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ABSTRACT 

The origin of this study dates back to 2001 when ryegrass (Lolium spp.) from a 

vineyard near Tulbagh was found by the author to be resistant to glyphosate. Several 

other populations of glyphosate resistant ryegrass were found on nearby farms. In 

attempts to eliminate what was initially thought to be a very localised resistance 

problem, paraquat was applied at several of these sites. It soon became apparent that 

significant numbers of these ryegrass populations were also resistant to paraquat. 

Populations that were susceptible to glyphosate but resistant to paraquat were also 

found. This was the first recorded incidence of paraquat resistance in ryegrass. Further 

screening of Western Cape ryegrass resulted in the identification of populations that 

showed multiple resistance to glyphosate, paraquat and ACCase inhibitors. 

In laboratory trials this study established that the mechanism which confers resistance 

to paraquat is based on the failure of the herbicide to reach its site of action in the 

plant. This lack of trans location was ascribed to sequestration of the active ingredient 

in a non-physiologically active site in the plant, such as the vacuole. This form of 

resistance was overcome by applying glufosinate ammonium, either prior to, or 

together with the paraquat application. The same degree of synergy was observed 

using photosystem II inhibitors with paraquat. The resistance mechanism is overcome 

by these products by either preventing paraquat from being 'sequestrated and/or 

freeing up of herbicide which had already been bound. Mixtures containing paraquat, 

glufosinate ammonium and a photosystem II inhibitor such as terbuthylazine gave the 

best control of resi~tant ryegrass populations. 

Independent confirmation, of the findings in the laboratory perfonned trials, was done 

in field trials, conducted during the 2007 season by Syngenta SA on paraquat resistant 

ryegrass populations in the Western Cape. 
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urrTREKSEL 

Die oorsprong van die studie dateer terug na die jaar 2001 toe raaigras deur die 

outeur, vanuit 'n wingerd naby Tulbagh posetief getoets is vir weerstand teen 

glifosaat. Verskeie ander populasies van glifosaat weerstandbiedende raaigras is ook 

op nabygelee plase gekry. In 'n poging, in wat aanvanklik gedink is 'n baie 

gelokaliseerde weerstandsprobleem is, is paraquat toegedien op verskeie van die 

populasies. Dit het egter gou duidelik geword dat baie van die raaigras populasies ook 

bestand was teen paraquat. Raaigras populasies wat vatbaar is vir glifosaat maar 

weerstandbiedend teen paraquat is, is ook gevind. By verdere ondersoek na raaigras in 

die Wes-Kaap is daar ook populasies geldentifiseer wat veelvuldige weerstand getoon 

het teen glifosaat, paraquat en die ACCase inhibeerdes. 

In 'n laboratorium studie is vasgestel dat die meganisme wat verantwoordelik is vir 

die weerstand van paraquat, gebasseer is op die onvermoee van die onkruiddoder om 

die setel van werking in die plant te bereik. Die onvermoee van die onkruiddoder om 

in die plant getranslokeer te word kan toegeskryf word aan sekwistrasie van die 

aktiewe bestanddeel na 'n nie-fisiologies aktiewe setel in die plant soos die vakuool. 

Hierdie vorm van weerstand kan oorkom word deur die toediening van glufosinaat 

ammonium voor of saam met 'n paraquattoediening. Dieselfde graad van sinergie is 

ook gevind tussen die fotosisteem II inhibeersders en paraquat. Die 

weerstandsmeganisme is oorkom deur dat die produkte voorkom dat die paraquat 

gesekwistreer word en/of deur die onkruiddoder wat reeds vasgele is weer beskikbaar 

gemaak word. Mengsels van paraquat, glufosinaat ammonium en 'n fotosisteem II 

inhibeerder soos terbutilasien het die beste beheer gegee van die weerstandbiedende 

raaigraspopulasies. 

Die bevindings in die studie is onafhanklik bevestig gedurende die 2007 seisoen in 

veldproewe wat deur Syngenta SA uitgevoer is op paraquat weerstandbiedende 

raaigraspopulasies in die Wes-Kaap 
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Chapter 1 

:U:ntiroduction 

There has been an increasing reliance on modern herbicides for the control of 

weeds in cropping systems during the past forty years. Other methods of weed 

control such as mechanical control became less popular in these production 

systems. Economically, this shift has been rewarding to farmers but some 

negative consequences have emerged that must be addressed for long-term 

sustainability of modern agricultural systems. 

One of the problems of modern agriculture is the over-reliance on herbicides. 

This has resulted in the emergence of weed populations that are resistant to 

products designed to control them. 

Living organisms generally have enormous biological and biochemical 

adaptability, so it was inevitable that biotypes of weed species that became 

resistant to herbicides would eventually evolve. Industry and scientists are 

now facing the same kind of problems arising from herbicide-resistant weeds 

than those that arose from the evolution of resistance to insecticides and 

fungicides. The main difference is that the chronological time-scale of the 

build-up of resistance in weeds is longer. Although in tenns of number of 

generations, evolution of resistance in weed populations is probably similar to 

that required for the evolution of resistant insect populations (Putwain, 1990). 

The first case of herbicide resistance was identified in 1964. Currently more 

than 307 resistant biotypes involving 183 species (110 di cots and 73 

monocots) in more than 59 countries have been reported to be resistant to 

herbicides across the world (Heap, 2006). In South Africa herbicide resistance 

was reported in eight species and against five groups of herbicides (Heap, 

2006). 
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Non-selective herbicides such as glyphosate and paraquat are a very important 

part of the herbicide spray programme in perennial crops. Paraquat has been 

used in the Western Cape for more than 40 years and glyphosate for more than 

25 years. They are used as a tank mix with residual herbicides such as 

terbuthylazine and simazine or applied on their own. In many cases more than 

one application of the non-selective herbicides is made during the growing 

season. Affected crops are normally not grown as part of short tenn rotations, 

are not subject to tillage, and are of sufficient value to permit application of 

large amounts of herbicide. Multiple applications over many seasons of any 

given herbicide will lead to resistance sooner or later (Watanabe et al., 1982; 

Fuerst & Vaughn, 1990). 

Paraquat resistance was first reported in the late 1970's when resistance was 

observed in Conyza bonariensis from vineyards and citrus in Egypt (Feurst et 

al., 1985), Hordeum glaucum in Australia (Warner & Mackie, 1983) and Poa 

annua in the U.K. (Putwain, 1982). In total, resistance to paraquat or diquat 

has been reported in the field for seven grass species and 14 broadleaf weeds 

(Heap, 2006). In many cases resistance has appeared in more than one biotype 

of a species and in several cases in more than one continent. The agricultural 

practices most conducive to the occurrence of the resistance phenomenon are 

those that rely exclusively on one or a few herbicides for a high level of weed 

control. 

The ACCase and ALS inhibitors are commonly used in cereals and the 

resistance of ryegrass against these herbicides is well documented (Pieterse & 

Kellennan, 2002). The ALS inhibitors are not used in perennial crops due to 

marginal selectivity, but the ACCase group of herbicides are used to a certain 

extent. However, due to the proximity of annual crops such as wheat, and 

perennial crops in some areas, annual crop resistant weeds can spread to 

perennial crops and vice versa. 

Ryegrass (Lolium spp.) is the most important weed in cereals, orchards and 

vineyards in the Western Cape. The discovery of paraquat/diquat resistance in 

ryegrass takes on an added significance, given that resistance to glyphosate 
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has also been found to be widespread in the same orchards and vineyards 

(Cairns & Eksteen, 2001). These two herbicide groups account for more than 

80% of all herbicides used in deciduous fruit and vines in the Western Cape. 

This study was initiated in the year 2001 after the discovery of glyphosate and 

later paraquat resistant Lolium spp. in the Waveren valley near Tulbagh in the 

Western Cape. During the course of this study the resistance was found to be 

much more widespread than initially thought. The resistance of Lolium spp. to 

both the important non-selective herbicide groups used in perennial crops 

posed a serious problem to the industry. 

This study was designed to: 

1) Determine the extent, degree and nature of non-selective herbicide 

resistance in ryegrass growing in perennial crops such as vines and 

deciduous fruit. 

2) Provide solutions to the problem, firstly by identifying the 

mechanism of resistance and secondly by targeting this mechanism 

so that herbicidal activity is restored. 

3) Detennine if herbicide resistant ryegrass populations are made up 

of some individuals that are resistant to paraquat and others 

resistant to glyphosate and/or if the majority of the population are 

made up of individuals that are resistant to both. Determine if 

differences in translocation of paraquat form the basis of the 

resistance mechanism. 

4) Provide solutions for the problem so that sustainable weed control 

in these crops becomes economically feasible and that new 

outbreaks of herbicide resistance can be prevented. 

5) It is also hoped that this study will increase public awareness of 

herbicide resistance and lead to conce1ied efforts to manage the 

problem scientifically. 
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Chapter 2 

Literature review 

1. l'he biology of Lolium spp. 

In the context of this study, the term Lolium spp. will be used to refer to the 

complex of pure types and hybrids of Lolium rigidum Gaudin (rigid ryegrass), 

L. multiflorum (Italian ryegrass), L. temulentum (darnel) and L. perenne 

(perennial ryegrass) that occur in the Western Cape. Lolium spp. are 

monocotyledonous plants belonging to the family Poaceae. These plants are 

native to the Mediterranean and have adapted very well to the agricultural 

areas of the Western Cape. Some of the species are native to Europe, North 

America and temperate Asia. Similarities in vegetative, flower and seed 

features result in these grasses all being known as ryegrass (Britton, 2006) and 

therefore will be discussed as Lolium spp. or annual ryegrass. 

It is believed that most of the weed problems in the Western Cape are caused 

by L. rigidum or hybrids thereof, therefore the biology of L. rigidum will be 

discussed below. More general ecological characteristics discussed later, will 

refer to theLolium spp. complex (commonly referred to as annual ryegrass). 

In the seedling stage of L. rigidum the shoot is folded at first and then rolled 

and the sheath flattened. The leafblade is 20-50 times longer than broad and 

the leaf glabrous. The ligule is membranous and truncate with the auricles 

elongate and crossed (Britton, 2006; Botha, 2001). 

The adult plant of L. rigidum grows to a height of 15-60 cm. The plant is 

tufted and glabrous. The stems are erect or at first prostrate then ascending. 

The leaves are shiny beneath, smooth, flat and 2-6 mm broad. Sheaths are 

slightly swollen, especially that of the upper leaf. 
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The inflorescence is a spike - slender, stiff and erect or slightly bent in the 

upper part. Spikelets are lanceolate, somewhat spreading from the axis of the 

spike during flowering. Each spikelet has 3-9 florets with lower flowering 

glumes 6-8 mm long and awnless. The glume is slightly shorter than the whole 

of the flowering glumes. The fruit is a caryopsis with its flowering glumes, 

straight rachilla broadened at the apex. The awn is short or absent (Britton, 

2006; Botha, 2001). 

Annual ryegrass is a prolific seed producer with dense stands producing up to 

45 000 seeds per square metre under ideal conditions. Annual ryegrass can 

rapidly achieve high seed densities (seed banks) and subsequent high seedling 

numbers at emergence. Even with good control in a crop, survivors can still 

tiller well and exploit the available space, resulting in high numbers of viable 

seed (Davidson, 1990). The major influence on rate of development of annual 

ryegrass appears to be cold requirement (vemalisation) for flower initiation. 

Aitken (1966) indicated that a long photoperiod also hastened the rate of 

development both before and after flower initiation. Aitken (1966) concluded 

that because of its short cold requirement and low critical photoperiod, annual 

ryegrass is well suited to a short and variable growing season. 

Newly fonned seeds of annual ryegrass are dormant for the first 8 to 9 weeks. 

Seed burial (darkness) can trigger a secondary state of donnancy for 10 to 20 

percent of the seed. Shallow burial (up to 2 cm) provides the best conditions 

for gennination and emergence. Germination is reduced by depth, ceasing at 

about the l 0 to 14 cm range. Re-introduction of these seeds to the 2 cm depth 

will break dormancy and trigger germination. Gill (1996) reports that 

treatments that received cultivation, either before sowing or with the sowing 

operation, showed much faster and greater emergence than the uncultivated 

plots. There was also an indication of greater seed carryover in undisturbed 

plots. 

Annual ryegrass is not a pmiicularly competitive plant, however the damage is 

done when the seed bank numbers are high and the ryegrass becomes 

established early in the growing season of the crop. The ability of ryegrass 
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plants to produce large numbers of tillers makes annual ryegrass a very 

competitive weed and even a low density of plants can return a large number 

of seed to the seed bank. 

Annual ryegrass is small seeded and is a shallow genninator and reproduces 

from seed only (Botha, 2001). The optimum temperature for gennination is 

much lower for buried seeds (11° C in darkness compared to 27° C in light). 

This means that shallow buried seed will mostly genninate in autumn and 

early winter, when undisturbed conditions are most favourable for seedling 

survival. Peak germination occurs at the break-of-season, after the first 

rainfall that exceeds 20 mm. This usually results in 75 to 80 percent of 

germination for the season (Britton, 2006). 

Annual ryegrass is a wind pollinated out-crosser, which, when coupled with its 

large genetic variability, contributes to its ability to rapidly adapt to a wide 

range of climatic and other factors such as break-of-season rains, cultivation 

pi;actices and herbicide use. 

Herbicide susceptible plants can receive resistance to a particular group of 

herbicides via pollen of resistant plants and the resultant seeds will produce 

resistant plants (Richter & Powles, 1993). 

Field observations suggest that Lolium rigidum exerts allelopathic effects. This 

was confinned by Emeterio et al., (2004) when they found that L. rigidum had 

allelopathic effects on L. mult~florum, Dactylis glomerata and Medicago 

sativa, with L. mult(florum the most sensitive. Positive and negative effects of 

L. rigidum on seedling development were noted. Shoot extracts of L. rigidum 

displayed the most consistent negative effects by inhibiting elongation of the 

radicle of the three target species. 

Due to its self-incompatibility and capacity to hybridize, ryegrass is extremely 

variable which has, in all probability, been instrumental in it developing 

resistance to more herbicides than any other weed in the world (Hall et al., 

1994; Gill, 1996; Preston et al., 1996; Powles et al., 1997). 
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2. What is resistance and how do resistant plants react to 

herbicide application? 

Weed resistance is the naturally occurring inheritable ability of some weed 

biotypes within a given weed population to survive a herbicide treatment that 

would, under normal use conditions, effectively control that weed population 

(Herbicide Resistance Action Committee, Undated). 

As much as we would like to think about herbicide resistance in absolute 

terms, it becomes clear that there is a borderline area that is agro-system 

specific. Many resistant weeds die back, and like the mythical phoenix, sprout 

forth from the ashes. The paraquat-resistant Hordeum spp. that evolved in 

Australia exhibits this phoenix type resistance, (Preston et al., 1992; Purba et 

al., 1995), as does the glyphosate resistant Eleusine indica in Malaysia (Lee & 

Ngim, 2000). 

The phoenix type resistance would be of little importance in many agro

ecosystems because, when the crop canopy closes over the phoenix weeds 

before their resurgence the crop smothers them so that they do not compete. 

In certain cases resistant plants show no response whatsoever to herbicide 

rates that will kill 100% of the susceptible weeds. Gill et al., (1996) compared 

several biotypes of rigid ryegrass belonging to three distinct resistance classes, 

ACCase resistant, ALS resistant and susceptible, and found that no significant 

differences were detected among the resistant classes in seed donnancy, 

relative growth rate and rate of phenological development. The rate of spike 

emergence, irrespective of resistance class, was related to latitude of origin of 

the accessions, suggesting adaptation to the local climates since introduction. 

Vila-aiub et al., (2005) compared the germination and seedling emergence 

characteristics of one herbicide susceptible (S) and two herbicide resistant 

(target site-based ACCase and metabolism-based P 450) phenotypes from a 

single weed population. No major differences in seedling emergence were 

found among the phenotypes when exposed to an alternating 25/15° C cycle 
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with a 12-hour photoperiod. However, the ab ence of light a sociated with soil 

burial (l-8 cm) markedly inhibited total germination and seedling emergence 

in the ACCase phenotype compared with the S and P 450 phenotypes. Seed 

germination from deep burial (8 cm) in soil promoted significantly lower 

germination in the S and P 450 phenotype compared with the ACCase 

phenotype. Despite lower germination, the S phenotype produced greater 

emergence from deep burial than both the herbicide-resistant phenotypes. 

This study demonstrated differential germination and emergence responses to 

light and thennal environments between herbicide susceptible phenotypes and 

phenotypes po sessing target-site (ACCase) and non-target site (P 450) 

herbicide resi tance within a single L. rigidum population. Shallow burial (1 

cm) by any cultivation tool will potentially inhibit seedling recruitment of the 

ACCase phenotype in contrast with the S and P 450 phenotypes, which 

required less restricted conditions to genninate and emerge. This is in line 

with the finding that where seed from a predominantly glypho ate resistant 

ryegrass population in a vineyard was exposed by cultivation after 20 years all 

of the resulting seedlings were sensitive to glyphosate (results not shown). 

3. Different types of resistance 

3.1 Target site resistance 

Target site re istance within a plant means that a herbicide no longer binds to 

its normal site of action due to a change in the structure of the target site, 

thereby allowing the plant to survive the herbicide treatment, which relies on 

this site for its activity (Herbicide Resistance Action Committee, Undated). 

Target site ba ed re istance is usually a sociated with resistance involving 

altered binding of the herbicide to their target protein. This results from a 

single nucleotide change (mutation) in the gene encoding protein to which the 

herbicide no1mally binds. This change the amino acid sequence of the protein 

and reduce or destroys the ability of the herbicide to interact with the protein, 
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and at the same time do not incapacitate the normal functioning of the enzyme 

so that the enzyme functions nonnally in the presence of the herbicide 

(Tharayil-Santhakumar, 2002). This type of resistance is controlled by major 

genes and tends to be like a "light switch". Resistant plants are usually 

unaffected by commercial rates of herbicide and susceptible individuals die 

quickly. Target site resistant and susceptible plants are equally competitive 

(Storrie, 2006). Moss et al., (2003) reported on target-site resistance to the 

ACCase inhibiting herbicides in the weed Alopercurus myosuriodes. 

3.2 Non-target site resistan.ce 

Non-target site resistance can be divided into four categories: 

En.han.ced metabolism: 

This means that the resistant plant can degrade a herbicide to non-phytotoxic 

substances faster than a normal sensitive plant, thereby surviving a herbicide 

treatment in much the same manner as many crop plants. The biochemical 

processes that detoxify herbicides can be grouped into four major categories: 

oxidation, reduction, hydrolysis and conjugation (Tharayil-Santhakumar, 

2002) 

Three enzyme systems are known to be involved in resistance due to increased 

herbicide detoxification: 

o resistance to atrazine in some populations of Abutilion theophrasti is 

due to increased activity of glutathione-s-transferase conjugation that 

detoxifies atrazine (Gray et al., 1996). 

o resistance to propanil in Echinochloa colona is due to the increased 

activity of the enzyme aryl-acylamidase that detoxifies propanil. 

o increased herbicide metabolism due to cytochrome P 450 

monoxygenase is responsible for resistance to inhibitors of ACCase, 

ALS and PS U in a number of grass weed species. 

(Tharayil-Santhakumar, 2002). 
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Compartmentation I Sequestration: 

This means that the herbicide is removed from the sensitive parts of the plant 

cell to a tolerant site, such as the vacuole where it is hannless to plant growth 

(HRAC) or some lipophilic herbicide may become immobilized by 

partitioning into lipid rich glands or oil bodies (Stegink & Vaughn, 1988). 

Feurst & Vaughn (1990) reported that sequestration is the mechanism of 

paraquat resistance. 

])fffere.ntian herbicide uptake: 

In resistant biotypes the herbicides are not taken up readily due to 

morphological uniqueness like overproduction of waxes or reduced leaf area 

(Dekker & Duke, 1995). Bailey et al., (2003 a), reported differential uptake of 

herbicides in wheat and Italian ryegrass as a mechanism of selectivity. 

])ifferential translocation: 

Jn resistant biotypes the apoplastic (cell wall, xylem) and symplastic (plasma 

lemma, phloem) transport of herbicide is reduced due to different 

modifications (Dekker & Duke, 1995). Differential root absorption and 

differential translocation of sulfentrazone from roots to shoots are the 

proposed primary mechanisms of sulfentrazone tolerance among potato, 

lambsquaters and jimsonweed (Bailey et al., 2003 b ). 

4. Cross resistance to herlbkidles 

Cross-resistance ·is defined as the expression of a single genetically endowed 

mechanism conferring the ability to withstand herbicides from different 

chemical classes (Powles & Preston, 1995). 

L. rigidum and Alopercurus myosuroides were the first species to display 

widespread herbicide resistance across a range of chemical classes (Hall et al., 

1994). L. rigidum is an annual, diploid, cross-pollinated species native to the 

Mediterranean and now widely dispersed in some regions of the world with a 
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Mediterranean-type climate. L. rigidum and its hybrids are widespread, 

abundant weeds within the cropping regions of Southern Australia and the 

Western Cape area in South Africa where it decimates crop yield if not 

controlled. Herbicides have been widely employed to control Lolium spp. and 

within a few years of use, herbicide-resistant biotypes became evident. Since 

the first report (Heap & Knight, 1982) the occurrence of resistance has 

dramatically increased. What is striking about herbicide resistance in L. 

rigidum in Australia are the complex resistance patterns which develop across 

many different herbicide groups. In some populations resistance exists to just 

one herbicide group, whereas in other populations resistance extends across 

many groups of herbicides and modes of action. Resistance to many herbicide 

groups makes L. rigidum control a significant practical problem (Powles & 

Matthews, 1992). 

In common with L. rigidum, many biotypes of A. myosuroides exhibit cross

resistance to herbicides from a variety of herbicide classes (Moss, 1990; De 

Prado et al., 1991). 

5. Negative cross-resistaDtce 

Negative cross-resistance occurs where individuals resistant to one of the 

mixing partners, are more susceptible to the other mixing partner than the wild 

type of this weed. This phenomenon must be added to the lack of fitness of 

resistant weeds when considering rotations. The most explicable instances of 

negative cross-resistance in atrazine-resistant weeds include herbicides that act 

at, or near the same site in photosystem JI (Oettmeier, 1999). Several scientists 

have reported on this potentially powerful tool to prevent resistance from 

evolving (De Prado et al., 1992; Gadamski et al., 2000). 
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6. Multiple resistance to lllerlbiddes 

The most intractable problems of herbicide resistance now and for the future 

will involve weeds, which exhibit multiple herbicide resistance. The 

phenomenon of multiple resistance is defined as the expression, within 

individuals or populations of more than one resistance mechanism. Multiple 

resistant plants may possess from two to many distinct resistance mechanisms 

and may exhibit resistance to a few or many herbicides (Powles & Preston, 

1995). 

The simplest cases are where an individual plant or population possesses two 

or more different resistance mechanisms, which provide resistance to a single 

herbicide, or class of herbicides. More complicated are situations where two or 

more distinct resistance mechanisms have been selected either sequentially or 

concurrently by different herbicides and endow resistance to the classes of 

herbicides to which they had been exposed (Gressel, 2002). 

A biotype of L. rigidum selected only for chlorsulfuron resistance is resistant 

to ALS-inhibiting herbicides and has a resistant ALS enzyme as well as 

enhanced metabolism of chlorsulfuron (Christopher et al., 1992). Although, 

both target site and non-target site cross-resistance mechanisms are present in 

this biotype, resistance only extends to the ALS-inhibiting herbicides. 

A somewhat more complicated case of multiple herbicide resistance occurs in 

a biotype of Conyza canadensis from Hungary, which displays multiple 

mechanisms of resistance. This biotype has a selection history involving 

atrazine and paraquat and is resistant to both triazine and bipyridyl herbicides 

(Polos et al., 1988). Resistance to the triazine herbicides, as in most cases of 

triazine resistance, is conferred by a change at the photosystem II active site 

(Polos et al., 1987). Resistance to paraquat is due to a non-target site 

mechanism, which has not yet been identified (Lehoczki et al., 1992; Szigeti 

& Lehoczki, 2003). 
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7. 1flhte dlevelopment of heirbicidle resistance 

There are certain requirements for the evolution of a trait like herbicide 

resistance in plant populations. Firstly, the occurrence of heritable variation 

for the trait, and secondly, natural selection. Mutation and selection are the 

two factors that have a direct influence on evolution. Given the existence of 

genetic variation, the rate of evolution will be determined by the mode of 

inheritance of resistance traits, together with the intensity of selection 

(Gressel, 2002). 

7 .1 Genetic criteria foir resistance 

It is clear that the ability to be resistant must be inherited. Treatment of any 

weed population with a herbicide will not typically kill all individuals. Those 

remaining individuals need not be resistant, and only a treatment of their 

progeny will prove whether they are resistant or not. 

Organisms that are challenged with high-stress events, like the application of 

herbicides to plants, increase their mutation rate to try and overcome the 

stress. There is evidence that environment controls the rate of mutation by a 

variety of means (Gressel, 2002). 

Do herbicides provide the stress that can select for mutations? This question 

can only be answered in situations where the herbicides do not kill the plant, 

but cause some sort of transient stress. Many herbicides indirectly cause 

oxidative stress through their metabolic functions. So can glyphosate, by 

preventing synthesis of UV-absorbing flavonoids, and HPPD inhibitors of 

quinone synthesis have a direct effect on mutation rate, by causing more DNA 

lesions, that repair enzymes can fix. Herbicides that do not cause oxidative 

stress can also, in theory, increase the mutation rate. For example, ALS 

inhibitors rapidly affect DNA synthesis by indirectly blocking purine 
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biosynthesis. Partial deficiencies of one nucleotide often lead to base 

substitutions, i.e. mutations (Gressel, 2002). 

The ability to genetically adapt to rapidly changing ecosystems is an attribute 

of some of the major weed species. The likely cause of this adaptability is a 

higher than normal mutation frequency due to the presence of a mutate 

system, that may not necessarily be found at high frequencies in the wild type. 

Most of the models designed to predict the development of resistance in a 

population rely on the original frequency of the resistant gene in the 

population as a point of departure. It would seem that herbicide-assisted 

mutations might, partly invalidate the premise on which these models are 

based (Gressel, 2002). 

7.2 Selectioll1 intensity 

The evolution of resistance under persistent applications of herbicides may be 

considered as an example of recurrent selection in which there is a progressive 

and sometimes rapid shift in average fitness of populations of weeds exposed 

to herbicides. 

