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A suspected glyphosate-resistant Italian ryegrass (Lolium multiflorum) (OR) 

population was collected from a filbert (Corylus avellana L.) orchard near Portland, 

OR. Based on the dose-response experiments conducted in the greenhouse, it was 

found that the suspected glyphosate-resistant population was approximately fivefold 

more resistant to glyphosate than the susceptible (S) population. Furthermore, it was 

found that the S population accumulated between three and five times more 

shikimic acid than the OR population, confirming its resistance to glyphosate. The 

mechanisms conferring glyphosate resistance in two glyphosate-resistant L. 

multiflorum populations, one from Oregon, USA (OR), and one from Chile (SF), 

were also studied. Based on a Petri dish dose-response bioassay, the OR and the SF 

populations were two and fivefold more resistant to glyphosate when compared to 

the S population, respectively; however, based on a whole-plant dose-response 



bioassay, both OR and SF populations were fivefold more resistant to glyphosate 

than the S population. The S population accumulated two and three times more 

shikimic acid in leaf tissue 96 h after glyphosate application than the glyphosate-

resistant OR and SF populations, respectively. There were no differences between 

the S and the glyphosate-resistant OR and SF populations in 14C-glyphosate leaf 

uptake; however, the patterns of 14C-glyphosate translocation were significantly 

different. In the OR population, a greater percentage of 14C-glyphosate absorbed by 

the plant moved distal to the treated section and accumulated in the tip of the treated 

leaf. In contrast, in the S and in the SF populations, a greater percentage of 14C-

glyphosate moved to the untreated leaves and the stem. cDNA sequence analysis of 

the EPSP synthase gene indicated that the SF population has a proline 106 to serine 

amino acid substitution, which has been previously shown to confer moderate levels 

of glyphosate resistance. We confirmed glyphosate resistance in two different L. 

multiflorum populations, and found that they have different mechanisms of 

resistance. The OR population has limited glyphosate translocation while the SF 

population has a mutation of the EPSP synthase gene.  
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Glyphosate-Resistance in Italian Ryegrass (Lolium multiflorum):  
Evaluation and Investigation of the Mechanisms of Resistance 

 

CHAPTER 1 

 

GENERAL INTRODUCTION 

 

Glyphosate 

The herbicide properties of glyphosate [N-(phosphonomethyl)glycine] were 

discovered by Monsanto in 1970. Glyphosate was first introduced as a commercial 

herbicide in 1974 under the trade name Roundup™, and is now considered the most 

important and the most widely used herbicide in the world (Franz et al. 1997; Baylis 

2000; Powles and Preston 2006). 

Glyphosate is a post-emergent, systemic, nonselective, broad-spectrum 

herbicide that controls annual and perennial weeds and volunteer crops in a wide 

range of situations. Although it was initially used as a non-crop and plantation crop 

(e.g., orchards and vineyards) herbicide, it is now widely used in no-till crop 

production, and for selective weed control in transgenic glyphosate-resistant crops, 

such as soybean [Glycine max (L.) Merr.], cotton (Gossypium hirsutum L.), canola 

(Brassica napus L.), and corn (Zea mays L.) (Baylis 2000; Shaner 2000, Woodburn 

2000). 

Glyphosate is a simple zwitterionic amino acid that can be formulated as 

many different salts (e.g., isopropylamine, and potassium). It is applied as a foliar 
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spray because it tightly binds to soil components and has little or no activity in soil. 

Furthermore, glyphosate is readily degraded by several soil microbes (Duke et al. 

2003).  

Glyphosate salts are highly polar, water-soluble molecules with low 

lipophilic character that probably penetrate the overall lipophilic cuticle via 

diffusion through a hydrophilic pathway (hydrated cutin and pectin strands) into the 

apoplast (Caseley and Coupland 1985; Hess 1985; Franz et al. 1997). There is 

generally a rapid initial phase of uptake, followed by a longer period of slow 

uptake. The greater the glyphosate concentration on the foliar surface, the more 

rapidly it is taken up (Duke et al. 2003). Absorption of glyphosate by plant cells 

through the plasma membrane into the symplast is a slow process and involves a 

passive diffusion mechanism, and also an active transport mechanism (phosphate 

carrier) (Caseley and Coupland 1985; Sterling 1994; Franz et al. 1997). Glyphosate 

is rapidly translocated in most plants. It readily enters the symplast, and is 

extensively translocated throughout all parts of the plant via the phloem, following 

the same distribution pattern as photoassimilates (i.e., source to sink relationship). 

Although most glyphosate transport appears to be symplastic, sufficient apoplastic 

movement occurs to consider the herbicide as an ambimobile compound (Franz et 

al. 1997).   

Glyphosate has a unique mode of action. It inhibits the enzyme 5-

enolpyruvylshikimate-3-phosphate (EPSP) synthase (EC 2.5.1.19) (Steinrücken and 

Amrhein 1980). EPSP synthase is the sixth enzyme of the shikimic acid pathway, 
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which is essential for the biosynthesis of the aromatic amino acids phenylalanine, 

tyrosine, and tryptophan, and also for the production of numerous aromatic 

secondary metabolites (e.g., auxins, phytoalexins, anthocyanins, and lignin) 

(Kishore and Shah 1998). EPSP synthase catalyzes the conversion of shikimate-3-

phosphate and phosphoenol-pyruvate (PEP) to yield EPSP and inorganic phosphate 

(Geiger and Fuchs 2002). Most evidence indicates that glyphosate is a transition 

state analogue for a PEP intermediate. It appears that glyphosate acts as a 

competitive inhibitor of PEP; it occupies its binding site, mimicking an intermediate 

state of the ternary enzyme–substrates complex (Schönbrunn et al. 2001). It is well 

established that glyphosate exerts its herbicidal effect through inhibition of EPSP 

synthase, which prevents the biosynthesis of the aromatic amino acids that are 

required for protein synthesis (Siehl 1997).  However, a more rapid and dramatic 

effect than reduction in aromatic amino acid pools, is the increase in shikimic acid 

and, to a lesser extend, shikimate-derived benzoic acids. This effect is exacerbated 

by reduced feedback inhibition of the pathway by intermediates such as arogenate 

beyond shikimate. This increase in shikimic acid has been related to a decline in 

carbon fixation intermediates (e.g., ribulose bisphosphate) and a reduction of 

photosynthesis (Duke et al. 2003). 

 

Herbicide Resistance 

The Weed Science Society of America (WSSA) defines herbicide resistance 

as “the inherited ability of a plant to survive and reproduce following a exposure to 
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a dose of herbicide normally lethal to the wild type”. Weed populations become 

herbicide resistant when they evolve due to selection pressure. Thus, evolved 

herbicide resistance occurs when gene frequencies within a weed population change 

as a result of selection pressure imparted by frequent use of one or more herbicides 

with the same site of action (Christoffers 1999). Genetic variation for resistance 

must be present in the susceptible weed population for the evolution of herbicide 

resistance to occur. In general, gene mutations contribute to genetic variability and 

provide resistant alleles; however, these are not induced by application of the 

herbicide, but rather occur spontaneously (Jasieniuk et al. 1996). 

The first confirmed report of herbicide resistance was in 1970, when a 

common groundsel (Senecio vulgaris L.) population from a nursery was found to be 

resistant to triazine herbicides (Ryan 1970). Today, the International Survey of 

Herbicide Resistant Weeds records 313 resistant biotypes, in 183 species (110 

dicots and 83 monocots) infesting over 280,000 fields in 59 countries (Heap 2007). 

The mechanisms that can confer herbicide resistance can be grouped into 

two categories: 1) target site-based resistance, and 2) nontarget site-based 

resistance. Target site-based resistance involves a modification of the site of action 

in such a way that the herbicide has reduced affinity and no longer binds to the 

altered target enzyme. This results from a single nucleotide change (i.e., mutation) 

in the gene encoding the enzyme to which the herbicide binds (Devine and Shukla 

2000; Preston and Mallory-Smith 2001). Target site-based resistance is the most 

common and has been documented for herbicides that target most major known 
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sites of action, including those that inhibit photosynthetic electron transfer at 

photosystem II (PS-II) (Gronwald 1994), acetyl CoA carboxylase (ACCase) (Délye 

et al. 2005), acetolactate synthase (ALS) (Tranel and Wright 2002), and tubulin 

polymerization (Yamamoto et al. 1998). Nontarget site-based resistance involves 

the exclusion of the herbicide molecule from the target site due to differential 

uptake and/or translocation, sequestration, or increased metabolic detoxification. 

Thus, several weed species, including blackgrass (Alopecurus myosuroides Huds.) 

(De Prado and Franco 2004), rigid ryegrass (Lolium rigidum L.) (Preston 2004), and 

downy brome (Bromus tectorum L.) (Park et al. 2004), have evolved resistance to 

several herbicides due to increased rates of herbicide detoxification. Several 

enzyme systems are known to be implicated in the metabolic detoxification of 

herbicides, including the glutathione transferases, the aryl acylamidases, and the 

cytochrome P-450 monooxygenases. On the other hand, decreased translocation and 

decreased penetration of the herbicide to the active site, as well as increased 

sequestration of the herbicide in the vacuole, have been suggested as the 

mechanisms of resistance of barley grass (Hordeum glaucum Steud.) to paraquat 

(Preston and Devine 2000; Preston and Mallory-Smith 2001).            

