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Abstract

Testing resistance in Raphanus raph-
anistrum to ALS-inhibiting herbicides
takes 10 weeks using conventional
method where seedlings are raised from
collected seeds and sprayed with herbi-
cides. The aim of this study was to de-
velop a reliable method to test for resist-
ance in R. raphanistrum populations to
ALS-inhibiting herbicides without re-
quiring a foliar spray. Germinable seeds
of R. raphanistrum were soaked in solu-
tions of ALS-inhibiting herbicides for 24
hours and then sown in pot soil. A 40 mg
L triasulfuron (714 g a.i. kg?), 10 mg L*
metosulam (714 g a.i. kg?), and 20 mg L*
chlorsulfuron (750 g a.i. kg*) were found
to be the best concentrations for screen-
ing of the resistant biotypes within the
R. raphanistrum populations tested in
this study. At these concentrations,
plants of the susceptible biotypes and
susceptible plants within resistant
biotypes died or remained in a severely
stunted condition often without produc-
ing a true leaf, while most plants of the
resistant biotypes survived unaffected.
The high correlation between the plants
that survived herbicide soaking treat-
ments and survival from a subsequent
foliar herbicide spray confirmed that the
discrimination of the resistant and the
susceptible biotypes by seed soaking
method was reliable. This method is 4-5
weeks quicker than the conventional
foliar spray method and minimizes
sources of errors that are likely to occur
with that method.

Introduction

Raphanus raphanistrum L. (wild radish) is a
serious weed in the cereal and grain leg-
ume crops over a range of soil types
throughout southern Australia (Cheam
and Code 1995). In response to strong se-
lection pressure from the sulfonylurea
herbicides, R. raphanistrum has evolved
widespread resistance to ALS-inhibiting
herbicides within the wheatbelt of West-
ern Australia (Hashem et al. 2001, Walsh et
al. 2001). Screening for herbicide resist-
ance in weed species such as R. raph-
anistrum is an important component of
herbicide resistance management. In the
conventional method to detect resistance
in R. raphanistrum to ALS-inhibiting herbi-
cide, plants are raised in pots usually un-
der glasshouse conditions, herbicides are
sprayed on plants at the 2-3 leaf stage, and

plant survival is assessed 4-6 weeks after
spraying. This method, once seeds are
non-dormant, requires about 10 weeks to
complete one cycle.

ALS-resistant weed populations that
have evolved target site resistance
(Christopher et al. 1992, Saari et al. 1992,
Burnet et al. 1994) are likely to be insensi-
tive to small variations in spraying condi-
tions. However, the efficacy of ALS-inhib-
iting herbicides on susceptible popula-
tions may be influenced by a wide range
of environmental and plant factors.
Growth stage of R. raphanistrum at the
time of treatment is important to achieve
effective results for some ALS-inhibiting
herbicides. Precision in output delivery,
uniformity in spraying and drift risk may
confound herbicide efficacy and, thus, the
discrimination between resistant and sus-
ceptible populations of weeds. Tempera-
ture, relative humidity and soil water con-
tent affect weed emergence, development
and susceptibility to herbicides (Jensen
and Kudsk 1988, Klingaman et al. 1992).
Thus, any variation in application, ab-
sorption and translocation of herbicide
may lead to a variation in the discrimina-
tion between susceptible and resistant
biotypes. A quicker method that will mini-
mize some of these limitations is necessary
to increase the efficiency of resistance test-
ing procedure in R. raphanistrum for ALS-
inhibiting herbicides.

Seed soaking methods have been used
to characterize resistance of rapeseed
(Brassica napus) mutants to sulfonylureas
and imidazolinone herbicides (Magha et
al. 1993). Moss (1999) developed a seed
soaking method to detect herbicide resist-
ance in Aleopecurus myosuroides Huds,
Lolium multiflorum L. and Avena spp. to
fenoxyprop-P-ethyl, diclofop methyl,
sethoxydim and pendimethalin. Letouzé
and Gasquez (1999) described a rapid test
for screening aryloxyphenoxy-propionic
acid herbicide resistance in A. myosuroides
and Lolium spp. populations based upon
coleoptile length. No information is avail-
able in the literature on using a seed soak-
ing method to detect herbicide resistance
in dicot weeds such as R. raphanistrum.
This study was undertaken to investigate
the possibility of testing for resistance to
ALS-inhibiting herbicides in R. raphan-
istrum using a seed soaking method and
to ascertain if this test is quicker than the
conventional foliar spray method.

