) and susceptible (S) 

biotypes of three Hordeum glaucum populations (a) UN7, (b) UN14 and (c) EP37 grown 

in competition with wheat (closed circles) and lentils (open circles) at different ratios in 

field. Solid line near the dot plot represents the mean. Horizontal dotted line represents the 

plant height of wheat and horizontal dashed line represents the plant height of lentils. 
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Fig. 6 Mean ± SE estimates of total dry biomass of resistant (R) and susceptible (S) 

biotypes of three Hordeum glaucum populations (a) UN7, (b) UN14 and (c) EP37 grown 

in competition with wheat (shaded) and lentils (clear) at different ratios in the field. 

Asterisk indicates that values are significantly different within populations according to 

Student’s t-test (α = 5%).  
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Fig. 7 Mean ± SE estimates of seed production of resistant (R) and susceptible (S) 

biotypes of three Hordeum glaucum populations (a) UN7, (b) UN14 and (c) EP37 grown 

in competition with wheat (shaded) and lentils (clear) at different ratios in the field. 

Asterisk indicates that values are significantly different within populations according to 

Student’s t-test (α = 5%).  
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4. Discussion 

We did not detect any fitness costs for the homozygous resistant Ile-1781-Leu/Val 

biotypes relative to the susceptible biotypes selected from the UN7 and UN14 populations. 

The results are in agreement with several previous studies on other grass weed species, 

which showed no fitness costs associated with the Ile-1781-Leu mutation in the absence of 

herbicide selection (Vila-Aiub et al., 2005, Menchari et al., 2008). Vila-Aiub et al. (2015) 

showed that L. rigidum plants segregating for Ile-1781-Leu mutation exhibited similar 

RGR and biomass accumulation compared to the susceptible plants. Similarly, Menchari 

et al. (2008) showed that vegetative biomass, plant height and seed production were 

similar among the A. myosuroides R biotypes segregating for Ile-1781-Leu mutation and S 

biotypes grown in the field. The absence of resistance cost associated with Ile-1781-Leu 

mutation in H. glaucum is likely due to lack of negative pleiotropic effect of this mutation 

on ACCase enzyme kinetics. Although ACCase enzyme activity was not studied, previous 

studies in other grass weed species suggest that mutant ACCase activity did not differ 

from that of wild-type ACCase (Délye et al., 2002, Vila-Aiub et al., 2015). The 1781-Leu 

allele has been shown to be fixed in the wild types of Poa annua, Festuca rubra and F. 

bromoides (Powles & Yu, 2010), which indicates little or no fitness penalty associated 

with this mutation. Furthermore, Ile-1781-Leu mutation is the most frequently reported 

mutation identified across resistant grass weed species (Délye, 2005, Beckie et al., 2012), 

which may reflect an evolutionary advantage related to this mutation relative to other 

mutations in ACCase. Wang et al. (2010) found that in the absence of herbicide selection 

pressure, Setaria mutants containing the ACCase 1781 allele were more fit than 

susceptible plants when grown in greenhouse or in the field.  

Plants of the EP37-R biotype, with Ile-2041-Asn mutation, produced lower total dry 

biomass and seed production than the EP37-S biotype in lentils, which may be partly due 

to shorter vegetative phase of the R biotype. Weiner (1986) showed that large individual 
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plants obtain greater resources (water, light and nutrients) when compared to small 

individual plants, resulting in more seeds and biomass. Significant (P < 0.05) differences 

in biomass and seed production between plants with mutant Asn-2041 allele and the S 

biotype were only detected in the low competition environment of lentils. Even though a 

similar trend was observed in wheat, the differences in growth and fecundity between the 

R and S were non-significant (P > 0.05). As wheat was much more competitive against H. 

glaucum, it suppressed weed biomass by >72% and seed production by >79% compared to 

lentils. This is the likely reason that it was not possible to detect any fitness differences in 

the highly suppressive environment of wheat. Our study suggests that fitness costs could 

reduce the frequency of the R allele during an absence of herbicide selection, but only 

where the population experiences a low/moderate level of interspecific competition. 

Failure to detect any differences in seed production for plants homozygous for Ile-2041-

Asn mutation when grown in pots is likely due to low intraspecific competition between R 

and S biotypes because of abundant supply of light, moisture and nutrients.  

Reduced RGR detected in EP37-R biotype with 2041-Asn mutant allele is likely to 

reduce their fitness relative to the wild types of the same population, which could be partly 

related to reduced ACCase activity as reported in other species (Délye et al., 2003). 

However, the influence of early flowering on fitness could vary in different growing 

seasons in rainfed environments. In high rainfall seasons, plants with longer vegetative 

phase and later flowering are likely to produce greater biomass and seeds than plants that 

flower and mature early. In contrast, in a low rainfall situation, early flowering plants 

could escape terminal drought conditions and produce more seed than plants that flower 

later. The presence of earliness in the R biotype of EP37 may be related to the presence of 

this trait in the original individual in which the ACCase mutation occurred. As H. glaucum 

is a self-pollinated species, early flowering and the Ile-2041-Asn mutation would be 

expected to perpetuate together over multiple generations. Since the alteration in 
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flowering phenology could be a chance association with the 2041 mutation, the responses 

observed in our study may not be seen in other independent situations where this mutation 

has arisen. In contrast to our results, no differences in vegetative biomass, plant height and 

seed production were observed among the A. myosuroides R biotypes segregating for Ile-

2041-Asn mutation and that of S biotypes, when grown in field (Menchari et al., 2008).  

5. Conclusions 

The results of the current study revealed that the target-site point mutation at 1781 

position had no negative effects on the fitness of R biotypes of H. glaucum. In contrast, 

there was some evidence for a fitness cost associated with the Ile-2041-Asn in the EP37 

population, which was expressed in the pot study as reduced RGR and in a lentil crop in 

the field as reduced vegetative biomass and seed production. However, some of this 

fitness penalty is likely to be caused by the shorter vegetative phase of the R biotype. 

