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Summary   Multiple resistance in  ryegrass (Lolium 
rigidum) to various herbicide groups is a threat to Aus-
tralian agricultural sustainability. A major resistance 
mechanism is enhanced herbicide metabolism due to 
cytochrome P450. A compound (synergist) capable 
of inhibiting P450 herbicide metabolising enzymes 
in resistant L. rigidum but not in wheat could reverse 
P450 based resistance. The objective of this study was 
to evaluate the potential of chlorsulfuron in addition 
with triallate to control a multiple resistant ryegrass 
biotype which is resistant to both herbicides when 
applied alone. Wheat was included in the study to as-
sess the effect on crop selectivity. Synergism between 
chlorsulfuron and triallate was evident in the R plants, 
while no phytotoxicity was observed in wheat. Further 
research is needed to clarify the interactions between 
triallate and chlorsulfuron at different rates and the 
efficacy of these synergistic mixtures in the field.

Keywords    Multiple resistance;  cytochrome 
P450 mono-oxygenases,  herbicide mixture,  herbicide 
synergism.

INTRODUCTION
Multiple herbicide resistant ryegrass (Lolium rigidum 
Gaudin) threatens Australian cropping sustainability. 
Multiple resistant ryegrass is common across the WA 
wheatbelt and in significant cropping areas of the SA, 
Victorian and NSW wheatbelts. One of the mecha-
nisms endowing multiple resistance in ryegrass is 
enhanced activity of P450 enzymes conferring higher 
rates of herbicide metabolism (Preston and Powles 
2002). The most studied multiple resistant biotype 
of ryegrass, known as SLR31, is multiple resistant to 
Group A and B herbicides, dinitroaniline, carbamate 
and chloroacetamide herbicides (Powles and Matthews 
1992). The resistance mechanism to most of these 
herbicides presumably involves enhanced herbicide 
metabolism due to cytochrome P450 mono-oxyge-
nases (hereinafter referred to as P450) (Preston et 
al. 1996). Herbicide detoxification by metabolism is 
well known to be the basis of herbicide tolerance in 
crop species (Cole 1994) and differential metabolism 
is related to herbicide activity or selectivity on weeds 
and crops (Usui 2001). An in vivo indicator of P450 
herbicide metabolism endowing herbicide resistance in 

L. rigidum is that several compounds (herbicide syner-
gists), known to be P450 inhibitors (organophosphate 
insecticides, piperonyl-butoxide, 1-aminobenzotria-
zole, etc.), used in combination with herbicides can 
reduce or abolish resistance (Preston et al. 1996). 
Unfortunately, these synergists also reduce herbicide 
selectivity as wheat withstands many herbicides due 
to P450 enhanced activity. What is really required is a 
wheat selective synergist. A wheat selective synergist 
can be defined as a compound capable of inhibiting 
P450 herbicide metabolising enzymes in resistant L. 
rigidum but not in wheat. Certain carbamate herbicides 
are known to synergise herbicide activity in Echinoc-
hloa colona (L.) Link. (Leah et al. 1994). 

Thiocarbamate herbicides can be metabolised by 
P450 but also they can enhance or inhibit P450 activity 
(Devine 1993). Fischer et al. (2004) reported syner-
gistic effects of thiobencarb (i.e. thiocarbamate) on 
bispyribac-sodium control of Echinochloa phyllopo-
gon (Stapf) Koss. Thiocarbamates such as triallate are 
safely used in wheat (pre-emergence) to control grass 
weeds. Triallate is selective in wheat likely because 
of P450 metabolism to non-toxic products. Similarly, 
multiple resistant SLR31 is resistant to triallate (Tardif 
and Powles 1999).