Materials and methods

Plant materials

Siliqgua from suspected resistant and
known susceptible R. raphanistrum popu-
lations were collected in late spring from
field crops in the Western Australia
wheatbelt for use in this study. They were
dried at room temperature for one week.
To release the dormancy of seeds, siliqua
walls were removed (Cheam 1986) and
clean seeds were stored at 23+3°C before
use.

Common screening procedure

Three experiments were conducted dur-
ing 1998 and 1999 at the Dryland Research
Institute, Department of Agriculture,
Merredin, Australia. Required quantities
of chlorsulfuron (Glean®, 750 g a.i. kg?,
DuPont Australia Ltd.), triasulfuron
(Logran®, 714 g a.i. kg, Ciba-Geigy Aus-
tralia Ltd.) and metosulam (Eclipse®, 714 g
a.i. kg, DowElanco Australia Ltd.) were
dissolved in deionized water. About 75
seeds of resistant or susceptible biotype
were soaked in 20 mL of the herbicide so-
lution for 24 h in a 30 mL plastic vial. The
seeds were shaken 8-10 times during 24 h.
After soaking for 24 h, the herbicide solu-
tion was drained. Seeds (20-24 pot*) were
sown at about 1.5 cm depth in 1 L pots
under glasshouse conditions (23+3°C).
The pots were filled with potting mix (Zin
Zin quartz sand 20%, jarrah saw dust 35%,
crusted pine bark 30%, peat deposit 10%
and manure compost 5%) with a 2 cm
layer of sandy loam soil at the top. Five
days after emergence, the plants were
thinned to 12 per pot. Plants were ferti-
lized weekly with a complete nutrient so-
lution.

Where indicated, plants of the R
biotypes were sprayed with an overhead
compressed-air belt-driven glasshouse
sprayer calibrated to deliver 96 L ha?! out-
put at 200 kPa pressure after plant sur-
vival assessment five weeks after emer-
gence (WAE). All herbicides were com-
mercial formulations with wetting agents
added as recommended by the manufac-
turer. Plant survival and shoot dry weight
of the treated plants were expressed as a
percentage of the untreated control plants.

A population was declared completely
susceptible if the percentage of surviving
individuals was 0 or completely resistant
if 100% of the individuals survived. Plant
survival percentage in the R. raphanistrum
populations tested in this study varied
from 18 to 94% establishing resistance but
with some susceptible individuals re-
maining in the population.

Experiment 1 (seed soaking resistance
test 1)

Using original collections, seeds of the R
biotype 1 (RB1) and the S biotype 1 (SB1)
were soaked in six concentrations of
triasulfuron (0, 5, 10, 20, 40 and 80 mg L?)
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and metosulam (0, 1, 3, 5, 10 and 20 mg
L) for 24 h. The soaked seeds were then
sown in 1 L pots. Plant survival of the
emerged plants was recorded 5 WAE be-
cause most of the RB1 plants that survived
seed soaking treatments were growing al-
most unaffected while most of the SB1
plants died at this stage. A small propor-
tion of plants in the R or S biotype treated
with low to medium concentrations of
herbicide remained stunted without pro-
ducing a true leaf at 5 WAE. These stunted
plants were considered as survivors.

To confirm the resistance, the RB1
plants that survived soaking treatments
were sprayed with label rate of tria-
sulfuron (25 g a.i. ha') and metosulam (5 g
a.i. ha) after plant survival assessment 5
WAE (4-5 leaf stages). Most of the stunted
plants that were considered alive at 5
WAE died after the foliar spray at label
rates. Plant survival and dry weight of
shoots of both the R and S biotypes were
recorded 4 weeks after spraying (WAS).

Experiment 2 (seed soaking resistance
test 2)

Using original collections, seeds of resist-
ant biotype 2 (RB2) and resistant biotype 3
(RB3) were soaked in five concentrations
of triasulfuron (0, 20, 40, 80 and 160 mg
L't), metosulam (0, 5, 10, 20 and 40 mg L)
and chlorsulfuron (0, 5, 10, 20, 40 and 80
mg L). The soaked seeds were then sown
in 1 L pots. In experiment 2, higher con-
centrations of triasulfuron and metosulam

were used than in experiment 1. Plant sur-
vival was assessed using the assessment
procedure as described above.

To confirm the resistance, the RB2 and
RB3 plants that survived soaking treat-
ments were sprayed with label rate of
triasulfuron (25 g a.i. ha), metosulam (5 g
a.i. hal) and chlorsulfuron (15 g a.i. ha?)
after plant survival assessment at 5 WAE
(4-5 leaf stage). Plant survival and shoot
dry weight of all biotypes were recorded 4
WAS.