Should resistant individuals be present in the population, although initially 

only a small fraction of the population, they produce seed and contribute a 

disproportionate number of progeny to the next generation (Maxwell & 

Mortimer, 1994). Many factors contribute to the rate of appearance of 

herbicide resistance in a population. These include: 

o initial frequency of herbicide-resistant individuals, 

o number of individuals treated, 

o mode of inheritance of the gene or genes endowing resistance, 

o nature and extent of herbicide use. 

Most cases of field selected herbicide resistance are due to the action of a 

single gene with a high degree of dominance (Dannency, 1994; Jasieniuk et 

15 

Stellenbosch University  https://scholar.sun.ac.za



al., 1996). The degree of dominance for resistance is particularly important for 

out-crossing weed species such as L. rigidum, because fully recessive genes 

will tend to be diluted into heterozygous individuals by the large number of 

susceptible alleles. In contrast, the level of dominance has little impact on the 

evolution of resistance for a species that is entirely self pollinating, because 

among the progeny of individuals carrying a resistance gene will always be 

some that are homozygous for that gene as in Avenafatua (Gressel, 2002). 

Because herbicides in broad acre agriculture are often used against huge 

numbers of individuals, even if resistant individuals exist at very low 

frequencies in the population, continued use of the same or similar herbicides 

will undoubtedly select for these resistant individuals (Powles et al., 1997). 

In addition to factors inherent to the plant population, the nature of herbicide 

use is also important. 

There are three components of herbicide use that contribute to selection 

pressure for herbicide resistance. 

o efficiency of the herbicide 

o frequency of use 

o duration of the effect of the herbicide 

Selection intensity in response to herbicide application is a measure of the 

relative mortality in target weed populations and/or the relative reduction in 

the seed production of survivors and will be proportional, in some manner, to 

herbicide dose. For example, a herbicide that controls 99% of a susceptible 

population will leave considerably less susceptible individuals to contribute to 

the next generation than a herbicide that gives 80% control. With all other 

factors being equal, this can make a difference of several additional 

applications before the appearance of noticeable resistance (Gressel, 2002). 

Another important factor that influences the incidence of resistance is the 

weed species of which the seed remains donnant in the soil seed bank. The 
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appearance of resistance will be delayed by the continued recruitment of 

susceptible individuals from the seed bank. Therefore, species that germinate 

readily from the seed bank, exhausting the seed bank rapidly, will respond 

more rapidly to herbicide selection than species in which the majority of seeds 

remain viable but dormant and emerge from the seed bank over many years 

(Powles et al., 1997). 

The frequency of use relates to the amount of herbicide sprays evident in a 

season as in the case of paraquat and glyphosate that may be sprayed several 

times during one growing season because these herbicides have no residual 

action. In this case chemical persistence is replaced by farmer persistence due 

to the overuse of the herbicides that selects for resistance. 

It can also relate to the use of herbicides with the same mode of action in the 

same or in following seasons. An example of such a case is the situation in the 

Western Cape where only ALS- and ACCase inhibitors are registered for grass 

control in wheat. The majority of herbicides used in leguminous crops are also 

ACCase inhibitors thus few alternative modes of action are used in the 

leguminous crops. 

Selection duration is a measure of the period of time over which phytotoxicity 

is imposed by a herbicide. The longer a herbicide remains persistent, the 

greater its selection pressure, as long as the weeds genninate throughout the 

season. If the herbicide has a short activity, weeds genninating after the 

herbicide has dissipated can produce live susceptible seeds, lowering selection 

pressure. A low persistence herbicide can give higher selection pressure if the 

target weed germinates in a single flush. Additionally, in post-emergence 

usage, some susceptible weed seedlings are shaded by the crop and escape the 

herbicide, again lowering the selection pressure (Gressel, 2002). Herbicides 

with a residual action in the soil such as chlorsulfuron and the triazines, will 

tend to be more prone to the development ofresistance than herbicides with no 

residual action like paraquat. 
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8. Herlbicide mixtures 

When herbicide mixtures are used, it is possible that there will be cases of 

enhanced weed control by the mixture. Simply combining herbicides with 

different modes of action will not result in delaying resistance if the efficacy 

and temporal activity characteristics of the mixed herbicides do not match 

(Roush et al., 1990). 

Both mixing partners must effectively inhibit the weeds most sensitive to the 

vulnerable herbicide, because the weed species subjected to the greater 

selection pressure are the most likely to evolve target site resistance (Gressel 

& Segel, 1982; Maxwell et al., 1990). Resistance to a herbicide mixture could 

quickly evolve in a weed species that is naturally resistant to one of the 

herbicides in the mixture. 

The components of the herbicide mixture need to have similar persistence, or 

the mixing partner with the low mutation frequency, must have longer 

persistence than the vulnerable one with a high mutation frequency of 

resistance. If this is not the case, there will be a period when only the 

vulnerable partner is present, and it will select for resistance in the target 

weed, just as if there was no mixture at all (Wrubel & Gressel, 1994). 

Unlike crops, which have been selected to germinate uniformly shortly after 

planting, seeds of many weed species display many flushes of gennination 

during a cropping season (Bewley & Black, 1982). If a resistant prone weed 

species has flushes during the season, and the vulnerable herbicide has a 

longer period of activity than the mixing partner does, then the vulnerable 

herbicide selects for individuals resistant only to it after the mixing partner has 

dissipated. A mixture that is not well matched for persistence, can still be 

effective if all the weeds genninate over a short period of time, and both 

herbicides outlast the duration of germination (Gressel, 2002). 
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The ideal mixing partner should have three other properties in addition to 

equal persistence (Wrubel & Gressel, 1994): 

o It should have a different target site of action from the vulnerable 

herbicide. 

o The mixing partner should not be degraded in the same manner as the 

vulnerable herbicide. 

o Another useful attribute m a m1xmg partner would be to possess 

negative cross-resistance i.e. where individuals resistant to the 

vulnerable herbicide, are more susceptible to the mixing partner than 

the wild type (Gressel, 2002). 

The existence of negative cross-resistance at the whole plant level has recently 

been published (Gadamski et al., 2000). 

The best mixtures from a resistance management point of view will be where 

the mixing partners achieve synergy due to using herbicides with different 

sites of action. 

9. 'flme mode of actno][} of Jmeirlbkndes n][}volved n][} tlmns sh1dy 

9.l Mode of action of the bipyridyR herbicides 

Only one class of chemistry whose mam mode of action occurs through 

interacting with photosystem I (PS I) has been commercialised. These are the 

bipyridyl herbicides paraquat (also known as methyl viologen) and diquat 

(Figure 2.1 ). These are fast acting, non-selective, contact herbicides (Preston, 

1994). 

19 

Stellenbosch University  https://scholar.sun.ac.za



Paraquat 

Diquat 

.!Figure 2.1 Structure of the bipyridyl herbicides, paraquat and diquat. 

Paraquat and diquat are redox active compounds which interact with PS I. 

Electrons are siphoned from one of the iron-sulphur centres, F 8 , forming a 

bipyridyl (BP) cation radical (Equation 1) (Golbeck & Cornelius, 1986; Fujii, 

et al., 1990). 

BP2+ + e- -e>BP .+ [1] 

The bipyridyl cation radical is unstable and will react rapidly with 0 2 to form 

superoxide, regenerating the bipyridyl cation (Equation 2). 

[2] 

The plant is able to detoxify superoxide via superoxide dismutase (SOD) 

producing hydrogen peroxide and molecular oxygen (Equation 3). 

[3] 
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H202 itself is toxic and can be further detoxified by the enzymes of the 

ascorbate - glutathione cycle. The overall reaction can be described as 

(Equation 4): 

There are other reactions that can occur within the chloroplast involving H20 2 . 

Trace levels of Fe2+ can catalyze the Fenton reaction (Equation 5) (Fridovich, 

1983). 

[5] 

Other reactions are also possible (Equations 6 and 7). 

[6] 

[7] 

The net result of these reactions is the production of the hydroxyl radical, OH'. 

Other alternatives are the various versions of Winterboum's reactions 

(Equations 8 and 9) (Winterboum, 1981 ). 

[8] 

BP.+ + Fe3+ -t> BP2+ + Fe2+ [9] 

The Fe2+ generated can then react through the Fenton reaction (Equation 5). 

The hydroxyl radical, rather than the superoxide, is probably the damaging 

species. Babbs et al., (1989) have shown that considerable quantities of 

hydroxyl radicals are produced in plants following paraquat application. 

The active oxygen species produced following paraquat or diquat action can 

peroxidate lipids. The radicals attack double bonds in the fatty acid side chains 
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of lipids (Kunert & Dodge, 1989) with the subsequent membrane disruption 

resulting in the death of the plant cell. 

Paraquat and diquat can also be toxic to plants kept in the dark, but the 

herbicidal action is slower (Faulkner & Harvey, 1981; Powles, 1986). 

9.2 Mode of action of gRyphosate 

The structure of glyphosate is depicted in Figure 2.2. The primary mechanism 

of action of glyphosate is the inhibition of 5-enolpyruvylshikimate-3-

phosphate synthase (EPSPS), the penultimate enzyme of the aromatic amino 

acid biosynthetic (shikimate) pathway. This results in the inhibition of the 

amino acids phenylalanine, triptophan and tyrosine. Amino acids are the 

building blocks for proteins needed for plant growth and development. Where 

this biochemical pathway is blocked the synthesis of the proteins is interrupted 

and the plants effectively starve to death (Boocock & Coggins, 1983). 

0 

11 

HO.COOHrNHCHrP(OH)2 

Glyphosate 

Figure 2.2 Structure of glyphosate 
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9.3 Mode of action of glufosinate ammonium 

The structure of glufosinate ammonium is depicted in Figure 2.3. During the 

normal processes of plant metabolism, nitrate (N03-) is absorbed by the plant 

and broken down to ammonium (NH4 +). Normally it combines with glutamate 

within cells, to form glutamine. Glutamine goes on to feature in a number of 

other important reactions, some of which lead to processes that are vital for 

photosynthesis. 

0 

11 

OH NH2 

Glufosinate ammonium 

Figure 2.3 Structure of glufosinate ammonium 

The initial ammonium plus glutamate combination is made possible by the 

presence of an enzyme, glutamine synthetase. Glufosinate ammonium disrupts 

the action of glutamine synthetase, thereby preventing this reaction. 

As a result: 

o Levels of ammonium build up in the plant cells; 

o Production of glutamine is slowed, disrupting the subsequent reactions 

and quickly leading to a breakdown of photosynthesis. 

The herbicidal activity of glufosinate ammonium results from the combined 

effects of ammonium toxicity, and the inhibition of photosynthesis (Figure 

2.4). 
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Figure 2.4 Effect of glufo inate ammonium on the rate of photosynthe i , and 

on ammonium accumulation in John on gra · (Sorghum halepense) (Anon, 

2006). 

After being taken up by the leaves, some glufo inate ammonium may move in 

the plant, around the leaf, from leaf to leaf and to the root . However 

glufosinate ammonium can be described as having very limited sy temic 

activity (Anon, 2006.). 
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Chapter 3 

Paraquat resistance in iryegirass (Lolium spp.) in tll:ie Westeirlil 
Cape 

F.H. Kksteen.1, * P.Jf. Pieterse2 and A.JL.P. Cairns2 

1) Syngenta South Africa Pty. Ltd. 

2) Department of Agronomy, University of Stellenbosch, Private Bag Xl, 

Matieland, 7602. 

Abstract 

Paraquat has been used extensively in crops since its inception in the mid 1960's. 

Resistance of weeds to paraquat were only reported in the late 1970's. Resistance of 

Lolium spp. (ryegrass) to paraquat was reported in South Africa during 2002 in 

perennial crops. Paraquat resistance in ryegrass was also discovered in an annual 

cropping system in 2004. The resistance profiles of ryegrass populations from several 

localities were investigated by applying paraquat and a paraquat/diquat mixture at 

dosage rates of up to 4 kg a.i. ha·'. Significant differences in resistance profiles were 

noted between populations that were collected within 500 m from each other. The 

resistance profiles of the populations to paraquat and the paraquat/diquat mixture 

were similar. 

Key words: diquat, Lolium spp . ., paraquat, resistance 

*To whom correspondence should be addressed (e-mail:erik.eksteen@syngenta.com) 

Introduction 

After almost two decades of use, paraquat resistance was first reported in the late 

1970's when resistance was observed in Conyza bonariensis from vineyards and 

citrus in Egypt (Feurst et al., 1985), Hordeum glaucum in Australia (Warner & 

Mackie, 1983) and Poa annua in the U.K. (Putwain, 1982). ln total, resistance to 

paraquat or diquat has been reported in the field for 7 grass species and 14 broadleaf 
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weeds (Heap, 2006). In many cases resistance has appeared in more than one biotype 

of a species and in several cases in more than one continent. Resistance to paraquat 

has also been deliberately selected for in plants in both laboratory and the field 

studies. Paraquat resistance was selected for in Lolium perenne by continued selection 

of surviving lines (Faulkner, 1976). 

In South Africa paraquat and/or diquat were by far the most important herbicide for 

the control of annual weeds in orchards and vines since they came on the market in 

the mid 60's. From the mid 70's the bipyridylium herbicides were beginning to be 

replaced by glyphosate (Bradshaw et al., 1997) and this has resulted in paraquat and 

diquat becoming less popular. Nevertheless they are still extensively used and the 

total amount of this product sold annually continues to increase. 

With the exception of diquat- and paraquat-resistant Conyza canadensis, which 

occupy millions of acres in the USA and to a lesser extent C. bonariensis in several 

other countries, cases of resistance to these herbicide have been minimal given that 

these products have been used worldwide for nearly 50 years (Heap, 2006). It was 

believed that it would be difficult for weeds to develop resistance to these products 

due to the fact that sprayed plants died rapidly and that herbicide translocation in the 

plant was minimal. The fact that the herbicide is almost totally adsorbed to soil 

colloids and organic material and thus is ostensibly totally inactivated on coming into 

contact with the soil also militated against the development of resistance (Preston et 

al., 1994). However, widespread resistance of ryegrass to diquat and paraquat was 

reported from the Western Cape by Heap (2006). 

Ryegrass (Lolium spp.) is by far the most important weed in cereals, orchards and 

vineyards in the Western Cape. The discovery of paraquat/diquat resistance in 

ryegrass takes on an added significance, given that resistance to glyphosate has also 

been found to be widespread in the orchards and vineyards (Heap, 2006). These two 

herbicide groups account for more than 80% of all herbicides used in deciduous fruit 

and vines in the Western Cape. This study was designed to confinn that resistance to 

paraquat/diquat at different field sites was a real problem in the field situation and to 

establish the degree ofresistance to these products at different sites. 
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Materials and Methods 

Seed collection 

Ryegrass seed was collected during the 2002/2003 seasons from seven different 

localities in the Western Cape as shown in Table 3.1. Seeds were dried in paper bags 

for 3 months at room temperature, cleaned and stored under similar conditions until 

further use. 

Table 3.1 Localities where ryegrass seeds were collected for the paraquat resistance 
trials 

Farm 
Groenkloof (A) 
Groenkloof (B) 
Misgund 
Murludi 
Die Eike 
Mooiplaas 
Papkuilsfontein 

Geographical area 
Tulbagh (33°20'S, 19°1 O'E) 
Tulbagh (33°20'S, 19°1 O'E) 
Tulbagh (33°20'S, 19°1 O'E) 
Tulbagh (33°20'S, 19°1 O'E) 
Tulbagh (33°20'S, 19°1 O'E) 
Stellenbosch (33°56'S, 18°52'E) 
Malmesbury (33°30'S, l 8°40'E) 

Germination and Seedling establishment 

Crop 
Grapevines 
Apricots 
Grapevines 
Pears 
Peaches 
Grapevines 
Wheat 

Ryegrass seeds were sown in round plastic pots (20 cm diameter) filled with pure 

sand. Ten days after emergence the seedlings were transplanted into 8 cm x 8 cm 

square pots filled with sand. All pots were irrigated daily as required with a balanced 

nutrient solution. 

Herbicide Application 

Herbicide applications were done by means of a pneumatic pot spraying apparatus. 

The sprayer was operated at a constant pressure of 2 bars. Herbicide application took 

place at 25 days after transplanting when the plants had reached the 2-3 leaf stage. 

Paraquat was applied at a rate of 400 L ha· 1 spray volume containing 0.25% of the 

surfactant, Agral® 90, an alkylated phenyl-ethylene oxide condensate used as an 
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adjuvant to improve the wetting and spreading properties on plant foliage and to 

increase herbicidal efficacy. 

Treatments 

Three separate trials were carried out. 

Trial 1 

Ryegrass seedlings from four different localities were sprayed with paraquat (200 g 

a.i. L- 1
) (Gramoxone®) and a paraquat I diquat mixture (paraquat 120 g a.i. L- 1 + 

diquat 80 g a.i. L-1
) (Preeglone®) at the recommended label rate and twice the 

recommended label rate for seedlings of that size (Table 3 .2). Experimental layout 

was a 4x2x2 factorial with locality, product and dosage rate as factors. Each 

treatment consisted of four replicate pots each containing four plants. 

Table 3.2 Dosage rates of paraquat and paraquat/ diquat mixture sprayed onto 
ryegrass seedlings from four different localities 

Trial 2 

Locality 

Groenkloof (A) 
Groenkloof (B) 
Misgund 
Die Eike 

Paraquat 200 g a.i. L-1 

Dosage rate 
. h -I g a.1. a 

0,400,800 
0,400,800 
0,400,800 
0,400,800 

Paraquat 120 g a.i. L-1 

I Diquat 80 g a.i. C 1 

][) • h -I osage rate g a.1. a 
0,400,800 
0,400,800 
0,400,800 
0,400,800 

Ryegrass seedlings from five different localities were subjected to a paraquat dose 

response trial with dosage rates varying from 400 g a.i. ha- 1 (the recommended label 

rate) to 4000 g a.i. ha- 1 (Table 3.3). Experimental layout was a 5xl 1 factorial with 

locality and dosage rate as factors. Each treatment consisted of four replicate pots 

each containing four plants. 
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Table 3.3 Dosage rates of paraquat sprayed at the different localities at the various 

rates 

Locality 

Groenkloof (A) 
Misgund 
Murludi 
Mooiplaas 
Papkuilsfontein 

Trial 3 

Paraquat 200 g a.i. L
Dosage rate 

a.i. ha-• 
0,400,800, 1200, 1600,2000,2400,2800,3200,3600,4000 
0,400,800, 1200, 1600,2000,2400,2800,3200,3600,4000 
0,400,800, 1200, 1600,2000,2400,2800,3200,3600,4000 
0,400,800, 1200, 1600,2000,2400,2800,3200,3600,4000 
0,400,800, 1200, 1600,2000,2400,2800,3200,3600,4000 

Ryegrass seedlings from two populations on the Welgevallen Experimental Farm of 

the University of Stellenbosch in Stellenbosch (33° 56'S: 18° 52' E) were tested for 

paraquat resistance. The two populations grew about 30 m apart, one population 

(susceptible to paraquat - S) being inside a field where different winter grain crops 

are produced and the other population (resistant to paraquat - R) growing adjacent to 

the field in an area that was previously (20 years ago) which in the past had several 

applications of paraquat. The seedlings were sprayed with Gramoxone® [paraquat 

200 g a.i.ha- 1
] at dosage rates of 0, 400, 800, 1200, 1600 and 2000 g a.i. ha- 1

• 

Experimental layout was a 2x6 factorial with population and dosage rate as factors. 

Each treatment consisted of four replicate pots each containing four plants. 

Evaluation procedure 

Seedlings were inspected for mortality at 28 days after treatment (DAT) and 

percentage survival was calculated. Mortality can be defined as a plant with no living 

tissue and thus unable to reproduce. 

Statistical analysis 

Differences between treatment means were tested for significance by means of the 

ANO VA command of the SAS statistical package (SAS, 1999). 
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Results 

Trial 1 

There were no significant three-way interaction (P > 0.05) between locality, product, 

and do age rate for the re pective localities. The only significant (P < 0.05) two-way 

interaction observed wa between locality and product where localitie were 

compared to each other. As far a dosage rate i concerned, there were no ignificant 

differences (P > 0.05) in percentage survival between the different dosage rates of 

400 g a.i. ha-1 and 800 g a.i. ha·1 used at any one of the specific localities tested and 

for the products u ed (Figures 3.1 and 3.2). 

120 

100 

80 

60 

40 

20 

0 _ _.__ 

Groenkloof (A) Groenkloof (B) 

Localities 

LSDo.os = 8.25 

Die Eike Misgund 

Paraquat 400g a.i. ha-1 

•Paraquat 800g a.i. ha-1 

Figure 3.1 Percentage survival of ryegra seedlings from different locaJitie 
sprayed with paraquat at two dosage rates. 
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120 
LSD o.os = 8.25 

100 

80 
-; 
> 60 ·;;: -= 

Paraquat/diquat 400 g a.i. ha-1 

• Paraquat/diquat 800 g a.i. ha-1 
rJ) 

~ 40 

20 

0 
Groenkloof (A) Grocnkloof (8) Die Eike Misgund 

Localities 

Figure 3.2 Percentage ·urvival of ryegrass seedlings from different localities 
prayed with a paraquat/diquat mixture at two dosage rates. 

The locality/product interaction can be observed in Figures 3.1 and 3.2. The 

paraquat/diquat mixture wa Jess effective at Groenkloof B than the paraquat while 

the opposite was true for Misgund. The re. i tance profiles of the four localities differ 

ignificantly from each other over a short distance (Figures 3.1 and 3.2). The localities 

are within a range of two kilometres from each other. The Groenkloof (A) and 

Groenkloof (B) sites are 500 meters apart. 

Although the interaction between product and locality shows significant difference 

between the products at different location , in practice the differences are negligible. 

It is evident that there are very little differences between the efficacy of the paraquat 

treatments and the treatment with the paraquat/diquat mixture (Figures 3. l and 3.2). 

The addition of diquat does not bring any real advantage as far as control of the 

ryegrass is concerned. This re ·ult was confirmed in a field trial where paraquat, a 

paraquat/diquat mixture and diquat on its own were sprayed onto paraquat resi tant 

ryegrass (results not shown). 
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Trial 2 

Figure 3.3 shows varymg responses of ryegrass from different populations to 

increasing paraquat dosage rates, as was indicated by the significant (P < 0.05) 

interaction between population and dosage rate. The· plants from Misgund and 

Papkuilsfontein, the baseline population, showed no dose response with a zero 

survival rate at the lowest dosage rate of 400 g a.i. ha·'. The plants from Murludi also 

showed no dose response but had a survival rate of around 30%, which is not an 

acceptable level of control. Groenkloof (A) and Mooiplaas showed the most severe 

resistance to paraquat with a survival rate of 70% and 50% respectively at the highest 

dosage rate of 4000 g a.i. ha·'. 

120 - LSD o.os = 19.0 

100 - ·~· 

80 - '~-A - ~Misgund 

-o-Mooiplaas 
60 - o-o,~ o V>'a ra~ ~t..-Murludi 

~ Groenkloof (A) 40 , ......... '-,./~,;~'.V-·~· -:::K- Papkuilsfontein 
20 

0 l~"T'"*.ef:::te~*~f'"'f"*"T'"*a=;::<:::K~*""F*• 

Paraquat Dosage rate g a.i. ha-• 

Figure 3.3 The survival rate ofryegrass seedlings from different locations sprayed 
at different paraquat dosage rates. 
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Paraquat applied to the susceptible plants from Papkuilsfontein and Murludi, caused 

death of the plants within 24 - 36 hours. The typical paraquat phytotoxic symptoms 

such as bleaching of the green tissue were evident. The resistant biotypes only 

exhibited necrotic spots on the leaves. Some of the older leaves were slightly 

damaged and necrotic but the younger leaves and growth point showed no phytotoxic 

effects. Powles, (1986) made similar observations regarding the effect of paraquat on 

paraquat resistant Hordeum glaucum. 

Trial 3 

Figure 3.4 shows the resistance profile of the resistant Welgevallen ( R) population 

compared to a susceptible Welgevallen ( S ) population from the same field. The 

significant (P < 0.05) interaction between population and dosage rate is evident. The 

S ryegrass population grew inside an annual crop field whilst the R population grew 

on the border of the field, with a distance of about 30 m separating the two 

populations. This is another example that the resistance profile of the different 

ryegrass populations can differ vastly over a short distance. 

120 LSD o.os = 11.25 

100 

-~ 80 ... ·-... .. 
= 60 

00 

-<>- W elgevallen ( R ) 

-o-W elgevallen ( S ) 
~ Q 40 

20 

0 

0 400 800 1200 1600 2000 

Paraquat Dosage rate g a.i. ha·• 

Figure 3.4 The survival rate of ryegrass seedlings from a susceptible (S) and 
resistant (R) population on the Welgevallen Experimental Fann sprayed with 
different paraquat dosage rates. 
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Discussion 

Paraquat and paraquat/diquat mixtures are very important herbicides for use in 

perennial crops and anti-resistance practices will have to be put in place to maintain 

the spread or even eradicate the existence of paraquat resistance. The use of products 

with an alternative mode of action to paraquat will have to be implemented to have 

any chance of success. However, with the exception of Papkuilsfontein, populations 

of ryegrass from all the abovementioned sites also show resistance to glyphosate ( See 

Chapter 4). Added to this, populations of ryegrass on the farm Groenkloof have been 

shown to be resistant to several ACCase inhibiting herbicides (results not shown). 

This means that at least some Western Cape producers are fast running out of 

herbicidal options to control ryegrass in orchards and vineyards. It thus becomes a 

matter of extreme urgency to seek a solution for this intractable problem. 

The use of paraquat and paraquat/diquat mixtures in the Western Cape is not only 

restricted to perennial crops, but is also used as pre-sowing treatment in winter cereal 

lands. Until recently, it was believed that paraquat-resistant ryegrass only occurred in 

perennial crops in the Western Cape. However, recent findings (P.J. Pieterse 

University of Stellenbosch, personal communication) would seem to indicate that low 

levels of paraquat-resistance have been found in ryegrass in lands sown to winter 

cereals (results not shown). Similar to the perennial crop situation these paraquat

resistant plants have also shown resistance to glyphosate at the registered pre-sowing 

dosage rate. 

