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Summary Echium plantagineum L. is a major weed
of pastures in southern Australia. It can be problematic
to control as it has a large seed bank and often estab-
lishes on early autumn rains. Metsulfuron-methyl can
be used to selectively control E. plantagineum in grass
pastures. In 1997, following seven applications of
metsulfuron-methyl to a horse-agistment pasture near
in South Australia, failure to control E. plantagineum
was observed. Dose response experiments conducted
with a range of sulfonylurea herbicides demonstrated
this population was highly resistant to the sulfony-
lurea herbicides metsulfuron-methyl, chlorsulfuron,
triasulfuron and sulfometuron-methyl when compared
with a susceptible population. The resistant population
also had low-level resistance to the imidazolinone
herbicides, imazapyr and imazethapyr. Acetolactate
synthase (ALS) enzyme assays were conducted using
isolated leaf chloroplasts as the source of ALS enzyme.
These assays demonstrated that the enzyme from re-
sistant plants was very highly resistant, >30-fold, to
all sulfonylurea herbicides when tested in vivo. The
isolated ALS was also resistant to the sulfonamide
herbicide flumetsulam, but had low-level resistance
to the imidazolinone herbicides. Resistance to ALS-
inhibiting herbicides in E. plantagineum is the result
of an insensitive target enzyme.
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INTRODUCTION

Echium plantagineum L., known by the common
names of Paterson’s curse or salvation Jane in Aus-
tralia, is a widespread weed of pastures and native
grasslands in southern Australia. E. plantagineum is
a native of the western Mediterranean and was intro-
duced to Australia as a garden ornamental in the 19th
Century (Piggin and Sheppard 1995). E. plantagineum
contains pyrazole alkaloids in its leaves that make it
undesirable for grazing animals and potentially toxic
to some grazers, such as horses (Culvenor 1985). This
property makes E. plantagineum particularly undesir-
able in situations where horses are being agisted.

Control of E. plantagineum in pastures has been
difficult because of the large seed bank and the ability
of plants to germinate throughout the winter (Sheppard
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and Smyth 2002). The introduction of metsulfuron-
methyl in the late 1980s allowed ready control of E.
plantagineum in pasture situations without damage
to grasses in the pastures. Metsulfuron-methyl was
applied seven times in eight years in a field used for
horse agistment near Adelaide, SA for the control of
E. plantagineum. In 1997, metsulfuron-methyl failed
to control E. plantagineum at this site. This study was
conducted to determine whether the E. plantagineum
population from the site had evolved resistance to met-
sulfuron-methyl, the extent of cross-resistance to other
acetolactate synthase (ALS)-inhibiting herbicides and
the mechanism of resistance to these herbicides.

MATERIALS AND METHODS

Seed of a resistant population of E. plantagineum was
collected from a field used for agistment of horses at
Flagstaff Hill, South Australia. The property had re-
ceived seven applications of metsulfuron-methyl over
the previous eight years, including two applications
in the year of seed collection. Seed of a susceptible
population was collected from a reserve in a nearby
area that had never been treated with ALS-inhibiting
herbicides.

Seed of both populations was germinated on 0.6%
agar and at the cotyledon stage seedlings were trans-
ferred to 17 cm pots containing soil. Plants used for
dose response experiments were grown outdoors. Dose
response experiments were conducted by applying
commercial formulations of herbicides at a variety of
rates to seedlings at the four leaf stage. The herbicides
were applied with a moving boom laboratory spray
cabinet fitted with flat fan nozzles. The output of the
sprayer was equivalent to 109 L ha! at a pressure of
250 MPa and a speed of 1 m s'. Where applicable, a
non-ionic surfactant at 0.2% was included. The plants
were returned outdoors after treatment and assessed for
survival after 21 days. Survival data were analysed by
probits (Finney 1971) and LD50s (the rate of herbicide
that provided 50% mortality) calculated.

Plants used for ALS assays were grown in a heated
and cooled glasshouse with a maximum temperature
of 25°C and a minimum temperature of 15°C. Only
natural light was provided. ALS was extracted by first
isolating intact chloroplasts, which were then lysed



to obtain a stromal enzyme fraction as described by
Preston et al. (2006). ALS assays were conducted at
30°C for 30 minutes as described by Preston et al.
(2006). The ALS activity in the presence of herbicide
was calculated as a percent of activity in the absence
of'herbicide. The data were fitted to a sigmoidal curve
and the ECy, (the concentration of herbicide giving
50% inhibition of activity) calculated.

RESULTS

Dose response experiments were conducted on the E.
plantagineum population from the horse agistment
field and a known susceptible population demonstrated
that the former was resistant to metsulfuron-methyl
(Figure 1). The susceptible population was well con-
trolled by as little as 1.5 g a.i. ha! metsulfuron-methyl,
which is half the normal use rate of this herbicide. In
contrast, less than 50% of the resistant population was
controlled by 24 g a.i. ha! metsulfuron-methyl. When
LD;, values were compared, the resistant population
was 34-fold resistant to metsulfuron-methyl (Table
D).

Dose response experiments were also conducted
on these two populations with three other sulfony-
lurea herbicides chlorsulfuron, triasulfuron and sul-
fometuron-methyl. The resistant population of E.
plantagineum also proved to be resistant to all these
herbicides (Table 1). The level of resistance varied
considerably, ranging from 26-fold to triasulfuron to
over 300-fold to sulfometuron-methyl. Chlorsulfuron
at rates up to 240 g a.i. ha! provided no kill of the re-
sistant population, so an LD, could not be calculated
for this herbicide.

