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ABSTRACT - The resistance of barnyardgrass (Echinochloa crus-galli) to imidazolinone
herbicides is a worldwide problem in paddy fields. A rapid diagnosis is required for the
selection of adequate prevention and control practices. The objectives of this study
were to develop expedite bioassays to identify the resistance to imidazolinone
herbicides in barnyardgrass and to evaluate the efficacy of alternative herbicides for
the post-emergence control of resistant biotypes. Three experiments were conducted
to develop methods for diagnosis of resistance to imazethapyr and imazapyr + imazapic
in barnyardgrass at the seed, seedling and tiller stages, and to carry out a pot
experiment to determine the efficacy of six herbicides applied at post-emergence in
13 biotypes of barnyardgrass resistant to imidazolinones. The seed soaking bioassay
was not able to differentiate the resistant and susceptible biotypes. The resistance of
barnyardgrass to imidazolinones was effectively discriminated in the seedlings and
tiller bioassays seven days after incubation at the concentrations of 0.001 and
0.0001 mM, respectively, for both imazethapyr and imazapyr + imazapic. The biotypes
identified as resistant to imidazolinones showed different patterns of susceptibility
to penoxsulam, bispyribac-sodium and pyrazosulfuron-ethyl, and were all controlled
with profoxydim and cyhalofop-butyl. The seedling and tiller bioassays are effective
in the diagnosis of barnyardgrass resistance to imidazolinone herbicides, providing
an on-season opportunity to identify the need to use alternative herbicides to be
applied at post-emergence for the control of the resistant biotypes.

Keywords: bioassays, imazethapyr, imazapyr, imazapic, rice.

RESUMO - A resisténcia de capim-arroz (Echinochloa crus-galli) aos herbicidas imidazolinonas
éum problema crescente na cultura do arroz em diversas regidées do mundo, sendo necessario o seu
diagnéstico rapido para a determinagdo de prdticas de prevengao e controle. Os objetivos deste
trabalho foram desenvolver métodos de identificacao expedita da resisténcia de bidtipos de capim-
arroz aos herbicidas imidazolinonas e avaliar a eficdcia de herbicidas alternativos para o seu controle
em pés-emergéncia. Paraisso, foram conduzidos trés experimentos visando o desenvolvimento de
métodos de diagndstico da resisténcia aos herbicidas imazethapyr e imazapyr +imazapic em plantas
de capim-arroz nos estddios de semente, plantula e perfilhos, bem como um experimento para determinar
aeficacia de seis herbicidas em pés-emergéncia no controle de 13 bidtipos de capim-arroz resistentes
asimidazolinonas. A resisténcia de capim-arroz aimidazolinonas foi discriminada de forma eficiente
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nos experimentos com plantulas e perfilhos aos sete dias apés a incubagdo nas concentragées de
0,001 e 0,0001 mM, respectivamente, para os herbicidas imazethapyr e imazapyr + imazapic. Os
bidtipos identificados como resistentes a imidazolinonas apresentaram diferentes padrées de
suscetibilidade aos herbicidas penoxsulam, bispyribac-sodium e pyrazosulfuron-ethyl e somente
foram controlados de modo eficaz com os herbicidas profoxydim e cyhalofop-butyl. Os bioensaios de
plantulas e perfilhos séo eficientes para o diagndstico de capim-arroz resistente aimidazolinonas na
mesma safra de desenvolvimento da cultura do arroz e proporcionam aidentificagéo da necessidade
de uso de herbicidas alternativos a serem aplicados em pdés-emergéncia para o controle de bidtipos

resistentes.

Palavras-chave: bioensaios, imazethapyr, imazapyr, imazapic, arroz.

INTRODUCTION

The negative interference caused by
weeds is a major factor limiting the productive
potential of irrigated rice in Brazil and
worldwide. Barnyardgrass (Echinochloa crus-
galli) occurs with great frequency and
distribution in all rice-producing regions and
is one of the main weeds infesting paddy fields
in southern Brazil (Andres et al., 2007). This
weed is highly competitive with rice due to its
adaptation to flooded environments, high seed
production, rapid growth and C4-photosynthetic
pathway (Marambe & Amarasingle, 2002).
Moreover, the large selection pressure caused
by the use of acetolactate synthase (ALS)-
inhibiting herbicides developed the resistance
of barnyardgrass biotypes to these herbicides
in irrigated rice in southern Brazil (Merotto
Jr. et al., 2009b; Mariot et al., 2010).

