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Summary   We have developed a TaqMan real-time 
PCR assay to quantify expression in annual ryegrass 
(Lolium rigidum Gaudin), of the EPSPS gene which 
codes for the enzyme targeted by glyphosate. Using 
this assay, we found that EPSPS gene expression was 
ca. three to four fold higher in a glyphosate resistant 
biotype from Tamworth when compared to susceptible 
plants. These results are consistent with Baerson et al. 
(2002) who used Northern blotting and enzyme assays 
to estimate a two to three fold increase in EPSPS gene 
expression and EPSPS enzyme activity, respectively, 
in a glyphosate-resistant L. rigidum biotype from 
Echuca. Hence, upregulation of the EPSPS genes and 
greater production of the EPSPS enzyme appears to 
be a common component of the glyphosate-resistance 
mechanism in annual ryegrass from Australia. 
Keywords    Glyphosate,  herbicide resistance,  Lolium 
rigidum,  annual ryegrass,  EPSPS,  shikimate pathway, 
 TaqMan,  real-time PCR.

INTRODUCTION
In plants, the shikimate pathway is responsible for the 
biosynthesis of aromatic amino acids and numerous 
aromatic metabolites including lignin, fl avanoids, 
ubiquinone, alkaloids and plant hormones (Herrmann 
1995). Glyphosate is the world’s most widely used 
herbicide and kills susceptible plants by competing 
with the substrate phosphoenolpyruvate (PEP) for the 
binding site of 5-enolpyruvyl-shikimate-3-phosphate 
synthase (EPSPS), a key enzyme of the shikimate 
pathway. However, several weed species have evolved 
resistance to glyphosate.

Annual ryegrass (Lolium rigidum Gaudin) from 
Echuca in northern Victoria, Australia was the fi rst 
glyphosate-resistant weed reported in the world 
(Pratley et al. 1996). Another glyphosate-resistant L. 
rigidum biotype was shortly thereafter reported near 
Orange in NSW, Australia (Powles et al. 1998). While 
the mechanism of glyphosate-resistance in these bio-
types is not fully understood, confl icting scientifi c evi-
dence suggests that there may be several components 
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operating in the resistance mechanism including the 
increased production of the EPSPS enzyme (Baerson 
et al. 2002), and altered translocation of the herbicide 
within the plant (Lorraine-Colwill et al. 2003).

More recently, glyphosate-resistant annual rye-
grass was discovered near Tamworth in northern 
NSW, Australia (Andrew Storrie, NSW Ag., pers. 
com.), but the resistance mechanism has not been 
investigated in this biotype. In this study, preliminary 
experiments were performed to identify glyphosate-
resistant L. rigidum plants of the Tamworth biotype, 
and characterise the resistance phenotype. We then 
used real-time PCR (polymerase chain reaction) to 
investigate whether upregulation of EPSPS gene 
expression is involved in the glyphosate-resistance 
mechanism of this biotype. 

MATERIALS AND METHODS
Isolation and characterisation of plant material   
Field collected seed of glyphosate resistant L. rigi-
dum populations from Tamworth were germinated in 
Petri dishes containing moist fi lter paper, and then 
transplanted to the glasshouse in pots containing 
agricultural soil. Seeds of a known susceptible popu-
lation were also germinated as experimental controls. 
Plants were sprayed with herbicide at the four-leaf 
stage, Zadoks Growth Stage (ZGS) 14 (Zadoks et al. 
1974). A total of 50 seedlings of the Tamworth popula-
tion were sprayed with glyphosate (Roundup™) at the 
recommended rate of 1080 g a.i. ha-1 with 0.2% v/v 
non-ionic surfactant. Herbicide was applied in 342 L 
ha-1 of water using a hand-held boom sprayer equipped 
with fl at fan nozzles at a speed of 1 m s-1. The plants 
were visually assessed over 21 days after treatment 
(DAT). From 50 seedlings of L. rigidum, three glypho-
sate resistant plants survived. One seedling appeared 
weakly resistant, having almost died and then produced 
new shoots. Another seedling appeared intermediately 
resistant, with necrotic spots on the leaves. The third 
plant showed no obvious symptoms and was classifi ed 
as highly resistant. The latter two plants were used 
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in subsequent experiments described hereon as the 
intermediate (I) and resistant (R) lines. One untreated 
plant from the susceptible population was selected as 
the susceptible (S) line.

To further examine the phenotypes of the S, I and 
R lines, nine plants were propagated from tillers for 
each line and transplanted to pots (three plants of the 
same line per pot). Briefl y, each plant was propagated 
from a single tiller ca. 10 cm in height with leaves 
trimmed back to the stem. When the divided tillers 
had grown three to four new leaves, they were treated 
with glyphosate at either 0, 1080, or 3240 g a.i. ha-1 
(one pot/treatment/line) as described above. 

EPSPS expression studies   For each of the S, I and 
R lines, 24 plants were propagated from tillers (as 
described above) and transplanted to pots (three plants 
of the same line per pot) containing agricultural soil. 
Pots were assigned to a treatment (glyphosate at a 
rate of at 1080 g a.i. ha-1, or water and surfactant as 
a control, as described above), and arranged on the 
glasshouse bench in a complete randomised block 
design (three pots/treatment/line). Treatments were 
applied at the four tiller stage (ZGS 24). At 48 h after 
treatment, leaf tissues were sampled (tissue from plants 
in the same pot were pooled as one replicate), frozen 
in liquid nitrogen, and stored at −80°C prior to RNA 
extraction. Neither R nor S plants showed herbicidal 
symptoms at the time of sampling.