Despite the fact that the modes of action of paraquat and glyphosate are very 

different, evidence has emerged that the mechanism of resistance in ryegrass to both 

these two herbicide groups is not based on target site resistance but rather a lack of 

translocation and/or sequestration (Preston et al., 1992; Yu et al., 2007). It is thus not 

inconceivable that the mechanism of both glyphosate and paraquat resistance is based 

on a similar system of sequestration. Ryegrass populations that are resistant to 

paraquat all seem to show at least a partial resistance to glyphosate although the 

reverse does not seem to apply (results not shown). This is an interesting observation 

seen in the light of anecdotal evidence that paraquat resistance preceded glyphosate 
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resistance (personal communication Chari du Plessis, farmer). Paraquat and 

glyphosate resistance also seem to occur in the same areas although different farms 

and specific lands on farms within this area may differ vastly in the degree of 

resistance to glyphosate and paraquat. Populations of ryegrass that are resistant to 

both herbicides always seem to be surrounded by populations of the weed which are 

mainly either paraquat or glyphosate resistant. The biological features of ryegrass 

(e.g. high genetic variability, obligate outcrossing and short-lived seed bank) 

apparently contribute to the rate at which resistance develops. 

Given this background of resistance to both glyphosate and the bipyridylium 

herbicides and evidence suggesting that the mode of resistance may be at least similar 

if not the same, the practice of rotating paraquat with glyphosate as a control strategy 

may not be such a good idea. 
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Abstract 

Glyphosate is the world's most widely used herbicide. It is non-selective and controls 

a broad spectrum of weeds which includes broadleaf weeds as well as grass weeds. 

After reports of poor control of ryegrass with glyphosate in perennial crops, a field 

trial was done to determine the extent of the problem. A biotype of Lolium spp. was 

found to survive the label rate of glyphosate but was susceptible to the selective 

herbicide Haloxyfop-R methyl ester. The two different fonnulations of glyphosate 

tested showed no difference in control of the ryegrass. When plants derived from seed 

collected from the Waveren valley were tested for resistance to glyphosate there was a 

vast difference in the resistance profile of the various biotypes. The LD50 value of the 

biotypes varied between undetectable to twice the recommended label rate. Ryegrass 

populations sampled from wheat fields showed far less resistance to glyphosate than 

populations found in perennial crops. Nevertheless, resistance levels of wheat field 

ryegrass populations gives cause for concern and should be addressed before the 

situation gets out of hand. 

Key words: glyphosate, Lolium spp., resistance 

:n:ntroduction 

Annual ryegrass (Lolium spp.) is a common weed in cereals, orchards and vineyards 

in the Western Cape. In the wheat producing areas of the Western and Southern Cape 

an application with non-selective herbicides prior to sowing is a common practice. 
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The aim of such a herbicide application is to control the weeds, especially grass 

weeds early in the season to ease the weed competition on the crop in the early stages 

before the selective herbicides are applied later in the season. This practise is also a 

very important anti-resistance strategy to release the pressure on the selective post

emergence herbicides that are used later in the season. 

Widespread resistance to the ACCase and ALS inhibitors in annual crops such as 

wheat and pastures in the Western Cape are well documented (Pieterse & Kellerman, 

2002; Heap, 2006). 

Recently poor control of ryegrass with the non-selective herbicide glyphosate was 

reported in perennial crops (Cairns & Eksteen, 2001). These crops are grown as part 

of long-tenn rotations, are subject to no or minimum tillage and are of such high value 

to permit large amounts of herbicide use. In perennial crops glyphosate forms the 

backbone of a weed control program. In some areas, herbicides such as glyphosate 

have been used continuously since the introduction of the herbicide in the early 

1970's. More than one application may be sprayed in a specific growing season. The 

overuse of the product has resulted in a high selection pressure on the ryegrass and the 

survival of resistant individuals. All these factors contribute to the possibility of the 

development of herbicide resistance (Powles et al., 1998). Elsewhere in the world 

ryegrass has evolved resistance to numerous classes of herbicides with distinct modes 

of action (Hall et al., 1994; Preston et al., 1996) and can also exhibit cross-resistance 

to multiple classes of herbicides (Powles et al., 1998). 

Although annual ryegrass developed resistance to vanous modes of action it is 

remarkable that resistance to glyphosate was not reported sooner in perennial crops 

(Powles et al., 1998; de Prado et al., 2004). 

It appears as if the rate of the evolution of resistance between the different modes of 

action varies dramatically. Resistance against the ACCase and ALS inhibitors can 

evolve in as little as 3-4 years or 3-4 successive applications (Tardiff et al., 1993; Gill, 

1995). In contrast resistance of ryegrass to photosystem II inhibitors was reported 

after 10 years of continuous use of the herbicide (Maxwell & Mortimer, 1994; Gill, 

1995). Glyphosate resistance in ryegrass was also rep01ied by Pratley et al., (1996) in 
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Australia. In this instance the resistance evolved after the continuous use of 

glyphosate for 15 years. 

Resistance in annual ryegrass is one of the most economically important examples of 

herbicide resistance in world agriculture (Powles et al., 1997). The objective of this 

study was to determine the extent of the glyphosate resistance problem on ryegrass as 

well as the resistance profile of the different ryegrass populations in the Western 

Cape. 

Materials and Methods 

Seed collection 

Seed was collected during the 2002/2003 seasons from different localities all over the 

Western Cape in perennial as well as annual crops. The seed was dried in paper bags 

for 3 months at room temperature, cleaned and stored under similar conditions till 

further use. 

The ryegrass seeds were sown in round plastic pots (20 cm diameter) filled with pure 

sand. Ten days after emergence the seedlings were transplanted into 8 cm x 8 cm 

square pots filled with sand. All pots were irrigated with a balanced nutrient solution. 

The seedlings were considered ready for treatment when they reached the 2-3 leaf 

growth stage. 

Herbicide Application 

Herbicide application to the ryegrass grown under controlled conditions was done by 

means of a pneumatic pot spraying apparatus. The sprayer was operated at a constant 

pressure of 2 bars. Herbicide application took place at 25 days after transplanting 

when the plants had reached the 2-3 leaf stage. Glyphosate was applied at a spray 

volume of 200 L ha- 1
• 

The application in the field trials was done with a knapsack sprayer calibrated at 235 

L ha- 1
• The application was done at the 3-4 leaf stage of the ryegrass. 
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Treatments 

Three trials were carried out. 

Resistance in perennial crops 

Perennial crops are grown on a long tenn basis i.e. 20 years or longer. 

Trial 1 

Field applications of ryegrass were done at two localities in the Western Cape as 

shown in Table 4.1. 

Table 4.1 Locations, plot size and replications of field trials done 

Location 

Die Eike 

Fairview 

Coordinates 

Tulbagh (33°20'S, l 9°10'E) 

Klapmuts (33°45'S, l 8°55'E) 

Plot size (m) 

3x8 

2.4 x 5 

Replications 

3 

3 

The treatments are shown in Table 4.2. Experimental design was a completely 

randomized, 2x3 factorial with factors locality and product. 

Table 4.2 Treatments used on ryegrass in field trials in the Western Cape 

Treatment 

Untreated 

Glyphosate (240 g a.i. L- ) 

Glyphosate (240 g a.i. L- ) + 

Haloxyfop-R methyl ester (108 g a.i. L- 1
) 

Haloxyfop-R methyl ester (108 g a.i. L- 1
) 

Dosage rate g a.i. ha-• 

960 

960 + 108 

108 

Evaluations were done by means of a percentage rating of the survived plants 

compared to an untreated control. 
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Trial 2 

The effect of two different glyphosate fonnulations on five populations of ryegrass 

from different localities (Table 4.3) in the Western Cape was determined. Seedlings 

were sprayed with glyphosate at various rates and percentage survival was recorded at 

28 DAT. The plants, which came from the different localities, were sprayed with 480 

and 960 g a.i. ha-' of glyphosate (240 g a.i. L-1 isopropylamine salt) and 500 and 1000 

g a.i. ha- 1 of glyphosate (500 g a.i. L- 1 potassium salt). This is twice and 4 times the 

recommended label rate for grass weeds of that size. Experimental design was a 

5x2x2 factorial with factors locality, product and dosage rate. Each treatment 

consisted of four replicate pots each containing four plants. 

Table 4.3 Dosage rates of glyphosate fonnulations sprayed onto ryegrass seedlings 
from five different localities 

Locality 

Groenkloof 
Die Eike 
Misgund 
Fairview 
Weltevrede 

Trial 3 

Control 

0 
0 
0 
0 
0 

Glyphosate 240 g 
a.i. L-1 

(isopropylamine) 
Dosage rate 

. h -1 g a.1. a 
480;960 
480;960 
480;960 
480;960 

. 480; 960 

Glyphosate 500 g 
a.i. L-1 

(Potassium salt) 
Dosage rate 

. h -1 g a.1. a 
500; 1000 
500; 1000 
500; 1000 
500; 1000 
500; 1000 

Ryegrass seedlings from five different populations were subjected to a glyphosate 360 

g a.i. L- 1 application in a dose response trial with dosage rates varying between 720 g 

a.i. ha-1 and 7200 g a.i. ha- 1 (Table4.4). Experimental layout was a 5xl 1 factorial 

with locality and dosage rate as factors. Each treatment consisted of four replicate 

pots each containing four plants. 
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Table 4.4 Dosage rates of glyphosate sprayed at the five different localities at the 
various rates 

Locality 

Groenkloof 

Misgund 

Murludi 

Mooiplaas 

Papkuilsfontein 

Glyphosate (360 g a.i. L- ) 
Dosage rate 

a.i. ha-• 
0, 720, 1440,2160,2880,3600,4320,5040,5760,6480, 7200 

0, 720, 1440,2160,2880,3600,4320,5040,5760,6480, 7200 

0, 720, 1440,2160,2880,3600,4320,5040,5760,6480, 7200 

0, 720, 1440,2160,2880,3600,4320,5040,5760,6480, 7200 

0, 720, 1440,2160,2880,3600,4320,5040,5760,6480, 7200 

Resistance in annual crops 

Annual crops are crops that complete their lifecycle in one season. 

Table 4.5 Locality where the ryegrass sample was collected for the glyphosate 
resistance trial in annual crops 

Farm Geographical area Crop 

Papkuilsfontein Malmesbury (33°30'S, l 8°40'E) Wheat 

Statistical analysis 

Differences between treatment means were tested for significance by means of the 

ANOV A command of the SAS statistical package (SAS, 1999). 

Results 

Resistance in perennial crops 

Trial J 

The significant (P < 0.05) interaction between locality and product is illustrated in 

Figure 4. 1. Glyphosate application resulted in significantly better control of the 

annual ryegrass at Tulbagh compared to Klapmuts. The 80% control achieved at 

Tulbagh is however still considered as unacceptable. The recommended rate for the 
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control of ryegra at the 2-3 leaf stage in South Africa for glyphosate i from 300 g 

a.i. ha-1 upward (L,25 L ha-' of the 240 g a.i. L-1 glyphosate formulation). The 

ryegrass at both Tulbagh and Klapmuts were sprayed at 3.2 times the recommended 

label rate for glypho ate on ryegrass seedlings. Therefore the poor ryegrass control at 

both localities can probably be attributed to ryegra s resistance to glypho ate. 

Haloxyfop-R methyl ester gave excellent control of the ryegrass on it own. In 

mixtures with glyphosate, the haloxyfop-R methyl ester make a ignificant 

contribution to the control of the ryegrass and no antagonism between the products 

could be observed as seen in Figure 4.1. 

60 

50 -~ 
> 40 ·;;: 
"" :I 

30 (fl 

~ 
20 

10 

0 
Glyphosatc 960 

L D o.os = 18.64 

Glyphosate 960 + 
Haloxyfop I 08 

Haloxyfop 108 

Herbicides and dosage rates (g a.i. ha-1
) 

Tulbagh 

• Klapmuts 

Figure 4.1 The control of ryegrass with glyphosate, haloxyfop-R methyl ester and a 
mixture of the two herbicide . 

Trial 2 

A significant (P < 0.05) interaction between locality and product occurred (Figure 

4.2). At Misgund and Die Eike, application of the glyphosate 500 g a.i. L-1 potas ium 

·alt formulation re ulted in significantly lower survival (i.e. better control) than the 

glyphosate 240 g a.i. L-1 isopropylamine ·alt formulation. The ame was ob erved at 

Fairview but the difference was not statistically significant (P > 0.05). At Groenkloof 

and Weltevrede the opposite was observed although the differences again were not 

statistically significant. There were ignificant differences between survival of plants 
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where different do age rate were applied. Th higher do age rate of 1000 g a.i. ha-1 

and (960 g a.i. ha-1
) of the 500 and 240 g a.i. L-1 formulations respectively resulted in 

ignificantly lower survival percentage for each locality. The control however i still 

unacceptable becau 'e the control was Jes than 90% that would be the acceptable 

level of control under field conditions. 

120 

100 

80 

60 

40 

20 

0 

LSD o.os = 17.9 

Localities 

Glyphosate 480 g a.i. 
ha-1 (lsopropylamine 
alt) 

• Glyphosate 960 g a.i. 
ha-1 (lsopropylamine 
salt) 

• Glypho ate 500 g a.i. 
ha-1 (Potassium salt) 

D Glyphosate 1000 g a.i. 
ha-1 (Potassium salt) 

Figure 4.2 Percentage survival of ryegrass seedlings from different locations 
sprayed with two different formulation of glypho ·ate at two dosage rates. 

The result of this trial indicate that the ryegra s at these localities i resi tant to 

glyphosate and that the formulation of the glypho ate used, played no ignificant role 

in the degree of control of the re istant plant . Four of the five localities tested are in a 

radius of one kilometre from each other. The e results are consistent with tho e found 

by Powles et al., ( 1998). 

Trial 3 

This trial wa done to determine the respon e to dosage rate in populations of 

glyphosate resistant ryegra s. The ignificant (P < 0.05) interaction between locality 

and dosage rate is illu trated in Figure 4.3. Not one of the populations tested were 

totally susceptible to glyphosate, because none of the populations could be controlled 
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100% at the lowest rate of 720 g a.i. ha- 1
• The Papkuilsfontein population that was 

used as a baseline population only gave acceptable control of the ryegrass at 1440 g 

a.i. ha- 1 glyphosate. The ryegrass population at Mooiplaas needed 2880 g a.i. ha- 1 for 

acceptable control. With the Groenkloof, Murludi and Misgund populations 

glyphosate gave poor control of the ryegrass with a survival rate that varied between 

50 and 95 % at 7200 g a.i. ha- 1
• Misgund, Murludi and Groenkloof are in a radius of 

two kilometres from each other. All these localities expressed a certain level of 

glyphosate resistance with Misgund, situated in the middle, the most severe with no 

dose response between 720 and 7200 g a.i. ha- 1
• At these localities glyphosate had 

been used continuously for the past 20 years. 

52 

Stellenbosch University  https://scholar.sun.ac.za



-; .. 
-~ ... 
:: 

rJl 

~ 0 

-; .. 
·;;: ... 
:: 

rJl 

~ 0 

C<I .. 
·~ ... 
:: 

rJl 

~ 0 

Groenkloof Misgund 

100 
JOO 

80 80 

-; 
60 60 .. 

·;;: ... 
40 :: 40 

rJl 

~ 0 
20 20 

0 0 ~ ~ 
0 0 0 0 0 0 

~ 
0 0 0 0 ~ =; ~ ~ ~ N ;: 0 N 6 "' 00 0 ;: "' 00 ~ .... "' 

.., .... :6 N ~ 
.., 

~ M .., .. "' ''· .... N .., .. "· "' 
Glyphosate dosage rate g a.i. ha·' Glyphosate dosage rate g a.i. ha"1 

Mooiplaas Murludi 

JOO 
100 

80 
HO 

-; 
60 

60 .. 
·;;: ... 

40 
:: 40 

rJl 

~ 0 
20 20 

0 0 0 0 0 ~ 0 0 0 0 ~ 0 0 0 0 0 0 0 0 0 
M .. "' 00 0 .. ~ ~ fl .. "' 00 0 N 6 "' ~ fl .... :! 00 "' 

.., 0 .... :! 00 "' 
.., .... 

~· M .., .,, "· "' "' M M .., .,, ,,, 
"' 

Glyphosate dosage rate g a.i. ha·' Glyphosate dosage rate g a.i. ha·' 

Papkuilsfontein 
100 

LSD o.os = 20.5 
80 

60 

40 

20 

Glyphosate dosage rate g a.i. ha·' 

Figure 4.3 The percentage survival of ryegrass from different locations treated with 
glyphosate at different dosage rates. 
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Resistance in annual crops 

During the past season more and more cases of poor control in pre-sow situations 

were reported where glyphosate was used. In pre-sow situations a dose of 270 g a.i. 

ha·'* to 540 g a.i. ha·' *(g a.i. ha·' - gram active ingredient per hectare) glyphosate is 

recommended. The dosage rate that will be used will depend on the actual size of the 

weeds to be treated. 

In a trial done in a controlled environment the control of ryegrass from a wheat field 

in the Swartland area with glyphosate and paraquat were compared. 

Table 4.6 The control of ryegrass from a wheat field with glyphosate and paraquat. 

P<0.05 

Dosage rate 
L ha·' 

2 
4 
6 
8 

Glyphosate 360 g a.i. 
30 a 
90b 
100 b 
lOOb 

% Control 
L-1 Paraquat 200 g a.i. L-1 

100 a 
100 a 
100a 
100 a 

In table 4.6 results show that 720 g a.i. ha·' glyphosate did not control the ryegrass 

satisfactorily. The dosage rate at which the unsatisfactorily control were obtained are 

in both cases higher than the dosage rate used nonnally in pre-sow situations. In 

contrast with the glyphosate, the paraquat gave excellent control of the ryegrass even 

at the lowest dosage rate. 

Annually the University of Stellenbosch tests seed samples for herbicide resistance. 

During 2003, there were 65 ryegrass samples tested for resistance against glyphosate. 

The results of the tests are given in Table 4.7. 
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Table 4.7: Results of the glyphosate resistance tests on ryegrass from wheat fields 
done by the University of Stellenbosch 

% Control 

0 - 70 71- 90 91- 99 100 

No. of samples 0 3 8 54 

None of the samples tested gave less than 70% control. Three samples out of 65 gave 

between 71 and 90% control, eight samples out of 65 gave between 91 and 99% 

control and 58 out of 65 samples gave 100% control. From the results it is clear that 

ryegrass resistance against glyphosate in annual crops has the potential to become a 

real threat. 

The herbicide was applied on ryegrass seedlings in the 2 - 3 leaf stage. The 

application rate was 200 L ha-' and the dosage rate was a 1,5 % solution of a 360 g a.i. 

L -I glyphosate. This implies a per hectare application rate of 540 g a.i. ha- 1
. 

Discussion 

In the populations that were tested no cross-resistance between glyphosate and the 

ACCase inhibitors were found. However there is evidence that such cross-resistance 

can occur in the field (Powles et al., 1998). 

The use of different formulations of glyphosate didn't have any effect on the control 

of the resistant biotypes investigated. The potassium salt did give better control at the 

higher dosage rate than the isopropylamine salt but it was not significant. 

The glyphosate resistance profile of the ryegrass biotypes tested varied vastly. The 

Misgund biotype didn't show any dose response at all and didn't reach the LD50 value 

even at 7200 g a.i. ha- 1 while the Groenkloof and Murludi biotypes reached LD50 at 

4680 and 5040 g a.i. ha- 1 respectively. The Mooiplaas biotype reached LD50 value at 

2520 g a.i. ha-' and the Papkuilsfontein population's LD50 value was 1080 g a.i. ha- 1
. 

This is an indication that the resistance profile of ryegrass can differ vastly between 

populations. 
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Worldwide annual ryegrass is very prone to resistance and has developed extensive 

resistance to several herbicides (Fuerst et al., 1985; Preston et al.,1992; Powles et al., 

1998). Resistance to glyphosate can occur following persistent use. Glyphosate is a 

very important herbicide in world agriculture and given the current high use and the 

possibility of more product use in transgenic crops, the development of resistance to 

glyphosate is of much importance to agriculture. The occurrence of resistance to 

glyphosate is very significant in tenns of weed management in perennial crops. This 

limits options for weed control in these crops and poses a real threat to the industry. 

Integrated weed control strategies will have to be implemented in these areas to 

address the problem. 

The high level of resistance to glyphosate found in Western Cape ryegrass is 

surprising. Build up of resistance is often related to the period of time that the product 

has been used exclusively, number of applications per season and dosage rate at 

which the herbicide is applied. None of these factors appear to be any different in the 

Western Cape compared to the other areas of the world where resistance to glyphosate 

is absent or minimal. At this stage in the investigation, climatic, edaphic and even 

biological factors cannot be excluded as militating factors in the development of 

resistance to glyphosate in annual ryegrass in the Western Cape. 

From the results of the tests done in annual crops it is clear why there are more and 

more cases reported where a pre-sow application of glyphosate did not give the 

desired result. In many cases the producers did not realise that control was poor due to 

the fact that cultivation and/or sowing took place before the herbicide could take 

effect and the efficacy of the application could thus not be accurately detennined. 

Weeds that escaped the pre-sow application will also be controlled with more 

difficulty in a post-emergence weed control programme due to the fact that the weeds 

are physiologically older than the weeds that emerged simultaneously with the crop. 

Situations like this put more pressure on the selective herbicides that are used later in 

the season. 
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It is important that an anti-resistant strategy is followed in the pre-sow situations. The 

systemic products such as glyphosate must be alternated with contact herbicides such 

as paraquat or a proper cultivation must be done to control the weeds effectively. 

Care should be taken that the situation does not deteriorate to such an extent that 

valuable chemistry is lost to the industry. 
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Chapter 5 

Resistance of ryegrass (Lolium spp.) to glyphosate and 
]paraquat/diquat illl orclmards and vin.eyards 

lF.H. Eksteen1, P.J. Pieterse2 and A.L.JP. Cailrns2 

1) Syngenta South Africa Pty. Ltd. 

2) Department of Agronomy, University of Stellenbosch, Private Bag Xl, 

Matieland 7606 

Abstiract 

Resistance to glyphosate, paraquat and paraquat/diquat mixtures has been reported 

during the year 2000. An investigation was launched and the allegations were 

substantiated through field trials. The resistance profiles of the different populations 

tested differ vastly between herbicides. The addition of herbicides such as haloxyfop

R methyl ester and fluazifop-P-butyl as well as propyzamide gave excellent control of 

the ryegrass populations resistant to glyphosate and paraquat. This herbicides should 

however be used with anti-resistant strategies in mind to protect them from 

developing resistance against ryegrass. 

Key words: glyphosate, Lolium spp., paraquat 

Introduction 

In orchards and vineyards, glyphosate, paraquat and paraquat/diquat mixtures fonn 

the backbone of the weed control program. Glyphosate has been used continuously 

for the past 20 years in vineyards and orchards. In many instances the herbicide was 

sprayed more than once during the growing season. Prior to the introduction of 

glyphosate in 1974, paraquat and paraquat/diquat mixtures had been used almost 

exclusively as a non-selective herbicide in orchards and vineyards from the mid 

1950's. The almost exclusive use of these products, firstly paraquat/diquat and 

subsequently glyphosate, undoubtedly favoured selection pressure for resistant 

individuals. 

59 

Stellenbosch University  https://scholar.sun.ac.za



One of the most important weeds in orchards and vineyards in the Western Cape is 

ryegrass (Lolium spp.). The biological features of ryegrass (e.g. high genetic 

variability,. obligate out-crossing and short-lived seed bank) apparently contribute to 

the rate at which resistance develop. Ryegrass has developed resistance to more 

groups of herbicides than any other weed (Heap, 2006). Resistance of ryegrass to 

ACCase and ALS inhibitors in cereals in the Western Cape is widespread (Pieterse & 

Kellerman, 2002). It was thus not totally unexpected when reports of poor control of 

ryegrass by glyphosate in orchards and vineyards started to appear 3 to 4 years ago. 

These reports were investigated and initial studies not only confinned the presence of 

several populations of glyphosate-resistant ryegrass, but also revealed that resistance 

of ryegrass to paraquat/diquat was widespread. 

This study was thus initiated to document the extent and nature of these resistant 

ryegrass populations, and to seek alternative herbicides with different modes of action 

for their cost-effective control. 

Materialls and Methods 

Two Western Cape sites were selected from which reports of poor control of ryegrass 

(Lolium spp.) by non-selective herbicides had been received. One site is near Tulbagh 

in a peach orchard and the other in a vineyard near Klapmuts. Trials were conducted 

during the 2003 season to investigate the problem and to look for workable alternative 

solutions. 

In these trials the non-selective herbicides glyphosate (240 g a.i. L" 1
) and a pre-mix 

formulation of paraquat (120 g a.i. L" 1
) + diquat (80 g a.i. L" 1

) were used to evaluate 

the extent of the problem at the two sites. Mixtures were also made of the two non

selective herbicides and two selective herbicides, haloxyfop-R methyl ester (108 g a.i. 

L" 1
), and propyzamide (490 g a.i. kg- 1

) in order to find a solution to the poor control 

obtained with the non-selective herbicides. The selective herbicides haloxyfop-R 

methyl ester and fluazifop-P-butyl were also sprayed on their own. Dosage rates were 

as indicated in Table 5.l. 
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The herbicides were applied with a knapsack sprayer calibrated to deliver 230 L ha-1 

of water. Each treatment was replicated 3 times on 5m x 3m plots. Evaluation of the 

trial was done 28 days after application and efficacy was scored as percentage 

survival. 

Statistical analysis 

Differences between treatment means were tested for significance by means of the 

ANOVA command of the SAS statistical package (SAS, 1999). 

ResUllllts 

Tabne 5.1 The effects of different herbicides and herbicide mixtures on survival of 
ryegrass with various levels of resistance 

TREATMENT 

Paraquat + Diquat 

DOSAGE RATE 
. h -1 g a.n. a 

600 + 400 
Paraquat + Diquat + 600 + 400 + 735 
Propyzamide 
Glyphosate 960 

960 + 108 
Glyphosate + haloxyfop
R methyl 

Survival(%) 
(Average of 3 replications) 

Klapmuts Tulbagh 
37b 73c* 

1 a 5 ab 

53 b 20b 

Oa Oa 

Fluazifop-P-butyl 250 3 a 
Haloxyfop-R methyl 108 0 a 1 a 

*Values followed by same letter in a column do not differ significantly at the 
P=0.05 level. 

In the orchard near Tulbagh, the paraquat + diquat pre-mix sprayed on its own gave 

poor control of the ryegrass while glyphosate gave better control but still not to an 

acceptable level (Table 5.1). In the case of the vineyard near Klapmuts the scenario 

was reversed, with the paraquat + diquat pre-mix giving the superior (but still not 

acceptable i.e. more than 90 % control) control and glyphosate the inferior control 

(Figure 5.1, A and B and Figure 5.2, A and B). 
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Figure 5.1 Control of ryegras with paraquat+ diquat pre-mix (600 + 400 g a.i. ha-1
) 

(A) and glyphosate (960 g a.i. ha-1
) (B) near KJapmuts. 