 

Glyphosate Resistance 

When reviewed in the early nineties, there was no evolved resistance to 

glyphosate in weed species under field conditions, despite glyphosate’s widespread 

and long-term use for 20 years since its commercialization in 1974 (Holt et al. 
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1993; Dyer 1994). Bradshaw et al. (1997) suggested that this lack of glyphosate 

resistant weeds might be attributed to unique properties of glyphosate, such as its 

mode of action, chemical structure, lack of metabolism in plants, and lack of 

residual activity in soil. Jasieniuk (1995) also suggested that genetic and 

biochemical constraints on the evolution of a mechanism of glyphosate resistance 

appeared to exist in higher plants. Other factors that may be just as important 

include the high cost of glyphosate until its patent was released, the fact that could 

not be used in crops, and the fact that it was often used in combination with other 

herbicides. 

Thus, glyphosate was used worldwide for more than 20 years with no 

reports of evolved resistance in weed species until 1996, when glyphosate 

resistance was reported in rigid ryegrass in Australia (Pratley et al. 1996). Today, 

evolved resistance to glyphosate has been reported in 11 weed species in 8 different 

countries, including rigid ryegrass in Australia (Powles et al. 1998; Pratley et al. 

1999) and in the USA (Simarmata et al. 2003); goosegrass (Eleusine indica L. 

Gaertn.) in Malaysia (Tran et al. 1999; Lee and Ngim 2000); horseweed (Conyza 

canadensis L. Cronq.) in the USA (VanGessel 2001; Koger et al. 2004; Main et al. 

2004); Italian ryegrass (L. multiflorum Lam.) in Chile (Perez and Kogan 2003) and 

Brazil (Heap 2007), hairy fleabane (C. bonariensis L. Cronq.) in South Africa 

(Heap 2007) and Spain (Urbano et al. 2005); buckhorn plantain (Plantago 

lanceolata L.) in South Africa (Heap 2007); Mexican fireplant (Euphorbia 

heterophylla L.) in Brazil (Heap 2007); Johnsongrass (Sorghum halepense L.) in 
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Argentina (Valverde et al. 2007); common ragweed (Ambrosia artemisiifolia L.) 

(Sellers et al. 2005); common waterhemp (Amaranthus rudis Sauer.) (Zelaya and 

Owen 2005); and Palmer amaranth (A. palmeri S. Wats) (Culpepper et al. 2006) in 

the USA.  

In previous studies, two different mechanisms, limited translocation 

(nontarget site-based) and mutation of the EPSP synthase gene (target site-based), 

have been shown to confer glyphosate resistance in weed species. On the contrary, 

metabolism of glyphosate has not been found to be a mechanism of resistance (Feng 

et al. 1999, 2004; Tran et al. 1999; Lorraine-Colwill et al. 2003). In several L. 

rigidum populations from Australia, glyphosate resistance was directly correlated 

with limited translocation (nontarget site-based resistance) of the herbicide to 

meristematic tissues (Lorraine-Colwill et al. 2003; Wakelin et al. 2004). Likewise, 

impaired glyphosate translocation to other leaves and roots appeared to be the only 

mechanism of resistance in several C. canadensis populations from the USA (Feng 

et al. 2004; Koger and Reddy 2005; Dinelli et al. 2006). In E. indica, two different 

mutations of the gene encoding EPSP synthase (target site-based resistance), a 

proline to serine and a proline to threonine substitution at amino acid 106, were 

found in glyphosate-resistant populations from Malaysia (Baerson et al. 2002a; Ng 

et al. 2003). In L. rigidum, two different mutations, a proline to threonine and a 

proline to alanine substitution at amino acid 106, were found in glyphosate-resistant 

populations from Australia and South Africa, respectively (Wakelin and Preston 

2006; Yu et al. 2007).  
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In 2003, glyphosate at 1.68 kg ae ha-1 failed to effectively control an Italian 

ryegrass population from a filbert (Corylus avellana L.) orchard near Portland, OR 

(Perez-Jones et al. 2004). Glyphosate had successfully controlled weeds in this 

orchard during the previous 15 years. Glyphosate resistance in Italian ryegrass was 

previously discovered in an almond (Prunus dulcis Mill.) orchard in Chile (Perez 

and Kogan 2003). Thus, the general objectives of this research were: 1) to conduct 

greenhouse and laboratory experiments to determine if the Italian ryegrass 

population from Oregon was resistant to glyphosate, and 2) to investigate the 

mechanisms of glyphosate resistance present in both Italian ryegrass populations, 

exploring both target site- and nontarget site-based mechanisms. 
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ABSTRACT 

A suspected glyphosate-resistant Italian ryegrass biotype was collected from 

a filbert orchard near Portland, OR, where glyphosate was applied multiple times 

per year for about 15 yr. Greenhouse studies were conducted to determine if this 

biotype was glyphosate resistant. The plants were sprayed with glyphosate (0.01 to 

3.37 kg ae ha-1) 14 d after planting and shoot biomass was determined 3 wk after 

herbicide treatment. Based on the dose–response experiments conducted in the 

greenhouse, the suspected Italian ryegrass biotype was approximately fivefold more 

resistant to glyphosate than the susceptible biotype. Plants from both susceptible 

and resistant biotypes were treated with glyphosate (0.42 and 0.84 kg ha-1) and 

shikimic acid was extracted 12, 24, 48, and 96 h after treatment. The susceptible 

biotype accumulated between three and five times more shikimic acid than did the 

resistant biotype. Leaf segments from both susceptible and resistant biotypes were 

incubated with different glyphosate concentrations (0.5 to 3000 µM) for 14 h under 

continuous light. Shikimic acid was extracted from each leaf segment and 

quantified. At a concentration up to 100 µM, leaf segments from the susceptible 

biotype accumulated more shikimic acid than leaf segments from the resistant 

biotype. The epsps gene was amplified and sequenced in both susceptible and 

resistant biotypes; however, no amino acid change was found in the resistant 

biotype. The level of resistance in this biotype is similar to that reported for a 

glyphosate-resistant Italian ryegrass biotype from Chile.  
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Nomenclature: Glyphosate; Italian ryegrass, Lolium multiflorum Lam. LOLMU; 

filbert, Corylus avellana L. 

 

Key words: Glyphosate resistance, herbicide resistance, resistance mechanisms.  
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INTRODUCTION 

 

Glyphosate is a broad-spectrum, nonselective herbicide that has been widely 

used for vegetation control in plantation crops, no-tillage systems, and 

nonagricultural situations since its commercialization in the 1970s (Baylis 2000). 

Glyphosate is also currently used in glyphosate-resistant crops, such as soybean 

[Glycine max (L.) Merr.], cotton (Gossypium hirsutum L.), canola (Brassica napus 

L.), and corn (Zea mays L.) for selective weed control (Shaner 2000).  

Glyphosate inhibits the enzyme 5-enolpyruvylshikimate-3-phosphate 

(EPSP) synthase (EC 2.5.1.19). EPSP synthase catalyzes the conversion of 

shikimate-3-phosphate and phosphoenolpyruvate (PEP) to yield EPSP and 

inorganic phosphate in the shikimate pathway (Geiger and Fuchs 2002). Glyphosate 

is a competitive inhibitor of PEP; it occupies the binding site of PEP, mimicking an 

intermediate state of the ternary enzyme–substrates complex (Schönbrunn et al. 

2001). The inhibition of EPSP synthase results in shikimate accumulation and 

prevents the biosynthesis of the aromatic amino acids, phenylalanine, tyrosine, and 

tryptophan.  

Glyphosate was introduced in 1974 (Woodburn 2000). Despite its 

widespread and long-term use, evolved resistance to glyphosate was not reported 

until 1996 (Pratley et al.1996). The unique properties of glyphosate, such as its 

mode of action, chemical structure, limited metabolism, and lack of residual activity 

in soil, may explain why it took so long for glyphosate resistance to evolve in weed 
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populations (Bradshaw et al. 1997). Other factors that may be just as important 

include the high cost of glyphosate until recently and that it was often used in 

combination with other herbicides. 

Today, evolved resistance to glyphosate has been reported in six weed 

species worldwide. The first case was detected in rigid ryegrass (Lolium rigidum L.) 

in Australia (Powles et al. 1998; Pratley et al. 1999), followed by goosegrass 

[Eleusine indica (L.) Gaertn.] in Malaysia (Tran et al. 1999; Lee and Ngim 2000), 

horseweed [Conyza canadensis (L.) Cronq.] in the United States (Koger et al. 2004; 

Main et al. 2004; VanGessel 2001), and Italian ryegrass in Chile (Perez and Kogan 

2003). Glyphosate resistance also has been detected in rigid ryegrass in California 

(Simarmata et al. 2003) and South Africa, in hairy fleabane [Conyza bonariensis 

(L.) Cronq.] in South Africa and Spain (Urbano et al. 2005), in common ragweed 

(Ambrosia artemisiifolia L.) in Missouri (Sellers et al. 2005), and in buckhorn 

plantain (Plantago lanceolata L.) in South Africa (Heap 2005). 

In 2003, glyphosate at 1.68 kg ae ha-1 failed to effectively control an Italian 

ryegrass population from a filbert orchard near Portland, OR (Perez-Jones et al. 