Difference in the fitness of R and S biotypes has important implications for the 

management of herbicide resistance. Where a fitness cost exists for R biotypes, it means 

that over time R plants will be replaced to varying degrees by S individuals after herbicide 

selection pressure is removed (Maxwell et al., 1990). However, such selection against the 

R biotype is unlikely in the case of Ile-1781-Leu. In contrast, Ile-2041-Asn mutations 

could decrease in frequency in the absence of herbicide selection pressure, especially in 

high rainfall environments and/or in low/moderate level of interspecific competition.  
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Smooth barley is an annual weed species that is infesting crops and pastures in 

South Australia.  Complicating control options is the presence of herbicide-resistant 

biotypes.  A field trial was conducted to identify alternative herbicides for the 

management of acetyl coenzyme A carboxylase (ACCase)-inhibiting herbicide-resistant 

smooth barley in field pea. Pre-plant (PP) soil applications of pyroxasulfone; prosulfocarb 

plus S-metolachlor; dimethenamid-P; propyzamide; trifluralin alone or with triallate or 

with diuron; or imazamox applied POST were evaluated for their effectiveness and crop 

safety.  Propyzamide, pyroxasulfone, or imazamox applied POST provided a high level of 

smooth barley control, did not cause any crop injury, and increased field pea grain or 

forage yield compared with the non-treated. Furthermore, propyzamide or pyroxasulfone 

reduced panicle density and seed production in smooth barley, whereas the effectiveness 

of POST imazamox varied over the two seasons. Dimethenamid-P reduced the impact of 

smooth barley on field pea yield, but cause stunting, and was less effective than 

propyzamide, pyroxasulfone and imazamox in reducing smooth barley seed production. 

Negative relationship between field pea yield and smooth barley panicle density indicated 

that smooth barley is highly competitive in field pea crops and can cause large yield 

losses. The results of this investigation suggest that propyzamide or pyroxasulfone applied 
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PP and imazamox applied POST could be used effectively in the field for the management 

of ACCase-inhibiting herbicide-resistant smooth barley in South Australia. 

Nomenclature: Dimethenamid-P, diuron, imazamox, propyzamide, prosulfocarb plus S-

metolachlor, pyroxasulfone, triallate, trifluralin, smooth barley, Hordeum murinum L. ssp. 

glaucum (Steud.) Tzvelev; field pea, Pisum sativum L. 

Keywords: Barley grass, crop selectivity, herbicide efficacy, herbicide resistance, POST, 

post-emergence, PP, pre-plant. 

 

Smooth barley is a problematic annual weed in Australia, typically occurring in 

areas with less than 425 mm rainfall (Cocks et al., 1976).  Smooth barley is found in crop 

fields and pastures, as well as non-crop areas, such as roadside verges, sheep and cattle 

enclosures, building sites, and waste ground (Davison, 1977). It is valued as a source of 

animal feed in pastures early in the season, because it is readily grazed by animals in its 

vegetative stage. Smooth barley becomes problematic when it matures; its seeds have long 

barbed awns that irritate the mouth, eyes, and nose of the cattle or sheep, or get entangled 

in wool, resulting in loss of productivity and product quality (Campbell et al., 1972; Cocks 

et al., 1976). It can also serve as a host for various pathogenic fungi and nematodes in 

cereal-growing areas (Belair and Benoit, 1996; Vanstone and Russ, 2001).  

Recent reports from growers and agricultural advisors in southern Australia have 

indicated an increase in the incidence of smooth barley in field crops. In a growers survey 

in low-rainfall districts of South Australia (SA), smooth barley was reported to be in the 

top five most problematic weeds (Fleet and Gill, 2010). Research by Fleet and Gill (2012) 

has also shown that weed management practices used in cropping systems of SA have 

increased seed dormancy in smooth barley populations, which might have contributed to 

its greater abundance in field crops. The presence of increased seed dormancy appears to 

have enabled smooth barley to escape pre-sowing control with non-selective herbicides 
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and herbicides with short to no residual control and establish after the crops have been 

planted. Local growers have relied heavily on POST herbicides for the control of these in-

crop weed infestations. ACCase-inhibiting herbicides, due to their reliably high efficacy, 

are commonly used to control grass weeds in broadleaf crops (Preston, 2009). Increase in 

incidence of resistance to aryloxyphenoxypropionate ACCase-inhibiting herbicides in 

smooth barley populations has also been reported in SA (Shergill et al., 2015a). As a 

result, many growers are now growing Clearfield™ cereals and using imidazolinone 

herbicides to control ACCase-inhibiting herbicide-resistant smooth barley populations. 

There are now concerns about the evolution of resistance to ALS-inhibiting herbicides in 

smooth barley. Resistance to ALS-inhibiting herbicides is the most common form of 

resistance in weed populations across the globe (Heap, 2015) . Moreover, resistance to 

imidazolinone ALS-inhibiting herbicides in a closely related species, hare barley 

[Hordeum murinum L. ssp. leporinum (Link) Arcang.], has already been reported from 

Western Australia (Owen et al., 2012). The combination of herbicide resistance as well as 

high seed dormancy would make it increasingly difficult for Australian farmers to 

effectively control such problematic weed populations in their fields. Despite these 

concerns, some promising herbicide options are still available for the control of smooth 

barley.  