Figure 5.2 Control of ryegrass with ~araquat + diquat pre-mix (600 + 400 g a.i. ha-
1
) 

(A) and gJyphosate (960 g a.i. ha- ) (B) near Tulbagh. Control plot are in the 
foreground. 

In the treatment where propyzamide was added to Lhe paraquat + diquat pre-mix the 

control at both site were very good as seen in Table 5.1. Both applications were 

followed by light rain Lhal was ideal for the activation of the soil-acting propyzamide. 
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The paraquat+ diquat pre-mix gave control of the broadleaf weed that wa pre ent in 

these trial plots (Figure 5.3 A and B). 

Figure 5.3 Control of ryegra with paraquat+ diquat pre-mix (600 + 400 g a.i. ha-1
) 

+ propyzamide (735 g a.i .ha-1
) at Tulbagh (A) and Klapmuts (B). 

The ACCase inhibitors haloxyfop-R methyl and fluazifop-P-butyl both gave excellent 

control of the ryegrass that was resistant to the non-selective herbicide glyphosate 

and the paraquat + diquat pre-mix. The problem was that haloxyfop-R methyl and 

fluazifop-P-butyl selectively control grass weeds . This resulted in a proliferation of 

the broadleaf weeds in these treatments as indicated by the arrow in Figure 5.4 A and 

B. 

Figure 5.4 Trial plot prayed with haloxyfop-R methyl ( 108 g a.i. ha-1
) at Tulbagh 

(A) and Klapmuts (B). 
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In the plot where the glypho ate was added to the haJoxyfop-R methyl excellent 

control were obtained of both ryegrass and broadJeaf weeds, in this ca e Plantago 

lanceolata (Figure 5.5). 

Figure 5.5 Trial plot sprayed with glyphosate (960 g a.i. ha-1
) + haloxyfop-R methyl 

(108 g a.i. ha-1
) at TuJbagh (A) and Klapmuts (B). 

Discussion 

Ryegrass showed re i tance to glypho ate and the paraquat + diquat pre-mix at both 

trial sites. However, the additional use of propyzamide, haloxyfop-R methyl and 

fluazifop-P-butyl give producers alternative solutions for the control of glyphosate 

and paraquat/diquat-resistant ryegrass. Haloxyfop-R methyl and fluazifop-P-butyl 

have no residual activity in the soil, which means that follow-up spray might be 

necessary to control the late emerging grasses. On the other hand, propyzamide, due 

to its residual activily in the soil, give ea on-long control of gra weeds. In a 

ryegra s resistance siluation, as described above, the use of glyphosate and the 

paraquat + diqual pre-mix to control broad-leaved weeds is not ideal. Due to the high 

and continuous selection pres ure caused by the u e of these products, the resistance 

problem can only get wor e. 

Option for the conlrol of broadleaf weeds are very limited in orchards and vineyards, 

especially in stone fruit In vines and pome fruit farmers can revert Lo lhe re idual 

herbicides such as Lerbulhylazine and simazine. 
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Ryegrass resistance to the ACCase inhibitors such as haloxyfop-R methyl and 

fluazifop-P-butyl is well documented (Gill, 1995; Heap, 2006). Care should be taken 

that overuse of these herbicides does not result in the elimination of yet another 

important herbicide group for use in orchards and vineyards via build up of resistance. 

More recent work (results not shown) has indeed proven that resistance of ryegrass to 

ACCase inhibitors in vineyards and orchards is already a problem in isolated 

situations in the Western Cape. 

To date, no case of ryegrass resistance to propyzamide has ever been reported. 

However, enhanced degradation of propyzamide has been reported after continuous 

applications in the Netherlands (Eelen et al., 2003.). This resulted in poor control of 

the grass weeds due to a lack of residual activity. When using propyzamide in a weed 

control program in perennial crops, it is important to keep the time of application in 

mind. Propyzamide is registered as a pre-emergence or early post-emergence 

application. Propyzamide should therefore be sprayed early in the season, after the 

first winter rain (May - June) when the ryegrass starts emerging, and not later in the 

season (July - August), when the ryegrass is in the 6 leaf stage, as is the current 

practice for weed control in perennial crops. 

The fruit and wine industry will be facing severe problems ifryegrass resistance to the 

two most important non-selective herbicides continues to spread. It is therefore 

essential that steps be taken now to make use of integrated weed control programmes 

where herbicide groups are rotated every year. This action will ensure that the 

valuable chemistry is protected against overuse, and the evolvement of resistance to 

the herbicides currently used, are prevented or delayed. 

References 

Eelen, H., Buike, R. & Bouchaud, J., 2003. Enhanced degradation of 

propyzamide after repeated application in orchards. Thirteenth Australian 

Weeds Conference. September 2003, Perth, Australia 

65 

Stellenbosch University  https://scholar.sun.ac.za



Gill, G.S., 1995. Development of herbicide resistance in annual ryegrass populations 

(Lolium rigidum Gaud.) in the cropping belt of Western Australia. Aust. J 

Exp. Agric. 35, 67-72. 

Heap, I., 2006. International survey of herbicide resistant weeds. Online: 

www.weedscience.com. [Accessed 2006] 

Pieterse, P.J. & Kellennan, J.L., 2002. Quantifying the incidence of herbicide 

resistance in South Africa. Resistant Pest Management Newsletter 12, 39-41. 

SAS, 1999. SAS/STAT User's Guide, Version 8.2, Fourth Edition, Volume 3. SAS 

Institute Inc, SAS Campus Drive, Cary, NC 27513. 

66 

Stellenbosch University  https://scholar.sun.ac.za

http://www.weedscience.com.


Chapter 6 

MultipRe resistance in annu.ail ryegrass (Lolium spp.) to four 
grou.ps of herlbkides 

F .H. Eksteen 1, P .J. Pieterse2 and A.L.P. Cairns2 

1) Syngenta South Africa Pty. Ltd. 

2) Department of Agronomy, University of Stellenbosch, Private Bag Xl, 
Matieland 7606 

Abstract 

Lolium spp. is a common weed in crops in the Western Cape. Resistance to ACCase 

and ALS inhibitors in wheat fields as well as paraquat and glyphosate resistance in 

perennial crops has been reported in the area. 

Plants from different localities across the area have been treated with paraquat and 

glyphosate to detennine their resistance profiles. Cross resistance between these two 

herbicides was discovered. Survivors of these two treatments were treated with 

haloxyfop-R methyl, an ACCase inhibitor as well as iodosulfuron, an ALS inhibitor. 

These plants were resistant to both these groups of herbicides. 

Key words: multiple resistance, glyphosate, Lolium spp., paraquat 

][ntroduction 

Annual ryegrass (Lolium spp.) is one of the most important weeds in the Western 

Cape. It occurs regularly in orchards, vineyards and winter cereals. Ryegrass 

resistance against the ACCase and ALS inhibitors is well documented in annual crops 

(Pieterse & Kellennan, 2002). ACCase resistance was first reported in 1989 (Heap, 

2006). The recent discovery of resistance of ryegrass to both glyphosate and paraquat 

is the first significant case of non-selective herbicide resistance in South Africa 

(Heap, 2006). Powles et al., (1998), reported cross-resistance of ryegrass to 

glyphosate and an ACCase inhibitor, diclofop-methyl. Cross-resistance between 
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glyphosate and the ACCase inhibitors was also reported by Burnet et al., (1994) and 

Heap & Knight, (1990). Yu et al., (2007) reported multiple herbicide resistance of 

ryegrass to glyphosate, paraquat and the ACCase inhibitors. 

Non-selective herbicides such as glyphosate and paraquat are a very important part of 

the herbicide spray programme in perennial crops. Paraquat has been in use in the 

Western Cape for more than 40 years and glyphosate for more than 25 years. They are 

either mixed with residual herbicides such as terbuthylazine and simazine or sprayed 

on their own. In some cases more than one application of the non-selective herbicides 

are made during the growing season. These crops are not grown as part of short term 

rotations, are not subject to tillage, and are of sufficient value to permit large amounts 

of herbicide use. Multiple applications over many seasons of any given herbicide will 

lead to resistance sooner or later (Watanabe et al., 1982; Fuerst & Vaughn, 1990). The 

agricultural practices most conducive to the occurrence of the cross-resistance 

phenomenon are those that rely exclusively on one or a few herbicides for a high level 

of weed control. 

The ACCase and ALS inhibitors are commonly used in cereals. The ALS inhibitors 

are not used in perennial crops due to a lack of selectivity in these crops but the 

ACCase group of herbicides are used to a certain extent. However, due to the close 

proximity of annual crops such as wheat, and perennial crops to each other in some 

areas, herbicide resistance of a given weed e.g. ryegrass can spread from perennial to 

annual crops and vice versa. Due to its self-incompatibility and capacity to 

hybridize, ryegrass is extremely variable which has, in all probability, been 

instrumental in its developing resistance to more herbicides than any other weed in 

the world (Hall et al., 1994; Preston et al., 1996; Powles et al., 1997). 

The objectives of this study were to see if the glyphosate populations tested were 

resistant to any other group of herbicides. 
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Materials and Methods 

Seed collection 

Seed were collected during the 2002/2003 seasons from five different localities in the 

Western Cape (Table 6.1). 

'fable 6.1 Localities from where seed was collected 

:Farm 
Groenkloof 
Misgund 
Murludi 
Mooiplaas 
Papkuilsfontein 

Geographical area 
Tulbagh (33°20'S, 19°10'E) 
Tulbagh (33°20'S, 19°1 O'E) 
Tulbagh (33°20'S, 19°10'E) 
Stellenbosch (33°56'S, 18°52'E) 
Malmesbury (33°30'S, l 8°40'E) 

The seed was cleaned and stored in glass bottles until use. 

Germination and seedling establishment 

Crop 
Grapevines 
Grapevines 
Pears 
Grapevines 
Wheat 

The ryegrass seeds were sown in round plastic pots (20cm diameter) filled with pure 

sand. Ten days after emergence the seedlings were transplanted into 8 cm x 8 cm 

square pots filled with sand. All pots were irrigated with a balanced nutrient solution. 

The seedlings were considered ready for treatment when they reached the 3-4 leaf 

growth stage. 

Treatments 

Trial 1 Resistance to glyphosate and paraquat 

Plants from the five populations shown in Table 6.1 were subjected to various rates of 

glyphosate and paraquat (Table 6.2). The results for the two herbicides were analyzed 

separately, each as a 5 X 10 factorial with factors locality and dosage rate. To 

investigate possible interactions between herbicide, locality and dosage rate, data 

from the localities Murludi, Mooiplaas and Groenkloof was analyzed as a 2 X 3 X 10 

factorial with factors herbicide, locality and dosage rate. All treatments were 

replicated four times. For the sake of clarity, the dosage response curve of each 
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population is shown on a separate graph with the response curve of the 

Papkuilsfontein population, which was used as the baseline population (Figure 6.1 a

d). A baseline population is used as a reference from which the measurements can be 

made. In this case a population that is totally susceptible to the herbicide in question. 

Trial 2 Resistance to haloxyfop-R methyl and iodosulfuron 

Plants from Groenkloof that survived the glyphosate and paraquat applications were 

cloned to obtain enough plants for the trial. The plants were treated with haloxyfop-R 

methyl and iodosulfuron at the rates given in Table 6.2. The data from each herbicide 

treatment was analyzed as a separate trial and one-way ANOV A analyses were 

perfonned on it. 

Table 6.2 A dose response trial was carried out with glyphosate, paraquat, haloxifop
R-methyl ester and iodosulfuron at the dosage rates specified 

DOSAGE RATE 

Glyphosate Paraquat Haloxyfop-R lodosulfuron 

(360 g a.i. L-1
) (200 g a.i. L-1

) methyl ester (50 g a.i. L-1
) 

(108 g a.i. L-1
) 

L ha- 1 . h -1 g a.1. a L ha-1 . h -1 g a.1. a L ha-• g a.i. ha· 1 g ha-• g a.i. ha· 1 

0 0 0 0 0 0 0 0 

2 720 2 400 0.5 54 200 10 

4 1440 4 800 1.0 108 400 20 

6 2160 6 1200 1.5 162 600 30 

8 2880 8 1600 2.0 216 800 40 

10 3600 10 2000 2.5 270 1000 50 

12 4320 12 2400 

14 5040 14 2800 

16 5760 16 3200 

18 6480 18 3600 

20 7200 20 4000 
-
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Herbicide Application 

Herbicides were applied with a pneumatically driven pot spraying apparatus fitted 

with a flat fan 8001 nozzle. The sprayer was operated at a constant pressure of 2 bars. 

Glyphosate, haloxyfop-R methyl ester and iodosulfuron were applied at 200 litre 

water ha- 1
• Paraquat was applied at a rate of 400 L ha- 1 spray volume, containing 0,2% 

of the surfactant Agral 90®. The experiment was evaluated 28 days after treatment 

(DAT) and percentage survival of the plants calculated. 

Statistical analysis 

Differences between treatment means were tested for significance by means of the 

ANOV A command of the SAS statistical package (SAS, 1999). 

Results 

Initial screening was done on ryegrass populations from five selected localities in the 

Western Cape. These plants were sprayed with glyphosate and paraquat respectively. 

In the glyphosate trial, a significant (P < 0.05) interaction between locality and dosage 

rate was observed. The registered rate for the control of ryegrass with glyphosate is 

360 g a.i. ha-' and for paraquat 250 g a.i. ha- 1
• Variable control of ryegrass was 

obtained with glyphosate. Only Papkuilsfontein (the baseline population) and 

Mooiplaas (Figure 6.1 d), gave 100 % control but only at 2160 and 3600 g a.i. ha- 1 

respectively which is 6 and 10 times the registered dosage rate. At Murludi and 

Gtoenkloof (Figure 6.1 a and c), the resistance was much more severe and a dosage 

rate of 5040 g a.i. ha-' was needed to achieve 50% control in both instances. 

Complete control could not be obtained even with a dosage rate of 7200 g a.i. ha- 1
• 

Misgund ryegrass (Figure 6.1 b) showed the highest degree of resistance to 

glyphosate. In this case the survival rate was above the 80 % mark, even at 7200 g a.i. 

ha-' which is 20 times the registered rate. 
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Figure 6.1 The control of ryegrass from different localities in the Western Cape with 
glyphosate (360 g a.i. L- 1

). 

Similar to glyphosate a significant (P < 0.05) interaction between locality and dosage 

rate occurred when paraquat was applied to the ryegrass plants. Paraquat showed 

excellent control of ryegrass from Misgund and the population from Papkuilsfontein 

used as the baseline population, even at the lowest dosage rate of 400 g a.i. ha- 1 

(Figure 6.2 a). The ryegrass at Murludi (Figure 6.2 b) showed little dose response 

with a survival rate of 20% over the whole range of doses tested from 400 to 4000 g 

a.i. ha- 1
• The control obtained will not be acceptable in practice. Mooiplaas (Figure 

6.2 c) and Groenkloof (Figure 6.2 d) showed the most severe resistance to paraquat 

with a survival rate that varied between 50 and 60 % over the dosage range tested. 
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Figure 6.2 The control of ryegrass from different localities in the Western Cape with 
paraquat (200 g a.i. L- 1

). 

When the glyphosate and paraquat results from Misgund, Murludi and Groenkloof 

were analyzed as a 2 X 3 X 11 factorial, a significant (P < 0.05) interaction between 

herbicide, locality and dosage rate was observed. The ryegrass at all three localities 

showed different response curves to various rates of glyphosate and paraquat (Figure 

6.3). 

The results indicate cross-resistance to glyphosate and paraquat in the biotypes of 

Murludi (Figure 6.3a), Mooiplaas (Figure 6.3b) and Groenkloof (Figure 6.3c). 
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However, the level of the cross-resistance varied between the different localities. 

Groenkloof displayed the most severe cross-resistance to glyphosate and paraquat, 

while it was less pronounced at Murludi and Mooiplaas. 

Figure 6.4 showed plants from Groenkloof that were treated with glyphosate at 1080 g 

a.i. ha-
1 

and paraquat at 600 g a.i. ha- 1 which is 3 times and twice the registered rate 

for the two herbicides respectively. Figure 6.5 however shows plants from Groenkloof 

that were treated with glyphosate at 5400 g a.i. ha- 1 and paraquat at 3000 g a.i. ha- 1 

which is 15 times and 10 times the registered rate for glyphosate and paraquat 

respectively. 

LSDo.os= 26.3 

G ~Murlucli (Para) ~Murludi (Cly) G --¢-Mooiplaas (Para) --0-Mooiplaas (Cly) 

100 

80 
-; 
;. ·s: 60 ... 
= VJ 40 
~ 0 

20 

0 

<;:\ 

Paraquat I Glyphosate Dosage Rate (g a.i. ha"1
) Paraquat I Glyphosate Dosage Rate (g a.i. ha·') 
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) 

Figure 6.3 The control of ryegrass from different localities in the Western Cape with 
paraquat (200 g a.i. L- 1

) and glyphosate (360 g a.i. L- 1
). 
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Figure 6.4 Annual rye grass plants from Groenkloof treated with glyphosate ( 1080 g 
a.i. ha.1

) and paraquat (600 g a.i. ha.1
) compared to an untreated control plant 

Figure 6.5 Annual ryegra plants from Groenkloof treated with glyphosate (5400 g 
a.i. ha.1

) and paraquat (3000 g a.i. ha.1
) compared to an untreated control plant. 

Plant from Groenkloof that survived the glyphosate and paraquat treatments were 

cloned and tested for re istance against haloxyfop-R methyl (ACCase inhibitor) and 
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iodosulfuron (ALS inhibitor). In the trial where the haloxyfop-R methyl was sprayed 

on cloned glyphosate and paraquat individuals from Groenkloof, no mortalities were 

recorded after 28 days at even 5 times the registered rate (Table 6.3). 

Table 6.3 The control of a ryegrass population from Groenkloof in the Western Cape 

sprayed with haloxyfop-R-methyl. 

% Survival 

P>0,05 

0 

100 

Haloxyfop-R methyl 

Dosage rate (g a.i. ha· ) 

54 

100 

108 

100 

162 

100 

216 

100 

270 

100 

Visually there were also no differences between the plants treated with haloxyfop-R 

methyl at 54 g a.i . ha-1
, the registered rate, and 270 g a.i. ha-1

, 5 times the registered 

rate and the untreated control plants as seen in Figure 6.6 and Figure 6. 7. 

Figure 6.6 Annual ryegrass plants from Groenkloof treated with 54 g a.1. ha·1 

haloxyfop-R methyl and an untreated control plant 
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Figure 6.7 Annual ryegrass plants from GroenkJoof treated with 270 g a.1. ha-1 

haloxyfop-R methyl compared to an untreated control plant 

Where iodosulfuron was sprayed at the regi tered rate of 10 g a.i. ha-1
, it only gave 60 

% control of the cloned Groenkloof ryegrass that survived the glyphosate and 

paraquat treatments. However, there was no dose response in ryegra control 

between 20 - 50 g a.i. ha-1 iodosulfuron a can be seen in Figure 6.8. While the level 

of survival with iodo ulfuron is not as high a with haloxyfop-R methyl, the 

individuals that survived, and the level of control achieved will not be acceptable in 

practice. 

120 
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80 

60 

40 

20 

0 

LSDo.os= 20.S 

I~ lodosulfuron I 

10 20 30 40 so 
Do age rate (g a.i. ha-1

) 

Figure 6.8 The control of ryegrass from Groenkloof m the Western Cape with 
iodosulfuron. 
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Discussion 

Resistance to the non-selective herbicides, glyphosate and paraquat, is widespread in 

perennial crops in the Western Cape. According to Gressel (2002), once resistance 

evolves to the first herbicide in a population containing a mutator, the mutator is in a 

high frequency in the population, and will remain in much high frequencies, even as 

resistance is sexually segregated away from the mutator. It is highly likely that a 

second herbicide with no known cross-resistance to the first herbicide is introduced 

well before this sexual segregation has proceeded to any great extent. Thus, the 

frequency of resistance to the second herbicide will be that of the mutator population, 

perhaps a thousand times higher than in the wild population. Similarly, if a population 

or part of a population is under stress conditions i.e. herbicide applications that select 

for mutator-enhanced weeds, this population or sub-population may evolve resistance 

more rapidly than the wild type. Better evidence for a mutator in the resistant 

population comes from the data of Tardiff & Powles (1994). They subjected a pristine 

population of Lolium rigidum as well as a population that had already evolved 

resistance to various herbicides, to the herbicide sethoxidim. Both populations were 

initially susceptible, but the population with other resistances quickly evolved 

resistance to sethoxidim. This can partially explain what happened in the case of the 

Groenkloof population, where the population was subjected. frequently to the 

herbicides glyphosate (EPSP synthase inhibitor) and paraquat (PS I inhibitor), seldom 

to haloxyfop-R methyl (ACCase inhibitor) and never to iodosulfuron (ALS inhibitor). 

The findings of Tardiff & Powles (1994) show that following herbicide selection 

pressure, L. rigidum can accumulate different resistance mechanisms. Following the 

continuous use of herbicides, it is clear that resistant plants can express several 

different resistance mechanisms involving target site and/or non-target site 

modifications (Matthews et al., 1990; Holtum et al., 1991; Devine et al., 1993; 

Tardiff et al., 1993). The first report of multiple resistance to both glyphosate and 

paraquat, as well as the ACCase inhibitors has occurred after more than 25 years of 

successful use of these herbicides (Yu et al., 2007). The accumulation of multiple 

resistance within a population is either the result of sequential selection or due to 

cross-pollination between individuals with different resistance mechanisms (Yu et al., 

2007). Obligatory cross-pollination of annual ryegrass aids in the rapid accumulation 

of multiple resistance. 

78 

Stellenbosch University  https://scholar.sun.ac.za



The fact that resistance to four different groups of herbicides was discovered in one 

area is of great concern. Although cross-resistance of ryegrass to the ACCase and 

ALS inhibitors is fairly common (Hausler et al., 1991), cross-resistance between the 

ACCase, ALS, photosystem I and the EPSP synthase inhibitors are very rare. The 

non-selective herbicides are the backbone of weed control programmes in perennial 

crops. Cross-resistance between these groups of herbicides limits options for weed 

control in crops such as stone fruit where alternative$ are already limited. The threat 

of cross-resistance to total different modes of action complicates the decision making 

process even more. Alternatives for the control of grass weeds in perennial crops such 

as the ACCase inhibitors will have to be protected by making use of anti-resistance 

strategies as far as possible. According to Prof. Andy Cairns (personal 

communication), there were already cases reported where propyzamide did not 

control the ryegrass and that enhanced degradation is a strong possibility. 
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Abstract 

Paraquat is widely regarded as a fast acting contact herbicide. However translocation 

of the herbicide within the plant and even to the roots has recently been shown to be 

critical to its phytotoxic effect. This paper examines the uptake and movement of 

paraquat by roots and leaves in biotypes of Lolium spp. which are resistant and 

susceptible to the herbicide. Uptake of paraquat did not appear to be limiting in 

resistant plants. However movement of the herbicide from the point of application on 

the leaf was severely restricted in the resistant plants. This lack of movement of the 

herbicide within the plant undoubtedly constitutes the mechanism whereby the plants 

· are resistant to paraquat. 

Key words: Lolium spp., paraquat, resistance, 

Introduction 

Paraquat is a fast acting, non-selective herbicide that acts in the presence of light. It 

desiccates the green parts of plants it comes into contact with. Paraquat is known to 

act on the photosynthetic membrane system called photosystem I, which produces 

free electrons to drive photosynthesis. Paraquat ruptures the cell membranes allowing 

water to escape from the plant material that leads to the rapid desiccation of the 

foliage (Anon, 2006). 
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Paraquat was discovered as a herbicide in 1955 and introduced to world markets 

during 1962. Despite the fact that paraquat is seen as a contact herbicide the first 

reports of the movement of paraquat in plants were made by Funderburk & Lawrence 

(1963, 1964) and Slade & Bell (1966). Reduced paraquat movement within leaves of 

paraquat resistant biotypes, as observed by autoradiography, has been demonstrated in 

Erigeron philadelphicus and E. canadensis (Tanaka et al., 1986), Conyza bonariensis 

(Fuerst et al., 1985) and Hordeum glaucum (Bishop et al., 1987) following paraquat 

application through cut petioles. When paraquat was applied as a droplet to the leaf, 

quantitatively more paraquat was translocated in a basipetal direction in the 

susceptible biotypes than in the resistant biotypes of Hordeum spp. (Purba et al., 

1995) and Arctotheca calendula (Soar et al., 2003). 

Paraquat resistance to Lolium rigidum was reported in South Africa in 2002 (Heap, 

2006). Several hypotheses regarding the resistance mechanism has been proposed by 

scientists but most evidence point to the sequestration or lack of translocation of the 

herbicide (Preston, 1994; Hart & DiTomaso, 1994; Szigeti & Lehoczki, 2003 and Yu 

et al., 2004, 2007). 

The aim of this study was two-fold. Firstly, to determine if foliar uptake of paraquat 

was in any way involved in the resistance mechanism and secondly to determine if 

lack of translocation of the herbicide is the major cause ofresistance. 

The present authors discovered paraquat resistance in Western Cape ryegrass and 

reported the fact as rapidly as possible through Ian Heap's website (Heap, 2006). At 

the time many herbicide industry practitioners were of the opinion that the plants were 

not resistant but that uptake of the herbicide, for one or other reason such as drought 

stress, was inhibited and that a greater surfactant load would result in control of the 

resistant weeds. Research (results not shown) showed that although some surfactants 

at high application rates did in fact improve the control of paraquat resistant ryegrass, 

uptake of the herbicide did not appear to be implicated in the resistance mechanism. 

However, doubts persisted, and it became necessary to show that uptake of paraquat 

was not implicated in resistance. 
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This was done by comparing the relative efficacy of foliar applications of the 

herbicide to applications of the herbicide through the roots. To this end 4 biotypes 

differing in their resistance profile to paraquat were exposed to a range of foliar 

applications of the herbicide. Plants from the same biotypes were also exposed to 

varying dosage rates of the herbicide taken up from a hydroponic solution by the 

roots. If the relative degree of resistance observed in the biotypes exposed to a foliar 

application of the herbicide is broadly similar to that shown by the biotypes where the 

herbicide was taken up through the transpiration stream, it can be concluded that 

uptake of the herbicide is irrelevant to the mechanism of resistance. 