2004). Glyphosate had successfully controlled weeds in this orchard during the 

previous 15 yr. Greenhouse and laboratory experiments were conducted to 

determine if the Italian ryegrass biotype was resistant to glyphosate. Additional 

objectives of this research were to characterize the level of resistance to glyphosate 

in the Italian ryegrass biotype on a whole-plant basis, to investigate shikimic acid 

accumulation in response to glyphosate application, and to compare the amino acid 
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sequences of the epsps gene between the susceptible and the resistant Italian 

ryegrass biotypes.  
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MATERIALS AND METHODS 

 

Plant Material  

Italian ryegrass was collected from a filbert orchard located near Portland, 

OR, in 2003. This site had been intensively treated with glyphosate, two to three 

applications per year at 1.68 kg ha-1, during the last 15 yr. The collected plants that 

survived a field application of glyphosate at 1.68 kg ha-1 were grown in the 

greenhouse and seeds were produced. A known susceptible Italian ryegrass biotype 

collected in the Willamette Valley, OR, was included as a control. 

 

Whole-Plant Bioassay  

Seeds of both susceptible and resistant Italian ryegrass biotypes were 

planted in 267-ml plastic pots containing commercial potting mix1. Plants were 

grown in the greenhouse under 25/20 C day/night temperature and a 16-h 

photoperiod. Plants at the three-leaf stage were sprayed with glyphosate2 (0.01, 

0.05, 0.11, 0.21, 0.42, 0.84, 1.68, and 3.37 kg ha-1) using an 8003 even flat fan 

nozzle and overhead compressed-air sprayer calibrated to deliver 187 L ha-1. Shoot 

biomass was harvested 3 wk after herbicide treatment, dried at 70 C for 48 h, and 

weighed. Biomass data are reported as percent of the untreated control.  
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Whole-Plant Shikimic Acid Bioassay  

Shikimic acid extraction was performed according to Singh and Shaner 

(1998) with some modifications. Plants from both susceptible and resistant biotypes 

were grown in the greenhouse and treated at the three-leaf stage with glyphosate2 

(0.42 and 0.84 kg ha-1) as described previously. Plant leaves (second and third leaf) 

were harvested for shikimic acid extraction 12, 24, 48, and 96 h after treatment. 

Leaf tissues were chopped and 0.050-g fresh wt samples were placed in 1.5-ml 

tubes containing 1 ml 0.25 N HCl. The samples were immediately mixed, placed at 

−20 C until frozen, thawed at room temperature, and incubated at 37 C for 45 min. 

Shikimic acid was measured spectrophotometrically using the method of Cromartie 

and Polge (2000). Three 25-µl aliquots per sample were mixed with 100 µl 0.25% 

periodic acid/0.25% sodium(meta)periodate solution in different wells in a 96-well 

plate. The plate was incubated at 37 C for 30 min to allow shikimic acid oxidation. 

After incubation, the samples were mixed with 100 µl 0.6 N NaOH/0.22 M Na2SO3 

and optical density was measured spectrophotometrically at 380 nm. Shikimic acid 

in micrograms per gram fresh weight was determined based on a standard curve. 

The standard curve was determined using untreated plants and known 

concentrations of shikimic acid. 

 

Leaf-Segment Shikimic Acid Bioassay  

The effect of glyphosate on shikimic acid accumulation in Italian ryegrass 

was also determined using leaf segments following the method of Shaner et al. 
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(2005). Leaf segments (0.5 cm) were removed from young leaves (second and third 

leaf ) of susceptible and resistant biotypes and were placed in 96-well plates 

containing 100 µl 10 mM NH4H2PO4 (pH 4.4) per well at different glyphosate2 

concentrations (0.5, 1, 3, 5, 10, 30, 50, 100, 300, 500, 1,000, and 3,000 µM). The 

leaf segments were incubated for 14 h under continuous light (100 µM m-2 s-1) at 25 

C. The samples were placed at −20 C until frozen and then thawed at room 

temperature to disrupt the leaf tissue. Then each well received 25 µl 0.25 N HCl 

and plates were incubated at 60 C for 30 min or until the tissue was digested. 

Aliquots of 25 µl were mixed with 100 µl of 0.25% periodic acid/0.25% 

sodium(meta)periodate solution in a different plate, and shikimic acid concentration 

was determined as described previously.  

 

EPSP Synthase Gene Sequencing  

Total RNA was extracted from leaf tissue of both susceptible and resistant 

Italian ryegrass biotypes using an RNA isolation kit.3 First strand complementary 

DNA (cDNA) synthesis was performed from total RNA using a first strand 

synthesis system4 and the oligo(dT)20 primer. Degenerate primers were designed 

based on homologous regions of EPSP synthase gene sequences of goosegrass, 

rigid ryegrass, and rice (Oryza sativa L.) (GeneBank Accession numbers 

AY157642, AF349754, and AF413081, respectively). Polymerase chain reaction 

(PCR) was conducted to amplify the epsps gene in a 50-µl reaction using a 

Primus96 plus thermocycler.5 The reaction mixture contained 1× PCR buffer, 0.2 
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µM of each primer, 0.2 mM of each deoxynucleotide, 1 unit of Taq DNA 

polymerase,6 and 80 to 100 ng of template DNA. The cycling program consisted of 

one denaturation step of 3 min at 94 C, 35 cycles of 30 sec at 94 C, 30 sec at 50 C, 

and 1 min 30 sec at 72 C, followed by a final extension step of 10 min at 72 C. One 

pair of primers amplified a 1.2-kb fragment (sense: 5′-TSCAGCCCATCARGGAG 

ATCT-3′; antisense: 5′-TGCCATGGCCATGCGGTGRTC-3′) of the epsps gene 

from both biotypes. The amplified cDNA fragments were cloned using a cloning 

kit,7 purified using a PCR purification kit,8 and sequenced using an automatic DNA 

sequencer9 with fluorescent dye–labeled dideoxynucleotides. Multiple clones per 

biotype were sequenced to exclude PCR errors and aligned.  

 

Statistical Analysis 

Dose–response curves for the whole-plant bioassay were obtained by a 

nonlinear regression using the log-logistic equation (Seefeldt et al. 1995; Streibig 

1988; Streibig et al.1993):  
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where y represents shoot dry weight (percentage of control) at herbicide rate x, C is 

the mean response at very high herbicide rate (lower limit), D is the mean response 

when the herbicide rate is zero (upper limit), b is the slope of the line at GR50, and 
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GR50 is the herbicide rate required for 50% growth reduction. The regression 

parameters from the susceptible and the resistant Italian ryegrass biotypes were 

obtained using Sigma Plot®10 and compared to test significant differences with a 

sum of squares reduction test. The level of resistance was determined by calculating 

the ratio of the GR50 of the resistant biotype to the GR50 of the susceptible biotype.  

I50 values were determined by calculating the herbicide concentration 

required to inhibit enzyme activity by 50%, based on the leaf-segment shikimic acid 

bioassay. Analysis of variance for the whole-plant bioassay and shikimic acid 

bioassay studies showed no significant interaction between experiments and 

treatments; therefore, data from repeated experiments were combined. Data are 

presented as means of two experiments with four replications each.  



 20 

RESULTS AND DISCUSSION 

 

Whole-Plant Bioassay  

A differential response to glyphosate between the two Italian ryegrass 

biotypes was observed (Figure 2.1). The biotype collected from the filbert orchard 

will therefore be referred to as the resistant biotype. Shoot dry weight relative to the 

untreated control decreased with increasing glyphosate rate in both biotypes. 

However, at 0.1 kg ha-1, shoot growth was reduced in the susceptible biotype to 

20% of the untreated control, whereas in the resistant biotype it was reduced to only 

98%. The GR50 for the resistant biotype (GR50 = 0.41 ± 0.02 kg ha-1) to glyphosate 

was approximately fivefold greater than for the susceptible biotype (GR50 = 0.08 ± 

0.01 kg ha-1). This level of glyphosate resistance is similar to that observed in 

Italian ryegrass in Chile (Perez and Kogan 2003) and slightly lower than the level 

of resistance observed in rigid ryegrass in Australia, which was 7- to 11-fold 

(Powles et al. 1998; Pratley et al. 1999).  

 

Whole-Plant Shikimic Acid Bioassay  

At 0.42 and 0.84 kg ha-1, the susceptible biotype accumulated approximately 

five and three times more shikimic acid, respectively, than the resistant biotype at 

48 and 96 h after glyphosate application (Figure 2.2). 
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Figure 2.1. Shoot biomass of susceptible (S) and glyphosate-resistant (R) Italian 
ryegrass biotypes as affected by glyphosate rate. Symbols and lines represent actual 
and predicted growth responses respectively. Vertical bars represent ± standard 
errors of the mean. 
 