The diagnosis of weed resistance prior to
the time of herbicide application or the
confirmation of the resistance in uncontrolled
plants are information required for the
decision-making strategies to be used on the
current or in the next crop season (Escorial
et al., 2001). The early identification of
herbicide resistance can avoid an increase in
costs by reducing the number of herbicide
applications, and especially for providing the
choice of herbicide that provides adequate
weed control (Kadum et al., 2011). The most
important measure of prevention and control
of resistant weed biotypes is the alternation of
the mechanism of action in order to reestablish
the effective chemical control. This procedure
depends on the confirmation of the herbicide
resistance in the field where failure of
herbicide efficacy is suspected to occur.
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The conventional method of confirmation
of weed herbicide resistance is the evaluation
of plant response to increasing herbicide doses
sprayed on plants grown in pots or in the field
(Burke et al., 2006; Corbett & Tardif, 2006).
However, resistance can also be identified by
enzyme activity through molecular markers
(Merotto Jr. et al., 2009a; Roso et al., 2010).
The comparison of biotypes with suspected
resistance and susceptible biotypes by the
conventional, molecular or biochemical
methods is usually time and labor consuming
as well as expensive. These limitations can
hinder the identification of resistance in a
large number of samples if the result is to be
achieved in the short run, and the collection
of seeds from suspected resistant plants is
required for later identification. In this
scenario, the diagnosis of resistance is possible
only after the harvest period, and the
information will be used in the next crop
season.

Rapid methods for diagnosis of different
levels of weed resistance have been developed
in Petri dishes, germination in rolled-paper,
culture medium containing agar, herbicide
solution in hydroponic conditions, among
others (Letouze & Gasquez, 2000; Kim et al.,
2000; Burke et al., 2006). These methods are
more useful because they offer greater
reliability, lower cost, and shorter time for the
discrimination of herbicide resistance. For
example, the resistance of Lolium spp. to acetyl
CoA carboxylase (ACCase)-inhibiting
herbicides was evaluated in an agar bioassay
for seedling growth and identified in 10 days
after herbicide treatment (Kaundun et al.,
2011). In another study, the resistance of red
rice to imidazolinone herbicides could be
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identified in seven days after incubation in
seedling and tiller bioassays, and this allowed
the rapid identification of resistance and
proved useful for decision-making in crop
management (Roso et al., 2010). Several other
studies were conducted in the last decade
regarding the confirmation of herbicide
resistance in weeds, including Echinochloa spp.
(Kim et al., 2000; Andres et al., 2007; Concenco
et al., 2008). The resistance of Echinochloa spp.
to quinclorac was discriminated using foliar
spray in greenhouse and growth chamber
experiments (Andres et al., 2007; Concenco
et al., 2008). The resistance to fenoxaprop-P-
ethyl and propanil in Echinochloa colona was
identified in seven days by considering the
seedling and root growth of adult plants
incubated in herbicide solution (Kim et al.,
2000). However, to our knowledge, there
are no studies focusing on the identification
of barnyardgrass resistant to imidazolinone
herbicides through rapid bioassays. These
compounds are one of most important
tools for weed control in rice in Brazil, USA
and in several regions where imidazolinone-
resistant rice cultivars are used (Menezes
et al., 2009). The rapid diagnosis of resistance
to imidazolinone herbicides may have a
direct benefit to rice farmers in these regions
where the continued use of imidazolinone
herbicides resulted in the evolution of
resistant biotypes. The objectives of this study
were to develop rapid bioassays to diagnose
resistance to imidazolinone herbicides in
barnyardgrass at stages of seeds, seedlings
and tillers, and evaluatethe efficacy of
alternative post-emergence herbicides for the
control of imidazolinone resistant biotypes of
barnyardgrass.