Experiment 3 (conventional single-dose
resistance test)

In experiment 3, plants were grown in 1 L
pots, and sprayed at the 2-3-leaf stage
with label rate (25 g a.i. ha! triasulfuron, 5
g a.i. ha! metosulam, and 15 g a.i. ha*
chlorsulfuron). Plant survival was re-
corded 4 WAS.

Statistical analysis

The experiments were conducted in a
completely randomized design with three
replications. Data were subjected to
ANOVA and means were compared by
LSD. In experiment 1 and 2, correlation
analyses were performed between the
number of R biotype plants that survived
seed soaking treatments of =40 mg L?*
triasulfuron, =10 mg Lt metosulam, or =20
mg L* chlorsulfuron and the number of
R biotype plants that survived after foliar
spray 5 WAE with label rate of each herbi-
cide.
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Results

Experiment 1 (seed soaking resistance
test 1)

A clear difference in the response of the
RB1 and SB1 plants was found when seed
was soaked in different concentrations of
ALS-inhibiting herbicides. About 60% of
the RB1 plants survived 40 mg L?* tria-
sulfuron (Figure 1A) and 90% survived 20
mg L*metosulam (Figure 1B). All the SB1
plants died at 40 mg L™ chlorsulfuron or 1
mg L*metosulam (Figures 1A,B). Most of
the plants in SB1 soaked at low to medium
concentrations of herbicide died 2-4 WAE
and few remained stunted often without
producing a true leaf. Most of the surviv-
ing plants of the RB1 soaked in different
herbicide concentrations were growing
unaffected at 5 WAE. A very small pro-
portion of the plants in RB1 soaked at
low-medium concentrations of herbicide
remained stunted often without produc-
ing a true leaf. Most of these stunted
plants within the RB1 and the SB1 died af-
ter the foliar spray. Shoot dry weight of
these biotypes showed similar trends to
plant survival (Figures 1C,D).

There was a significant correlation be-
tween the number of the RB1 plants that
survived seed soaking treatments of =40
mg L triasulfuron or =210 mg L* meto-
sulam and the number of plants that sur-
vived after foliar spray with 25 g a.i. ha?
triasulfuron or 5 g a.i. ha* metosulam. The
r2 values varied from 0.97 to 0.98 (Table 1).
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Figure 1. Survival of the treated plants of resistant biotype (RB) and susceptible biotype (SB) of R. raphanistrum
immediately before foliar spray five weeks after emergence and their shoot dry weight four weeks after foliar spray
with label rate of triasulfuron and metosulam. LSD ,, for plant survival is 16.58% and that for shoot dry weight is

15.43%.



Experiment 2 (seed soaking resistance
test 2)

About 81% of the RB2 plants survived 40
mg L*triasulfuron (Figure 2A), 82% 10 mg
Lt metosulam (Figure 2B), and 85% 20 mg
Lt chlorsulfuron (Figure 2C). However,
only 20% of the RB3 plants survived 40 mg
L-ttriasulfuron (Figure 2A), 15% 10 mg L*
metosulam (Figure 2B), and 60% 20 mg L*
chlorsulfuron (Figure 2C). All the SB2
plants died at these concentrations (Fig-
ures 2A,B,C). A very small proportion of
the plants of the RB2 and RB3 soaked at
low concentration of herbicides remained
stunted often without producing a true
leaf. Most of these stunted plants within
RB2 and RB3 died after the foliar spray.
Most of the SB2 plants at low herbicide
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Table 1. Correlation between number of the resistant R. raphanistrum
plants that survived seed soaking treatments of 240 mg L triasulfuron, 210
mg L metosulam or 220 mg L chlorsulfuron, and the number of plants
that also survived label rate of each herbicide sprayed five weeks after
emergence in Experiment 1 and 2.

Herbicides Correlation coefficients (r?)

Experiment 1 Experiment 2

R biotype 1 R biotype 2 R biotype 3
Triasulfuron 0.98** 0.99** 0.98**
Metosulam 0.97** 0.91** 0.80**
Chlorsulfuron - 0.96** 0.80**

** Statistically significant at P>0.01. A dash indicates the experiment was not under-
taken.
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Figure 2. Survival of the treated plants of resistant biotype (RB) and susceptible biotype (SB) of R. raphanistrum
immediately before foliar spray five weeks after emergence and their shoot dry weight four weeks after foliar spray
with label rate of triasulfuron, metosulam and chlorsulfuron. LSD ,; for plant survival is 15.11% and that for shoot

dry weight is 15.36%.
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concentrations died 2-4 WAE and few re-
mained severely stunted often without
producing a true leaf. Shoot dry weight of
these biotypes showed similar trends to
plant survival (Figures 2D,E,F).