These results are similar to those found for other glyphosate-resistant grass 

biotypes. In rigid ryegrass from Australia, the susceptible biotype accumulated two 

times more shikimic acid than the resistant biotype 48 h after exposure to 

glyphosate; however, the level of shikimic acid in the resistant biotype increased 

10-fold, indicating that the herbicide is not excluded from its target site in vivo 

(Baerson et al. 2002a). A glyphosate-resistant rigid ryegrass biotype from 

California accumulated 10-fold less shikimic acid than the susceptible biotype at 11 

d after the application of glyphosate at 2.24 kg ha-1 (Simarmata et al. 2003). In 

goosegrass, a glyphosate-resistant biotype accumulated approximately twofold less 

shikimic acid than the susceptible biotype 48 h after glyphosate application (Tran et 
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al. 1999). In horseweed, no significant differences in shikimic acid levels were 

detected among the glyphosate-resistant and -susceptible populations 2 and 4 d after 

treatment; however, shikimic acid concentration decreased about 40% from 2 to 4 d 

after treatment in the resistant plants, but increased about 35% in the susceptible 

plants (Mueller et al. 2003).  

 

Leaf-Segment Shikimic Acid Bioassay  

The above results showed that shikimic acid accumulates to much lower 

levels after glyphosate treatment in the resistant biotype compared to the susceptible 

biotype. Similar results were found in a study that used excised leaf segments. 

Shikimic acid accumulated to the same level in leaf segments from both biotypes at 

1,000 µM glyphosate, but the I50 for accumulate was much lower for the susceptible 

biotype (I50 = 8.1 ± 1.75 µM) vs. the resistant biotype (I50 = 101.8 ± 19.2 µM) 

(Figure 2.3). Results from both whole-plant and leaf-segment shikimic acid assays 

were consistent and demonstrated that the susceptible Italian ryegrass biotype 

accumulates more shikimic acid than the resistant biotype when treated with 

glyphosate.  
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Figure 2.2. Shikimic acid accumulation in shoots of susceptible (S) and glyphosate-
resistant (R) Italian ryegrass biotypes following the application of glyphosate (0.42 
and 0.84 kg ae ha-1). Vertical bars represent ± standard errors of the mean. 
 

 

Figure 2.3. Shikimic acid accumulation in leaf segments of susceptible (S) and 
glyphosate-resistant (R) Italian ryegrass biotypes at different glyphosate 
concentrations. Vertical bars represent ± standard errors of the mean. 



 24 

EPSP Synthase Gene Sequencing  

Partial epsps genes (1.2 kb cDNA) from the susceptible and the resistant 

Italian ryegrass biotypes were cloned and sequenced. The nucleotide sequence of 

the Italian ryegrass epsps gene showed over 97%, 90%, and 88% homology with 

the epsps genes of rigid ryegrass, goosegrass, and rice, respectively. Although the 

full-length epsps gene sequence of Italian ryegrass was not obtained, the sequenced 

region (80% relative to the rice epsps gene) included the region in which point 

mutations conferring glyphosate resistance have been found. DNA sequence 

analysis of the epsps gene revealed no amino acid changes in the resistant Italian 

ryegrass biotype.  

No accumulation of shikimic acid was observed in glyphosate-resistant 

soybean after herbicide treatment (Singh and Shaner 1998). In soybean, glyphosate 

resistance is conferred by the CP4 gene, which codes for an insensitive form of 

EPSP synthase (Padgette et al. 1996). Glyphosate resistance can also be conferred 

by single point mutations of the epsps gene, including glycine to alanine 

substitution at position 101 (Gly101 to Ala), or proline to serine substitution at 

position 106 (Pro106 to Ser) (Devine and Preston 2000). In goosegrass, the sequence 

comparison of the predicted EPSP synthase mature protein coding region from the 

susceptible and the resistant biotypes revealed two amino acid changes. One of 

these changes in the resistant EPSP synthase, Pro106 to Ser, contributed to reduced 

glyphosate sensitivity (Baerson et al. 2002b). In addition, a proline to threonine 
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substitution at position 106 was also found to confer glyphosate resistance in 

goosegrass (Ng et al. 2003). 

The mechanism responsible for herbicide resistance in Italian ryegrass is 

still unclear. However, the results on the accumulation of shikimate and the 

sequence of the epsps gene suggest that resistance is not due to an altered target 

site. Further studies, including glyphosate uptake, translocation, and metabolism of 

the herbicide will be conducted. Glyphosate resistance in rigid ryegrass is 

associated with an increased accumulation of the herbicide in the leaf tips and 

reduced accumulation in root tissues (Lorraine-Colwill et al. 2003) and 

meristematic zones (Wakelin et al. 2004). In horseweed, reduced glyphosate 

translocation plays a major role in resistance (Feng et al. 2004; Koger and Reddy 

2005). However, it is well known that metabolism does not contribute to glyphosate 

resistance in rigid ryegrass (Feng et al. 1999; Lorraine-Colwill et al. 2003), 

goosegrass (Tran et al. 1999), or horseweed (Feng et al. 2004), suggesting that 

metabolic deactivation likely does not confer glyphosate resistance in Italian 

ryegrass. 
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SOURCES OF MATERIALS 

 

1Sunshine Mix #1 Potting Mix, Sun Gro Horticulture, Inc., 110 110th Ave. NE, 
Suite 490, Bellevue, WA 98004 

2Glyfos®, isopropylamine salt of glyphosate, 356 g ae L-1, Cheminova, Inc., Oak 
Hill Park, 1700 Route 23, Suite 300, Wayne, NJ 07470 

3RNeasy® Mini Kit, Qiagen Inc., 27220 Turnberry Lane, Suite 200, Valencia, CA 
91355 

4SuperscriptTM III First Strand Synthesis System for RT-PCR, Invitrogen 
Corporation, 1600 Faraday Avenue, Carlsbad, CA 92008    

5Primus96 plus, MWG Biotech, Inc., 4191 Mendenhall Oaks Parkway, Suite 140, 
High Point, NC 27265 

6Taq DNA Polymerase (recombinant), Fermentas Inc., 7520 Connelley Drive, Unit 
A, Hanover, MD 21076 

7TOPO TA Cloning® Kit for Sequencing, Invitrogen Corporation, 1600 Faraday 
Avenue, Carlsbad, CA 92008    

 8QIAquick® PCR Purification Kit, Qiagen Inc., 27220 Turnberry Lane, Suite 200, 
Valencia, CA 91355 

9ABI PRISM® 3771, Perkin-Elmer Applied Biosystems, Foster City, CA 94404 

10Sigma Plot®, Version 8.02, SPSS Inc., 233 South Wacker Drive, Chicago, IL 
60606 
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ABSTRACT 

 

Evolved resistance to the herbicide glyphosate has been reported in eleven 

weed species, including Lolium multiflorum. Two glyphosate-resistant L. 

multiflorum populations were collected, one from Chile (SF) and one from Oregon, 

USA (OR), and the mechanisms conferring glyphosate resistance were studied. 

Based on a Petri dish dose-response bioassay, the OR and the SF populations were 

two and fivefold more resistant to glyphosate when compared to the susceptible (S) 

population, respectively; however, based on a whole-plant dose-response bioassay, 

both OR and SF populations were fivefold more resistant to glyphosate than the S 

population, implying that different resistance mechanisms might be involved. The S 

population accumulated two and three times more shikimic acid in leaf tissue 96 h 

after glyphosate application than the resistant OR and SF populations, respectively. 

There were no differences between the S and the glyphosate-resistant OR and SF 

populations in 14C-glyphosate leaf uptake; however, the patterns of 14C-glyphosate 

translocation were significantly different. In the OR population, a greater 

percentage of 14C-glyphosate absorbed by the plant moved distal to the treated 

section and accumulated in the tip of the treated leaf. In contrast, in the S and in the 

SF populations, a greater percentage of 14C-glyphosate moved to non-treated leaves 

and the stem. cDNA sequence analysis of the EPSP synthase gene indicated that the 

glyphosate-resistant SF population has a proline 106 to serine amino acid 

substitution. Here, we report that glyphosate resistance in L. multiflorum is 
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conferred by two different mechanisms, limited translocation (nontarget site-based) 

and mutation of the EPSP synthase gene (target site-based). 

 

Keywords: Glyphosate resistance; Lolium multiflorum; Translocation; EPSP 

synthase; Shikimic acid. 

 

Abbreviations: EPSP, 5-enolpyruvylshikimate-3-phosphate. 
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INTRODUCTION 

 

Glyphosate was commercialized in 1974, and has become the leading 

postemergence, systemic, non-selective, broad-spectrum herbicide for the control of 

annual and perennial weeds (Baylis 2000). Although it was first used as a non-crop 

and plantation crop herbicide, now it is also used in non-tillage systems and in 

glyphosate resistant crops, such as soybean (Glycine max ( L.) Merril.), cotton 

(Gossypium hirsutum L.), canola (Brassica napus L.), and maize (Zea mays L.), for 

selective weed control (Shaner 2000).   

Glyphosate inhibits the enzyme 5-enolpyruvylshikimate-3-phosphate 

(EPSP) synthase (EC 2.5.1.19) (Steinrücken and Amrhein 1980). EPSP synthase is 

the sixth enzyme of the shikimic acid pathway, which is essential for the 

biosynthesis of aromatic amino acids in algae, higher plants, bacteria, and fungi 

(Kishore and Shah 1988). EPSP synthase catalyzes the conversion of shikimate-3-

phosphate (S3P) and phosphoenolpyruvate (PEP) to yield EPSP and inorganic 

phosphate (Pi) (Geiger and Fuchs 2002). Glyphosate is a competitive inhibitor of 

PEP, as it occupies the binding site of PEP, mimicking an intermediate state of the 

ternary enzyme-substrates complex (Schönbrunn et al. 2001). 