MATERIALS AND METHODS

Bioassays for the diagnostic of
imidazolinone resistance in barnyardgrass

The bioassays of seed soaking, growth
of seedlings and tillers were conducted as
a factorial experiment in a completely
randomized design with four replications. For
each bioassay, factor A consisted of the
susceptible barnyardgrass biotype, originated
from area with an efficient control with
imidazolinone herbicides, and the resistant
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biotype previously described by Merotto Jr. et al.
(2009Db). Factor B consisted of imazethapyr (Plus
Nortox imazethapyr®, 106 g L'!) and imazapyr
+ imazapic (Kifix®, 525 and 175 g kg'!) at
concentrations of 0, 0.00001, 0.0001, 0.001,
0.01, 0.1, 1.0, 10 and 100 mM. The
concentration of imazapyr + imazapic refers
to the molecular weight of imazapyr in the
commercial mixture Kifix®. Initially, seeds
were exposed to the interruption of dormancy
in a moist chamber for 4 days. After that, for
the bioassays of seedling and tillers, the seeds
were soaked in water in Petri dishes in a
growth chamber at constant temperature of
30 °C for four days. The germinated seeds were
grown in pots containing Haplic Gleysol until
the desired stages and one pot consisted of the
experimental units for the experiments of
growth of seedlings and tillers. In the seed
soaking experiment, each experimental unit
consisted of approximately 100 seeds that
remained embedded in 50 mL of herbicide
solution for 24 hours. After that, the seeds
were transferred to rolled germination
paper and kept in containers filled with
approximately 2 cm of water. The experimental
material was maintained in a growth chamber
at a temperature of 25 °C. Germination
percentage and root length were measured at
seven days after incubation. The seedlings of
each repetition were photographed with a
digital camera with five mega pixel resolution
on a black background for estimation of root
length. A standard ruler was photographed
together with the seeds as a standard for
comparison. Root length was quantified by
using the software IMAGE J (Rasband, 1997).

The seedling bioassay was established
using seedlings with two to three expanded
leaves that were removed from the soil, rinsed,
gently dried and weighted to obtain the
variation of fresh weight before and after the
herbicide incubation. The seedlings were
placed in 50 mL recipients containing the
herbicide solution of each treatment and
maintained in a growth chamber at a
temperature of 25 °C. The herbicide solution
was replaced four days later in order to avoid
the herbicide concentration from increasing.
The variables analyzed at seven days after the
herbicide treatments were the change in fresh
weight before and after incubation, and visual
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plant injury at percentage scale, where zero
is the absence of herbicide effect and 100%
represents the complete death of the plants.

The tiller bioassay was based on plants at
the six-leaf stage. Plants were removed from
the soil and washed, and the tillers were
separated from the main stem. The main
tillers were placed in 250 mL containers
with a solution containing the herbicide
treatments for a period of seven days. The root
dry weight of each tiller was evaluated at the
end of the experimental period. The roots were
detached from the stem and dried at 60 °C
until constant weight.

Alternative herbicides to control
imidazolinone resistant barnyardgrass
biotypes

The study was carried out as a factorial
experiment in completely randomized design
with four replications. Factor A consisted of
13 biotypes collected from irrigated rice fields
in different regions of the state of Rio Grande
do Sul. Factor B consisted of herbicides
profoxydim (Aura®, 200 g L), cyhalofop-butyl
(Clincher®, 180 g L!), quinclorac (Quinclorac®,
500 g L'Y), penoxsulam (Ricer®, 240 g L),
bispyribac-sodium (Nominee®, 400 g L!) and
pyrazosulfuron-ethyl (Sirius®, 250 g L!) at
doses of 160, 180, 375, 48, 40 and 20 g ha,
respectively, with a non-ionic adjuvant at
1% v vt

The experimental units consisted of
500 mL plastic plots filled with soil loam Haplic
Gleysol Ta. The soil was collected in the layer
of 0-10 cm with 150 g kg ! of clay, 1.5 dag kg!
of organic matter, phosphorus greater than
100 mg dm' and potassium greater than
400 mg dm'. Initially, seeds of each biotype
were exposed to breaking dormancy as
described earlier. After that, ten seeds of
similar size were sown at two centimeters
depth in each experimental unit. After
emergence, the plants were thinned to two
plants per experimental unit. The experiment
was irrigated every two days with an amount
of water equivalent to a rainfall of two
millimeters.

The herbicide treatments were applied
using a CO, pressurized backpack sprayer
maintained at a constant pressure of 40 1b pol2,
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with flat nozzles type 110.03, resulting in a
spray volume of 120 L ha!. The herbicide
application occurred when the plants of
barnyardgrass reached the three-leaf stage, at
a temperature of 24 °C and relative humidity
of 84%. After that, the experimental units were
maintained with a water layer of 5 cm above
the soil level, simulating the usual condition
of paddy fields. The analyzed variables were
visual plant injury at 21 days after treatment
(DAT) and shoot dry weight at 28 DAT, as
described earlier.