Secondly, the study aims to show that movement of paraquat from the point where it 

is applied is crucial to its ability to exert its phytotoxic effect. To this end [ 14C] 

labelled paraquat was applied to the leaves of resistant and susceptible plants and the 

pattern of subsequent movement of the herbicide in the leaf was followed by means of 

phosphor imaging. If movement of the herbicide is significantly impaired in resistant 

plants when compared to that of susceptible plants, then lack of trans location and/or 

sequestration is crucial in the conferring of paraquat resistance in ryegrass. 

Materials and Methods 

Plant material 

Seeds of Lolium spp. were collected from the Waveren valley (Groenkloof (R) and 

Murludi (R)), Stellenbosch (Mooiplaas (R)) and Malmesbury (Papkuilsfontein (S)) in 

the Western Cape. The seeds were dried in paper bags for 3 months at room 

temperature, cleaned and stored under similar conditions for further use. 

Germination and seedling establishment 

The ryegrass seeds were sown in round plastic pots (20cm diameter) filled with pure 

sand. Ten days after emergence the seedlings were transplanted into 8 cm x 8 cm 

square pots filled with sand. All pots were irrigated with a balanced nutrient solution. 

Seedlings were grown in a glasshouse at 20/l 5°C day/night temperature. The 

seedlings were considered ready for treatment when they reached the 2-3 leaf growth 

stage. 
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The following experiments were conducted 

Uptake of paraquat 

Four ryegrass biotypes differing widely in their susceptibility to paraquat were 

subjected to foliar and root applications of paraquat. The biotypes had been · 

previously screened as to their level of resistance to paraquat (results not shown). 

The biotype from Papkuilsfontein was considered to be susceptible to paraquat 

whereas biotypes from Groenkloof, Mooiplaas and Murludi were previously found to 

exhibit resistance to paraquat to a greater or lesser extent. 

Root uptake of paraquat 

Plants in the 2-3 leaf stage were removed from the pots in which they were growing, 

washed and put into 50 ml glass bottles half filled with a nutrient solution containing 

the different concentrations of paraquat. Only the roots were exposed to the solution. 

Commercial paraquat (Gramoxone® 200 g a.i. L- 1
) was used at concentrations of 0, 

20, 40, 60, 80 and 100 ppm. This was equivalent to 0, 4, 8, 12, 16 and 20 g a.i. of 

paraquat L- 1
• The plants were placed in a growth cabinet at 20/15° C day/night 

temperature. Survival of the plants was determined after 7 days. 

Foliar application of paraquat 

Foliar herbicide application was done by means of a pneumatic pot spraymg 

apparatus. The sprayer was operated at a constant pressure of 2 bars. Herbicide 

application took place at 25 days after transplanting when the plants had reached the 

2-3 leaf stage. Paraquat was applied at rates of 400, 800, 1200, 1600 and 2000 g a.i. 

ha- 1 of commercial fonnulation (Gramoxone® 200 g a.i. L- 1
) containing 0,2% of the 

surfactant, Agral 90®. Registered label rate for ryegrass plants of that size would be 

250 g a.i. ha-'. 

[ 1
4C] Paraquat translocation in the leaf. 

At the 3-4 leaf stage, 1 µL drop of 3.5 mM paraquat solution, containing 1.11 kBq 

[
14C] paraquat made up in commercial fonnulation and 0.1 % v/v surfactant (Agra! 

90®), was applied to the middle of the youngest fully expanded leaf Plants were kept 

in the light for the full duration of the trial. Leaves of three to four plants were 
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harvested at 24h and 48h after treatment and oven-dried at 50°C for 24 hours. 

Visualization of paraquat translocation was achieved using a phosphor 1mager 

(Packard cyclone storage phosphor system) and a super resolution screen. 

Statistical analysis 

Differences between treatment means were tested for significance by means of the 

ANOV A command of the SAS statistical package {SAS, 1999). 

JResULUS 

Uptake of paraquat through roots and leaves 

Root uptake 

Paraquat applied to the roots in a hydroponic solution killed 100% of the plants of the 

susceptible biotype (Papkuilsfontein) at all concentrations. The survival rate of the 

other three biotypes (Murludi, Mooiplaas and Groenkloof) increased in that order. 

This indicated increased levels ofresistance (Table 7.1). 

Table 7.1 Percentage survival of ryegrass plants at different concentrations of 
paraquat in a hydroponic system 

Survival% 

Locality Paraquat (g a.i. L- ) 

0 4 8 12 16 20 

Groenkloof (R) 100 50 75 75 75 50 

Mooiplaas (R) 100 100 75 25 0 25 

Murludi (R) 100 50 0 25 25 0 

Papkuilsfontein (S) 100 0 0 0 0 0 

LSD (P<0.05) = 51.4 

Leaf Uptake 

Conventional foliar application of paraquat at increasing concentrations revealed a 

similar order ofresistance in the four biotypes {Table 7.2). The baseline population of 
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Papkuilsfontein was completely controlled at all concentrations of the herbicide. The 

degree of resistance increased in the order Murludi < Mooiplaas < Groenkloof. 

Table 7.2 Percentage survival of ryegrass plants at different concentrations of 
paraquat when applied as a foliar spray 

Survival% 

Locality Paraquat (g a.i. ha- ) 

0 400 800 1200 1600 2000 

Groenkloof (R) 100 81 75 75 37 81 

Mooiplaas (R) 100 62 62 56 44 56 

Murludi (R) 100 31 25 13 25 6 

Papkuilsfontein (S) 100 0 0 0 0 0 

LSD (P< o.OSJ = 22.2 

When the mean survival rate of the five different treatments of the two application 

methods are compared (Table 7.3), the survival rate of the four biotypes exposed to 

the conventional foliar application of paraquat showed that the degree of resistance is 

in the same order as that shown by the same four biotypes when the herbicide was 

applied to the roots and taken up via the transpiration stream. 

Table 7.3 The mean survival percentage of the five different treatments for each of the 
two application methods 

Locality 

Groenkloof (R) 

Mooiplaas (R) 

Murludi (R) 

Papkuilsfontein (S) 

Mean Survival % 

Root uptake 

65 

45 

20 

0 

Leaf uptake 

70 

56 

20 

0 

The fact that the order of resistance was not influenced by method of application 

indicates that uptake of the herbicide whether through leaf or root is not in any way 

implicated in the resistance mechanism, and that the lack of phytotoxic effects of the 
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herbicide in resistant plants, must be related to the inactivation/sequestration of the 

herbicide after it has entered the leaf. 

:Foliar Symptoms shown by resistant plants 

A very specific symptom was shown on the leaves of some of the resistant plants. 

These symptoms consisted of regularly spaced interveinal necrotic spots. Leaf tissue 

adjacent to the necrotic spots was not etiolated and remained green (Plate 7.1). Both 

foliar and root applications of the herbicide induced the same characteristic 

symptoms. Not all resistant plants exhibited this symptom. Leaf-tip bum was another 

paraquat-induced symptom shown by leaves of resistant plants. Apart from the leaf tip 

the rest of the leaves remained green (Plate 7.2). This symptom was also observed in 

plants where the herbicide had been taken up by the roots. Neither of these two 

symptoms effected the subsequent growth of the plant to any great extent and leaves 

produced by the plant after herbicide the application was normal in every respect. 
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Plate 7.1 Interveinal necrotic spots induced by paraquat on leaves of resistant 
ryegra s plants. 

Plate 7.2 Leaf-tip burn induced by paraquat on leave of re istant plant . 

[
14C] Paraquat translocation in the leaf. 

[
14C] Paraquat was applied to the mid point of the la t fully expanded leaf of paraquat 

re istant ryegra , plant from Groenkloof, a. well as to paraquat u ceptible ryegrass 

plants from Papkuilsfontein and Misgund. This wa done to determine whether the 

movement (or lack thereof) of paraquat in the leaves of the plant is related Lo the 
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degree of resistance to the herbicide. The pattern of uptake and translocation of the 

[
14C] paraquat is illustrated in the phosphor images illustrated in Figs. 7.1 A, B and C . 
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Figure 7.1 Phosphor images of ryegrass leaves from Papkuilsfontein (A), Misgund 
(B) and Groenkloof (C) that were treated with [14C] paraquat. 
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These phosphor images which were taken 24h after the [14C] paraquat was applied 

show clearly that both acropetal and basipetal movement of the herbicide in the leaf 

occurred freely in the leaves of both the susceptible biotypes, Papkuilsfontein (A) and 

Misgund (B). However, the phosphor image of the movement of the herbicide in the 

paraquat resistant Groenkloof (C) biotype shows that the herbicide hardly moved at 

all from the spot where it was applied to the leaf. The spot where the [14C] paraquat 

was applied to the Groenkloof biotype leaves indicates a higher concentration of 

radioactivity on the phosphor image. This is also an indication that less radioactivity 

was translocated from the point of application. 

Phosphor images of the movement of [14C] paraquat in the resistant biotype taken 

48h after application (Figure 7.2) indicates that the herbicide had moved no further 

than it had in the preceding 24h. This indicates that the herbicide was fixed at the spot 

of application and thus could not move over the subsequent 24h period . 
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Figure 7.2 Phosphor images of ryegrass leaves resistant to paraquat treated with 
radioactive paraquat 24 hours and 48 hours after treatment. 
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Discussion 

Paraquat resistance in annual ryegrass is a relatively recent phenomenon and currently 

occurs only in the Western Cape. However, paraquat resistance in plants in general 

has been known for more than 30 years. One of the earliest theories as to the 

mechanism of paraquat resistance was that enhanced levels of antioxide enzymes such 

as superoxide dismutase lead to the rapid detoxification of paraquat in plants. As early 

as 1978, Harper & Harvey showed that "tolerance" to paraquat in perennial ryegrass 

was due to elevated levels of superoxide dismutase, catalase and peroxidase. This 

hypothesis has been supported by several studies and more recently Ye & Gressel 

(2000) showed that elevated antioxidant enzyme levels in Conyza bonariensis 

correlated with greater oxidant resistance in paraquat-resistant plants. However, 

according to Yu et al., (2004) several of these studies have failed to provide evidence 

that paraquat resistance in Conyza spp., Hordeum spp. and Arctotheca calendula is in 

any way linked to an increase in superoxide dismutase or any oxidative enzyme. 

Szigeti & Lehoczki (2003), working with Conyza canadensis, also found that 

resistance is not based on elevated levels and activity of antioxidants. They suggest 

that a nuclear-coded, paraquat-inducible protein serves as a carrier molecule that 

deposits paraquat in the vacuole of the plant thus rendering the herbicide inactive. 

Yu et al., (2004), working with paraquat resistant ryegrass derived from the resistant 

Groenkloof population from the Waveren valley in the Western Cape, eliminated 

target site changes and antioxidant enzyme activities as factors that can confer 

resistance. These authors support the hypothesis that lack of translocation - probably 

caused by sequestration in the vacuole is the primary source of resistance. The results 

presented in this study support and enlarge on the findings of Yu et al., (2004). 

Uptake of paraquat through roots and leaves 

Paraquat is readily taken up by the roots of plants and moves in the transpiration 

stream. Slade & Bell (1966) found that paraquat moved readily into leaves through 

stem-ringed petioles. Tanaka et al., (1986) working with excised leaves of paraquat 

susceptible and resistant Erigeron philadelpicus and E. canadensis found that the 
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amount of paraquat taken up after 48h by the resistant biotype was less than 0.5% of 

that in the susceptible biotype. The authors speculate that this difference in uptake 

may be correlated to paraquat resistance in Erigeron spp. Yu et al., (2007) found that 

about 6% of [14C] paraquat translocated from treated to untreated leaves in paraquat 

susceptible ryegrass plants but that only 0.68% translocated in the resistant plants. 

In the present study paraquat was introduced into intact ryegrass plants via the roots 

and the leaves. The degree of resistance in the four biotypes tested was very similar 

irrespective of whether the paraquat was taken up through the roots or by the leaves. It 

is thus reasonable to assume that the same resistance mechanism was operative in 

both cases and that uptake of the herbicide per se was not involved in the resistance 

mechanism. 

The two types of resistant symptoms shown in the leaves of resistant plants (Plates 7 .1 

& 7.2) indicate that uptake of the herbicide did not appear to be implicated in the 

conference of resistance. The necrotic spotting symptom indicates that the herbicide is 

taken up into the leaf via the apoplast (whether administered through the leaf or root) 

and at some point is taken up into a group of cells which then sequestrates or binds 

the paraquat so that it can't move any further. The leaf-tip bum symptom indicates 

that the herbicide is taken up by the leaf and moves to the apex of the leaf where it is 

sequestrated. 

Both Szigeti & Lehoczki (2003), working with C. canadensis and Yu et al., (2004) 

working with a Western Cape L. rigidum biotype postulate that paraquat is taken up 

by cells in the leaves of resistant plants and then actively transported by a carrier 

molecule through the tonoplast and deposited into the vacuole from where there is no 

escape. It is difficult to reconcile their hypothesis with the characteristic symptoms 

shown by paraquat-treated leaves ofresistant plants shown in this study. 

The necrotic spots that developed on resistant plants encompass many hundreds if not 

thousands of cells. This group of cells is obviously dead and looks far more like a 

93 

Stellenbosch University  https://scholar.sun.ac.za



programmed cell death or a hyper sensitive reaction often seen in resistance of plants 

to plant pathogens. The theory behind this mechanism is that the plant sacrifices a 

group of cells to prevent the pathogen spreading in the plant (Gozzo, 2003). Although 

this type of reaction has not been reported previously as a herbicide defence 

mechanism there is no reason to assume that the plant cannot adapt this strategy to 

confer resistance to herbicides. 

The leaf tip bum symptom is at first sight very different from the necrotic spot 

symptom but basically the plant does the same thing. With leaf tip bum the herbicide 

is transported to the leaf tip and stays there. It is either exuded by means of guttation 

or is concentrated in the terminal cells and is sequestered there. In this study guttation 

droplets from paraquat-treated resistant plants were applied to leaves of sensitive 

plants. These droplets caused phytotoxic symptoms indicating that they contained 

paraquat (results not shown). Guttatiort is a process whereby the plant is able to get rid 

of excess water and toxic substances. The guttation droplet formed at the end of the 

leaf can either drop to the ground or evaporate. In the latter case the toxic substance 

would accumulate at the leaf tip thus causing leaf bum. 

In neither of these symptoms is there any evidence that paraquat is sequestrated in the 

vacuole. However, the necrotic spot syndrome could be explained by this hypothesis. 

If the concentration of paraquat actively transported into a vacuole is high enough to 

exert an excessive osmotic pressure on the tonoplast, it could burst and the cell would 

die. The paraquat released by the burst cell would then be taken up by the same active 

process and sequestrated into the vacuoles of surrounding cells which then in tum 

would burst and the process would be continued until such time that the paraquat 

concentration is so diluted that the vacuole does not burst. This process could explain 

why the necrotic spots contain so many dead cells. The border of these necrotic spots 

is very discreet and there is hardly any transition between living and dead tissue. The 

same can also be said of the border of the necrotic leaf tip. 

It is difficult to say whether these two types of symptoms represent different 

mechanisms of sequestration or degrees of resistance to paraquat but the necrotic spot 
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symptom appears to occur at a higher frequency in the more resistant populations. 

However it does not occur at all in some populations that can withstand up to 2 kg a.i. 

paraquat ha- 1
• The two types of symptoms are not mutually exclusive and very 

occasionally appear on the same leaf. 

[
14C] Paraquat translocation 

From the phosphor images presented in this study it is apparent that the movement of 

paraquat in the leaves of resistant plants was severely inhibited during the first 24h 

after application. The situation hardly changed over the subsequent 24h. In sensitive 

plants comparatively more herbicide was translocated from the applied droplet of 

[
14

C] paraquat. Translocation in sensitive plants was both acropetal and basipetal. 

What little translocation there was in the resistant leaf was acropetal. This might 

explain the leaf tip bum symptom observed on resistant plants. Yu et al., (2004) 

working with [1 4C] paraquat in a L. rigidum biotype very similar to the one used in 

this study showed that although uptake of the herbicide in leaves of both resistant and 

sensitive plants was the same, translocation in the resistant leaves was inhibited. Yu et 

al., (2007) found that ryegrass plants sensitive to paraquat translocated nine fold more 

paraquat to untreated leaves and two-fold more paraquat to roots than in the resistant 

plants. This is an astounding result for a herbicide that is generally regarded as being 

an exclusively contact herbicide. From this and other studies it is becoming 

increasingly clear that if paraquat is prevented from moving in plants its phytotoxic 

potential is severely reduced. 

What causes the restricted mobility of paraquat in plants? Much of the recent work 

on the subject has shown that paraquat is somehow sequestrated in an inactive cell 

component and thus prevented from entering the chloroplast that is its site of action. 

Yu et al.. (2004) points out that there are three areas within the plant leaf where the 

herbicide might be sequestrated i.e. the cell wall, cytoplasm and the vacuole. However 

no difference in cell wall binding of paraquat was found between resistant and 

susceptible biotypes of C. bonariensis (Fuerst et al., 1985) and Preston et al., (1994) 

working with A. calendula. Yu et al., (2004) report that experimental data comparing 

paraquat transport across membranes in susceptible and resistant biotypes is very 
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limited. However Powles & Comic (1987) found no difference in paraquat uptake 

across the plasmalemma in isolated leaf protoplasts or intact roots of resistant and 

susceptible H. glaucum. 

Yu et al., (2007) report that despite several attempts direct evidence of precisely 

where and how paraquat is sequestrated in the leaf of the plant has been found 

wanting. Lack of translocation has also been reported as a mechanism conferring 

resistance to glyphosate in plants. Lorraine-Colwill et al., (2003) and Yu et al., 2007 

showed that reduced translocation of glyphosate in L. rigidum conferred resistance to 

this herbicide. Feng et al., (2004) found that in glyphosate resistant C. canadensis 

translocation of glyphosate to roots in resistant biotypes was two-fold less and overall 

translocation 1.4 to 1.9-fold lower than in the sensitive biotypes. Yu et al., (2007) 

consistently found similar differences in translocation of glyphosate in a Western 

Cape Lolium rigidum biotype. 

The L. rigidum biotype that Yu et al., (2004) used for their study was also resistant to 

paraquat. Several Western Cape biotypes are resistant to both paraquat and glyphosate 

via impaired translocation and the question arises whether there is any similarity in 

this resistance mechanism to the two herbicides. Yu et al., (2007) report that the two 

herbicides differ vastly in molecular structure, electron charge and mobility within 

plants and it is thus unlikely that a single resistance mechanism can be responsible for 

the impaired translocation of both herbicides. However, these authors do not 

completely exclude the possibility of a common resistance mechanism for both 

herbicides as some transporters of substances across membranes have broad substrate 

specificity. 

In many localities in the Western Cape paraquat resistance has rapidly developed in 

glyphosate resistant populations within 1 or 2 years of the producer switching over 

from glyphosate to paraquat. The reverse has also been seen to occur where a 

population of paraquat resistant L. rigidum developed resistance to glyphosate 3 years 

after the first application of the latter product. It would thus appear that resistance to 

either glyphosate or paraquat predisposes the weed to develop resistance to the other 
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herbicide. If this were in fact the case it would pose formidable problems for the 

herbicide industry and producers in the Western Cape. 

This study has shown unequivocally that resistance of ryegrass to paraquat is caused 

by lack of translocation of the herbicide in the plant. The challenge now is to devise a 

treatment which effectively knocks out the mechanism which is responsible for the 

herbicide not being able to reach its site of action. 
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Abstract 

Overuse of paraquat has resulted in ryegrass becoming resistant to this widely used 

herbicide in the Western Cape. Glufosinate ammonium at sub lethal dosage rates 

followed by paraquat gave good control of the paraquat resistant biotypes. The 

addition of (NH4)2 S04 and Agral 90® partially overcame the antagonism between 

glufosinate ammonium and paraquat when applied as a tank mix. The addition of 

terbuthylazine to glufosinate ammonium, paraquat and mixtures of the two products 

was also investigated. Paraquat was traced radioactively in paraquat resistant plants 

treated with paraquat and a paraquat/glufosinate ammonium mixture. The paraquat 

remained immobilized in the plants treated with the paraquat but in the plants treated 

with the paraquat/glufosinate ammonium mixture the paraquat moved acropetally in 

the plants after 48 hours. The probable mechanism involved in overcoming the 

immobilization of paraquat in the leaves of resistant plants is discussed. The 

effectiveness of the glufosinate ammonium followed by a paraquat treatment was 

evaluated on a wide range of resistant populations collected in the Western Cape. The 

sequential spray gave good control of all the populations tested. 

Key words: glufosinate ammonium, Lolium spp., paraquat, synergy, terbuthylazine 
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Introduction 

Non-selective herbicides such as paraquat and glyphosate have been widely used in 

orchards and vineyards in the Western Cape for many years. Resistance of ryegrass 

(Lolium rigidum) to glyphosate (Cairns and Eksteen, 2001) and paraquat in the 

Western Cape were reported during 2001 and 2002 respectively (Heap, 2006). 

Multiple resistance of ryegrass to glyphosate, paraquat and ACCase inhibitors was 

reported in 2007 (Yu et al., 2007) despite the fact that the herbicides have vastly . 

different modes of action. Glufosinate ammonium has to a far lesser extent been used 

to control ryegrass in the Western Cape. However this herbicide has remained 

unpopular due to its high price and precarious performance. 

Paraquat is a free radical-generating herbicide that inhibits photosynthesis by 

accepting electrons from photosystem I, which in tum generates reactive oxygen 

species in light (Anon, 1994). The reactive oxygen species generated, which include 

superoxide anion, hydrogen peroxide, and the hydroxyl radical, cause lipid 

peroxidation and membrane damage (Fujibe et al., 2004). 

Glyphosate inhibits the enzyme 5-enolpyruvicshikimate-3-phosphate synthase 

(EPSPS) in the shikimic acid pathway. As a result of this the production of the amino 

acid phenylalanine, triptophan and tyrosine are inhibited. Amino acids are the 

building blocks of protein molecules and once the biochemical pathway is blocked the 

synthesis of proteins is interrupted and the plant effectively starves to death (Anon, 

2006 (a)). 

During the nonnal processes of plant metabolism, nitrate (N03-) is absorbed by the 

plant and broken down to ammonium (NH/). Normally it combines with glutamate 

within cells, to fonn glutamine. Glutamine goes on to feature in a number of other 

important reactions, some of which lead to processes that are vital for photosynthesis. 

The incorporation of ammonium into glutamate to form glutamine is mediated by the 

enzyme glutamine synthase. Glufosinate ammonium works by inhibiting this enzyme. 

As a result the levels of ammonium build up in the plant cells and the production of 

glutarnine is slowed, disrupting the subsequent reactions and quickly leading to a 

breakdown of photosynthesis. 
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The herbicidal activity of glufosinate ammonium results from the combined effects of 

ammonium toxicity, and the inhibition of photosynthesis (Anon, 2006 (b )). 

Terbuthylazine is used as a broad-spectrum pre- and post emergence herbicide in 

annual and perennial crops. As is the case with the other triazine herbicides it inhibits 

photosynthesis by binding to the Q8 binding niche on the Dl protein of the photo

system II complex in the chloroplast thylakoid membranes, thus blocking electron 

transport from QA to Q8 . This stops C02 fixation and production of ATP and 

NADPH2 (Tomlin, 2006). 

Ammonium sulphate is widely used as an adjuvant in crop protection. Ammonium 

sulphate not only has the ability to overcome large amounts of antagonistic salts but is 

also known to improve the activity of several herbicides in distilled water (de Villiers, 

2005). The adjuvant was found to greatly increase the activity of glufosinate 

ammonium in a study conducted by Peterson & Hurle, (2001). This boost in 

perfonnance of the herbicide with ammonium sulphate had nothing to do with the 

amelioration of antagonistic salts as their studies were conducted using distilled water. 

Although these authors could not detennine the exact mechanism whereby the 

performance of the herbicide was enhanced by ammonium sulphate they speculated 

that it had to do with improved uptake of glufosinate ammonium. 

Agral 90® is a concentrated adjuvant used to improve the wetting and spreading 

properties on plant foliage and to increase herbicidal efficacy. The active ingredient of 

Agral 90® is an alkylated phenyl-ethylene oxide condensate (Anon, 2007). 

The non-perfonnance of paraquat that has been shown in the previous chapter is most 

probably due to a lack of translocation. Yu et al., (2007) showed that the same 

mechanism was responsible for the resistance of Western Cape ryegrass to 

glyphosate. The aim of this study was to find a way to prevent paraquat from being 

sequestrated and thus improve its translocation. Earlier studies on paraquat resistant 

Conyza canadensis showed that paraquat was actively transported away from its site 

of action by paraquat-induced carrier molecules and then deactivated by being 

sequestrated or eliminated from its site of action (Halasz et al., 2002; Szigeti & 

Lehoczki, 2003). Both these groups of workers commented on the high-energy 
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requirement needed for the sequestration and/or elimination process. Consequently, 

this study will aim to reduce the energy supply to the plant either before or 

concomitant to the application of paraquat. This reduction in energy supply will be 

mediated by a herbicide or herbicides that inhibit photosynthesis. 

Materials and Methods 

Seed collection 

Seeds were collected during the 2004/2005 seasons from five different localities in the 

Western Cape. The seed was cleaned and stored at room temperature in glass bottles 

until use. 

Growing conditions 

All trials described below are pot trials conducted under controlled environment 

conditions in glasshouses at the experimental fann Welgevallen at the University of 

Stellenbosch. 

Herbicide Application 

The herbicides were applied with a pneumatically driven pot spraying apparatus fitted 

with a flat fan 8001 nozzle delivering either 200 or 400L spray ha·'. The sprayer is 

operated at a constant pressure of 2 bars. Glyphosate (Roundup® 360 g a.i. glyphosate 

L- 1
) and terbuthylazine (Tylenex® 500 g a.i. terbuthylazine L" 1

) were applied in a total 

volume of 200 L ha·' and paraquat (Gramoxone® 200g a.i. paraquat L-'), glufosinate 

ammonium (Basta® 200 g a.i. glufosinate ammonium L- 1
) and mixtures of paraquat 

and glufosinate ammonium were applied in a total volume of 400 L ha- 1 unless 

otherwise stated. Glass distilled water was used for all spray solutions. Sprayed plants 

were kept in the spray room until dry and then transferred back to the glasshouse. 