It is well established that glyphosate exerts its herbicidal effect through 

inhibition of EPSP synthase, which prevents the biosynthesis of the aromatic amino 

acids phenylalanine, tyrosine and tryptophan that are required for protein synthesis 

(Siehl 1997).  However, a more rapid and dramatic effect than reduction in aromatic 
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amino acid pools, is the increase in shikimic acid and, to a lesser extend, shikimate-

derived benzoic acids. This increase in shikimic acid has been related to a decline in 

carbon fixation intermediates (e.g. ribulose bisphosphate) and a reduction of 

photosynthesis (Duke et al. 2003). 

Glyphosate was used worldwide for more than 20 years with no reports of 

evolved resistance in weed species (Bradshaw et al. 1997). However, in 1996 

glyphosate resistance was reported in Lolium rigidum L. in Australia (Pratley et al. 

1996). Today, evolved resistance to glyphosate has been reported in 11 weed 

species in 8 different countries, including L. rigidum in Australia (Powles et al. 

1998; Pratley et al. 1999) and in the USA (Simarmata et al. 2003), Eleusine indica 

L. Gaertn. in Malaysia (Tran et al. 1999; Lee and Ngim 2000), Conyza canadensis 

L. Cronq. in the USA (VanGessel 2001; Koger et al. 2004; Main et al. 2004), L. 

multiflorum Lam. in Chile (Perez and Kogan 2003), the USA (Perez-Jones et al. 

2005) and Brazil (Heap 2006), C. bonariensis L. Cronq. in South Africa (Heap 

2006) and Spain (Urbano et al. 2005), Plantago lanceolata L. in South Africa 

(Heap 2006), Euphorbia heterophylla L. in Brazil (Heap 2006), Sorghum halepense 

L. in Argentina (Heap 2006), and Ambrosia artemisiifolia L. (Sellers et al. 2005), 

Amaranthus rudis S. (Zelaya and Owen 2005), and A. palmeri S. Wats (Culpepper 

et al. 2006) in the USA.  

In previous studies, two different mechanisms, limited translocation 

(nontarget site-based) and mutation of the EPSP synthase gene (target site-based), 

have been shown to confer glyphosate resistance in weed species. On the contrary, 
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metabolism of glyphosate has not been found to be a mechanism of resistance (Feng 

et al. 1999, 2004; Tran et al. 1999; Lorraine-Colwill et al. 2003). Thus, in several L. 

rigidum populations from Australia, glyphosate resistance was directly correlated 

with limited translocation (nontarget site-based resistance) of the herbicide to 

meristematic tissues (Lorraine-Colwill et al. 2003; Wakelin et al. 2004). Likewise, 

impaired glyphosate translocation to other leaves and roots appeared to be the only 

mechanism of resistance in several C. canadensis populations from the USA (Feng 

et al. 2004; Koger and Reddy 2005; Dinelli et al. 2006). On the other hand, 

mutations of the EPSP synthase gene causing amino acid changes of the enzyme 

(target site-based resistance) have been shown to confer glyphosate resistance. In E. 

indica, two different mutations, a proline to serine and a proline to threonine 

substitution at amino acid 106, were found in glyphosate-resistant populations from 

Malaysia (Baerson et al. 2002a; Ng et al. 2003). In L. rigidum, two different 

mutations, a proline to threonine and a proline to alanine substitution at amino acid 

106, were found in glyphosate-resistant populations from Australia and South 

Africa, respectively (Wakelin and Preston 2006; Yu et al. 2007).  

Glyphosate resistance in L. multiflorum was first discovered in Chilean 

orchards (Perez and Kogan 2003), and later in a filbert orchard in Oregon, USA 

(Perez-Jones et al. 2005). However, it is still not clear what mechanisms of 

resistance are involved. Here, we investigate the mechanisms of glyphosate 

resistance present in two resistant L. multiflorum populations, exploring both target 

site- and nontarget site-based mechanisms. 
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MATERIALS AND METHODS 

 

Plant Material 

Two glyphosate-resistant L. multiflorum populations were examined in this 

study. Seeds of the SF population were collected from an almond orchard in Region 

VI of Chile in 2001, and seeds of the OR population were collected from a filbert 

orchard in Oregon, USA, in 2003. Both sites had been intensively treated with 

glyphosate during the last 15 years, with two to three applications per year at 1.44 

to 1.68 kg ae ha-1. Seeds were collected only from plants that had survived a 

recommended field application of glyphosate and were grown in the greenhouse. 

Subsequently, plants at the 3-leaf stage were treated with glyphosate (Roundup®, 

0.36 kg ae L-1, Monsanto, Saint Louis, MO, USA) at 0.84 kg ae ha-1 to increase 

selection of resistant individuals. Seeds from surviving plants were collected and 

used in all the experiments. A known susceptible (S) L. multiflorum population 

collected in the Willamette Valley, OR, USA, was included as a control in all the 

experiments.  

 

Petri Dish Dose-Response Bioassay 

The Petri dish experiments were conducted using 100 × 15 mm polystyrene 

Petri dishes (VWR International Inc, Brisbane, CA, USA) containing one layer of 

blue blotter germination paper (Hoffman Manufacturing Inc, Albany, OR, USA) 

and 5-mL aliquots of different glyphosate (Roundup®, 0.36 kg ae L-1) 
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concentrations (0, 12.5, 25, 50, 100, 200 and 400 mg ae L-1). Twenty-five seeds 

were placed per Petri dish and the dishes were transferred to a growth chamber set 

at 20ºC and a 12-h photoperiod. Percent germination was recorded seven days later, 

and the LD50 (herbicide concentration required to inhibit germination by 50%) was 

determined for each L. multiflorum population. Two experiments were conducted 

with three replications per glyphosate concentration per population. 

 

Whole-Plant Dose-Response Bioassay 

Seeds of both susceptible and glyphosate-resistant L. multiflorum 

populations were planted in 267-mL plastic pots containing commercial potting mix 

(Sunshine Mix #1, Sun Gro Horticulture Inc, Bellevue, WA, USA). Plants were 

grown in the greenhouse under 25/20ºC day/night temperature and a 16-h 

photoperiod. Plants at the 3-leaf stage were sprayed with glyphosate (Roundup®, 

0.36 kg ae L-1) (0.01, 0.05, 0.11, 0.21, 0.42, 0.84, 1.68, and 3.37 kg ae ha-1) using an 

overhead compressed air sprayer calibrated to deliver 187 L ha-1. Shoot biomass 

was harvested three weeks after herbicide treatment, dried at 70ºC for 48 h and 

weighed. The GR50 (herbicide rate required to reduce growth by 50%) was 

determined for each L. multiflorum population. Two experiments were conducted 

with four replications per glyphosate rate per population. Biomass data are reported 

as percent of the untreated control. 
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Whole-Plant Shikimic Acid Bioassay 

Shikimic acid extraction was performed according to Singh and Shaner 

(1998) with some modifications. Plants of both susceptible and glyphosate-resistant 

L. multiflorum populations were grown in the greenhouse and treated at the 3-leaf 

stage with glyphosate at 0.42 kg ae ha-1 as described previously. Plant leaves 

(second and third leaf) were harvested for shikimic acid extraction 24, 48, 72, and 

96 h after treatment. Leaf tissues were chopped and 0.05 g fresh weight samples 

were placed in 1.5-mL tubes containing 1 mL 0.25 N HCl. The samples were 

immediately mixed, placed at -20ºC until frozen, thawed at room temperature, and 

incubated at 37ºC for 45 min. Shikimic acid was measured spectrophotometrically 

using the method of Cromartie and Polge (2000). Three 25-µL aliquots per sample 

were mixed with 100 µL 0.25% periodic acid / 0.25% sodium(meta)periodate 

solution in different wells in a 96-well plate . The plate was incubated at 37ºC for 

30 min to allow shikimic acid oxidation. After incubation, the samples were mixed 

with 100 µL 0.6 N NaOH / 0.22 M Na2SO3 and optical density was measured 

spectrophotometrically at 380 nm in a VERSAmaxTM microtiter plate reader 

(Molecular Devices, Sunnyvale, CA, USA). Shikimic acid in µg g-1 fresh weight 

was determined based on a standard curve. The standard curve was determined 

using untreated plants and known concentrations of shikimic acid (Acros Organics, 

Geel, Belgium). One experiment was conducted with six replications per harvest 

time per population.  
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14C-Glyphosate Leaf Uptake and Translocation 

Seeds of both susceptible and glyphosate-resistant L. multiflorum 

populations were planted in 169-mL plastic pots containing a 2:1 mixture by 

volume of turf sand and potting mix (Premier Pro-Mix BX, Premier Horticultural 

Inc, Red Hill, PA, USA). Each pot was fertilized by adding 1.7 g of controlled 

released fertilizer (17-6-12 plus minors, Scotts-Sierra Horticultural Products Co, 