Statistical analysis

Data from the four experiments were
initially subjected to analysis of variance
(ANOVA). In the three bioassay experiments,
the data were converted to percentage
based on the untreated control. After that, the
data were analyzed by nonlinear logistic
regression of three or four parameters, using
the statistical analysis “drc” of the R package
(Knezevic et al., 2007). The comparison
between the resistant and susceptible biotypes
was performed using the resistance factor (RF),
which is the ratio of the GR_, (growth reduction
of 50%) of the resistant biotype divided by
the GR,, susceptible biotype, and the interval
calculation confidence interval (CI) with
95% significance. In the experiment with
alternative herbicides for control of resistant
biotypes, the complementary analysis was
performed by the least significant difference
(LSD), calculated by Student’s t-test, using 5%
probability of experimental error as the limit
of significance between the herbicides and
biotypes evaluated.

RESULTS AND DISCUSSION

In the seed soaking bioassay, significant
interaction (p<0.001) was found between the
factors biotypes and concentrations for seed
germination. For root length, there was only a
simple effect for the factors biotypes and
herbicide concentrations (p<0.001). However,
non-linear regression did not discriminate the
resistance between susceptible and resistant
biotypes for the herbicides imazethapyr
for both variables (Figure 1A, C; Table 1) and
for imazethapyr + imazapic (Figure 1B, D;
Table 1). The resistance factor (RF) between
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Figure 1 - Seed germination (A and B) and root length (C and D) as a proportion of the untreated check of barnyardgrass resistant and
susceptible to imidazolinones in different concentrations of the herbicides imazethapyr (A and C) and imazapyr + imazapic (B
and D) evaluated in the seed soaking bioassay. Curves were adjusted by the logistic model, and the equation parameters are

described in Table 1.

susceptible and resistant biotypes was not
significant for either herbicide in the analysis
of germination and root length (Table 1).
The lack of significance of the regression
parameters indicates that the evaluated
variables in the seed soaking bioassay
were not useful to diagnose imidazolinone
resistance in barnyardgrass. Seed germination
also was not effective for the discrimination of
herbicide resistant and susceptible biotypes

in a study with barnyardgrass resistant and
susceptible to quinclorac (Andres et al., 2007).
In a similar study with rice varieties resistant
and susceptible to imidazolinones, seed
germination was not a suitable parameter to
discriminate herbicide resistance (Roso et al.,
2010). Moreover, seed germination allowed the
identification of the resistance of Monochoria
vaginalis to imazosulfuron and pyrazosulfuron-
ethyl (Kuk et al., 2003). In this study, the
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Table 1 - Parameters of the logistic equation and resistance factor (RF) of seed germination percentage and root length of barnyardgrass
resistant and susceptible to imidazolinones in the seed soaking bioassay at 7 DAT with different concentrations of the herbicides

imazethapyr and imazapyr + imazapic

Biotype | b & | e(GRy)'£1CY95% | RFY +1C95%
Seed germination (%)
Imazethapyr
Resistant 7.28N8 102.21%* 67.18 ™5 (+ 541.69) 4,53 (+ 36.60)
Susceptible 1131 86.14 ** 14.85 * (£ 9.14)
Imazapyr +imazapic
Resistant 5.08N 98.10%** 77.65% (£ 57.67) 547N (£5.01)
Susceptible 0.77** 100.62%* 14.19%* (£ 7.57)
Root lenght (%)
Imazethapyr
Resistant 2.23% ble 29.33 N (£ 24.14) 1.94 (£ 1.86)
Susceptible 1.33N8 98.08 ** 15.15 ** (£ 7.50)
Imazapyr + imazapic
Resistant 2.10 * 91.26 ** 31.41 * (+£21.43) 6.93%5 (£ 7.71)
Susceptible 0.46 ** 107.93 ** 4.53 N5 (+3.98)

Vb is the slope of the curve around the point of inflection; ¥ d upper limit; ¥e (G,) is herbicide concentration that decreases the response
variable by 50%; * Confidence intervals at 95%; ¥ Resistance factor: GR,; ratio between the resistant and susceptible biotypes. ** p < 0.01,

* p < 0.05; ™ non-significant.

percentage of germination of the resistant
biotype was 100 and 200 fold greater than the
susceptible biotype when treated with
herbicides imazosulfuron and pyrazosulfuron-
ethyl, respectively. In another study, the
diagnosis of glyphosate resistance in wheat
and barley was effective at the seed stage
through the analysis of coleoptile length at four
days after treatment (Escorial et al., 2001).