In southern Australia, grain legume crops such as field peas are widely grown in 

rotations with cereals due to rotational benefits in terms of biological nitrogen fixation and 

reduced incidence of cereal root diseases. Field peas are widely grown for grain and 

sometimes for high-protein forage. However, grain legume crops tend to be less 

competitive with weeds than cereals. Hence, the control of ACCase-inhibiting herbicide-

resistant smooth barley in field peas can be particularly difficult. Therefore, the objective 

of this study was to identify alternative herbicides for the management of ACCase-

inhibiting herbicide-resistant smooth barley. 
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Materials and Methods 

Experimental Site Location and Design. Two field experiments were established in 

fields infested with ACCase-inhibiting herbicide-resistant smooth barley at Baroota and 

Mambray Creek near Port Germein (33.02°S, 138.00°E) in the Upper North region of 

South Australia during 2012 and 2014, respectively. Resistance to ACCase-inhibiting 

herbicides had been previously confirmed in smooth barley populations from these fields 

(Shergill et al., 2015b; 2014).  The long-term average annual rainfall at Port Germein is 

326 mm and average growing season rainfall (April to October) is 228 mm (Anonymous, 

2015). Soil samples were analyzed by the soil and plant analysis laboratory of CSBP 

Fertilisers Ltd., Australia. Site characteristics are provided in Table 1. 

 

Table 1. Summary of rainfall, soil characteristics, cropping history, planting dates and 

field pea cultivars at sites in Baroota and Mambray Creek near Port Germein, South 

Australia, in 2012 and 2014. 

Year Rainfall Soil characteristics Previous 

crop 

Planting 

date 

Field pea 

cultivar Annua

l 

GSRa Texture Organic 

carbon 

pH 

 ——mm——  —%—     

2012 395 207 Loam 0.48 8.1 Wheat May-09 Kaspa 

2014 373 272 Clay loam 0.87 7.8 Barley Apr-08 Kaspa 

a Abbreviation: GSR, growing season (April to October) rainfall. 

 

Prior to initiating the experiment, the field sites were sprayed with glyphosate (900 g 

ai ha-1) for pre-plant (PP) weed control. Field pea (cv. Kaspa) were seeded at a depth of 5 

cm with a no-till drill. The crop was sown at a seed rate of 90 kg ha-1 in rows 25 cm apart 

in 2012 and 23 cm apart in 2014. The experiments were established in a randomized 
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complete block design with four replicates, with plot size of 54 m2 (4m by 13.5m) in 2012 

to 60 m2 (4m by 15m) in 2014. Soil fertility was adequate and supplemental fertilizer was 

applied as needed. Herbicide treatments (PP and POST) were included to evaluate 

alternative herbicides for control of smooth barley in field pea. The herbicides and their 

rates were selected according to the recommended field rates used for grass control in 

broadleaf crops (Table 2). PP treatments were applied to soil before planting and POST 

treatments were applied 6 to 7 weeks after planting (WAP) when field pea were at the 

two- to three-nodes stage and smooth barley was at the Z13 to Z20 stage (Zadoks et al., 

1974). All herbicide treatments were applied using an all-terrain vehicle fitted with a spray 

boom with Hardi® flat fan ISO110-015 nozzle, delivering 100 L ha-1 water volume at a 

pressure of 200 kPa. 

Data Collection. Field pea establishment was assessed at 5 to 6 WAP by counting the 

number of plants along 0.5 m length of two adjacent crop rows at four random locations in 

each plot. At 12 WAP, field pea plant height was determined by measuring two plants at 

four random locations in each plot. Smooth barley plant and panicle density were assessed 

in eight 0.09 m2 (0.3m by 0.3m) randomly placed quadrats plot-1. Smooth barley plant 

density assessments were taken at 12 WAP, whereas, panicle density was assessed at 18 to 

21 WAP in September during both years, when all smooth barley panicles had emerged. 

To estimate smooth barley seed production, random samples of 3 plants plot-1 (i.e. 27 

plants replicate-1) were collected at maturity and panicle length and number of seeds plant-

1 were counted. The data thus obtained were fitted to a functional two parameter linear 

model (Equation 1) with SigmaPlot version 12.5 (Systat Software Inc., Melbourne, 

Victoria, Australia), to derive a relationship between panicle length and number of seeds 

plant-1. The model fitted was: 
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 y = y
0
+ bx (4) 

where, y is the number of seeds in panicle length or density x, b is the slope of the 

line of best fit and y0 is the intercept (set to 0). 

 

Secondly, separate samples of 25 smooth barley plants plot-1 were randomly 

collected at maturity and panicle length plant-1 and number of panicles plant-1 were 

measured. The panicle length plant-1 obtained was converted to seeds plant-1 using the 

relationship derived above (Equation 1). The seeds plant-1 obtained were divided by 

number of panicles plant-1 to derive seeds panicle-1. Finally, seed production (seeds m-2) 

was calculated by multiplying seeds panicle-1 with panicle density data (panicles m-2).   

In 2012, field pea were harvested with a small plot harvester at maturity to 

determine grain yield at ≤ 14% moisture content, whereas in 2014, field pea were 

harvested at maturity for forage yield. Forage yield was determined by manually cutting 

field pea at ground level from an area of 4 m2 in each plot and later weighed after drying 

them in an oven at 80 C for 72 h. 

Statistical Analyses. All data were subjected to the ANOVA with the use of GenStat 15th 

edition (VSN International Ltd., Hemel Hempstead, UK). To meet assumptions of 

ANOVA, square-root transformations were used, which improved the normality and 

homogeneity of variance. Original means are reported, but the transformed means were 

separated using the Fisher’s protected LSD at P = 0.05. SigmaPlot version 12.5 was used 

to perform regression analysis on the smooth barley panicle density, seed production, and 

field pea yield data. 
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Table 2. Effect of herbicide treatments on smooth barley plant and panicle density, and seed production in 2012 and 2014a. 