It is possible that triallate could act as a selec-
tive synergist, capable of inhibiting P450 activity in 
resistant ryegrass but not in wheat. The objective of 
this study is to evaluate the potential of triallate in 
combination with chlorsulfuron to control SLR31, 
which is resistant to both herbicides when applied 
alone. Here, synergism denotes enhanced efficacy 
of the herbicide mixture compared to each herbicide 
having no significant phytotocixity when used alone 
at a certain rate. Wheat was also included in this study 
to assess the potential decrease in selectivity on the 
crop and to evaluate a different contribution of P450 
activity in tolerance or resistance mechanisms.

MATERIALS AND METHODS
Plant material   One resistant (hereinafter referred 
to as R) and one susceptible (referred to as S) popu-
lation of ryegrass (L. rigidum) and one variety of 
wheat (referred to as W) (Triticum aestivum L.) were 
included in this study. R is a subset of the multiple 
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resistant population SLR31. This resistant population 
was selected according to the methodology described 
by Vila-Aiub et al. (2004) and the selected subset 
likely has only one resistance mechanism: enhanced 
herbicide metabolism mediated by P450 (Preston and 
Powles 1998; Tardif and Powles 1999). S is a biotype 
of L. rigidum (VLR1) susceptible to all the herbicides 
recommended for grass control in Australia.

1) Seed germination   A Petri dish bioassay was con-
ducted by germinating seed of R, S and W on water 
solidified agar (0.7%) containing herbicide in a growth 
cabinet at 23/15°C (light/dark 12 h: 12 h). Effects 
were assessed for chlorsulfuron (Glean) and triallate 
(Avadex) alone at concentration of 5 and 0.1µM, 
respectively, and a mixture of the two herbicides. 
About 50 seeds of R and S and 10 seeds of W were 
placed in each Petri dish. The Petri dish represents the 
experimental unit and three replicates were arranged 
for each treatment.

2) Whole plant study   Ten seeds of R, S and W were 
placed into pots (10 cm diameter) filled with peat and 
sand substrate. Plants were grown outdoors during 
October 2005 (spring) and plants were sprayed at the 
two leaf stage with chlorsulfuron, triallate or a mixture 
of these two herbicides. Chlorsulfuron was applied at 
seven rates, ranging from zero to eight times the rec-
ommended field rate (20 g ha-1). Triallate rates were 
incremental from one sixteenth of the field rate (1500 
g ha-1) to a maximum of 3000 g ha-1. Chlorsulfuron 
was applied at 5, 10, 20, 40 and 160 g ha-1 in combi-
nation with triallate either at 188, 375, 750 or 1500 g 
ha-1. Chlorsulfuron in combination with triallate was 
applied to R and W only. Plants were sprayed using a 
cabinet track sprayer equipped with a Teejeet nozzle 
that delivered a spray volume of 107 L ha-1. Treatments 
were arranged in a completely randomised design, with 
three replicates. Above ground fresh and dry weight 
per pot was determined 16 days after spraying, and data 
were expressed as percentage of the mean untreated 
check. A log-logistic regression model was fitted to 
the data (Seefeldt et al. 1995):

Y = c + [(d-c)] / [1 + (x/G)b]

The GR50 (herbicide dose causing 50% growth 
reduction) for each treatment were calculated using 
the fitted equation. The assessment of efficacy of 
chlorsulfuron and triallate mixtures was also based on 
the plotted dose-response curves and the average of 
obtained data points, which were judged sufficiently 
reliable for this preliminary study.

RESULTS
1) Seed germination   The bioassay in Petri dishes 
showed that germination of W seeds was only slightly 
reduced by any of the herbicide treatments (on average 
germination was 96% ± 3.3 (SE = standard error) (Fig-
ure 1). This was expected as wheat is resistant to both 
chlorsulfuron and triallate applied alone. In contrast, 
in R and S ryegrass, germination in the presence of 
herbicide was substantially reduced compared to W. 
R germination was 42% and S was significantly lower 
at 29%, when seeds were exposed to chlorsulfuron 
mixed with triallate. The same treatment significantly 
decreased germination in R compared to triallate used 
alone (Figure 1).

