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Summary   Glyphosate is the world’s most important 
and widely used herbicide. A potential substitute 
for glyphosate in many use patterns is the herbicide 
paraquat. Following many years of successful use, 
neither glyphosate nor paraquat could control a biotype 
of the widespread   annual ryegrass from South Africa 
(Lolium rigidum). 

Seeds of the putative resistant (R) population of 
Lolium rigidum were originally collected from a farm 
in the Tulbagh valley, South Africa. Plants at 2–3 leaf 
stage were sprayed with rates of glyphosate (Roundup 
Power Max®, 540 g a.e. L-1), paraquat (Gramoxone®, 
250 g a.i. L-1), and a number of ACCase herbicides us-
ing a cabinet sprayer. The mortality was recorded 21 d 
after herbicide application. This experiment confirmed 
multiple resistance to glyphosate and paraquat in this 
biotype. Dose response experiments established that 
the glyphosate rate causing 50% mortality (LD50) for 
the resistant (R) biotype is 14 times greater than for 
the susceptible (S) biotype. The LD50 of paraquat for 
the R biotype is 33 times greater than for the S biotype. 
Thus, based on the LD50 R/S ratio, this R biotype of 
L. rigidum is 14-fold resistant to glyphosate and 33-
fold resistant to paraquat. Moreover, this R biotype 
has also evolved resistance to the acetyl-coenzyme A 
carboxylase (ACCase) inhibiting herbicides.

Studies on herbicide translocation were under-
taken with plants at the two or three leaf stage. These 
were sprayed with commercial herbicides (450 g ha-1 
glyphosate, or 50 g ha-1 paraquat, respectively) 20 
min prior to application of radiolabelled herbicides. 
Radiolabelled glyphosate or paraquat made up in 
commercial formulation was applied as a 1 µL droplet 
to the mid-point of the youngest fully expanded leaf. 
Plants were carefully washed out of soil 1, 2 and 4 d 
after treatment and sectioned into untreated leaves, 
treated leaves with stems, and roots. The plant sections 
were combusted in a biological sample oxidizer and 
radioactivity in each section was quantified by liquid 
scintillation. The mechanism of paraquat resistance 
in this biotype was determined as restricted paraquat 
translocation. In addition, reduced glyphosate trans-
location was also found in this R biotype. 

To sequence the EPSPS gene, R biotype plants 
were sprayed with 900 g ha-1 glyphosate at the 2–3 leaf 
stage and the survivors were used for RNA preparation. 
Total RNA was extracted from shoot tissue of the R and 
S biotypes and first-strand cDNA was prepared from 
2 µg total RNA. A pair of primers was designed based 
on homologous regions of EPSPS cDNA sequences 
of L. rigidum (accession number AJ310166 and 
AF349754) and L. multiflorum (DQ153168) to amplify 
a highly conserved region in which point mutations 
conferring glyphosate resistance in plants and bacterial 
have been found. The PCR product was purified from 
agarose gel and sequenced from both ends. A point 
mutation in the 5-enolpyruvylshikimate-3-phosphate 
synthase (EPSPS) gene resulting in an amino acid 
substitution of proline to alanine at position 106 was 
identified.

In this population, two mechanisms endowing 
glyphosate resistance were established. In addition, 
resistance to ACCase-inhibiting herbicides is due to 
an insensitive ACCase. In total, this R biotype displays 
four co-existing resistance mechanisms, endowing 
multiple resistance to glyphosate, paraquat and AC-
Case herbicides. This is the first case of multiple 
resistant to both glyphosate and paraquat as well as 
to ACCase herbicides. The appearance of multiple 
glyphosate and paraquat resistance in Lolium indicates 
the likelihood of such evolution in other major weed 
species. Multiple resistance across major herbicides 
dramatically reduces the alternative control herbicide 
options. This unsurprising, but alarming case in the 
history of herbicide resistance development repre-
sents a serious challenge for the sustainable use of 
the precious agrochemical resources glyphosate and 
paraquat.
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