Treatments 
Application 

timing 
Rate 

Plant densityb Weed control Panicle densityc Seed production 

2012 2014 2012 2014 2012 2014 2012 2014 

  
g ai ha-1 –— plants m-2 —– 

% of non-

treated 

––– panicles m-2 — 

 ––––– seeds m-2 —

—– 

Non-treated - - 1291 d 464 d - - 1000 e 349 c 31515 d 14972 f 

Pyroxasulfone PP 100 163 ab 65 b 87 86 17 a 18 a 522 a 415 ab 

Prosulfocarb plus S-metolachlor PP 2000+300 672 cd 223 c 48 52 490 cd 257 bc 16785 c 5610 d 

Dimethenamid-P PP 720 658 cd 181 bc 49 61 181 b 132 b 4618 b 3503 c 

Trifluralin PP 960 624 cd 229 c 52 51 637 d 312 c 20802 cd 8346 e 

Trifluralin plus triallate PP 960+1000 480 bc 187 bc 63 60 544 cd 242 bc 19213 c 5539 d 

Trifluralin plus diuron PP 960+900 184 ab 172 bc 86 63 390 bc 279 bc 14206 c 8045 de 

Propyzamide PP 750 13 ab 5 a 99 99 8 a 3 a 258 a 69 a 

Imazamox POST 32 18 ab 76 bc 99 84 0.3 a 41 a 6 a 1710 b 

a Means within the same column followed by the same letters are not significantly different according to Fisher’s protected LSD at P ≤ 0.05. Data 

were square-root transformed before ANOVA. Non-transformed means are shown in the table. 

b Data were taken at 12 weeks after planting (WAP). 

c Data were taken at 18 and 21 WAP in 2012 and 2014, respectively. 

Abbreviation: PP = Pre-plant. 
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Results and Discussion 

Weed Control. During both years, all herbicide treatments reduced the density of 

ACCase-inhibiting herbicide-resistant smooth barley compared to the non-treated control 

(Table 2). The most effective treatments for reducing smooth barley density were 

propyzamide or pyroxasulfone applied PP, and imazamox applied POST; this resulted in 

84 to 99% reduction in smooth barley density compared to the non-treated. 

Dimethenamid-P only gave modest reduction in plant density when evaluated shortly after 

emergence, but many smooth barley plants were severely stunted and died later. This 

reduction is especially evident in 2012, when panicle density in dimethanamid-P 

decreased about four-fold as compared to plant density recorded earlier in the season. In 

contrast, no such reduction was observed in other herbicides with lower efficacy. 

Prosulfocarb plus S-metolachlor, trifluralin alone, or trifluralin plus triallate provided 

around 50% reduction in weed density. Addition of diuron to trifluralin improved weed 

control relative to trifluralin alone in 2012 only. The lower activity of diuron in 2014 

might be due to leaching of the herbicide by 67 mm of rainfall over four consecutive days 

after herbicide application, compared to no rainfall within this period in 2012 

(Anonymous, 2015). 

Differences in weed density between herbicide treatments were reflected in panicle 

density and seed production (Table 2). Propyzamide, pyroxasulfone, and imazamox 

reduced reproductive capabilities of smooth barley plants. Similar to the reduction in 

smooth barley plant density, these treatments significantly reduced panicle density and 

seed production compared with the non-treated. Imazamox applied POST was less 

effective against smooth barley in 2014 than in 2012, as indicated by lower weed control 

and higher panicle density and seed production. This difference in the level of weed 

control between the two years might be due to different environmental conditions between 

years or due to the evolution of resistance to ALS-inhibiting herbicides in the field 
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population, because it has already been reported in SA (Shergill et al., 2015a). Similar to 

the trend for weed control, prosulfocarb plus S-metolachlor, dimethenamid-P, and 

trifluralin alone or in combination with triallate or diuron were relatively ineffective in 

reducing smooth barley panicle density and seed production. Such low levels of weed 

control would likely result in increasing smooth barley future weed infestations, which 

will cause production problems in subsequent crops. High efficacy of pyroxasulfone on 

smooth barley has been previously reported in wheat by Fleet and Gill (2010). During 

both growing seasons, good soil moisture conditions due to excellent post-seeding rainfall 

could have favoured the activity of PPI herbicides on smooth barley. Thus, lack of control 

with some PPI herbicides (e.g. trifluralin and prosulfocarb plus S-metolachlor) was due to 

smooth barley tolerance to these herbicides. During both years of the study, there was a 

strong positive linear relationship between smooth barley panicle length and seeds plant-1 

(Figure 1; R2 = 0.99, 2012; R2 = 0.98, 2014) and was used to calculate seed production.  

Quantification of seed production is critical to determine the success or failure of a weed 

management strategy, because it directly influences weed infestation in subsequent crops.  
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Figure 1. Relationship between total panicle length and total seeds produced plant-1 of 

smooth barley during 2012 and 2014. Lines represent a functional two parameter linear 

model (equation 1) fitted to the individual data of panicle length and seeds plant-1 (n = 

108); intercept (y0) was set to zero. 

 

Crop Response. Field pea height captured negative crop response (Table 3) better than 

chlorosis or reduction in early season crop establishment (data not shown). No crop injury 

was observed for most herbicides, however, reduction in plant height was observed with 

dimethenamid-P in both years, and in trifluralin plus diuron in 2012. The crop injury 

symptoms were more apparent in 2014 possibly due to better soil moisture conditions than 

in 2012.  

The differences among herbicide treatments in field pea yield in 2012 and 2014 

were highly influenced by smooth barley control.  During both years, the highest yield 

(grain or forage) was recorded in plots treated with propyzamide, pyroxasulfone, 

dimethenamid-P, or imazamox, which were most effective against smooth barley (Table 
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3). In these treatments, grain yield increased over the non-treated check by >160% in 2012 

and forage yield by >50% in 2014. Pyroxasulfone, propyzamide and imazamox have been 

successfully used to control other grass weed species in broadleaf crops (Blackshaw, 

1998; Kleemann and Gill, 2012; Nelson and Renner, 1998; Tidemann et al., 2014). 

Dimethenamid-P was less effective in reducing smooth barley seed production but 

significantly increased grain and forage yields compared with the non-treated. 