Marysville, OH, USA) and then the pots were transferred to a greenhouse under 

28/20ºC day/night temperature. Plants at the 3- to 4-leaf stage were treated with 

glyphosate (Touchdown HiTechTM, 0.6 kg ae L-1, Syngenta Crop Protection Inc, 

Greensboro, NC, USA) at 1.2 kg ae ha-1 as described previously. The nonionic 

surfactant X-77 (Loveland Industries Inc, Greeley, CO, USA) at 0.2% v/v was 

added to the herbicide solution. A 2.5 cm section on the adaxial surface at the 

middle of the third leaf of each plant was covered with aluminum foil and did not 

receive the overall spray application. The plants were left to air dry for 30 min 

before radiolabel treatment. Five 0.2-µL drops of radiolabeled 14C-glyphosate 

(phosphonomethyl-14C; 0.0814 GBq mmol-1 specific activity, Sigma, Saint Louis, 

MO, USA) solution were applied to the nontreated section of the third leaf of each 

plant, using a 10-µL syringe with a repeating dispenser (Hamilton Company, Reno, 

NV, USA). Approximately 500 Bq of 14C-glyphosate was applied to each plant in 1 

µL (5 × 0.2-µL) of treatment solution. Plants were harvested 24, 48, and 72 h after 

treatment and divided into five sections: treated section, above treated section (tip 

of the treated leaf), below treated section and rest of leaves (untreated leaves), stem, 
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and roots. The treated leaf was washed with 5 mL of an acidified (pH 1.5) washing 

solution (0.1 M HCl plus methanol, 50:50 by volume) in a 20-mL glass vial for 15 s 

to remove unabsorbed herbicide. The acid washing regime was used to effectively 

remove poorly soluble salts of glyphosate that might form on the leaf surface as 

described by Hall et al. (2000). A 1-mL subsample of the washing solutions was 

mixed with 15 mL of Ready SafeTM (Beckman Coulter Inc, Fullerton, CA, USA) 

cocktail and radioactivity was quantified using an LS 6000 SC liquid scintillation 

counter (Beckman Coulter Inc) to determine 14C-glyphosate leaf uptake. Plant 

sections were oven dried at 70ºC for 24 h, weighed, and combusted for 2 min in an 

OX-300 biological sample oxidizer (R.J. Harvey Instruments Corp, Hillsdale, NJ, 

USA). Evolved 14CO2 was trapped in 14C-cocktail solution purged with N2 (R.J. 

Harvey Instruments Corp) and radioactivity was measured by liquid scintillation as 

described previously. 14C-glyphosate present in the different sections of the plants is 

expressed as percentage of total absorbed radioactivity. One experiment was 

conducted with six replications per harvest time per population.   

 

Phosphorimaging 

Visualization of 14C-glyphosate translocation was performed using a 

Fujifilm BAS-2500 phosphorimager (Fujifilm Corporation, Tokyo, Japan). The 

plants used for phosphorimaging were treated with glyphosate and 14C-glyphosate 

respectively, as described for the 14C-glyphosate leaf uptake and translocation 

experiment. Plants were harvested 72 h after treatment and the soil was gently 
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washed from the roots. The treated leaf of each plant was washed with 10 mL of the 

acidified washing solution for 30 s to remove unabsorbed herbicide. Then, the 

plants were blotted dry, pressed, oven dried at 70ºC for 24 h, and exposed to a 

phosphorimager plate for 24 h before scanning for radioactivity. A total of three 

plants were scanned for each population. 

 

EPSP Synthase Gene Sequencing 

Total RNA was extracted from leaf tissue of both susceptible and 

glyphosate-resistant L. multiflorum populations using a RNeasy® isolation kit 

(Qiagen Inc, Valencia, CA USA). First strand complementary DNA (cDNA) 

synthesis was performed from total RNA using a SuperscriptTM III first strand 

synthesis system (Invitrogen Corp, Carlsbad, CA, USA) and the oligo(dT)20 primer. 

A pair of primers (sence: 5’-AGCTGTAGTCGTTGGCTGTG -3’; antisence: 5’- 

GCCAAGAAATAGCTCGCACT -3’) was designed based on the EPSP synthase 

gene sequence of L. multiflorum (GeneBank Accession number DQ153168) to 

amplify a 564 kb fragment of the epsps gene containing codon 106. Polymerase 

chain reaction (PCR) was conducted in a 50-µL reaction using a Primus96 plus 

thermocycler (MWG Biotech Inc, High Point, NC USA). The reaction mixture 

contained 1× PCR buffer, 0.2 µM of each primer, 0.2 mM of each deoxynucleotide, 

1 unit of Taq DNA polymerase (Fermentas Inc, Hanover, MD, USA), and 50 to 100 

ng of template cDNA. The cycling program consisted of one denaturation step of 3 

min at 94ºC, 35 cycles of 30 s at 94ºC, 30 s at 55ºC, and 1 min at 72ºC, followed by 
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a final extension step of 10 min at 72ºC. The amplified cDNA fragments were 

cloned using a TOPO® TA cloning kit (Invitrogen Corp), purified using a 

QIAquick® PCR purification kit (Qiagen Inc), and sequenced using an automatic 

ABI PRISM® 3771 DNA sequencer (Perkin-Elmer Applied Biosystem, Foster City, 

CA, USA) with fluorescence dye-labeled dideoxynucleotides. RNA extraction and 

amplification of the EPSP synthase gene was performed on four plants from each L. 

multiflorum population. To exclude PCR errors, four clones per PCR product were 

sequenced and aligned. 

 

Statistical Analysis 

Dose-response curves for the Petri dish and whole-plant bioassays were 

obtained by a non-linear regression using the log-logistic equation (Streibig 1988; 

Streibig et al. 1993; Seefeldt et al. 1995):    
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where y represents percentage germination or shoot biomass (percentage of control) 

at herbicide concentration or rate x, C is the mean response at very high herbicide 

concentration or rate (lower limit), D is the mean response when the herbicide 

concentration or rate is zero (upper limit), b is the slope of the line at LD50 or GR50, 

and LD50 and GR50 are the herbicide concentration required for 50% percentage 

germination inhibition, and the herbicide rate required for 50% growth reduction, 

respectively. The regression parameters for each L. multiflorum population were 
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obtained using Sigma Plot® (version 9.0, SPSS Inc, Chicago, IL, USA) and 

compared to test significant differences using a sum of square reduction test. The 

level of resistance was determined by calculating the ratio of the LD50 or GR50 of 

the glyphosate-resistant populations to the ones of the susceptible population. 

Analysis of variance for the Petri dish and whole-plant dose-response bioassays 

showed no significant interaction between experiments and treatments; therefore, 

data from repeated experiments were combined. Statistical analyses among the 

three L. multiflorum populations in the 14C-glyphosate leaf uptake and translocation 

experiments were performed using PROC MIXED in SAS (version 9.1, SAS 

Institute Inc, Cary, NC, USA). The LSMEANS statement was used to generate 

treatment averages, standard errors, and 95% confidence intervals (CI). 



 45 

RESULTS 

 

Petri Dish Dose-Response Bioassay 

Percent germination in each L. multiflorum population decreased as 

glyphosate concentration increased (Figure 3.1). However, the dose-responses from 

the glyphosate-resistant OR and SF populations were different from the S 

population. Thus, the LD50’s for the OR (LD50 = 73.81 ± 6.87 mg ae L-1) and the SF 

(LD50 = 160.32 ± 3.77 mg ae L-1) populations were two and fivefold greater than for 

the S (LD50 = 32.03 ± 1.72 mg ae L-1) population (Table 3.1).  

 

Whole-Plant Dose-Response Bioassay 

Shoot biomass in each L. multiflorum population decreased as glyphosate 

rate increased (Figure 3.2). However, there was a different dose-response between 

the glyphosate-resistant OR and SF populations and the S population. Based on the 

whole-plant dose-response bioassay, both OR and SF (GR50 = 0.3 ± 0.31 kg ae ha-1) 

populations are fivefold more resistant to glyphosate than the S population (GR50 = 

0.06 ± 0.01 kg ae ha-1) (Table 3.2). 
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Figure 3.1. Percent germination of glyphosate-susceptible (S) and glyphosate-
resistant (OR and SF) L. multiflorum populations as affected by glyphosate 
concentration. Symbols and lines represent actual and predicted growth responses, 
respectively. Vertical bars represent ± standard errors of the mean. 
 

Table 3.1. Nonlinear regression parameter estimates and standard errors for the 
Petri dish dose-response bioassay of Figure 3.1. The model fitted corresponded to: 
germination (%) = C + [(D – C) / 1 + (x / LD50)b)]. 
 

Population D (±SE) C (±SE) b (±SE) LD50 (±SE) 
(mg ae L-1) 

R2 

S 

OR 

SF 

95.97 (3.92) 

95.24 (6.68) 

98.58 (0.99) 

0.54 (2.31) 

0.68 (5.06) 

0.85 (3.07) 

3.66 (0.54) 

3.24 (0.76) 

3.27 (0.23) 

032.03 (1.72) 

073.81 (6.87) 

160.32 (3.77) 

0.99 

0.99 

0.99 
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Figure 3.2. Shoot biomass of glyphosate-susceptible (S) and glyphosate-resistant 
(OR and SF) L. multiflorum populations as affected by glyphosate rate. Symbols 
and lines represent actual and predicted growth responses, respectively. Vertical 
bars represent ± standard errors of the mean. 
 