Total RNA was extracted from leaves using 
TRIZOL™ (Life Technologies, Gaitherburg, USA) 
as described by Chomczynski (1993). cDNA was 
synthesised using random hexamers and a TaqMan® 
Reverse Transcription Reagents kit (Applied Biosys-
tems, Foster City, USA) according to the manufactur-
er’s instructions. Real-time PCR was carried out using 
an ABI Prism® 7000 Sequence Detection System and 
a TaqMan Universal PCR Master Mix (Applied Bio-
systems) according to the manufacture’s instructions. 
EPSPS gene expression was detected using forward 
(5’-TTCGTATCAACGGCATTGGA-3’) and reverse 
(5’-CAAGTACTGGCTGCTGATGGAA-3’) primers 
and a FAM™ labelled TaqMan MGB probe (5’-GCT-
TAACCTTGCCA-3’). The 18S rRNA pre-developed 
TaqMan reagent (Applied Biosystems) was used 
as control to monitor the effi ciency of the reverse 
transcription reaction, and to normalise the transcript 
abundance for each sample. The same cDNA substrate 
was used for the quantifi cation of both genes. Results 
are presented as mean transcript abundance for EPSPS 
relative to 18S rRNA. Data were analysed by two-way 
ANOVA after log transformation. 

RESULTS 
Characterisation of S, I and R lines   Glyphosate 
applied at 1080 g a.i. ha-1 killed all three S plants by 
fi ve DAT. Plants of line I began showing symptoms of 
the herbicide treatment at 15 DAT with one plant dead, 
the other two exhibiting necrotic spots on leaves. At 
25 DAT another plant of line I had died. At 35 DAT, 
the third plant of line I showed necrosis on the older 
leaves but new healthy shoots were emerging. All three 
R plants remained green and relatively healthy over 
the assessment period (35 DAT), although R plants 
did exhibit slight browning at leaf tips and reduced 
biomass relative to untreated plants. 

When glyphosate was applied at 3240 g a.i. ha-1, 
all S plants died by 5 DAT whereas all I and R plants 
looked healthy at this time. However, at 15 DAT, all 
plants of I and R were dead. 

 
Comparison of EPSPS expression levels   Real-time 
PCR was used to quantify the EPSPS mRNA levels 
indicative of EPSPS gene expression. There was a 
signifi cant difference in relative EPSPS expression 
for all three L. rigidum lines (P = 0.0008). In the 
absence of glyphosate, the basal EPSPS transcript 
level in the R line was ca. four-fold higher than that 
of the S line, whereas line I was 1.3 fold higher than 
line S (Figure 1). 

Interestingly, glyphosate treatment also had a 
signifi cant affect on EPSPS expression (P <0.0001) 
with levels induced by ca. three to four-fold in all three 
lines within 48 h of herbicide application (Figure 1). 
However, the resistant line maintained a four-fold 
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Figure 1.   Leaf EPSPS expression relative to 18S 
rRNA quantifi ed using TaqMan real-time PCR. Leaves 
were sampled 48 h after treatment with glyphosate, 
or water and surfactant (control). Each column is 
the mean (non-transformed data) of three replicates 
with SEM.



420

Fourteenth Australian Weeds Conference

higher level of EPSPS expression relative to suscep-
tible plants, and line I was ca. 1.5 fold higher than line 
S. It is also interesting to point out that there was a 
12-fold difference in EPSPS expression between the 
basal expression of line S and the glyphosate-induced 
expression in line R.

DISCUSSION
The EPSPS gene expression data correlated well with 
the phenotypic observations of each line when chal-
lenged with glyphosate at the recommended rate (1080 
g a.i. ha-1). For example, line R had the highest relative 
EPSPS expression level and also showed the strongest 
resistance phenotype. On the other hand, line I showed 
some herbicidal symptoms but still survived the treat-
ment, and had an EPSPS expression level intermediate 
of the R and S line (Figure 1). Together these results 
show that the strength of EPSPS expression is cor-
related with the strength of the resistance phenotype, 
but additional resistant L. rigidum lines need to be 
investigated to support this hypothesis. It is possible 
that line I is heterozygous for resistant and suscep-
tible alleles, explaining the intermediate phenotype. 
It is well established that the glyphosate resistance 
phenotype is semi-dominant. 

These fi ndings coincide with those recently re-
ported by Baerson et al. (2002) who used Northern 
blotting and enzyme assays to detect a two to three 
fold increase in EPSPS gene expression and EPSPS 
enzyme activity, respectively, in a glyphosate-resistant 
L. rigidum biotype from Echuca. Together, these two 
studies strongly implicate the upregulation of EPSPS 
as a conserved component of the glyphosate resistance 
mechanism in Australian annual ryegrass. 

Without further research, one can only speculate as 
to the molecular basis for the upregulation of EPSPS in 
the resistant biotypes. One possibility is a duplication 
of the EPSPS gene and promoter in the R line, such that 
expression continues to be induced by glyphosate in a 
gene-dose dependent manner. This fi ts the observation 
that despite higher basal EPSPS expression in line R, 
expression is induced further by glyphosate treatment. 
Alternatively, upregulation of EPSPS could be due to 
stronger promoter activity driving the EPSPS gene. 
The regulation of EPSPS in the shikimate pathway is 
not well characterised and is likely to be more complex 

than currently understood given the involvement of 
shikimate pathway products in numerous important 
biological functions in plants (Herrmann 1995). 

Our future work will focus on obtaining a better 
understanding of the physiological and molecular as-
pects of differential regulation of EPSPS expression 
in glyphosate-resistant and susceptible biotypes of L. 
rigidum, and how this may have evolved. 
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