Prosulfocarb plus S-metolachlor also increased grain (75%) and forage (24%) yield 

relative to the non-treated.  

There was a negative linear relationship (R2 = 0.96, 2012; R2 = 0.72, 2014) between 

smooth barley panicle density and field pea yield (grain or forage) (Figure 2). The slope of 

the linear regression indicates that the impact of smooth barley on field pea yield was 

greater in 2012 than in 2014 (b = 0.02 versus 0.004). This could mean that grain yield 

(2012) of field pea was more sensitive to smooth barley competition than forage yield 

(2014) or it could be related to greater smooth barley plant density at the experimental site 

in 2012. The results indicate that smooth barley is highly competitive against field pea and 

unless effective control tactics are used, it can cause large yield losses (Table 3, Figure 2). 

It is widely known that field pea is less competitive than cereals (Lemerle et al., 1995) and 

large yield penalties due to grass weed competition have been previously reported in 

legume crops (Hashem et al., 2011; McDonald, 2003). 
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Figure 2. Effect of smooth barley panicle density on field pea grain yield (A) in 2012 and 

field pea forage yield (B) in 2014. Lines represent a functional two parameter linear model 

(equation 1) fitted to the mean of the smooth barley panicle density and field pea yield for 

individual herbicide treatments (n=9). 
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Table 3. Effect of herbicide treatments on field pea plant height, grain and forage yield in 2012 and 2014a. 

Treatments Application 

timing 

Rate Plant heightb Grain yield Gain in grain 

yield 

Forage yield Gain in forage 

yield 2012 2014 2012 2014 

  
g ai ha-1 –—— cm –—— –– t ha-1–– 

% increase of 

non-treated 
––– t ha-1–– 

% increase of 

non-treated 

Non-treated - - 53 Bc 80 a 0.8 d - 2.1 c - 

Pyroxasulfone PP 100 52 Bc 82 a 2.3 a 188 3.2 ab 52 

Prosulfocarb plus S-metolachlor PP 2000+300 53 Bc 82 a 1.4 bc 75 2.6 bc 24 

Dimethenamid-P PP 720 48 C 60 b 2.1 a 163 3.3 ab 57 

Trifluralin PP 960 57 Ab 88 a 1.2 c 50 3 ab 43 

Trifluralin plus triallate PP 960+1000 57 Ab 85 a 1.3 bc 63 3 abc 43 

Trifluralin plus diuron PP 960+900 48 C 80 a 1.6 b 100 2.8 bc 33 

Propyzamide PP 750 60 A 85 a 2.3 a 188 3.8 a 81 

Imazamox POST 32 50 Bc 77 a 2.1 a 163 3.2 ab 52 

a Means within the same column followed by the same letters are not significantly different according to Fisher’s protected LSD at P ≤ 0.05. 

b Data were taken at 12 weeks after planting. 

Abbreviation: PP = Pre-plant. 
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Propyzamide and pyroxasulfone provided a high level of smooth barley control in 

field pea in both years of this study. Both of these herbicides are known to have residual 

soil activity, which might provide effective control of late-emerging seedling cohorts of 

smooth barley populations. Dimethenamid-P was effective in reducing the impact of 

smooth barley competition on field pea yield, but was less effective in reducing its seed 

production. Failure to reduce seed production will lead to a large build-up in weed 

infestations in future cropping seasons.  Dimethenamid-P was the only herbicide to reduce 

field pea height for both years of this trial.  Imazamox applied POST was effective in 

controlling smooth barley infestation, but weeds that survived this treatment in 2014 

produced 1,700 seeds m-2. Reasons for the differences in weed seed production in the 

imazamox treatment were not investigated, but resistance to ALS-inhibiting herbicides in 

smooth barley is suspected. However, field peas treated with imazamox produced similar 

yields to the herbicide treatments with the highest efficacy, which is likely due reduced 

competitiveness of smooth barley plants surviving an application of this herbicide. At 

present, Australian growers are relying heavily on imidazolinone herbicides in Clearfield™ 

cereals for the control ACCase-inhibiting herbicide-resistant smooth barley. This practice 

is working well in most situations, but needs to be used with caution because resistance to 

ALS-inhibiting herbicides can develop rapidly compared to other herbicide groups 

(Beckie and Tardif, 2012; Tranel and Wright, 2002). Crop rotations including ALS-

inhibiting herbicides such as imazamox should also include herbicides with different 

modes of action (e.g. propyzamide and pyroxasulfone). Propyzamide and pyroxasulfone 

are the best options to control ACCase-inhibiting herbicide-resistant smooth barley, 

because they reduce seed production, provide excellent crop safety and allowed for 

maximum yields. These products should be considered as part of a resistance management 

program because they provide an alternative mechanism of action and are highly effective 

on this species. 
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CHAPTER 8 

GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS 

—————————————————————––– 

 
1. General Discussion 

Weeds pose one of the most significant agronomic problems associated with crop 

production.  They compete with crop plants for nutrients, moisture and sunlight and 

negatively impact crop yields and quality (reviewed in Slaughter et al. 2008). Herbicides 

due to their reliably high efficacy and economical weed control have emerged as a primary 

method of weed control during the last 65 years (Heap 2014). Heavy reliance on 

herbicides has led to widespread evolution of herbicide resistance in weeds (Heap 1997; 

Powles and Yu 2010). Currently, there are more than 247 herbicide-resistant weed species 

with resistance to 157 different herbicides in 66 countries of the world (Heap 2015). 

Herbicide resistance is an evolutionary phenomenon in plant species (Maxwell and 

Mortimer 1994). Many factors contribute to the evolution of herbicide resistance, which 

include the frequency of resistant alleles in a natural population, the intensity of selection, 

the mode of inheritance of resistance, gene flow within and between populations, the 

nature and extent of herbicide use, and the relative fitness of susceptible and resistant 

biotypes in the presence and absence of herbicide (Diggle et al. 2003; Jasieniuk et al. 