Plants were grown in an inert sandy medium and automatically irrigated with a full 

nutrient solution. The plants were evaluated 28 days after treatment (DAT) and 

percentage survival was calculated. 
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Experimental outlay 

Unless otherwise stated each treatment consisted of 4 replicate pots with 4 plants in 

each pot. Due to the extreme variation in degree ofresistance in the different ryegrass 

populations trials were conducted on a wide range of biotypes. The growth stage of 

the ryegrass on which the application was done is stated in each trial. 

Experiments 1 & 2: Dose response of ryegrass populations to glyphosate, paraquat 
and glt~f'osinate ammonium 

In experiment 1 a population of ryegrass from a Tulbagh vineyard (Groenkloof 

Bergland), which had been previously shown to be resistant to both glyphosate and 

paraquat (results not shown), was sprayed with rates of glufosinate ammonium (0, 

400, 800, 1200, 1600 and 2000 g a.i. ha- 1
). (NH4) 2S04 at 1 % was added as an 

adjuvant. The plants were in the 8-9 leaf stage when the herbicide was applied. 

In experiment 2 a population of the weed from Millers Point which had not previously 

been subjected to any herbicide applications was sprayed with glyphosate at 720 and 

1440 g a.i. ha- 1
, paraquat at 400 and 800 g a.i. ha- 1 and glufosinate ammonium at 200 

and 400 g a.i. ha- 1
• (NH4)zS04 at 1 % was added as an adjuvant to the glufosinate 

ammonium and Agral 90® at 0.25% was added as an adjuvant to the paraquat. The 

plants were in the 4 leaf stage when the herbicides were applied. 

Experiments 3, 4 & 5: Dose response ofryegrass populations to combinations of 
glyphosate, gltif'osinate ammonium and paraquat. 

In Experiment 3, a cloned population of paraquat-resistant ryegrass that derived from 

a population of ryegrass growing in a Tulbagh vineyard was treated with various 

combinations of glyphosate, paraquat and glufosinate ammonium. In the first two 

treatments, glyphosate at 1440 g a.i. ha- 1 and paraquat at 800 g a.i. ha- 1 respectively 

were applied. In the next two treatments the glyphosate at 1440 g a.i. ha- 1 was also 

applied in a tank mix together with glufosinate ammonium at 200 and 400 g a.i. ha- 1 

respectively. In the last two treatments paraquat at 800 g a.i. ha- 1 was applied in a 

tank mix together with glufosinate ammonium at 200 and 400 g a.i. ha- 1 respectively. 

In all treatments (NH4)zS04 at 1 % was added as an adjuvant to the glufosinate 
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ammomum and Agral 90® at 0.25% was added as an adjuvant to the paraquat. 

Spraying was done at the 4-6 leaf stage of the ryegrass. 

In Experiment 4 a ryegrass biotype from the Groenkloof Bergland population near 

Tulbagh was subjected to various treatments involving glyphosate, paraquat and 

glufosinate ammonium. In the first and second treatments paraquat and glyphosate at 

600 g a.i. ha-' and 2160 g a.i. ha-' respectively were applied to the plants. Glufosinate 

ammonium at a dosage rate of 100, 200 and 400 g a.i. ha- 1 respectively was applied to 

the plants in Treatments 3, 4 and 5. In Treatments 6, 7 and 8 glufosinate ammonium 

was applied at a dosage rate of 100, 200 and 400 g a.i. ha-1 respectively followed 4 

days later by an application of 600 g a.i. ha- 1 of paraquat. In all treatments (NH4) 2S04 

at 1 % was added as an adjuvant to the glufosinate ammonium and Agral 90® at 0.25% 

was added as an adjuvant to the paraquat. The plants were sprayed at the 4-5 leaf 

stage. 

A population of ryegrass from a wheat field on the Welgevallen Experimental Farm, 

Stellenbosch (Experiment 5) was treated with paraquat at 600 g a.i. ha- 1 and 

glufosinate ammonium at 400 g a.i. ha- 1 (Treatments 1 and 2 respectively). In 

Treatments 3, 4 and 5 applications of glufosinate ammonium at 100, 200 and 400 g 

a.i. ha-1 respectively was followed 4 days later by an application of paraquat at 600 g 

a.i. ha-'. In all treatments (NH4) 2S04 at 1 % was added as an adjuvant to the 

glufosinate ammonium and Agral 90® at 0.25% was added as an adjuvant to the 

paraquat. The plants, which were previously shown to be resistant to paraquat but not 

to glyphosate (results not shown), were sprayed at the 5 leaf stage. 

Experiment 6: Determination of the effect of (NH4)2S04 and Agra/ 90® on the 

activity of glufosinate ammonium, paraquat and on the tank mix of the two 

products. 

In experiment 6 the contribution of the adjuvants (NH4) 2S04 and Agral 90® on the 

efficacy of paraquat and glufosinate ammonium as well as on a tank mix was 

evaluated. Throughout the trial, paraquat was applied at 800 g a.i. ha- 1 and glufosinate 

ammonium at 400 g a.i. ha- 1 on its own as well as in the tank mix. Agral 90 ® at 

0.25% and (NH4)zS04 at 1 % on its own or in combination were used with each of the 
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individual applications of paraquat, glufosinate ammomum and the tank mix of 

paraquat plus glufosinate ammonium. Treatments 1 to 4 consisted of glufosinate 

ammonium alone, glufosinate ammonium with Agral 90®, glufosinate ammonium 

with (NH4)2S04 and glufosinate ammonium with both adjuvants respectively. 

Treatments 5 to 8 consisted of paraquat alone, paraquat with Agral 90®, paraquat with 

(NH4)2S04 and paraquat with both adjuvants respectively. Treatments 9 to 12 

consisted of the paraquat/glufosinate ammomum tank mix alone, the 

paraquat/glufosinate ammonium tank mix with Agral 90®, the paraquat/glufosinate 

ammonium tank mix with (NH4)2S04 and the paraquat/glufosinate ammonium tank 

mix with both adjuvants respectively. In all treatments Agral 90® was applied at 

0,25% and (NH4)2S04 at 1 %. All products were applied in a total spray volume of 

400 L ha-1
• The effect of the adjuvants on the performance of the treatments was 

evaluated on three populations of ryegrass differing in their level of resistance to 

paraquat viz. Groenkloof (highly resistant) Weltevrede (moderately resistant) and 

Frischgewaagd (susceptible). 

Experiment 7: Timing of the sequential application of paraquat. 

In experiment 7 the influence of timing of the follow up application on the efficacy of 

paraquat and glufosinate am1nonium on paraquat resistant ryegrass was investigated. 

In the first two treatments paraquat and glufosinate ammonium were applied at 600 g 

a.i. ha- 1 and 300 g a.i. ha- 1 respectively. In all treatments (NH4)2S04 at 5% was added 

as an adjuvant to the glufosinate ammonium and Agral 90® at 0.25% was added as an 

adjuvant to the paraquat. In Treatment 3 glufosinate ammonium at 300 g a.i. ha- 1 + 

0.25% Agral 90® + 5% (NH4)2S04 + paraquat at 600 g a.i. ha- 1 was applied 

simultaneously as a tank mix (Day 0). The other treatments were treated with 

glufosinate ammonium at 300 g a.i. ha- 1 + 5% (NH4) 2S04 on day 0. This initial 

application was followed by sequential applications of paraquat at 600 g a.i. ha- 1 + 

0.25% Agral 90® at time intervals of 1, 3, 5, 7, 11 and 15 days after the initial 

glufosinate ammonium application (Treatments 4 to 9 respectively). The plants were 

at the 3 leaf stage at day 0. 
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Experiment 8: Effect of the interaction ofparaquat, glufosinate ammonium and 

terbuthylazine on the control ofparaquat resistant ryegrass. 

The three products paraquat, glufosinate ammonium and terbuthylazine were applied 

individually as well as in two-way and three-way combinations with each other (See 

Table 8.1). In all the pennutations of these treatments, paraquat was applied at 0.8 and 

1.2 kg a.i. ha-', glufosinate ammonium at 0.4 and 0.6 kg a.i. ha-' and terbuthylazine at 

1.0 and 2.0 kg a.i. ha- 1 respectively. In all the applications where paraquat was used, 

0.25% Agral 90® was added to the mixture, and in all the applications where 

glufosinate ammonium was used, l % (NH4)2S04 was added. Both Agral 90® and 

(NH4)2S04 at the above mentioned dosage rates were added to the mixtures 

containing paraquat and glufosinate ammonium. All permutations of these treatments 

were applied to the moderately paraquat resistant Weltevrede ryegrass population to 

detennine the effect of interaction between these products on ryegrass control. 

Products were applied in a total spray volume of 400 L ha- 1 except when 

terbuthylazine was applied on its own where the application rate was 200 L ha- 1
• 

Plants were treated at the 3-leaf stage. 
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Table 8.1 Different treatments of paraquat, glufosinate ammonium and terbuthylazine 
for the control of ryegrass 

Treatments Dosage rate 
k . h -I :2 a.1. a 

1 Terbuthylazine 1.0 
2 Terbuthylazine 2.0 
3 Glufosinate 0.4 
4 Glufosinate 0.6 
5 Paraquat 0.8 
6 Paraquat 1.2 
7 Glufosinate +Paraquat 0.4 + 0.8 
8 Glufosinate + Paraquat 0.4 + 1.2 
9 Glufosinate + Paraquat 0.6 + 0.8 
10 Glufosinate + Paraquat 0.6 + 1.2 
11 Terbuthylazine + Glufosinate 1.0 + 0.4 
12 Terbuthylazine + Glufosinate 1.0 + 0.6 
13 Terbuthylazine + Glufosinate 2.0 + 0.4 
14 Terbuthylazine + Glufosinate 2.0+ 0.6 
15 Terbuthylazine + Paraquat 1.0 + 0.8 
16 Terbuthylazine +Paraquat 1.0 + 1.2 
17 Terbuthylazine + Paraquat 2.0 + 0.8 
18 Terbuthylazine + Paraquat 2.0 + 1.2 
19 Terbuthylazine + Glufosinate + 1.0 + 0.4 + 0.8 
Paraquat 
20 Terbuthylazine + Glufosinate + 1.0 + 0.4 + 1.2 
Paraquat 
21 Terbuthylazine + Glufosinate + 2.0 + 0.4 + 0.8 
Paraquat 
22 Terbuthylazine + Glufosinate + 2.0 + 0.4 + 1.2 
Paraquat 
23 Terbuthylazine + Glufosinate + 1.0 + 0.6 + 0.8 
Paraquat 
24 Terbuthylazine + Glufosinate + 1.0 + 0.6 + 1.2 
Paraquat 
25 Terbuthylazine + Glufosinate + 2.0 + 0.6 + 0.8 
Paraquat 
26 Terbuthylazine + Glufosinate + 2.0 + 0.6 + 1.2 
Paraquat 
27 Glyphosate 1.44 
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Experiment 9: Radioactive tracer experiment to determine the interaction between 

paraquat and glufosinate ammonium. 

At the 3-4 leaf stage, 1 µL drop of 3.5 mM paraquat solution, containing 1.11 kBq 14C 

paraquat made up in commercial formulation and 0.1 % v/v surfactant (Agral 90®), 

was applied to the middle of the youngest fully expanded leaf of the plants used as the 

standard treatment. In the comparative treatment, 1 µL drop of 3.5 mM paraquat 

solution, containing 1.11 kBq 14C paraquat made up in commercial formulation and 

0.1 % v/v surfactant (Agral 90®), plus 22, 7 mM glufosinate ammonium and 1 % 

(NH4)2S04 was applied to the middle of the youngest fully expanded leaf of the 

plants. Plants were kept in the light for the full duration of the trial, either 24 or 48 

hours. Leaves of three plants were harvested at 24h and 48h after treatment and oven

dried at 50°C for 24 hours. Visualization of paraquat translocation was achieved using 

a phosphor imager (Packard cyclone storage phosphor system) and a super resolution 

screen. 

Experiment JO: The comparison of the effect of applications of paraquat, 

glyphosate, glt~f'osinate ammonium and a sequential application of glufosinate 

ammonium and paraquat on 24 ryegrass biotypes. 

The resistance profile of 24 biotypes of ryegrass collected from all over the Western 

Cape was evaluated for the products paraquat, glyphosate, glufosinate ammonium and 

a sequential application of glufosinate ammonium followed by a paraquat application 

two days later. Application rates used were paraquat at 1200 g a.i. ha- 1
, glufosinate 

ammonium at 1400 g a.i. ha- 1
, glyphosate at 1440 g a.i. ha-' and glufosinate 

ammonium at 800 g a.i. ha- 1 followed by paraquat 1200 g a.i. ha-' in the sequential 

application. Agra! 90® at 0.25% was added to all treatments containing paraquat and 

1 % (NH4)2S04 to all treatments containing glufosinate ammonium including the 

sequential application. The plants were sprayed at the 3-leaf stage and the products 

were applied in a total spray volume of 400 L ha-' except glyphosate which was 

applied in a spray volume of 200 L ha- 1
• 
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Statistical analysis 

Differences between treatment means were tested for significance by means of the 

ANOV A command of the SAS statistical package (SAS, 1999). 

lResuUs 

Experiment 1: Dose response of the Groenkloof Bergland ryegrass biotype to 

gh!fosinate ammonium. 

Ryegrass ( Lolium spp.) is normally controlled by paraquat at 250 g a.i. ha- 1 (1,25 L 

ha- 1 Gramoxone®), by glyphosate at 360 g a.i. ha- 1 (1 L ha- 1 Roundup®) and by 

glufosinate ammonium at 1400 g a.i. ha- 1 (7 L ha- 1 Basta®) according to label 

recommendations. As seen from the results in Table 8.2, glufosinate ammonium gave 

excellent control of the Groenkloof Bergland ryegrass biotype, with a zero survival 

rate, at rates as low as 400 g a.i. ha- 1 (2 L ha-1 Basta®). 

Table 8.2 Control of paraquat resistant ryegrass from Groenkloof Bergland by 
glufosinate ammonium. 

Glufosinate ammonium dosage rate g a.i. ha-
0 400 800 1200 1600 

% Survival l 00 a* 0 b 0 b 0 b 0 b 
*P < 0.05 

2000 
Ob 

Experiment 2: Dose response of the Millers Point ryegrass biotype to glyphosate, 

paraquat and glujosinate ammonium. 

Paraquat and glyphosate gave excellent control of the Millers Point biotype while the 

glufosinate ammonium gave no control at all, even at a dosage rate of 400 g a.i. ha- 1 (2 

L ha- 1 Basta®) that controlled the paraquat resistant Groenkloof Bergland population 

very well. The results can be seen in Table 8.3. A herbicide rate below the registered 

rate of glufosinate ammonium was used in this trial because of the results in 

experiment l where the ryegrass was controlled l 00% by these rates. 

110 

Stellenbosch University  https://scholar.sun.ac.za



Table 8.3 Control of Paraquat susceptible ryegrass from Millers Point by glyphosate, 
paraquat and glufosinate ammonium. 

Dosage rate g a.i. ha-
Glyphosate Paraquat Glufosinate ammonium 

720 1440 400 800 200 400 
% Survival 0 a* 0 a 0 a 0 a 1 00 b 100 b 
*P < 0.05 

These results indicate that there are vast differences in the susceptibility of Western 

Cape ryegrass to the various products used depending on the resistance profile of the 

specific population. 

Experiment 3: Dose response of a cloned ryegrass population to combinations of 

glyphosate, glt-![osinate ammonium and paraquat. 

The resistance profile of a specific population of the weed is seldom determined 

before spraying and therefore it would be very useful to have a product or mixture of 

products that would control the bulk of these multiple resistant populations. To this 

end mixtures were made of paraquat and glufosinate ammonium as well as glyphosate 

and glufosinate ammonium and sprayed on a Groenkloof clone 1 population that has a 

low level of resistance to paraquat as well as glyphosate (results not shown). A clear 

indication that the mixture of glyphosate and glufosinate ammonium is antagonistic is 

shown in Figure 8.1. The mixture of the paraquat and glufosinate ammonium showed 

far better control of ryegrass than the glyphosate and glufosinate ammonium mixture. 

No antagonistic effects were observed where 200 g a.i. ha- 1 glufosinate ammonium (1 

L ha- 1 Basta®) was added to the paraquat. Where 400 g a.i. ha- 1 glufosinate ammonium 

(2 L ha -I Basta®) was added to the paraquat, the control of the ryegrass was slightly 

poorer. These results although not conclusive, showed that there might be some merit 

in investigating the combination of paraquat and glufosinate ammonium. 
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Figure 8.1 The Groenkloof clone l population sprayed with mixtures of paraquat, 
glyphosate and glufo ·inate ammonium. 

Experiment 4: Dose response of a cloned ryegrass population to combinations of 

glyphosate, glufosinate ammonium and paraquat 

Neither paraquat at 600 g a.i . ha-1 (3 L ha-' Gramoxone®) nor the glufosinate 

ammonium applied at rates of 100 to 400 g a.i. ha-' (0,5 - 2 L ha-' Basta®) gave 

acceptable control of the cloned ryegrass population. However, the glufosinate 

ammonium at 400g a.i. (2 L ha-' Ba ta®) gave 82% control. When an application of 

glufosinate ammonium was followed by a sequential application of paraquat, 100% 

control was achieved (Figure 8.2). These results showed conclu ively that pre

treatment of ryegras with glufosinate ammonium can overcome paraquat resistance. 
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Figure 8.2 The Groenkloof Bergland population sprayed with paraquat, glyphosate 
glufosinate ammonium and a sequential spray of glufosinate ammonium followed by 
paraquat. 

Experiment 5: Dose response of a ryegrass population from a wheat field to 

combinations of glyphosate, glufosinate ammonium and paraquat 

The results obtained in Experiment 4 were confirmed u ing a ryegrass biotype from a 

wheat field on the Welgevallen Experimental farm of the University of Stellenbo 'Ch 

(Figure 8.3). The e re ults again clearly show that pre-treatment of ryegras with 

glu fosinate ammonium overcomes its re istance to paraquat. In thi . population pre

treatment with LOO g a. i. ha·' glufosinate ammonium (0.5 L ha-' Basta®) was 

insufficient to overcome resistance to paraquat but when the ryegrass was pre-treated 

with 200 and 400 g a.i. ha-1 glufo inate ammonium (I and 2 L ha· ' Basta®) subsequent 

application of 600 g a.i. ha· ' paraquat (3 L ha-1 Gramoxone®) gave complete control 

of this resistant population. 
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Figure 8.3 Welgevallen l ryegrass population sprayed with paraquat, glufo inate 
ammonium and a sequential spray of glufo inate ammonium followed by paraquat. 

Experiment 6: Determination of the effect of (NH4)iS04 and Agra/ 90® on the activity 

ofglufosinate ammonium, paraquat and on the tank mix of the two products. 

The results in Table 8.4 how that the addition of Agral 90® had virtually no effect on 

the performance of glufosinate ammonium. The addition of (NH4)zS04 significantly 

improved the performance of the glufosinate ammonium but there were little 

advantage in using both adjuvants with glufosinate ammonium. Agral 90® wa the 

only adjuvant treatment to significantly improve the performance of paraquat in the 

ca e of the two re istant populations. The ·usceptible ryegrass population wa fully 

controlled by paraquat with or without the addition of any adjuvants. 

When paraquat and glufosinate ammonium were applied a a tank mix, the addition of 

an adjuvant became more important. All the adjuvant treatment · ·ignificantly 

improved control of the mixture. Although Agra! 90® performed the be 't there wa no 

significant difference in the control of the ryegrass when either or both of the 

adjuvants were added to the paraquat/glufosinate ammonium mixture. From these 

results it is evident that either one of the adjuvants can be used with great uccess. It is 
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therefore not necessary to use both the adjuvants m a tank mixture with 

paraquat/glufosinate ammonium. 

Table 8.4 The effect of the addition of Agral 90® and (NH4)zS04 on the performance 
of paraquat, glufosinate ammonium and a paraquat/glufosinate ammonium tank 
mixture. 

% Survival 
Po~ulation 

Treatments (g a.i. ha-1
) Groenkloof Weltevrede Frischgewaagd 

Glufosinate ammonium 400 100 94 82 
Glufosinate ammonium 400 + 0,25% Agra!® 

100 100 82 
90 
Glufosinate ammonium 400 + 1 % 

75 88 38 
(NH4)zS04 
Glufosinate ammonium 400 + 0,25% Agra!® 

63 75 25 90+(NH4)zS04 
Paraquat 800 88 69 0 
Paraquat 800 + 0,25% Agra!® 90 69 50 0 
Paraquat 800 + 1 % (NH4)zS04 75 69 0 
Paraquat 800 + 0,25% Agra!® 90 + 1% 

88 69 0 
(NH4)zS04 
Paraquat 800 + Glufosinate ammonium 400 63 32 0 
Paraquat 800 + Glufosinate ammonium 400 + 

25 0 0 0,25% Agra!® 90 
Paraquat 800 + Glufosinate ammonium 400 + 

19 19 0 1 % (NH4)zS04 
Paraquat 800 + Glufosinate ammonium 400 + 

19 13 0 0,25% Agra!® 90 + 1 % (NH4)2S04 

LSD tr< o.osi 32.9 25.7 22.8 

Experiment 7: Timing of the sequential application trial ofparaquat 

The most successful treatment was the tank mix applied at day 0 (Figure 8.4). There 

were no significant difference between the application on day 0 and the control of the 

ryegrass on days 3, 5 and 7. The relatively poor control achieved when paraquat was 

sprayed 1 day after the application of glufosinate ammonium is anomalous and cannot 

be explained. In another similar experiment paraquat was sprayed a matter of hours 

after the glufosinate ammonium application. This treatment resulted in 92.5% control 

of the ryegrass and was by far the best treatment in this particular trial. It is therefore 

safer to regard the poor perfonnance of paraquat applied 1 day after glufosinate 

ammonium as being due to experimental error. Control of the ryegrass was still 
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acceptable when paraquat was sprayed 3, 5 and 7 days after the application of the 

glufosinate ammonium but deteriorated significantly when applied after 11 and 15 

days (Figure 8.4). 

These results show that although tank mixes with suitable adjuvants are effective 

there is a fairly long time frame in which split applications can be made successfully. 

This is important seen in the light that recent field trials (June 2007) have shown that 

glufosinate ammonium followed 2 days afterwards by paraquat was among the most 

successful treatments. 
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lFigure 8.4 The effect of a sequential spray on the performance of a glufosinate 
ammonium application followed by paraquat on paraquat resistant ryegrass. 

Experiment 8: Effect of the interaction a./ paraquat, glufosinate ammonium and 

terhuthylazine on the control a./ paraquat resistant ryegrass. 

None of the products on their own gave acceptable control of the ryegrass irrespective 

of the dosage rate used (Table 8.5). In the case of terbuthylazine, there was a 
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significant increase in control when the dosage rate was increased from 1 to 2 kg a.i. 

ha-
1
• Similarly, when the dosage rate of glufosinate ammonium was increased from 

400 to 600 g a.i. ha- 1 control improved significantly. However, the difference in 

control between the two paraquat rates (0.8 and 1.2 kg a.i. ha- 1
) was negligible. 

The combinations of glufosinate ammonium and paraquat looked promising but it 

became clear that for this specific population a dosage rate of at least 0.8 kg a.i. ha- 1 

of glufosinate ammonium combined with 1.2 kg a.i. ha- 1 paraquat would be needed 

for 100% control. 

There was no advantage in using the combination of glufosinate ammonium and 

terbuthylazine and the maximum control achieved with these mixtures was less than 

paraquat on its own at 600 g a.i. ha· 1
• 

Significantly better results were achieved when paraquat was combined with 

terbuthylazine and 100% control was achieved at the higher rate of both products (2.0 

kg a.i. ha- 1 terbuthylazine and 1.2 kg ha· 1 paraquat). 

When all three combinations of all three products were applied all treatments gave 

between 95 and 100% control except at the lower dose of all three products (1.0 kg 

a.i. ha- 1 terbuthylazine + 0.4 kg a.i. ha· 1 glufosinate ammonium + 0.8 kg a.i. ha· 1 

paraquat). Even at these low dosage rates 90% control was achieved showing that 

there is considerable advantage in using the so called "triple mix" of all three 

products. 

Cost comparison between treatments 

A comparison between the costs of the different treatments shows that acceptable 

ryegrass control (95 - 100%) can be bought for between R 252.00 and R 672.00 per 

hectare (Table 8.5). If this is compared to the cost of a single glufosinate ammonium 

application at the registered rate of 7 L ha· 1 costing R 840.00, it is much more cost 

effective to use the mixtures of the different products. The favourable cost benefit 

ratio of using the best mixtures is a clear indication that the synergy between these 
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products could lead to appreciable economic benefit to the producer as well as 

enabling him to manage his resistant weed problem effectively. 

Table 8.5 Cost comparison between treatments for the control ofryegrass 

Treatments Dosage rate Control Cost I ha 
k . h -I g a.1. a (%) (R) 

Terbuthylazine 1.0 20 66 
Terbuthylazine 2.0 50 132 
Glufosinate ammonium 0.4 35 240 
Glufosinate ammonium 0.6 70 360 
Paraquat 0.8 65 120 
Paraquat 1.2 70 210 
Glufosinate + Paraquat 0.4 + 0.8 75 360 
Glufosinate + Paraquat 0.4 + 1.2 85 450 
Glufosinate +Paraquat 0.6 + 0.8 85 480 
Glufosinate +Paraquat 0.6 + 1.2 90 570 
Terbuthylazine + Glufosinate 1.0 + 0.4 55 306 
Terbuthylazine + Glufosinate 1.0 + 0.6 75 426 
Terbuthylazine + Glufosinate 2.0 + 0.4 70 372 
Terbuthylazine + Glufosinate 2.0 + 0.6 60 492 
Terbuthylazine + Paraquat 1.0 + 0.8 85 186 
Terbuthylazine + Paraquat 1.0 + 1.2 95 276 
Terbuthylazine +Paraquat 2.0 + 0.8 95 252 
Terbuthylazine + Paraquat 2.0 + 1.2 100 342 
Terbuthylazine + Glufosinate + 1.0 + 0.4 + 0.8 90 426 
Paraquat 
Terbuthylazine + Glufosinate + 1.0 + 0.4 + l.2 95 516 
Paraquat 
Terbuthylazine + Glufosinate + 2.0 + 0.4 + 0.8 100 492 
Paraquat 
Terbuthylazine + Glufosinate + 2.0 + 0.4 + 1.2 100 582 Paraquat 
Terbuthylazine + Glufosinate + 1.0 + 0.6 + 0.8 95 546 
Paraquat 
Terbuthylazine + Glufosinate + 1.0 + 0.6 + 1.2 95 636 
Paraquat 
Terbuthylazine + Glufosinate + 2.0 + 0.6 + 0.8 100 612 
Paraquat 
Terbuthylazine + Glufosinate + 2.0 + 0.6 + 1.2 100 672 
Paraquat 
Gly2hosate 1.44 5 116 
LSD (P<0.05) = 23.4 
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Experiment 9: Radioactive tracer experiment to determine the interaction between 

paraquat and glufosinate ammonium. 