The imidazolinone herbicides have a different
chemical structure to the sulfonylurea herbicides,
but inhibit the same target enzyme. Cross-resistance
between the sulfonylurea herbicides and imidazolinone
herbicides can be variable (Tranel and Wright 2002).
At the whole plant level, the resistant E. plantagineum
population demonstrated slight cross-resistance (about
2-fold) to both imazethapyr and imazapyr (Table 1).

The activity of ALS extracted from chloroplasts of
the susceptible population of E. plantagineum was in-
hibited by low concentrations of chlorsulfuron in vitro
(Figure 2). In contrast, ALS activity of the resistant
population was much more tolerant of chlorsulfuron.
The EC;, for chlorsulfuron was 0.034pM for ALS
from the susceptible population and 14.4uM for ALS
from the resistant population (Table 2). Therefore, the
ALS from the resistant population was over 400 times
less sensitive to chlorsulfuron compared with the ALS
from the susceptible population.

ALS activity of the resistant population was also
highly tolerant of sulfometuron-methyl (Table 2).
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Figure 1. Response of susceptible (O) and resistant
(®) populations of E. plantagineum to metsulfuron-
methyl. The normal use rate for metsulfuron-methyl
is3 gad. hal.

Table 1. Response of susceptible and resistant popu-
lations of E. plantagineum to various ALS-inhibiting
herbicides.

Herbicide Susceptible Resistant R/S
LDy, (g a.i. ha™)
Metsulfuron-methyl 0.77 26.2 34
Chlorsulfuron 1.84 >>2404 >>130
Sulfometuron-methyl 0.88 267 303
Triasulfuron 4.17 108 26
Imazapyr 25.1 52.7 2.1
Imazethapyr 15.5 40.5 2.6

ANo mortality occurred at the highest rate of chlorsulfuron
(240 g a.i. ha') used.

The EC,, for sulfometuron-methyl of the susceptible
population was 0.16uM, whereas that of the resistant
population was 85.7uM. Therefore, the ALS from the
resistant population was more than 500 times less
sensitive to sulfometuron-methyl compared with the
susceptible population. ALS activity of the resistant
population was also resistant to triasulfuron compared
with the susceptible population, although the differ-
ence was much less than for chlorsulfuron and sulfo-
meturon-methyl (Table 2). The ALS from the resistant
population was 33 times less sensitive to triasulfuron
than was ALS from the susceptible population.

The ALS isolated from the resistant population
of E. plantagineum was cross resistant to other ALS
inhibiting herbicides in vitro. The ALS isolated from
the resistant population was 23 times less sensitive to
flumetsulam (a sulfonamide herbicide), four times less
sensitive to imazapyr and two times less sensitive to
imazethapyr (both imidazolinone herbicides).
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Figure 2. Inhibition of ALS isolated from susceptible
(0) and resistant (®) populations of E. plantagineum
by chlorsulfuron.

Table 2. Response of ALS isolated from susceptible
and resistant populations of E. plantagineum to various
ALS-inhibiting herbicides.

Herbicide Susceptible Resistant R/S
ECs, (M)
Chlorsulfuron 0.034 14.4 424
Sulfometuron-methyl 0.16 85.7 536
Triasulfuron 0.14 7.82 33
Flumetsulam 0.30 6.76 23
Imazapyr 2.31 9.49 4.1
Imazethapyr 3.59 8.74 2.4
DISCUSSION

This study has demonstrated that intensive use of
metsulfuron-methyl in pastures can result in the se-
lection of herbicide resistant weeds, in this case E.
plantagineum. There are a large number of examples
of populations with resistance to the sulfonylurea
herbicides around the world. Many have resulted
from the intensive use of chlorsulfuron (Saari and
Maxwell 1997), which has extensive soil persistence
in many environments (Black et al. 1999, Sarmah
et al. 2000). Metsulfuron-methyl is less persistent
than chlorsulfuron, but resistance can evolve to this
herbicide as well.

The metsulfuron-methyl-resistant E. plantagi-
neum was highly resistant to chlorsulfuron and sulfo-
meturon-methyl, but had lower resistance to metsul-
furon-methyl and triasulfuron. There was slight cross
resistance to the imidazolinone herbicides imazapyr
and imazethapyr. Where resistance to ALS-inhibiting
herbicides is the result of an insensitive target site, it is
common to get resistance to many other herbicides that
inhibit this enzyme (Tranel and Wright 2002).

532

In order to measure ALS activity in E. plantagi-
neum, the enzyme had to be extracted from isolated
chloroplasts, as the high concentrations of phenolics in
the leaves interfered with the colourimetric assay. ALS
isolated from susceptible plants was susceptible to all
the herbicides tested. However, ALS from the resistant
plants was highly resistant to all the sulfonylurea herbi-
cides and was also resistant to flumetsulam. ALS from
the resistant population had low levels of resistance
to the imidazolinone herbicides. The levels of resist-
ance in the whole plant assays were generally similar
to those in the enzyme assays, suggesting an altered
ALS enzyme is the only mechanism of resistance in
this population. The pattern of cross-resistance among
ALS-inhibiting herbicides of the isolated ALS from the
resistant E. plantagineum is generally characteristic of
amutation at Pro197 of ALS (Tranel and Wright 2002).
However, this remains to be determined.

Herbicide resistance is often considered to be an
issue of cropping systems with pastures being at lower
risk. However, the experience with E. plantagineum
shows that resistance can occur at any site where
herbicides are used intensively. A long-lived seed
bank is also considered to help delay the evolution
of resistance (Jaseiniuk e al. 1996). In the case of
E. plantagineum this may have had an impact; how-
ever, intensive selection over eight years was able to
overcome the effects of the seed bank. Given that E.
plantagineum has a long lived seed bank (Sheppard
and Smyth 2002), it is likely that ALS resistance will
persist on this site for many years to come, even if ALS
inhibitors are not used.
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