1996; Powles et al. 1997).  

Hordeum glaucum Steud. is a problematic annual weed in field crops and pastures of 

Australia (Cocks et al. 1976; Smith 1972). Previous studies have shown that this species 

has short-lived innate dormancy and was unlikely to infest crops because the majority of 

its seeds germinated with early autumn rains (Davison 1971; Harris 1961; Smith 1968) 

and the seedbank did not persist from one year to the next (Popay 1981). However, recent 



 

165 

 

reports from growers and agricultural advisors in southern Australia have indicated an 

increase in the incidence of H. glaucum in field crops. Research by Fleet and Gill (2012) 

has shown that weed management practices used in cropping systems of SA have selected 

for increased seed dormancy in H. glaucum populations, which may have contributed to 

its greater abundance in field crops. In the past, non-dormant populations of H. glaucum 

could be easily controlled with the use of burndown herbicides applied in late autumn. But 

this change in weed biology has increased the selection pressure on post-emergent 

herbicides, possibly contributing to the evolution of herbicide resistance. Therefore, seed 

dormancy and suspected herbicide resistance maybe associated with the increase in 

abundance of H. glaucum in cropping fields in SA. Furthermore, previous investigations 

of populations of a closely related species H. leporinum  had confirmed resistance to 

ACCase-inhibiting herbicides in SA and Tasmania (TAS) (Broster et al. 2012; Matthews 

et al. 2000), to ALS-inhibiting herbicides in Western Australia (WA) (Owen et al. 2012a; 

Yu et al. 2007) and to bipyridyliums across southern Australia (Hidayat 2004; Owen et al. 

2012a; Powles 1986; Preston et al. 1992). The combination of increased seed dormancy 

with herbicide resistance would make it very difficult for Australian farmers to effectively 

manage this weed species in cropping systems. Therefore, there was an urgent need to 

undertake a comprehensive study on characterisation and management of herbicide 

resistance in this weed species.  

Initially, seeds of H. glaucum and H. leporinum populations were collected from 

fields where growers had reported control failure with ACCase-inhibiting herbicides. 

Seeds of three H. glaucum and two H. leporinum populations were tested for herbicide 

resistance and confirmed varying levels of resistance to quizalofop and haloxyfop 

(Chapter 2). Sequencing the CT domain of the ACCase gene from resistant plants of 

different populations confirmed the presence of previously known mutations Ile1781Leu 

and Gly2096Ala. This is the first known case of field evolved target-site resistance to 
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ACCase-inhibiting herbicides in H. glaucum. Resistance to ACCase-inhibiting herbicides 

has been reported in 47 grass weed species around the world (Heap 2015) and resistance 

to this group in Lolium rigidum (Boutsalis et al. 2012; Broster et al. 2012; Zhang and 

Powles 2006), Bromus diandrus (Boutsalis and Preston 2006), Avena sterilis L. (Ahmad-

Hamdani et al. 2012; Maneechote et al. 1994; Owen and Powles 2009) has been reported 

previously in Australian cropping systems. 

Following the confirmation of resistance in H. glaucum and H. leporinum to 

ACCase-inhibiting herbicides (Chapter 2), an extensive random field survey was 

conducted in 2012 across the grain cropping regions of SA to quantify the occurrence of 

herbicide resistance, determine the level of variation in seed dormancy, seed persistence 

and examine any relationship between seed dormancy and herbicide resistance in H. 

glaucum populations (Chapter 3). The survey showed that 14% of the populations tested 

with quizalofop exhibited some level of resistance. Resistance to ALS-inhibiting 

herbicides was low (3% populations to imazamox + imazapyr and 12% to sulfosulfuron) 

for the herbicides tested and no multiple resistance patterns were observed. In contrast, 

surveys conducted in southern New South Wales (NSW) in 2007 and Western Australia 

(WA) in 2005 found no resistance to ACCase-inhibiting herbicides in H. glaucum 

populations (Broster et al. 2010; Owen et al. 2012a). However, a survey of the cropping 

region of Tasmania (TAS) in 2010, identified resistance to APP herbicide haloxyfop in 

one population of a closely related species, H. leporinum (Broster et al. 2012). Although, 

resistance to ALS-inhibiting herbicides is the most common form of resistance in weed 

populations (both monocots and dicots) across the globe (Heap 2015), it appears to be still 

relatively uncommon in Australia in H. glaucum. 

The majority of H. glaucum populations emerged rapidly (median T50 = 8d), but 

some populations displayed an extremely slow emergence pattern with T50 of > 20 d. 

There was no direct linkage between seed dormancy and herbicide resistance. The 
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majority of H. glaucum populations showed a low level or no seedbank persistence, but a 

few populations showed up to 20% seedbank persistence from one year to the next.  The 

negative association between H. glaucum seedling emergence and the level of seed 

persistence indicated that greater seed dormancy could be responsible for the extended 

persistence of the seedbank of this weed species. Short-lived innate dormancy, rapid 

emergence after autumn rains and low level of seed persistence has been shown to be 

typical behaviour of H. glaucum reported in the Australian literature (Cocks and Donald 

1973; Peltzer and Matson 2002; Smith 1968). In contrast, the results of the present study 

clearly indicate that some H. glaucum populations have adequate seedbank persistence to 

reinfest crops in the next season.  

H. glaucum populations which were classified as resistant (> 20% survival) in the 

survey screening (Chapter 3) and three other populations obtained from the Mid-North 

(MN) region in 2013, were further studied to quantify the level of resistance and also 

characterize the molecular basis of resistance to ACCase and ALS-inhibiting herbicides 

(Chapter 4). Dose-response experiments showed that H. glaucum populations from the 

upper-north region were highly resistant (RI > 12) to the APP herbicides quizalofop and 

haloxyfop and had low to moderate resistance (RI = 2 to 12) to CHD herbicide clethodim. 