Radioactive trial 

The mechanism whereby glufosinate ammonium facilitated the activity of paraquat in 

paraquat resistant ryegrass biotypes was determined by comparing the movement of 

[
14C] paraquat on its own with that of [14C] paraquat in a mixture with glufosinate 

ammonium in the leaves of paraquat resistant plants. The results of this trial can be 

seen in Figure 8.5 and Figure 8.6. 

From Figure 8.5 can be seen that the addition of glufosinate ammonium to paraquat 

made little difference to the movement of the paraquat in the first 24 hour period after 

treatment. 
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Figure 8.5 Leaves of Lolium spp. resistant to paraquat treated with radioactive 
paraquat [14C] and a mixture of paraquat and glufosinate ammonium 24 hours after 
treatment. 
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Figure 8.6 Leaves of Lolium spp. resistant to paraquat treated with radioactive 
paraquat [14C] and a mixture of paraquat and glufosinate ammonium 48 hours after 
treatment. 

However, the difference between the two treatments was clearly visible 48 h after 

treatment (Figure 8.6). The combination of paraquat and glufosinate ammonium led to 

a significant increase in the acropetalous movement of the paraquat compared to 

paraquat on its own. This increase of paraquat movement undoubtedly contributed 

greatly to the improved control of the mixture when compared to paraquat alone (see 

Figure 8.3). This result seen in the light of previous findings that lack of movement of 

paraquat in resistant plants was the main contributory cause of resistance (see 

previous chapter) goes a long way in explaining the dramatic increase in control of 

resistant ryegrass when glufosinate ammonium is applied prior to or concomitantly 

with paraquat. 

Experiment JO: The comparison of an application of paraquat, glyphosate and 

glufosinate ammonium with a sequential application of glufosinate ammonium and 

paraquat on 24 ryegrass biotypes. 
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The aim of this experiment was to establish if a sequential application of paraquat 

preceded by glufosinate ammonium could control a range of resistant populations 

with widely differing resistant profiles. This was done by comparing the sequential 

application of glufosinate ammonium and· paraquat with the standard rates of 

paraquat, glyphosate and glufosinate ammonium on 24 ryegrass biotypes collected 

from different sites in the Western Cape. 

Table 8.6 The comparison of an application of paraquat, glyphosate and glufosinate 
ammonium with a sequential application of glufosinate ammonium and paraquat on 
24 ryegrass biotypes. · 

l'reatments 
Glufosinate Glyphosate Paraquat Glufosinate 
ammonium 1440 g a.i. ha-' 1200 g a.i. ha-1 ammonium 

J?opullation. 1400 g a.i. ha-1 800 g a.i. ha-1 

fb 
Paraquat 1200 

. h -I 
~ a.1. a 
.\ 

0/o Su.rvival ~; 

"' 
Agtergroenberg 0 6 0 

.,, 
0 :" 

Ballingbrook 0 6 25 0 
Castle Rock 0 0 0 0 
Clones (Glass) 0 0 69 0 
Dagbreek 0 6 0 0 
Daniel Theron 0 0 0 0 
Die Eike 0 25 67 0 
Franshoek 6 6 0 0 
Groenkloof 0 62 19 0 
Groenkloof (oat) 0 12 12 0 
Klein Simonsvlei 0 0 0 0 
Landskroon 0 6 0 0 
Leeufontein 12 62 0 0 
Leliefontein 0 0 0 0 
Misgund 6 87 0 0 
Mooiplaas 3 0 0 56 0 
Office 2005 12 94 50 0 
Parking lot 05 0 12 94 0 
Rondebosch Com. 0 0 0 0 
Vrolikheid 0 0 19 0 
Werda 0 100 12 0 
rrrr x Kerbr 6 81 62 0 
Dagbreek new 0 6 31 0 
Big seed 0 0 50 0 
LSD (P < o.osi = 16.3 7 
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Of the 24 populations 15 showed resistance to glyphosate, 13 to paraquat and 4 to 

glufosinate ammonium (Table 8.6). Five populations were resistant to both glyphosate 

and paraquat and 2 populations were resistant to all three herbicides. No population 

showed any resistance to the sequential application of glufosinate ammonium 

followed by paraquat. 

These results show unequivocally that the sequential application of these two products 

is able to control a wide range of resistant biotypes and has the potential to greatly 

contribute to the solving of the resistant ryegrass problem. 

Discussion 

It is well known that synergies and antagonisms of crop protection agents may 

significantly affect the performance of pesticides in the field (Silvennan e~'I al., 

2005a). Silvennan et al., 2005a, showed that sodium salicylate (NaSA) applied ~ther 
~! 

prior to or simultaneously with paraquat resulted in decreased paraquat activity on 

Arabidopsis thaliana and tobacco (Nicotiana tabacum) plants. What started out as a 

project in search of a practical solution for the control of paraquat resistant ryegrass in 

the winelands of the Western Cape culminated by showing that sub-lethal dosage 

rates of glufosinate ammonium and terbuthylazine applied before or together with 

paraquat could significantly improve the control of paraquat resistant ryegrass. This 

treatment could also control ryegrass populations that were resistant to glyphosate and 

populations that showed multiple resistance to a wide range of selective and non

selective herbicides. 

The potentation of one herbicide by the addition of another chemical substance was 

reported by Silvennan et al., 2005b when they showed that (NaSA) caused a 

significant potentation (increase in activity of the photosystem II herbicide atrazine). 

Silvennan et al., (2003) previously showed that NaSA as well as acibenzolar-s-methyl 

could potentate glyphosate. From this work it is clear that the perfonnance of paraquat 

can be manipulated by the addition of certain chemicals. 
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How NaSA mediates its role on herbicide activity (both positive and negative) is "not 

yet detennined" (Silvennan et al., 2005a). Silvennan's group has postulated several 

theories as to the mode of action of NaSA but none have been proved. One of these 

theories is that NaSA stimulates/inhibits translocation. 

When herbicide mixtures are used, it is possible that there will be cases of enhanced 

weed control by the mixture. Simply combining herbicides with different modes of 

action will not result in delaying resistance if the efficacy and temporal activity 

characteristics of the mixed herbicides do not match (Roush et al., 1990). Both mixing 

partners must effectively inhibit the weeds most sensitive to the vulnerable herbicide, 

because the greater selection pressure weed species are under the most likely it is to 

evolve target site resistance (Gressel & Segel, 1982; Maxwell et al., 1990). Resistance 

to a herbicide mixture could quickly evolve in a weed species that is naturally · 

resistant to one of the herbicides in the mixture (Gressel, 2002). 

These results indicate that negative cross-resistance might be present when mixing · 

paraquat and glufosinate ammonium. Negative cross-resistance occurs where 

individuals resistant to one of the mixing partners, are more susceptible to the other 

mixing partner than the wild type of this weed (Gressel, 2002). Several scientists have 

reported on this potentially powerful tool to prevent resistance from evolving (De 

Prado et al., 1992; Gadamski et al., 2000). 

Yu et al., (2004, 2007) reported that translocation of paraquat in Western Cape 

populations of paraquat-resistant ryegrass was inhibited as compared to the 

translocation of the herbicide in paraquat-susceptible populations of the weed. 

Subsequent work done during the course of this study indicates that glufosinate 

ammonium improves the translocation of paraquat significantly thereby overcoming 

resistance. 

Resistance of weeds is often based on their ability to remove herbicides from their site 

of action e.g. sequestration (Hart & DiTomaso, 1994). Multidrug transp01iers can 

actively remove toxic molecules from their targets. These transporters can be divided 
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into different families (Doige & Ames, 1993). ABC transporters, which can directly 

utilize ATP, are the best known of them (Martinoia et al., 2002). The other family 

includes antiporters, which utilize proton electrochemical gradient to actively 

transport drugs. A third family comprises the smallest putative ion-coupled 

transporter proteins. One member of this group, the membrane protein EmrE, is 

responsible for paraquat and some other toxic compound resistance in E. coli 

(Yerushalmi et al., 1995). 

The three products used paraquat, terbuthylazine and glufosinate ammonium, all have 

different modes of action (a membrane disrupter, a PS II inhibitor and a glutamine 

synthase inhibitor respectively) but the end result of these modes of action is the 

inhibition of photosynthesis. From the results of this study it became clear that the 

enhancement of the inhibition of photosynthesis also enhanced the efficacy of 

paraquat in controlling resistant ryegrass. Indeed, other PS II inhibitors such as 

atrazine and simazine also were able to overcome paraquat resistance when sub-lethal 

dosage rates were applied before or with paraquat (results not shown). The best results 

were obtained with a sequential application of glufosinate ammonium followed by 

paraquat. 

When the result of the radioactive trial was analysed it became evident that the 

movement of paraquat in plants is crucial to its efficacy as a herbicide. The concept 

that paraquat is a purely contact herbicide can no longer be supported. The findings of 

this study are supported by the results of Yu et al., (2007) who found that paraquat 

susceptible ryegrass transported nine-fold more of the herbicide in the leaves 

compared with that translocated in the leaves of resistant plants. Two-fold more 

paraquat was found in the roots of susceptible plants when compared to the resistant 

plant roots. 

According to Halasz et al., 2002, the uptake of paraquat into cells has a strong energy 

requirement. Halasz et al., 2002 used a transport inhibitor carbonyl cyanide m

chlorophenylhydrazone (CCCP) on paraquat resistant Conyza canadensis. Applying 

CCCP before the paraquat treatment showed that it had some protecting effect 

indicating that transporters are actively engaged in the transport of paraquat within the 

plant. Szigeti & Lehoczki (2003), who also worked with paraquat resistant C. 
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canadensis, found that when paraquat was applied to these plants there was an initial 

inhibition of photosynthesis followed by subsequent restoration. They postulate that 

resistance is not due to the prevention of the herbicide reaching its site of action in the 

chloroplast but rather to an eliminating mechanism which actively removes the 

herbicide from the chloroplast. Paraquat is then diverted to a site where it is rendered 

harmless e.g. the vacuole. These workers also postulate that these transporters that 

immobilise paraquat are synthesized de nova and are paraquat-induced. Presumably 

there is a lag phase during which these paraquat-induced transporters are synthesized. 

This study has shown that in paraquat susceptible plants most of the herbicide 

movement takes place during the first 24 hours. In paraquat resistant plants very little 

movement of the herbicide takes place at all and the herbicide is consequently 

ineffective. Where paraquat application is preceded by or accompanied with 

glufosinate ammonium (or other suitable photosynthetic inhibitor) movement of the 

herbicide remains static for the first 24 hours. During the following 24 hours it moves 

away from where it was applied and exerts its herbicidal activity. The key question is 

where and how is the paraquat immobilised during that first 24 hours and how does 

the addition of a photosynthetic inhibitor lead to the liberation of the herbicide during 

the subsequent 24 hours? 

The answer to this question lies beyond the scope of this already extensive 

agronomical study that has already provided a very valuable tool for the control of 

paraquat resistant ryegrass. However, the type of the transporter(s), and the nature of 

the chemical bond whereby the transporters holds the paraquat is the key. It is likely 

that the making and subsequent breaking of these paraquat-transporter bonds have a 

huge energy requirement. Precisely how PS II inhibitors and glufosinate ammonium 

alter the energy balance of these resistance inducing transporter bonds is not known 

but they are able to negate their influence in immobilising paraquat at dosage rates far 

below that required to have any obvious herbicidal effect on the plant. 

The success of the sequential application of the glufosinate ammonium and paraquat 

is underlined in the trial were 24 populations with different resistance profiles from all 

over the Western Cape were controlled 100%. The sequential application has 

enonnous practical implications and allows the fanner to control the ryegrass 
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irrespective of what the resistance profile of the population is. However, the 

fonnulations of these two products used in this study were, to an extent, antagonistic 

to each other when applied together in a tank mix. This antagonism could be partially 

overcome by the addition of .suitable adjuvants such as Agral 90® or (NH4)2S04. To 

reach its maximum potential, these two products should be marketed in a suitably 

formulated pre-mixed product. 
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Chapter 9 

Summary 

Non-selective herbicide resistance in perennial and annual crops 

Glyphosate is the world's most widely used herbicide (Baylis, 2000). The non

selective herbicides glyphosate and paraquat are the backbone of a herbicide program 

in perennial crops. They are used either on their own or as a tank mix with residual 

herbicides such as terbuthylazine or simazine. They are sometimes used several times 

during the growing season and the continuous overuse of these non-selective 

herbicides over many years have exposed the weed population to the development of 

resistance to these products. 

In the absence of any suitable competitive products, paraquat was the predominant 

product during the 1960's and early 1970's. With the discovery of glyphosate in 1974, 

this new, systemic, ostensibly environmentally friendly, and affordable non-selective 

herbicide rapidly started to dominate the perennial crops herbicide market. 

During the year 2000, reports were received from farmers in the Western Cape that 

the non-selective herbicides, in particular glyphosate no longer gave adequate control 

of ryegrass. An investigation was launched at that stage and resistance to glyphosate 

in ryegrass was confirmed (Cairns and Eksteen, 2001). During this study ryegrass was 

also found to be resistant to the non-selective herbicide paraquat. Several ryegrass 

populations were identified that were resistant to both glyphosate and paraquat. 

Results of these investigations are given in Chapters 3, 4, 5 and 6. 

These findings forced the industry to look at alternative control measures such as 

herbicides with alternative modes of action. Trials were done with the mixtures of the 

herbicide propyzarnide which proved to be successful. Propyzamide has to be sprayed 

early in the season before or shortly after the advent of the first winter rains because 

ideally it must be applied pre-emergence or early post emergence of the weeds. While 

propyzamide performed well in the first year it was used, applications of the herbicide 

in subsequent years were not a success (results not shown). The poor perfonnance of 
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propyzamide can probably be ascribed not to the ryegrass developing resistance to 

this product but to accelerated breakdown of the product in the soil (Eelen et al., 

2003). 

The use of the ACCase inhibitors such as the "fops" and "dims" were also an option 

to control the glyphosate and paraquat resistant ryegrass. These products could be 

applied later in the season and fitted in better with the long-established spraying 

programme used by producers. However, broadleaf weeds are not controlled by these 

specific graminicides and the use of broad-spectrum, non-selective herbicides, 

remains the most convenient and cost effective solution. Herbicides with a residual 

effect in the soil, such as the triazines, can be used to control broadleaf weeds but can 

not be used in all perennial crops and compromises will have to be made in certain 

instances such as in stone fruit. There are clearly flaws in this anti-resistance strategy 

which will have to be addressed. 

In annual crops the use of the non-selective herbicides glyphosate and to a lesser 

extent paraquat and paraquat/diquat mixtures are used as a pre-sowing cleanup spray 

before establishing wheat or pastures as well as in cropping systems where lands are 

left fallow for the season. The aim of this practice is to kill the first flush of weeds in 

preparation for the following crop and ease the population pressure on the selective 

herbicides or to prevent the weeds from seeding in the case of the lands left unused. 

Glyphosate in particular is a very important part of wheat production in the Western 

Cape and Pieterse et al., (2006), has already shown that resistance to glyphosate is 

building up in wheat field populations of ryegrass. Ryegrass resistance to glyphosate 

will deprive wheat fanners of a very useful and (in the case of conservation tillage) 

essential tool to use in the weed control program. 

The use of herbicides with an alternative mode of action such as paraquat should be 

encouraged to slow down the rate of herbicide resistance development against 

glyphosate (Neve et al., 2003). Up to now the price, toxicity, non-systemic mode of 

action and increased volume of water required by paraquat when compared to 

glyphosate has militated against the use of the bipyridylium herbicide. However, the 

continuous reliance on the use of glyphosate in a pre-seeding application is regarded 
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by Preston et al., (1996) as one of the main contributory risks to the development of 

further resistance of ryegrass to glyphosate in Australian wheat fields. 

The agricultural chemical companies, their agents and producers must be convinced 

that unless something is done about it the two most valuable non-selective herbicides 

will be lost to the industry. The wheat industry has all but lost the use of selective 

ACCase and ALS inhibitors because of resistant ryegrass and it would be a tragedy if 

glyphosate and paraquat were lost for the same reason. Farmers and the industry will 

have to face these facts and react appropriately. Failure to adopt a more responsible 

attitude could lead to the demise of the two most important branches of agriculture in 

the Western Cape i.e. the wheat industry and the fruit and grape industry. 

Cross-resistance between llleirbicides in Ryegirass 

Ryegrass is very prone to the development of resistance to herbicides (Powles et al., 

1998). It was therefore not surprising that the ryegrass collected in perennial crops in 

the Western Cape was shown to have developed cross-resistance to herbicides with 

different modes of action. 

Cross-resistance between glyphosate and paraquat was reported by Eksteen et al., 

2003. The discovery of multiple resistance between the non-selective herbicides 

glyphosate and paraquat and the ACCase and ALS inhibitors were of great 

significance. Multiple resistance was also reported by Yu et al., 2007 and Neve et al., 

2004. Resistance to the ALS and ACCase inhibitors was up to now restricted to the 

wheat fields of the Western Cape. Ryegrass, being an obligatory out-crossing plant, 

and perennial crops being grown in the close vicinity of wheat fields, it was not 

surprising to see cross-resistance between the PS I, EPSPS the ALS and ACCase 

inhibitors mainly used in a wheat cropping system. According to Wakelin and 

Preston, (2005) the resistance gene is carried by the pollen of ryegrass. This makes it 

very difficult to limit the spread of resistant ryegrass. 

Multiple cross-resistance of ryegrass between the most commonly used herbicides in 

perennial crops for the control of grass weeds has enormous practical i1nplications. 

This makes it very difficult for the fanner to decide which herbicide to use. 
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Paraquat movement in plants 

In practice, paraquat has always been regarded as a contact herbicide with no 

movement in the plant. However, the movement of paraquat in plants was reported by 

Funderburk and Lawrence in 1963 and 1964. Good application practices are an 

integral part of weed control and as for paraquat, high water volumes and good 

coverage are essential to compensate for the lack of movement of the product in the 

plant. 

The study on the movement of paraquat in plants showed that paraquat can be taken 

up by the roots and translocated to the site of action by plants susceptible to paraquat. 

Plants resistant to paraquat were not killed by applying the herbicide via the roots. 

Paraquat will move upwards in the apoplast with transpiration (Baldwin, 1963). This 

is in line with the findings of Soar et al., 2003, that differences in paraquat 

translocation between resistant and susceptible biotypes of A. calendula were detected 

when treated plants were exposed to light. From the results in the present study it is 

evident that the paraquat is absorbed and translocated in the plants. However, the 

paraquat is not reaching its site of action. The findings of Yu et al., 2007 confirm this 

postulation. 

For paraquat. to be able to kill plants it is essential that it be translocated from the 

point of application to the site of herbicidal activity in the chloroplasts. When 

paraquat shows no movement, as in the case with resistant plants, it does not kill the 

plants. Restricted mobility of paraquat in resistant biotypes is primarily due to , 

sequestration into metabolically inactive compartments which results in the reduced 

penetration of chloroplasts (Preston, 1994; Hart and DiTomaso, 1994). The inability 

of the paraquat, to move in plants as a result of sequestration seems to be the key to 

the resistance mechanism. Lack of translocation has also been reported as a 

mechanism conferring resistance to glyphosate {Lorraine-Colwill et al., 2003; Yu et 

al., 2007). 

133 

Stellenbosch University  https://scholar.sun.ac.za



Synergy between paraquat, glufosinate ammonium and 

terbuthylazine. 

The resistance of ryegrass to the non-selective herbicides glyphosate and paraquat, as 

well as multiple resistance to these two herbicides and the ACCase and ALS 

inhibitors posed a big threat to the agriculture industry in the Western Cape. Solutions 

had to be found in order to overcome this problem. 

The use of herbicide mixtures with different modes of action can be a very useful tool 

in the quest to overcome resistance. The synergy of the mixture of paraquat and 

glufosinate ammonium to overcome paraquat resistance in ryegrass was a significant 

breakthrough. However the use of adjuvants such as ammonium sulphate and Agral 

90® is essential for the success of the mixture. 

Resistance of weeds is often based on their ability to either remove the herbicide from 

or to prevent the herbicide in reaching the site of action e.g. sequestration (Hart & 

DiTomaso, 1994). When photosynthesis is inhibited by glufosinate ammonium or one 

of the PS II inhibitors, it also enhances the efficacy of the paraquat in controlling 

paraquat resistant ryegrass. The sequestration mechanism is a highly energy 

dependant process (Halasz et al., 2002). By inhibiting the photosynthetic process this 

mechanism can not function due to a lack of energy. Paraquat is thus enabled to move 

in the paraquat resistant plants and reach its site of action. From the results of this 

study it is evident that the movement of paraquat in a plant is essential for its efficacy 

as a herbicide. 

The synergy of the paraquat and glufosinate ammonium applications were also tested 

on other species such as paraquat resistant Conyza bonariensis and found to be 

successful (results not shown). 

During the 2007 season Syngenta SA carried out independent field trials on resistant 

ryegrass populations in the Western Cape. The treatments used were largely based on 

the findings of this study. These results, presented in Annexure A, show 

unequivocally that resistance can be overcome by applying paraquat together with 

products which inhibit photosynthesis and thus confinn the findings of this study. 
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It may be some time before the most cost effective and practical mixture of products 

to control paraquat resistant ryegrass becomes commercially available but the 

underlying principle of how to overcome this problem has been firmly established by 

this study and is of huge benefit to the farmers of the Western Cape as well as 

significantly contributing to the long-term future of paraquat. 

Condusio11 

Sustainable agriculture is the maintenance of cropping systems that neither deplete 

soil fertility, even over the long term, nor lead to the development of overwhelming 

pest, disease or weed problems. The discovery of ryegrass resistance to the non

selective herbicides as well as multiple resistance to other groups of herbicides was a 

huge blow to sustainable agriculture in the Western Cape. This deprived the farmer of 

a very important part of the weed control strategy, especially in perennial crops. The 

widespread occurrence of herbicide resistance in annual ryegrass has reduced the 

number of herbicides that can be confidently recommended for control of this 

important weed. 

Herbicide resistance is a worldwide phenomenon with 310 biotypes in 183 species 

documented (Heap, 2006). The discovery of rigid ryegrass (Lolium spp.) resistance to 

the bipyridylium group of herbicides was a world first (Heap, 2006). 

The non-selective herbicides, glyphosate and paraquat, are widely used in agriculture 

for weed control in perennial crops, in pre-sow situations in conventional annual 

crops and glyphosate as a post emergence application in transgenic crops. 

This study led to the registration of propyzamide for use in vineyards and the control 

of rigid ryegrass. However, the use of herbicides with alternative modes of action 

alone is only part of a control strategy and will on its own not be sufficient as an anti

resistant strategy. 

The approach to the control of ryegrass needs to be an integrated one whether 

resistance is confinned or not. An integrated approach relies on planning to use as 
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many control options as practically available. Integrated management of weed 

problems, to avoid or at least delay resistance will include: 

o A voiding heavy reliance on herbicides from one particular herbicide group is 

of the utmost importance in the fight against the evolving of herbicide 

resistance. 

o The use of multiple control options where the ryegrass that escaped the 

application of a herbicide must be prevented to set seed. 

o Reducing of the seed bank to manageable levels even in resistant populations. 

o Rotation of groups of herbicides to reduce the reliance on the high risk groups 

for annual ryegrass control. 

o The use of herbicide mixtures providing it complies with the rules for an anti

resistance strategy as discussed in chapter 2. 

o Recordkeeping in order to help in the decision making process of which 

herbicides to use. 

o Avoidance of soil disturbance to prevent gennination of buried seed bank 

reserves. 

o Use of non-herbicidal practices such as mulching, mowing and the roguing of 

escape plants where necessary. 

The extent of the resistance problem has been investigated and found to be far more 

extensive than initially anticipated. This study started as an investigation on the 

resistance of ryegrass to glyphosate but during the study it became clear that the 

resistance of ryegrass to paraquat was just as big a problem and interlinked with the 

glyphosate resistance. 

Solutions to the resistance problem in annual as well as perennial crops are not easy 

and will rely on an integrated approach to support sustainable crop production. 

Management practices will also have to change in cases where resistance has evolved 

because in most instances it was the particular management practices that led to the 

development of the resistance problem. 

136 

Stellenbosch University  https://scholar.sun.ac.za



Ref eirences 

Baldwin, B.C., 1963. Translocation of diquat in plants. Nature, Lond. 198. 872-873. 

Baylis, A.D., 2000. Why glyphosate is a global herbicide: strengths, weaknesses and 

prospects. Pest Manag. Sci. 56. 299-308. 

Cairns, A.LP. & Eksteen, F.H., 2001. Glyphosate resistance in Lolium rigidum Gaud. 

in South Africa. Pages 1-4 In Proceedings of Resistance 2001. Herts, U .K.: 

IACR-Rothamsted. [Abstract]. 

Eelen, H., Bulke, R., & Bouchaud, J., 2003. Enhanced degradation of 

propyzamide after repeated application in orchards. Thirteenth Australian 

Weeds Conference. September 2003, Perth, Australia 

Eksteen, F.H., Cairns, A.LP. & Pieterse, P.J., 2003. Cross-resistance m Ridgid 

Ryegrass (Lolium rigidum) against four Groups of herbicides. i 11 

International weed science congress. June 2004, Durban, South Africa 

Funderburk, H.H. Jr., & Lawrence, J.M., 1963. Absorption and translocation of 

radioactive herbicides in submerged and emersed aquatic weeds. Weed 

Res. 3. 304-311. 

Funderburk, H.H. Jr., & Lawrence, J.M., 1964. Mode of action and metabolism of 

diquat and paraquat. Weeds. 12. 259-264. 

Heap, I., (2006). International survey of herbicide resistant weeds. Online: 

www.weedscience.com. [Accessed 2007] 

Halasz, K, Soos, V., Jori, B., Racz, I., Lasztity, D. & Szigeti, Z., 2002. Effect of 

transporter inhibitors on paraquat resistance of horseweed ( Conyza 

canadensis I L/Cronq.). Proc. of the 7'" Hungarian Congress on Plant 

Physiology S 1-10 

137 

Stellenbosch University  https://scholar.sun.ac.za

http://www.weedscience.com.