Table 3.2. Nonlinear regression parameter estimates and standard errors for the 
whole-plant dose-response bioassay of Fig. 2. The model fitted corresponded to: dry 
weight (% of untreated control) = C + [(D – C) / 1 + (x / GR50)b)]. 
 

Population D (±SE) C (±SE) b (±SE) GR50 (±SE) 
(kg ae ha-1) 

R2 

S 

OR 

SF 

102.93 (7.28) 

103.46 (4.98) 

103.46 (4.98) 

08.66 (6.65) 

10.63 (1.72) 

10.63 (1.72) 

1.91 (0.40) 

1.48 (0.21) 

1.48 (0.21) 

0.06 (0.01) 

0.30 (0.31) 

0.30 (0.31) 

0.99 

0.99 

0.99 
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Whole-Plant Shikimic Acid Bioassay 

When plants were treated with glyphosate at 0.42 kg ae ha-1, more shikimic 

acid accumulated in leaf tissue of the S population compared to the glyphosate-

resistant OR and SF populations (Figure 3.3). At 96 h after glyphosate treatment, 

the S population accumulated approximately two and three times more shikimic 

acid than the OR and SF populations, respectively. 

 

 

Figure 3.3. Shikimic acid accumulation in shoots of glyphosate-susceptible (S) and 
glyphosate-resistant (OR and SF) L. multiflorum populations following the 
application of glyphosate at 0.42 kg ha-1. Vertical bars represent ± standard errors of 
the mean. 
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14C-Glyphosate Leaf Uptake and Translocation 

On average, 94% of the radioactivity applied as 14C-glyphosate was 

recovered. Leaf uptake of 14C-glyphosate between the S and the glyphosate-

resistant OR and SF populations was not different. At 72 h after treatment, the 

percentage of leaf uptake of 14C-glyphosate for the S, the OR, and the SF 

populations was 39, 35, and 37%, respectively (Figure 3.4). Although leaf uptake 

was similar in all three L. multiflorum populations, the patterns of 14C-glyphosate 

translocation were different. There was a difference in the proportion of 14C-

glyphosate translocated from the treated leaf section to the rest of the plant in the 

OR population compared to the S and SF populations. At 24 h after treatment, 

51.5% of the 14C-glyphosate absorbed by the plant moved above the treated section 

(tip of the treated leaf) in the OR population, in contrast to 29.1 and 38.2% in the S 

and SF populations, respectively (Table 3.3). A greater percentage of 14C-

glyphosate absorbed by the plant moved to non-treated leaves in the S and SF 

populations compared to the OR population. A similar pattern was observed 48 and 

72 h after treatment. Translocation of 14C-glyphosate to roots among the three L. 

multiflorum populations was not different, while a greater percentage of 14C-

glyphosate moved to the stem in the S and SF populations compared to the OR 

population (Table 3.3). The differences in 14C-glyphosate translocation among the 

L. multiflorum populations were confirmed with the phosphorimaging. As shown in 

Figure 3.5, more 14C-glyphosate remained in the treated leaf and moved upwards to 

the tip of the leaf in the OR population compared to the S and SF populations. 



 50 

 

Figure 3.4. 14C-glyphosate leaf uptake of glyphosate-susceptible (S) and 
glyphosate-resistant (OR and SF) L. multiflorum populations. Vertical bars 
represent standard errors of the mean. 
 

EPSP Synthase Gene Sequencing 

cDNA sequence analysis of the EPSP synthase gene in both glyphosate-

resistant OR and SF populations revealed several nucleotide substitutions resulting 

in silent mutations. However, in the SF population, two nucleotide changes of 

codon 106 in the first and third positions (from cytosine to thymine and from 

adenine to guanine) resulted in a proline to serine amino acid substitution (Figure 

3.6). 
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Table 3.3. Percentage of absorbed 14C-glyphosate translocated from a leaf section to 
other parts of the plant in glyphosate-susceptible (S) and glyphosate-resistant (OR 
and SF) L. multiflorum 24, 48, and 72 h after treatment. 
 

14C-glyphosate (% of absorbed) Hours 
after 
treatment 

Population 
Treated  
section 

Tip of the  
treated leaf 

Untreated 
leaves 

Stem Roots 

24 S 22.4  29.1  20.0  17.0  11.5  

 OR 25.9 51.5 03.5  10.4  08.7  

 SF 33.2  38.2  10.4  08.7  09.5  

  ----------------------------95% CI ± 6.04------------------------ 

48 S 26.0 33.2  15.7  17.2 07.8  

 OR 27.3 44.8  08.8  09.2  09.9  

 SF 30.3 35.1  10.6  11.2  12.7  

  ----------------------------95% CI ± 6.25------------------------ 

72 S 38.2  15.6  18.4  20.6  07.3  

 OR 28.2  41.3  07.7  11.0  11.7  

 SF 23.6  23.8 18.7  15.3  18.6  

  ----------------------------95% CI ± 6.07------------------------ 
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Figure 3.5. Phosphorimaging visualization of 14C-glyphosate translocation of 
glyphosate-susceptible (S) and glyphosate-resistant (OR and SF) L. multiflorum 
populations. The arrows indicate the site of application of 14C-glyphosate. 
 

 

S gatgccaaggaggaagtcaagctcttcttgggcaacgctggaactgcaatgcggccattgacggctgctgtagtagct 
D  A  K  E  E  V  K  L  F  L  G  N  A  G  T  A  M  R  P  L  T  A  A  V  V  A    

OR gatgccaaggaggaagtaaagctcttcctggggaacgcaggaactgcgatgcggccattgacggcagctgtagtagct 
D  A  K  E  E  V  K  L  F  L  G  N  A  G  T  A  M  R  P  L  T  A  A  V  V  A    

SF gatgccaaggaggaagtcaagctcttcttgggcaacgctggaactgcaatgcggtcgttgacggcggctgtagtagct 
D  A  K  E  E  V  K  L  F  L  G  N  A  G  T  A  M  R  S  L  T  A  A  V  V  A   

 ------------------------------------------------------106--------------------- 
 

 
Figure 3.6. Partial and deduced amino acid sequence alignment of the EPSP 
synthase gene of glyphosate-susceptible (S) and glyphosate-resistant (OR and SF) 
L. multiflorum populations. The boxed codon shows a proline (P) to serine (S) 
substitution at amino acid 106 (amino acid number based on Arabidopsis thaliana 
sequence). 
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DISCUSSION 

 

Both Petri dish and whole-plant dose response bioassays were successful in 

identifying the glyphosate-resistant L. multiflorum populations. Based on the Petri 

dish bioassay, the OR and the SF populations were two and fivefold more resistant 

to glyphosate when compared to the S population, respectively; however, based on 

the whole-plant bioassay, both OR and SF populations were fivefold more resistant 

to glyphosate than the S population. This difference between the Petri dish and the 

whole-plant dose-response bioassays might be due to different mechanisms of 

resistance that are involved in the L. multiflorum populations.  

The Petri dish bioassay is a simple, quick and inexpensive method that has 

been used before to identify glyphosate-resistant populations in L. multiflorum 

(Perez and Kogan 2003) and L. rigidum (Neve et al. 2004). However, the whole-

plant bioassay provides a more realistic level of herbicide resistance because the 

plant growth stage, time and rate of application are comparable with a field 

situation. In a situation when several weed populations are to be tested for 

glyphosate resistance, the Petri dish bioassay can be effectively used. However, the 

results obtained should be always confirmed with a whole-plant bioassay. 

Shikimic acid accumulation in leaf tissue 96 h after glyphosate treatment 

was two and three times greater in the S population than in the OR and SF 

populations, respectively. The greater accumulation of shikimic acid in the S 

population further confirms that the OR and SF populations are glyphosate-
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resistant. However, the low levels of shikimic acid accumulation in the glyphosate-

resistant populations indicates that either glyphosate is not totally excluded from its 

target site (EPSP synthase) in vivo, or that EPSP synthase can be partially inhibited 

by glyphosate. Shikimic acid also accumulated in leaf tissue after glyphosate 

treatment in other glyphosate-resistant weed species such as L. rigidum (Baerson et 

al. 2002b; Simarmata et al. 2003; Wakelin and Preston 2006), E. indica (Tran et al. 

1999) and C. canadensis (Mueller et al. 2003). On the other hand, shikimic acid did 

not accumulate in leaf tissue after glyphosate treatment in engineered glyphosate-

resistant crops such as soybean (Singh and Shaner 1998) and cotton (Pline et al. 

2002), where glyphosate insensitive EPSP synthase is highly overexpressed 

(Padgette et al. 1996). 