Although, clethodim is not a preferred option for growers to control H. glaucum due to its 

lower activity compared to APP herbicides, it was more active on R populations at higher 

doses compared to APP herbicides. Studies conducted in other grass weed species, such as 

Echinochloa crus-galli L. (Huan et al. 2013), Setaria faberi Herrm (Stoltenberg and 

Wiederholt 1995), Alopecurus japonicus Steud (Yang et al. 2007), L. rigidum (Broster et 

al. 2011; Saini et al. 2015a, b, c), L. perenne ssp. multiflorum L.(Martins et al. 2014), A. 

fatua L. (Ahmad-Hamdani et al. 2012; Uludag et al. 2008) and Phalaris paradoxa (Cruz-

Hipolito et al. 2012; Hochberg et al. 2009) also reported varying level of resistance across 

ACCase-inhibiting herbicides.  
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Malathion reversible, low level of resistance (RI = 2 to 6) to SU herbicide 

mesosulfuron was also observed in populations collected from the mid-north region, with 

one population having multiple resistance to both ACCase and ALS-inhibiting herbicides. 

Resistance to SU herbicides has been previously reported in a closely related species H. 

leporinum (Owen et al. 2012a; Yu et al. 2007) and various other grass weeds, such as L. 

rigidum (Christopher et al. 1992), B. rigidus (Owen et al. 2012b) and A. fatua (Beckie et 

al. 2012).  

Gene sequencing confirmed the presence of previously known mutations Ile-1781-

Leu, Ile-2041-Asn and Gly-2096-Ala in the ACCase-gene of some populations. Amino 

acid substitution at 1781 position confers high levels of resistance to most ACCase-

inhibitors and is the most common substitution found in grass weed species (Beckie and 

Tardif 2012; Délye 2005). However, 2041 and 2096 mutations provide moderate to high 

level of resistance to APP herbicides (reviewed in Beckie and Tardif 2012) and low to 

moderate level of resistance to CHD herbicides (Saini et al. 2015c). No amino acid 

substitution was found in ALS-gene of resistant populations, but the use of malathion (a 

cytochrome P450 inhibitor) in combination with mesosulfuron enhanced the activity of 

herbicide. Synergistic effects of malathion and ALS-inhibitors have been well documented 

and literature suggests that malathion is an effective cytochrome P450 inhibitor (Beckie et 

al. 2012; Christopher et al. 1994; Preston et al. 1996). These populations were also 

susceptible to the SU herbicide sulfometuron and IMI herbicide imazamox plus imazapyr. 

The reversal of SU resistance by malathion and susceptibility to sulfometuron suggests 

that non-target site mechanisms (herbicide metabolism by cytochrome P450) conferred 

resistance to ALS-inhibitors in these populations.  This study documented first known 

case of field evolved APP-to-CHD herbicide cross-resistance and multiple-resistance to 

ACCase and ALS-inhibiting herbicides in this weed. However, APP-to-CHD herbicide 



 

169 

 

resistance has been previously reported in a closely related species H. leporinum from SA 

(Matthews et al. 2000). This is the first report of Ile-2041-Asn mutation in H. glaucum. 

To better understand the evolution and spread of resistance, greater knowledge of 

inheritance patterns of resistance traits is required (Maxwell and Mortimer 1994). The 

majority of previous studies have shown that resistance to ACCase-inhibiting herbicides is 

conferred by a single nuclear gene, either dominant or partially-dominant. The current 

study showed that mode of inheritance of resistance of a highly resistant population (>20-

fold to quizalofop), due to insensitive target-enzyme (Ile-1781-Leu mutation), was due to 

a single gene with partially-dominant allele (Chapter 5). Initially, the resistant plants 

(pollen donor) were crossed with susceptible plants (pollen acceptor) to generate an F1 

generation. The F1 individual was confirmed to be heterozygous by the sequencing of 

DNA, indicating that the inheritance of resistance is nuclear encoded. The F1 hybrid was 

selfed to produce the F2 generation. A detailed dose-response analysis of the F2 population 

to quizalofop confirmed that ACCase-inhibiting herbicide resistance in H. glaucum is 

conferred by a single gene with partially-dominant allele. The F2 plants segregated in a 3:1 

ratio when treated with 6.2 g quizalofop ha-1, which is consistent with a single major gene 

model. Sequencing of the CT domain of the ACCase gene in individuals of the F2 

population also confirmed that resistance alleles segregated in 1:2:1 ratio, as expected for 

single-gene inheritance. These results are in agreement with several other studies of grass 

weed species, which showed that resistance to ACCase-inhibitors is conferred by a single, 

nuclear and partially-dominant gene (Betts et al. 1992; Tal and Rubin 2004; Tardif et al. 

1996; Volenberg and Stoltenberg 2002).  

It is widely accepted that the evolution of herbicide resistance may involve a fitness 

costs (Powles and Yu 2010; Purba et al. 1996; Vila-Aiub et al. 2009). Fitness is the 

measure of survival and reproduction of a viable offspring in a given environment and 

plays a vital role in natural selection and adaptation (Orr 2009). We investigated the effect 
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of two target–site point mutations of ACCase gene: Ile-1781-Leu/Val and Ile-2041-Asn on 

plant growth and fecundity of H. glaucum biotypes grown in intraspecific competition 

and/or under interspecific competition in the field with wheat and lentil crops (Chapter 6). 

The amino acid substitutions at 1781 position of ACCase gene did not impose any 

negative pleiotropic effects on relative growth rate (RGR), panicle emergence, plant 

height, total biomass and seed production in H. glaucum mutant plants. The results are in 

agreement with several other studies of other grass weed species, which showed no fitness 

costs associated with the Ile-1781-Leu mutation in the absence of herbicide selection 

(Menchari et al. 2008; Vila-Aiub et al. 2005; Vila-Aiub et al. 2015). There was some 

evidence for fitness cost associated with Ile-2041-Asn mutation in terms of reduced RGR 

and reduced vegetative biomass and seed production when grown in competition with 

lentils. Reduced RGR detected in a biotype with 2041-Asn mutant allele is likely to reduce 

their fitness relative to the wild types of the same population, which could be partly 

related to reduced ACCase activity, as reported in other species (Délye et al. 2003). 