2) Whole plant study   The pot experiment confirmed 
that R has high level resistance to chlorsulfuron. 
Biomass of the R plants was reduced by only 8% ± 
6.9 SE at twice the chlorsulfuron field rate whereas, 
at the same rate, S plant biomass was reduced by 
71% ± 2.4 SE (Figure 2 and Figure 3). Chlorsulfuron 
GR50 calculated for S was 11 grams ha-1 whereas it 
was much higher for R. Similarly, the R plants were 
less affected by triallate than the S plants. Triallate at 
1500 g ha-1 reduced R and S dry biomass 54% ± 9.4 
SE and 90% ± 10.1 SE, respectively (data not shown). 
Triallate was confirmed to be quite selective in W. 
Chlorsulfuron at the highest rate (160 g ha-1) reduced 
W dry biomass 22% ± 3.1 SE, whereas triallate at the 
maximum tested rate (3000 g ha-1) did not reduce or 
even stimulated W growth (data not shown). However, 
when a combination of chlorsulfuron and triallate was 
used (40 g ha-1 chlorsulfuron and 750 g ha-1 triallate) 
W dry biomass was reduced by 30% ± 2.5 SE. For R 
and S the dose-response assays showed synergistic 
interactions between chlorsulfuron and triallate. The 

Figure 1.   Effect of chlorsulfuron (5µM), triallate 
(0.1µM) and their mixture (5 + 0.1µM) on germina-
tion of SLR31 (R), VLR1 (S) and wheat (W) seeds 
in Petri dish.
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two most synergistic mixtures were the combination 
of chlorsulfuron in addition to 188 g ha-1 or 750 g ha-1 
of triallate (Figure 2 and Figure 3). Triallate alone 
at 188 g ha-1 had negligible effect on R biomass but 
interaction with chlorsulfuron indicates synergism 
between the two herbicides (Figure 2). When 750 g 
ha-1 of triallate was combined with chlorsulfuron there 
was substantial synergy evident in R plants (Figure 3). 
Only 6 g ha-1 of chlorsulfuron plus triallate resulted in 
the GR50 for R. However triallate applied alone at 750 
g ha-1 resulted in 21% reduction of R dry biomass ± 

16.7 SE and the mixture with doses of chlorsulfuron 
higher than 10 g ha-1 were increasingly less phytotoxic 
on plants (Figure 3).

DISCUSSION
Both seed germination and whole plant treatments 
showed that, as expected, R and W resist chlorsulfuron 
or triallate applied alone. However synergism between 
chlorsulfuron and triallate was observed in R plants. 
The mechanism of this synergism remains to be de-
termined. Equally, we don’t know the causes of the 
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Figure 2.   Chlorsulfuron dose-response on whole-plants of SLR31 (R) and VLR1 (S) compared to chlorsulfuron 
+ triallate (188 g ha-1) on R.

Figure 3.   Chlorsulfuron dose-response on whole-plants of SLR31 (R) and VLR1 (S) compared to chlorsulfuron 
+ triallate (750 g ha-1) on R.
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reduction in phytotoxicity observed on R at certain 
rates and mixtures of chlorsulfuron plus triallate.

Little phytotoxicity was observed in W in response 
to the two herbicides alone or in mixture. The different 
response observed in R compared to W to the combi-
nation of chlorsulfuron and triallate could be due to a 
differential rate in herbicide metabolism. It is possible 
that thiocarbamates have an inductive or inhibitory 
effect on P450 (Devine et al. 1993). Further work is 
needed to unravel the complex interactions between 
the two herbicides, the specific contribution of each 
herbicide and its own ability to suppress multiple 
resistant L. rigidum (R).

Further studies are needed to assess the ability 
of triallate to interact as an inhibitor of P450 and its 
potential as an herbicide synergist to control multiple 
resistant ryegrass. In addition investigations should 
be conducted to better explain the inhibition/enhance-
ment of plant growth observed with the spectrum of 
doses and mixtures tested and to evaluate the potential 
effectiveness of chlorsulfuron in combination with 
triallate in field conditions.
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