No differences were found between the S and the glyphosate-resistant OR 

and SF populations in 14C-glyphosate leaf uptake; however, the patterns of 14C-

glyphosate translocation were significantly different. In the OR population, a 

greater percentage of 14C-glyphosate absorbed by the plant moved above the treated 

section and accumulated in the tip of the treated leaf. Similar results were found in 

several glyphosate-resistant L. rigidum populations from Australia, in which the 

resistant plants accumulated more glyphosate in the leaf tip compared with 

susceptible plants (Lorraine-Colwill et al. 2003; Wakelin et al. 2004). Likewise, in a 

glyphosate-resistant L. rigidum population from South Africa, more glyphosate 

remained in treated leaves and less glyphosate translocated to young leaves 

compared to susceptible plants (Yu et al. 2007). In contrast, in the S and in the SF 
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populations, a greater percentage of 14C-glyphosate moved to non-treated leaves 

and the stem. Because glyphosate tends to be actively phloem transported and 

accumulates in meristematic tissue (Sprankle et al. 1975; McWhorter et al. 1980; 

Arnaud et al. 1994), the different translocation pattern in the OR population and 

other L. rigidum populations is associated with glyphosate resistance. 14C-

glyphosate translocation patterns between the SF and the S populations were similar 

at 48 h but different at 24 h and 72 h after treatment. In the S population, the 

percentage of 14C-glyphosate located in the treated section of the leaf increased 

from 24 h to 72 h, while this percentage in the SF population decreased. This 

increase observed in the S population is due to a decrease in the translocation of the 

herbicide due to its phytotoxic effect, while it is still being absorbed passively 

through the cuticle of the leaf. Because glyphosate does not tend to accumulate in 

the tip of the treated leaf in the SF population, a different mechanism of glyphosate 

resistance must be involved.    

cDNA sequence analysis of the EPSP synthase gene indicated that the 

glyphosate-resistant SF population has a proline 106 to serine amino acid 

substitution. This same amino acid substitution is present in the mutated 

glyphosate-resistant EPSP synthase encoded by the aroA locus in Salmonella 

typhimurium (Stalker et al. 1985) and is known to confer moderate levels of 

glyphosate resistance. In petunia, an EPSP synthase carrying the proline 106 to 

serine amino acid substitution was constructed by site-directed mutagenesis and 

expressed in Escherichia coli. The analysis of the purified enzyme showed an 
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approximately 7.5-fold increase in Ki(app)(glyphosate) (from 0.4 to 3.0 µM) resulting 

in decreased glyphosate binding (Padgette et al. 1991). In E. indica, EPSP synthase 

from a resistant population having the proline 106 to serine amino acid substitution 

was expressed in E. coli and compared with EPSP synthase from a susceptible 

population. The kinetic characterization of the E. coli-expressed EPSP synthase 

variants showed a 16-fold increase in Ki(app)(glyphosate) (from 47.8 to 759 nM) 

indicating reduced sensitivity to glyphosate (Baerson et al. 2002a). Target site-

based glyphosate resistance was confirmed in E. indica by determining the 

glyphosate concentration required to inhibit EPSP synthase by 50% (IC50). The IC50 

values for the resistant and the susceptible populations were determined to be 

approximately 16.0 and 3.0 µM, respectively (Baerson et al. 2002a). 

Here, we have found that glyphosate resistance in L. multiflorum is 

conferred by two different mechanisms, limited translocation (nontarget site-based) 

and mutation of the EPSP synthase gene (target site-based). The biochemical and/or 

physicochemical basis of the nontarget site-based mechanism (i.e. limited 

translocation) are still unclear. Glyphosate and its salts (e.g. isopropylamine and 

potassium) are highly polar, water-soluble molecules with low lipophilic character 

that probably penetrate the overall lipophilic cuticle via diffusion through a 

hydrophilic pathway (hydrated cutin and pectin strands) into the apoplast (Caseley 

and Coupland 1985; Hess 1985; Franz et al. 1997). Absorption of glyphosate by 

plant cells through the plasma membrane into the symplast is a slow process and 

involves a passive diffusion mechanism, and also an active transport mechanism 
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(phosphate carrier) (Caseley and Coupland 1985; Sterling 1994; Franz et al. 1997). 

It seems that in the glyphosate-resistant OR L. multiflorum population, and in 

several glyphosate-resistant L. rigidum populations, glyphosate is either trapped in 

the apoplast, or the mechanisms of absorption through the plasma membrane are 

malfunctioning, promoting movement of the herbicide through the xylem with the 

transpiration stream to the tip of the leaf. Lorraine-Colwill et al. (2003) suggested 

the existence of a cellular pump in the resistant plants that can pump glyphosate out 

of the cells, but this theory is yet to be proved. Wakelin and Preston (2004) 

suggested that perhaps the mechanism by which glyphosate is retained in the 

symplast is malfunctioning in the resistant plants. Thus, the biochemical and/or 

physicochemical basis of the nontarget site-based mechanism controlling limited 

glyphosate translocation to meristematic tissue and increased movement of the 

herbicide to the tip of the leaves are still to be determined. On the other hand, the 

molecular basis of the target site-based mechanism is well understood. There is 

adequate evidence in the literature that demonstrates that a proline 106 to serine 

amino acid substitution of EPSP synthase decreases glyphosate binding and confers 

moderate levels of glyphosate resistance. 
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CHAPTER 4 

 

GENERAL CONCLUSIONS 

 

These studies were conducted in order to determine if an Italian ryegrass 

population collected from a filbert orchard in the Willamette Valley, OR, was 

glyphosate resistant, and if so to determine the mechanisms of resistance present in 

this population, and in an Italian ryegrass population previously collected from an 

almond orchard in Region VI of Chile. Both Italian ryegrass populations, 

designated OR and SF, had similar histories of glyphosate use. Both sites were 

treated with glyphosate during the last 15 years, with two to three applications per 

year at 1.44 to 1.68 kg ae ha-1.  

A whole-plant dose-response bioassay conducted in the greenhouse 

confirmed that both OR and SF populations were approximately fivefold more 

resistant to glyphosate than the susceptible (S) population. However, a Petri dish 

dose-response bioassay showed a higher level of resistance of the SF population. 

Although both whole-plant and Petri dish bioassays can successfully identify 

glyphosate resistant populations, the whole-plant bioassay provides a more realistic 

level of herbicide resistance and can be comparable with a field situation  

A shikimic acid bioassay showed that the S population accumulated 

significantly more shikimic acid relative to the glyphosate resistant OR and SF 

populations, further confirming resistance to glyphosate. However, both glyphosate 
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resistant OR and SF populations showed low levels of shikimic acid accumulation, 

which indicated that either glyphosate was not totally excluded from its target site 

(EPSP synthase) in vivo, or that EPSP synthase can be partially inhibited by 

glyphosate.   

 In order to investigate the mechanisms that confer glyphosate resistance in 

Italian ryegrass, a 14C-glyphosate leaf uptake and translocation was conducted. This 

study revealed that there were no differences between the S and the glyphosate-

resistant OR and SF populations in 14C-glyphosate leaf uptake. However, the 

patterns of 14C-glyphosate translocation were significantly different. In the OR 

population, a greater percentage of 14C-glyphosate absorbed by the plant moved 

distal to the treated section and accumulated in the tip of the treated leaf. In 

contrast, in the S and SF populations, a greater percentage of 14C-glyphosate moved 

to non-treated leaves and the stem. This different translocation pattern is associated 

with glyphosate resistance and it has been observed in other glyphosate resistant 

weed species (e.g., L. rigidum). 

The cDNA sequence analysis of the EPSP synthase gene indicated that the 

glyphosate resistant SF population has a proline 106 to serine amino acid 

substitution. This point mutation is well known to confer moderate levels of 

glyphosate resistance, and has been found in other glyphosate resistant weed 

species (e.g., Eleusine indica). 

Here, we confirmed glyphosate resistance in two different Italian ryegrass 

populations. Also, we found that the two populations have two different 
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mechanisms of glyphosate resistance. In the OR population, glyphosate resistance 

was directly correlated with movement of the herbicide upwards to the tip of the 

treated leaf and limited translocation to other leaves and the stem (nontarget site-

based resistance). In the SF population, glyphosate resistance was associated with a 

point mutation of the EPSP synthase gene (target site-based resistance). The 

molecular basis of the target site-based mechanism is well understood. However, 

the biochemical and/or physicochemical basis of the nontarget site-based 

mechanism are still to be determined. Further experiments to elucidate this 

differential in glyphosate translocation in the OR population are needed, exploring 

limited absorption of the herbicide by plant cells through the plasma membrane into 

the symplast, and trapping of the herbicide in the apoplast. Further experiments to 

investigate the inheritance of the two different mechanisms of glyphosate resistance 

are also needed to better understand the genetics basis of glyphosate resistance and 

to better estimate the rate of resistance evolution. 

Herbicides have been, and will continue to be, the dominant weed control 

tool in high-input cropping systems, such as glyphosate resistant crops. In general, 

farmers in input-intensive cropping systems rarely proactively manage weeds to 

prevent or delay the selection of herbicide resistance (Beckie 2006). With the rapid 

and high implementation of glyphosate resistant crops, over 80 million ha of 

glyphosate resistant crops were planted worldwide in 2006 (Clive 2006), the 

evolution of glyphosate resistant weed populations is of great concern. Several 

glyphosate resistant weed populations evolved during the last seven years due to 
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repeated applications of glyphosate in continuously grown glyphosate resistant 

crops, including horseweed, common ragweed, Palmer amaranth, common 

waterhemp, and Johnsongrass. The already very large and still increasing reliance 

on glyphosate in many parts of the world will inevitably result in more glyphosate 

resistant weed populations (Powles and Preston 2006). Giving the importance of 

glyphosate in agriculture, as a herbicide in no-till and glyphosate resistant cropping 

systems, a more proactive approach to decrease selection pressure and prevent more 

weed populations from becoming glyphosate resistant should be implemented.              
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