Hart, J. J. & DiTomaso, J. M., 1994. Sequestration and oxygen radical detoxification 

as mechanisms of paraquat resistance. Weed Sci. 42: 277-284. 

Lorraine-Colwill, D.F., Powles, S.B., Hawks, T.R., Hollinshead, P.H., Warner, S.A.J. 

& Preston, C., 2003. Investigation into the mechanism of glyphosate 

resistance in Lolium rigidum. Pestic. Biochem. Physiol. 74, 62-72. 

Neve, P. Diggle, A.J., Smith, F.P. & Powles, S.B., 2003. Simulating evolution of 

glyphosate resistance in Lolium rigidum II: past, present and future 

glyphosate use in Australian cropping. Weed Res. 43. 418-427. 

Neve, P., Sadler, J. & Powles, S.B., 2004. Multiple herbicide resistance m a 

glyphosate-resistant rigid ryegrass (Lolium rigidum) population. Weed Sci. 

52. 920-928. 

Pieterse, P.J., Cairns, A.LP., Cumming, C.C., McDermott & Eksteen, F.H., 2006. 

Current status of herbicide resistance in South Africa. 20111 National 

Congress: Southern African Weed Science Society. July 2006, Bela Bela, 

South Africa 

Powles, S.B., Lorraine-Colwill, D.F., Dellow, J.J. & Preston, C., 1998. Evolved 

resistance to glyphosate in rigid ryegrass (Lolium rigidum) in Australia. 

Weed Sci. 46. 604-607. 

Preston, C. 1994. Resistance to photosystem I disrupting herbicide. Pages 61-82 Jn S. 

B. Powles and J. A. M. Holtum, (eds). Herbicide Resistance in Plants, 

Biology and Biochemistry. Boca Raton, FL: Lewis Publishers. 

Preston C, Tardif, F.J. & Powels, S.B., 1996. Multiple mechanisms and multiple 

herbicide resistance in Lolium rigidum. In T.M. Brown (ed.). Molecular 

Genetics and Evolution of Pesticide Resistance. American Chemical Society, 

Washington, DC. pp 117-129. 

138 

Stellenbosch University  https://scholar.sun.ac.za



Soar, C.J., Karotam, J., Preston, C. & Powles, S.B., 2003. Reduced paraquat 

translocation in paraquat resistant Arctotheca calendula (L.) Levyns is a 

consequence of the primary resistance mechanism, not the cause. Pesticide 

Biochemistry and Physiology, 76. 91-98. 

Wakelin, A.M. & Preston, C., 2005. Inheritance of glyphosate resistance in several 

populations of rigid ryegrass (Lolium rigidum) from Australia. Weed 

Science 54, 212-219. 

Yu, Q., Cairns, A.LP., & Powles, S.B., 2007. Glyphosate, paraquat and ACCase 

multiple herbicide resistance evolved in a Lolium rigidum biotype. Planta 

225, 499-513. DOI 10.1007/s00425-006-0364-3 

139 

Stellenbosch University  https://scholar.sun.ac.za



ANNEXUREA 
Results of the field trials done by Syngenta with mixtures of paraquat, 
glufosinate ammonium and terbuthylazine as well as paraquat preceded by glufosinate 
ammonium applications. See plate l - 14. 

Treatment I g a.i.ha- 1 Percentage Control 42 D.A.A 
Weltevrede Groenkloof 

Paraquat 1200 + 
53 d 23 c 

Agral 90® 0,25 % 
Glufosinate ammonium 600 + 

86 abc 50 b 
(Nl-l4)iS04 l % 
Glufosinate ammonium 1400 + 

97 ab 94 a 
(NH4)2S04 l % 
Terbuthylazine I Metolachlor 1750/350 + 

68 cd 89 a 
Agral 90 ® 0,25 % 
Paraquat 800 + 
Agra! 90® 0,25 % + 

70 bed 60 b 
Glufosinate ammonium 400 + 
(NH4)2S04 l % 
Paraquat 1200 + 
Agral 90® 0,25 % + 

86 abc 68 ab 
Glufosinate ammonium 600 + 
(NH4)2S04 1 % 
Paraquat 800 + 
Agra! 90® 0,25 % + 
Glufosinate ammonium 400 + 96 abc 99 a 
(NH4)2S04 1 % + 
Terbuthylazine I Metolachlor 1750/350 
Paraquat 1200 + 
Agra! 90® 0,25 % + 
Glufosinate ammonium 600 + 99 a 99 a 
(NH4)2S04 1 % + 
Terbuthvlazine I Metolachlor 1750/350 
Paraquat 800 + 
Terbuthylazine I Metolachlor 1750/350 + 92 abc 99 a 
Agra! 90® 0,25 % + 
Paraquat 1200 + 
Terbuthylazine I Metolachlor 1750/350 + 93 abc 99 a 
Agra! 90® 0,25 % + 
Paraquat 800 + 
Terbuthylazine I Metolachlor 1750/350 + 

88 abc 93 a 
Agra! 90® 0,25 % + 
(NH4)2S04 1 % 
Paraquat 800 + 
Terbuthylazine I Metolachlor 1750/350 + 

94 abc 98 a 
Agra! 90® 0,25 % + 
Phosphorous acid 160 
Glufosinate ammonium 400 + 
(NH4)2S04 1 % fb 

86 abc 62 b 
Paraquat 800 + 
AD:ral 90® 0,25 % 
Glufosinate ammonium 600 + 
(NH4)2S04 1 % fb 

93 abc 75 ab 
Paraquat 1200 + 
Agra! 90® 0,25 % 
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Plate 1 
Paraquat 1200 + 
Agral 90® 0,25 % 

Plate 3 
Paraquat 1200 + 
Terbuthylazine I Metolachlor 1750/350 + 
Agral 90® 0,25 % 
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Plate 2 
Paraquat 800 + 
Terbuthylazine I Metolachlor 1750/350 + 
Agra! 90® 0,25 % + 
Phosphoric acid 160 

Plate 4 
Glufo inate ammonium 400 + 
(NH4)2S04 I % tb 
Paraquat 800 + 
Agra! 90<~ 0,25 % 
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Plate 5 
Terbuthylazine I Metolachlor 1750/350 + 
Agral 90® 0,25 % + 
Glufo inate ammonium 400 + 

Plate 7 
Paraquat 1200 + 
Agra I 90® 0,25 % + 
Glufosinate ammonium 600 + 
(NH4)iS04 I % 
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Plate 6 
Paraquat 800 + 

Agra I 90® 0,25 % + 
Glufo inate ammonium 400 + 
(NH4)iS04 I % + 
Terbuthylazine I Metolachlor 1750/350 

Plate 8 
Glufosinate ammonium 600 + 
(NH4hS0-1 l % 
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Plate 9 
Glufosinate ammonium 600 + 
(NH4)2S04 I % fu 
Paraquat 1200 + 
Agral 90® 0,25 % 

Plate 11 
Paraquat 1200 + 
Agral 90® 0,25 % + 
Glufosinate ammonium 600 + 
(NH4)iS04 I % + 
Terbuthylazine I Metolachlor 1750/350 
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Plate 10 
Paraquat 800 + 
Agra! 90® 0,25 % + 
Glufo inate ammonium 400 + 
(NH4)2S04 I % 

Plate 12 
Paraquat 800 + 
Terbuthylazine I Metolachlor 1750/350 + 
Agra! 90® 0,25 % 
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Plate 13 
Glufo inate ammonium 1400 + 
(NH4)2S04 I % 
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Plate 14 
Paraquat 800 + 

Terbuthylazine I Metolachlor 1750/350 + 
Agral 90® 0,25 % + 
(NH4)iS04 I % 
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ANNJEXUREB 

ANOV A'S FOR JEXJPJERIMJEN1'S DONJE DURING STUDY 

Bl: Chapter 3: Paraquat resistance in Ryegrass (Lolium spp.) in the Western 

Cape 

Bl.1: Percentage survival of ryegrass seedlings from different locations sprayed with 

paraquat at two dosage rates. 

Analysis of variance 
, , ' n m,v,.,v ,, I j SS jnegr. ofj MS ,~F -1 p 

I Intercept l153.1250ji-- 11?3.1250 !1225.00o,ro.ooo-ooo 

r·--·-··Lo~;lity··-... -...... -Jrn5.3750~ 3 I }?.1"250 I 281.0oo:lll llllllllllll I 

1···-·-·-···i~~;t~~-~t········-·1 0·:·i2s·0; 1 ·r·---0~x2s·o-1- ·1:0001 

ILocality*Treatment I 0.3750 I 0.1250 I 1.000 

I Error I 3.0000 I 0.1250 ~--• 

Bl.2: Percentage survival ofryegrass seedlings from different localities sprayed with 

a paraquat/diquat mixture at two dosage rates 

Analysis of variance 

I SS jnegr. of.j MS j F j p 

r-···-········ ····i~t~-~~~-r;~ ····---··11-s··7:s3·13 _Ii-- 157 .5313 .[889~-s-ss2· r0·:0()0090· 

I Locality I 93.093813---:r 31.0313117?.2353 lo.oooooo 

. . . '!'r~a!~e~t .. I Q.0,3J~ l--CL 9.:.2~l3J 9~17§5 [0.~?81 __ ~1. 
:1 Lo~a~i_ty~'f.!~~tm~nt I . 0,.093~ 1 ... 3 ... 11 Q.O), ! ~1_.9· l?~? lo:?J} ?.~. 
I Error I 4.2500 I 24 'I 0.1771 . I 
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Bl.3: The survival rate ofryegrass seedlings from different localities sprayed at 

different paraquat dosage rates 

Analysis of variance 

··--..... -..... ~-=~----··r·-88--:pr·~-N1.s~-1··~-~1---;·--~ 
r·=!~ti..~.~~P.~ .. : .... ]377.0182:1 1 f377.0182 l882.3830.lo.oooo9o~ 
r···- .. ~()~~~iry.. ....... . :[170.209~1-4-·1 .42.5523 I 99:5904;[0.o§"()ooil 
:[--=~~~~~~~=]f"l7J~~s:C!f~··-[1?;:1:?·?2·[~q~q.??-2~~~0000~ 
il~~~!.i.!~!~~~!!.~.~~!:l.._~~:?.?O?il ... ~o ..... ~L .. .!:!?~? 1 ... ?:?324·10.00000? 
![ Error 11 70.500QJl~ __ J[-2.:.11-sl ________ jH ______ _j 

Bl.4: The survival rate of ryegrass seedlings from a susceptible (S) and resistant (R) 

population on the Welgevallen Experimental farm sprayed with different 

paraquat dosage rates 

Analysis of variance r ......................... ~ .... : .. ·~·-· ·--~---- r--- . SS '""''[n~gr. ~r', MS- ·1 .. iF-- r·--p---- -, 
i[ · Intercept ··-f2oo.o8331-1 -;[200.0833 [2058.ooo[Q.Oo-ooool 
IL"'"''~: ~?.~~fft.Y~-=~ l?0:750QJ 1 II 90.7500'[ 933.429 [o.oooooo I 
1r···· ............. :!·~~:~~~:~~~ .............. _80.166i 1-5-·-1r···§.03·303··[· .. -·3·?::62·9·~~060000 · 
l[i~T;:;.t;;;;.rt'l 21 :SOOO 5 j 4 3000144.mfD.OoooOOI , ................... ___ ... ____ . ___ ~ .......... ··········-;;,;,:..; .................................. ...................... . .. . .. . .. 

11 Error _ ...J .5000L_.~~---J 0.09721 ..... _._ .. 1 ......... ~ 
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lB2: Chapter 4: Ryegrass (Lolium spp.) resistance to glyphosate in annual and 

perennial crops in the Western Cape 

B2.1: The control of ryegrass with glyphosate, haloxyfop-R methyl ester and a 

mixture of the two products 

Analysis of variance 

···I·· ·s·s.· ·• ~ !Jne;~.-~f 1 · -M5······ ·1·· ···· ;·-· JI.-··-·~- -· · 

:F~ts~:~t·1=~:t~:~~~.~~~ 
ir·::·········-···-T"~;;~~;1··:·-··-·· r·········5··1:2·9·:3'1_2_., 1--·-2664:·1-1-··2·4·:·2·1·~;r0::00006·1· 
IL~c~li;;;*T~·~~tmentl 1133'.s:I 2 I . 566.9 I 5.16410.024099 

L.~-~~i~~- ... 1.}~1_?,.3l __ 1~- J .. ~29-·§. I.. . .... _ .... 

B2.2: Percentage survival of ryegrass seedlings from different locations sprayed with 

two different fonnulations of glyphosate at two dosage rates 

Analysis of variance 

I__ ii SS li~egr. ~(' rnM~ I F J p 

L.. ···-::~~!~r.~~e!.. .. . ··; f 787:·5:1·?~J [·-·j:· .--- r1~:1·:.si~·5· [i53·6·.·~io' r9:·00·0009· 
1.. .. !i~~~!i_~-- I 14'.sogo:I 4 . J .3:7900 I 1.220!0.0990?2 

L . ...... ~E!~'!l-~.! ... ... L ~0:?.~?51 . } .. J .. ~._6.458 I_ . 7:~!4.10:0003.63. 
1~.?~~i!~~!r..e,.~t~ent I 1 LOQ_OOJ. ~~HJ. __ 0:216? I 1.789 j0.070743 

I . Error I 30.7500'1. 60 .1 . 0.5125 I I 
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B2.3: The percentage survival of ryegrass from different locations treated with 

glyphosate at different dosage rates 

Analysis of variance 

r···- ····---~~---···----T· .. ······ss·':-'····· 1°~g;~'-~ir··-:·~~r·==~F~o:=rr~~~.:::~:.;;;:::.: ..... ~ 
I Intercept 11042.914 I 1 l10~2-?~~Jl~9.9?:7??11q:oooooo 
I Locality -·1·-··29·22451 4 I 73.061!1 210.570!!0.000000 

I Treatment I 169.936 [ 10 I 16.994:[ ~?.~??jfq.qqqooo 
l--L~·~·;iit;;*Treatment-196:655_[ ____ 40 ___ --r--2·:·416JL . <J:96~]fo.oooq·a·a-

I::~:~::::::~:~::::~:.~~~l~~~:~:=.::::::::::::::::::::::·.[::.?..i:~:~:~~[i:~:~-~~-:::I::::~::~2~~:~:z1[:.:::"·;; .. ; __ ::][::., ... ,,.,,=~-

B3: Chapter 5: Resistance of Ryegrass (Lolium spp.) to glyphosate and 

paraquat/diquat in Orchards and Vineyards. 

B3.1: The effects of different herbicides and herbicide mixtures on control of ryegrass 

with various levels of resistance 

Analysis of variance (KJapmuts) 

\ jSS~JDegr. of I MS I JF , - ·-~-·-· 
1 

r·i~-1~;~~-p·t··· [43-55":·5·56" [ 1 ·--·· 1435·55 56-!3S:"4.3i~·7· [0:996046" 

[T;~·;1;·~~-i-lii23·8·.444· [ 5 ······-[1647:68~» r1·4~5·3-g-43·· 1-o.-600098. 

I Error_ [1360.ooo I l 2 I 113.333 r-----:1 ... ___ ... :: __ _ 

Analysis of variance (Tulbagh) 

1······-·····-···········---,---·-ss--[n;g~-~"f-, ........... MS ....... -T---·--F·-··-·-J:;::·'·'-'·:··~:-~--

[I~·terc;pt····· r·····s-645~40 1-1--rs645-~oo !6·1:00931; [.oOoo 15_. 

fT~~;1;;~-11·i-i-:? .. i«s:··2·1· 1······-·· 4· .. ···--··r2·9:fr>~6? !·11:6·5·4·:i·s· fo~ooo()i"T 

I Error I 925.33 I 10 I 92.533 j ..... l _ .............. · 
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B4: Chapter 6: Cross-resistance in annual ryegrass (Lolium spp.) to four groups 

of herbicides 

JB4.1: The control of ryegrass from different localities in the Western Cape with 

glyphosate 

Analysis of variance 

~=--- ·:-- -1 ·-~s Jn~;~:-~·il Ms I F---1 ··· ·-;---
:c~·~-~~~~-~-i>T-··-··-·rw42~9-~~;1---J-·---· .. ·-·11·042-~91'4-[3-qo5-~777- r0·:-00099g -~--
!L-... -... ---=~~i~~ii~-----........ --1292~~[--·i· ---·11i06-11·-2i·0:579·r0·:0o-q00q----
1 1.'_~e_3-t~~r.it I 1(59.9361 10 I 16.9941 48.9nlo.oooooo 

.l~°--~-~~:!~~~t-~e~!l .. 9<5:655 I_ .. ~9 rn I 2.416 I 6.9(5410.000009 

·I .. .. ]E~ror .I . 57.250'1 165 .1 . 0.347 I I 

JB4.2: The control of ryegrass from different localities in the Western Cape with 

paraquat 

Analysis of variance 

[~--~~~------ .. -~s·--]~egr. of.,--.. ~s·----,-·-~j!---

t ____ !_~~~c_E'.J>! .. J377:9~82 ~l-__ l37_7:01?2 J882.3830 lo.999099_ 
L-·-·---~-~a_!.!~-- ..... J!.?0,·?991J_ --~ .... 1 ~?:55231 99.59Q~ lo.990099 
ii Treatment :j171.2818j 10 I 17.1282l 40.0872lo.oooooo 

[L~~;lity*1'reatmentf44·:-99o9f 40 i-·-·1~·1248 ,---·-2.6324 fQ.oOOOQ9 
r----·-........ E;·~-~-~---•r10~·0-00r ........... i-6s-.1-0:·421"J"1-·------·r··-----
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B4.3: The control of ryegrass from different localities in the Western Cape with 

paraquat and glyphosate. 

Analysis of variance 

I I SS IDegr. of! M~ l u_ F ... J_ .. ·P .. :~--~ 
I Interc~pt . ll 120.970 I 1 l1120:??0 !1_938.~45 l9:29QQ20_ 
I Locality I 50.280 I 2 I 25.140 I 43.47410.000000 

I" Product -, 4.909 I l r 4.909 I 8.489 I0.003984 

r Dose r 187.53oT"'' 10 118:753T""32'~42'9-[0.000090~ 
l" ......... i~·~;iitY*P;~<l·~~t--·-........ , ........ 86~i".i4 r ........... 2 .................. r--·4·3':·05·7· 1'· .. -·74~·4·5 .. 6 !6·:·060000; 
r ........... -.. i~~~•it;r*'io·~·~·~---· 1-.. 3i12·0· 1··-........ 20-......... -r .. ··· 1 . 686· r ................... 2.91"«; 10~999()12: 
I lProduct*Dose I 31.7581 10 I 3.1761 5.49210.000000 

ILocality*JI>ro~llct*Dose I 34.220 I 20 r-I.7111 2.9~9 j0'.000057 

I Error I 114.500 I 198 0.578 I I 

B4.4: The control of ryegrass from Groenkloof in the Western Cape with 

iodosulfuron. 

Analysis of variance 

BS: Chapter 7: Paraquat Movement in ryegrass (Lolium spp.) 

BS.1: Percentage survival of ryegrass plants at different concentrations of paraquat in 

a hydroponic system 

Analysis of variance 

I I SS fi}egr. of 1. ~S L F . J.. p . 

I Intercept I 201666.7 I l l201666.7j152.8421 !o.o,ooooo 

I Locality j 40833.3j 3 I 13611.1110.315810.000010 
1··-·----T;·~;1;~-;;t·---· r 67683:·3- r··-···--···5 ............. -.. ,.1'3416·:1· r··-1 .. 0~-1"684: 10·.·000·000 
fi:~~;lit;*T-~·~;-tm;~t· ["'"3':541-6.7 f'_ ... __ T5 ____ i_ .. 23.61T ["' .. -.... 1 .. :·73·9516 .. :65-2952~ 
, ..... _ .. , .................... i~: rr~·;"""'"'""'-""""--[""'"'9'50'6o~o"["'-'"7'2"'"'-·· .. r·-'"'i3"1"'9:'4"1 ....... :, ................................ .. 
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BS.2: Percentage survival ofryegrass plants at different concentrations of paraquat 

when applied as a foliar spray 

Analysis of variance 

r---------- ·· .-.-~·1·_-~:~J~~~_;-~1=~~=1.~ .. i.~~:~~r-=e.=-= 
ii Intercept il210937.5JI .. 1 [~2?1211~?.2:<?.~!~JQ:_°-2..Q.Q.9_9_ 
11 .. ~?~.~l~ry rn rnrn :1 5.95.72·?11 3 '''' rn .I )6857'.?:1. 6?.1404'19'.9999.99'. 
r--Treatment .. :1 56562.5f . 5 f!i-312.5 I 45'.726J[O'.OOOOOO-

~~J1BE3E:t!tl~t:5 

B6: Chapter 8: Synergy of :Paraquat with Glufosinate ammonium and 

Terbuthylazine in the control of :Paraquat-resistant Ryegrass 

(Lolium spp.). 

JB6.1: The Groenkloof clone l population sprayed with mixtures of paraquat, 

glyphosate and glufosinate ammonium. 

Analysis of variance 

i~~c-~~~~~I 
ii Error .! 8593.'!_5.JI 18 .[_ -~~~.43J. _____ .. J -~ 
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B6.2: The Groenkloof Bergland population sprayed with paraquat, glyphosate and a 

sequential spray of glufosinate ammonium followed by paraquat. 

Analysis of variance 

B6.3: Welgevallen 1 ryegrass population sprayed with paraquat, glufosinate 

ammonium and a sequential spray of glufosinate ammonium followed by paraquat. 

Analysis of variance 

r:=~JL_s.~~.JEI ... MS .r~~Jr ... _ ~M 
L~E~ Q~QQ, 1 .. __ l ___ .. 1!_8QQ!:!.· Qg_ l.!.?.- gqo_o,lq.090709 

11:~~~!~~-~d~.?QQq.oo'I . 4 .. ~I 4250.0014.25000 jo.016970 
I Error .115000.00 I 15 I 1000.00 I 

B6.4: The effect of a sequential spray on the performance of the paraquat /glufosinate 

ammonium mixture. 

Analysis of variance 

'' ' ' m m 1 ..... SS '' lnegr. ofl MS I F I p 
J]~-tercept fi6231.26I .. 1 'TT6?3-i-~26f102.226310.000000 
·1r~;·;·!;;~t'. ris9·s·s:14· 1·· ····--3 ·· · 1···'}99·s:s·9· r··i2:·5s·1·4· 10:00000·6· 
[ E-~-;~-;_-·-~: [···2·3·58-:·09; 1 ....... 18 ___ l--1sf78_ f" ...... ______ ............ -[·--·----·--..... . 
···--·········· .. ······ .. ·· ........ - .... ····-·········· .. ·· .. ---·-·-·-............... -........... ,_, ________ ,,, .............. -...................................... -....... - ....................... , ________ _ 
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B6.5: The effect of the addition of Agral 90® and (NH4) 2S04 on the perfonnance of 

paraquat, glufosinate ammonium and a paraquat I glufosinate ammonium 

mixture 

Groenkloof: 

Analysis of variance 

;:::;===--· c.·~~i~~~"~Jl~i!~![j~~• ... -~r==!~.·.·~····r:-=-;~~··~; 
I IJ1!~~c~pt l2Q3450:5 I 1 ..... 12034?0:51387.396710.000000 
frr~·~!~~ntl 38268.2r--~n47S ... 9J-- 6.()243[0~00()9~7: 
·[):.~!?~---·-·-n1?9~·:~~=--~:[~s-2~~~1~--------.... -,-·---.. -~ 

Weltevrede: 

Analysis of variance 

, ........ l m~~ jj~~&~:?.il ~~ :I.. F J P 

f~11!~E~~pt 1151375'.g;L 1 . Jl1?.I87?.:9:1~n.8()49jo.oooooo
iffr°~~!~~nt•f4?q~2'.?Jf.... 11 . :C44()0'.2·r-fi:-887<)ro~ooo-00-
[:::::::~:~~!.: .... : .. _]=n: .. ~~~:;:~l.[: ... ::· .. ·~I~~:J::::~I~:L~ ........... _ ...... -................... -·-·--------·-.. ·-· 

Frischgewaagd: 

Analysis of variance 

c-· " r~~s~ .. ·:J1~~~~-~iI~--1'1S"l lB' I P 
:1·i~!~;~·~pt .. !i6ii7·s:oo' r- -1·-.... 1 168 7 5. oo. !6·1·~03·:443-10:000000 .. 
ff~~;;~;14~0.6~S.2.l-·--1~---·--;C!o0.5.6?J11.?.91_223 lo.oooqqo. 
l_~ro_!:.._J 2Q?~:~oJ ___ ~() __ J._}5 ~ .. ?±[_ ... 

JB6.6: Cost comparison between treatments for the control of ryegrass 

Analysis of variance -- -~~~-~---r· -ss -:ffu~~.-~if ~~s:~ r --~~ -·-·r ....... -~ · 
I ~ll!~E~~P! 161()3}_.3~;1 1 1?163~}3 [2??.-8959 jo.oooooo 
jTrca!mcnt j69466.67 / 26 I 2671.79 I 9:7926 j0.000000 
,-..... E~-;.~----.. -j2_2.i00:00·: f'... . .. Sl .. _ ....... f ........ 272·:·ii4 l·-··---·-.. -·-r ... :...... . .. ........ , 
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B6.7: The comparison of an application of paraquat, glyphosate and glufosinate 

ammonium with a sequential application of glufosinate ammonium and paraquat on 

24 ryegrass biotypes. 

Analysis of variance 

I SS lnegr. of I MS ii F .1 m p 

r··-····----l~t;;~r;t···-·--[5.813 9~61···-··1-~fSI{ ?.?.::~·~··~.:~.::?~?·~··· 19 .. qoqQoq : 
Bio type ········-····--· 1.5.5415.o 1--·-23-1 f24q? .·35; [·1·7~?794, [0.000006-, 

r--······-·····-i~e~-;~~t····-·------,50017.9• 1 ___ 31[1"6-67~·:·~·~-:rx?~:~i.?9.'~·~99999·:. 
flli~tYPe*Treatment fl34~71 ~? J[!~}}~[JI~~~?2Jl.~QQQQQQ_j 
I Error I 38593.7 I 288 .1 .... !~~.:Q!J _________ J _________ J 
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