There was significant correlation be-
tween the number of the RB2 and RB3
plants that survived seed soaking treat-
ments of 240 mg L?* triasulfuron, =10 mg
Lt metosulam or =20 mg L*chlorsulfuron
and the number of plants that survived
after foliar spray with label rates (25 g a.i.
ha? triasulfuron, 5 g a.i. ha' metosulam,
or 15 g a.i. ha* chlorsulfuron). The r? val-
ues varied from 0.80 to 0.98 (Table 1).

Experiment 3 (conventional single-dose
resistance test)

The conventional single-dose resistance
test established that populations SB1 and
SB2 were completely susceptible while
populations RB1, RB2, and RB3 were re-
sistant to triasulfuron, metosulam and
chlorsulfuron (Table 2).

Discussion

A clear difference in response of the R and
S biotypes was found when seeds were
soaked in different concentrations of ALS-
inhibiting herbicides and then allowed to
emerge and grow in pot soil. A 40 mg L*
triasulfuron (714 g a.i. kg?), 10 mg L?*
metosulam (714 g a.i. kg?), and 20 mg L*
chlorsulfuron (750 g a.i. kg*) were found
to be the best concentrations for screening
of resistant biotypes within the R. raphan-
istrum populations by the seed soaking
method.

In the seed soaking method, seeds were
soaked in herbicide solutions for 24 h and
then sown in pots. Plant survival was as-
sessed 5 WAE because most of the R bio-
type plants that survived seed soaking
treatments were growing almost unaf-
fected while most of the S biotype plants
died at this stage. A small proportion of
plants in the R or S biotypes at low con-
centrations of herbicide remained stunted
without producing a true leaf up to 5 WAE.
Although these plants were considered as
survivors in this study, most of them died
following the foliar spray 5 WAE. Such a
foliar spray, which was applied only as a
check to confirm resistance status of the sur-
viving RB plants, will not be necessary in
the routine resistance test procedure. There-
fore, this soaking method required about
5-6 weeks from soaking to plant survival
assessment compared to 10 weeks by the
conventional foliar spray method.

These results confirmed that the popu-
lations identified as the R or S by the soak-
ing method were indeed resistant to each
of the three ALS-inhibiting herbicides. The
results of conventional single dose screen-
ing method are clearly comparable with
the results of the seed soaking method.
These results also clearly indicated that
RB3 was more heterogeneous than RB1 or

Table 2. Resistance status of the five R. raphanistrum populations to three
ALS-inhibiting herbicides at label rates (25 g a.i. ha! triasulfuron, 5 g a.i. ha!
metosulam and 15 g a.i. ha chlorsulfuron) sprayed 5 weeks after emergence.

Populations Triasulfuron  Metosulam Chlorsulfuron Resistance status
Per cent plant survival

S biotype 1 0 0 0 Susceptible

S biotypl 2 0 0 0 Susceptible

R biotype 1 81 81 94 Resistant

R biotype 2 30 18 35 Resistant

R biotype 3 78 81 90 Resistant

RB2. The quantity of herbicide required in
the soaking method was reduced by 10-
100-fold compared to the conventional
foliar spray method.

The extent of reduction in plant sur-
vival of the R and S biotype plants of R.
raphanistrum at 10 mg L* metosulam and
40 mg L triasulfuron varied between Ex-
periment 1 and 2. Such variation could be
attributed to the variability in populations
within each experiment. Letouzé and
Gasquez (1999) also observed such varia-
tion in resistance status among the various
populations of A. myosuroides at 138 or 690
g a.i. ha of fenoxoprop-P-ethyl.

Conclusions

The results show that the seed soaking
method developed in this study is a reli-
able test to identify R. raphanistrum popu-
lations that are resistant to ALS-inhibiting
herbicides. This method has several ad-
vantages over the conventional foliar
spray method. First, this method is 4-5
weeks quicker than the current conven-
tional method. Second, there is less varia-
tion in the output delivery in the new
method than conventional foliar spray
treatment. Third, herbicide is absorbed by
seed and subsequently translocated to
other parts of the plant as the plant grows.
Thus, the possibility of reduced uptake
and translocation by stressed or older
plants under the conventional method is
minimized. Fourth, this method requires
less quantity of herbicides than conven-
tional foliar spray method. Finally, this
method is simple and does not require any
spraying equipment.
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