Panicles of the R biotype with 2041-Asn mutant allele started emerging approximately 20 

days earlier than that of S biotype in the field. However, the influence of early flowering 

on fitness could vary over different growing seasons in rainfed environments. In high 

rainfall seasons, plants with a longer vegetative phase and later flowering are able to 

produce greater biomass and seeds than plants that flower and mature early. In contrast, in 

a low rainfall situation, early flowering plants could escape terminal drought conditions 

and produce more seed than plants that flower later. The absence of measurable negative 

pleiotropic effects on plant growth and fecundity associated with Ile-1781-Leu/Val 

ACCase mutations in H. glaucum suggest that the frequency of these alleles will not 

decline in the absence of herbicide selection pressure. However, the 2041-Asn allele 

should decrease in frequency in the absence of herbicide selection pressure, especially in 

high rainfall environments.  
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Studies were conducted in the field to identify alternative herbicides for the 

management of ACCase-inhibiting herbicide-resistant H. glaucum (Chapter 7). Pre-plant 

(PP) soil applications of pyroxasulfone, prosulfocarb plus S-metolachlor, dimethenamid-P, 

trifluralin alone or with triallate or with diuron, or propyzamide, or imazamox applied 

POST were evaluated for their effectiveness and crop safety. Propyzamide, pyroxasulfone, 

or imazamox applied POST provided a high level of H. glaucum control, did not cause 

any crop injury, and increased field pea grain or forage yield compared with the non-

treated control. Furthermore, propyzamide or pyroxasulfone reduced H. glaucum panicle 

density and seed production consistently, whereas the effectiveness of POST imazamox 

varied over the two seasons. Pyroxasulfone, propyzamide and imazamox have been 

successfully used to control other grass weed species in broadleaf crops (Blackshaw 1998; 

Kleemann and Gill 2012; Nelson and Renner 1998; Tidemann et al. 2014). 

Dimethenamid-P reduced the impact of H. glaucum on field pea yield, but was less 

effective than propyzamide, pyroxasulfone and imazamox in reducing H. glaucum seed 

production. A negative relationship between field pea yield and H. glaucum panicle 

density indicated that H. glaucum is highly competitive in field pea crops and can cause 

large yield losses. The results of this investigation suggest that propyzamide or 

pyroxasulfone applied PP and POST imazamox should be considered as part of a 

resistance management program because they provide an alternative mechanism of action 

and are highly effective on this species in field pea.  

2. Conclusions 

In conclusion, this research provides valuable insights into the general pattern of herbicide 

resistance, seedbank behaviour, level and mechanisms of herbicide resistance, mode of 

inheritance of ACCase-inhibiting herbicide resistance, fitness penalties associated with 

herbicide resistance. This study also identified effective management options for the 

control of ACCase-inhibiting herbicide-resistant field populations of H. glaucum in SA. It 
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also reports the first known instances of resistance to ACCase and ALS-inhibiting 

herbicides in H. glaucum due to target and non-target site mechanisms. Although, the 

overall occurrence of resistance on farms across the two regions was low, 39% of the 

fields in the UN region had detectable level of resistance to the ACCase-inhibiting 

herbicide quizalofop. Evidence presented suggests that crop management practices used 

by the growers in the cropping fields has selected for greater seed dormancy and a 

persistent weed seedbank in some populations. The study also reveals that a large 

proportion of cropping land still contain herbicide susceptible H. glaucum populations, 

where rotations including ACCase and ALS-inhibiting herbicides will still provide 

effective weed control. This study determined that quizalofop resistance in a population of 

H. glaucum is controlled by a single, nuclear gene, encoding a mutation within ACCase 

that is dominant at the field rate of quizalofop. In the absence of ACCase-inhibiting 

herbicide selection pressure, the amino acid substitutions at 1781 position of ACCase gene 

did not impose any fitness costs, whereas, there was some evidence for fitness cost 

associated with Ile-2041-Asn mutation in H. glaucum. To control ACCase-inhibiting 

herbicide-resistant H. glaucum in field pea, propyzamide and pyroxasulfone appear to be 

the best options at present, as they reduce seed production, provide excellent crop safety 

and increased crop yield. 

3. Recommendations for Future Research  

Based on the findings of this thesis, one area requiring further research is studying the 

non-target site mechanisms for both ACCase and ALS-inhibiting herbicides. Malathion 

was used as a synergist to provide evidence for non-target site resistance to ALS-

inhibiting herbicides. However, malathion is not effective for this purpose on ACCase-

inhibiting herbicides (Preston et al. 1996). There is a need to conduct enzyme assays to 

study the sensitivity of ACCase and ALS enzyme in populations that did not show target 

site mutations. The survey showed multiple resistance to ACCase and ALS-inhibiting 
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herbicides and low level of resistance to ALS-inhibiting herbicides, which is a concern 

because of current heavy reliance on Clearfield™ technology to control ACCase-

inhibiting herbicide-resistant H. glaucum. Therefore, further studies are required to find 

effective alternatives for the management of this weed species. The survey also showed 

that growers in the cropping fields have selected for greater seed dormancy and a 

persistent weed seedbank. Further investigations are required to study the segregation of 

dormancy alleles over multiple generations, which would help to develop better 

management practices. The fitness studies revealed that the expression of fitness cost is 

influenced by the environment in which they are tested (lentil versus wheat). Therefore for 

future studies, fitness costs should be determined under different environments and 

different levels of resource competition.     
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