The impossibility of resistance diagnosis
through experiments with seeds of
barnyardgrass found for Anders et al. (2007)
and in the present study can be associated with
the genetic variability of this weed compared,
for example, to varieties of cultivated species.
The high natural variability associated with the
dormancy and vigor of seeds of barnyardgrass
may have contributed to limiting the
discrimination of herbicide resistance in seed
soaking bioassays. In a study performed in
Arkansas, USA, 67% variation was found in the
number of days to reach 100% germination of
barnyardgrass seeds, depending on the year
and the place of sampling (Bagavathiannan
et al.,, 2011). In Argentina, a study with
Echinochloa polystachya showed high genotypic
variability in relation to the aboveground
biomass of biotypes from different regions
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(Pizarro, 1999). In another study, seeds of
barnyardgrass showed variation in germination
depending on age and duration of seed storage
and plasticity between biotypes was identified
as the cause of variation in seedling
emergence (Martinkova et al., 2006). These
results indicate that, in the case of species
with large physiological and morphological
variability, such as barnyardgrass, seed
soaking bioassays may not be adequate to
diagnose herbicide resistance. In addition,
another factor that may be associated with
the effectiveness of seed soaking for the
diagnosis of herbicide resistance is seed size.
Species with large seeds may have a more
uniform germination and result in better
discrimination of herbicide susceptible and
resistance biotypes, as observed in wheat and
barley (Escorial et al., 2001).

In the seedling bioassay, visual plant
injury and fresh weight accumulation
were significant for the interaction of biotypes
and herbicide concentrations (p<0.0001).
These variables were effective for the
identification of barnyardgrass resistance to
imazethapyr (Figures 2A, C; Table 2) and
imazapyr + imazapic (Figures 2B, D; Table 2).
The concentration that best discriminates
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Figure 2 - Plant visual injury (%) (A and B) and relative fresh weight accumulation (%) (C and D) as a proportion of the untreated
check of barnyardgrass resistant and susceptible to imidazolinones in different concentrations of the herbicides imazethapyr (A
and C) and imazapyr + imazapic (B and D) evaluated in the seedling bioassay. Curves were adjusted by the logistic model, and

the equation parameters are described in Table 2.

resistance was 0.001 mM for both herbicides.
The resistance factor between susceptible
and resistant biotypes for the herbicide
imazethapyr was 255 and 1288 for plant visual
injury and fresh weight accumulation,
respectively (Figures 2A, C; Table 2). For the
herbicide imazapyr + imazapic the resistance
factor was 1480 and 5585, respectively, for the
same variables (Figures 2B, D; Table 2).

In the tillers bioassay, there was significant
interaction between biotypes and herbicide

concentrations for root dry weight (p<0.01). This
variable was effective at discriminating
herbicide resistance to imazethapyr (Figure 3A,
Table 3) and imazapyr + imazapic (Figure 3B,
Table 3) at the concentration of 0.0001 mM to
both herbicides. The RF among biotypes was 47
and 89 to imazethapyr and imazapyr + imazapic,
respectively. In the seedling and tillers
bioassays, the FR was higher for the herbicide
imazapyr + imazapic compared to the
herbicide imazethapyr. This was due to a
lower magnitude of the parameters GR_, of
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Table 2 - Parameters of the logistic equation and resistance factor (RF) to plant visual injury and relative fresh weight accumulation
of barnyardgrass resistant and susceptible to imidazolinones in the seedling bioassay at 7 DAT of different concentrations of the

herbicides imazethapyr and imazapyr + imazapic

Biotype | b & & | e(GRs)'+1C¥95% | RFY + 1C95%
Plant visual injury (%)
Imazethapyr
Resistant -0.56 ** - 107.23 ** 0.17 ** (£0.05) 254.89* (£194.14)
Susceptible -0.25 ** - 108.72 ** 0.0006 * (+0.0006)
Imazapyr + imazapic
Resistant -0.58 ** - 104.82 ** 0.04 * (£ 0.02) 1479.6* (£822.97)
Susceptible -1.21 ** - 88.61 ** 0.000027 ** (+0.000008)
Relative fresh weight accumulation (%)
Imazethapyr
Resistant 0.42 ** -91.74 ** 97.68 ** 0.05 * (+0.031) 1288.35%* (+1039.75)
Susceptible 0.28 ** -135.40 ** 100.99 ** 0.0039 ** (£ 0.00002)
Imazapyr + imazapic
Resistant 0.33** -119.04 ** 102.66 ** 0.16 * (£ 0.098) 5584.50** (£3953.63)
Susceptible 0.25%* -124.69 ** 100.43 ** 0.00003 ** (£ 0.00001)

Vb is the slope of the curve around the point of inflection; ¢ lower limit, ¥d upper limit; ¥ e (G,)) is herbicide concentration that decreases
the response variable by 50%; ¥ Confidence intervals at 95%; ¢Resistance factor: GR,; ratio between the resistant and susceptible biotypes.

** p < 0.01; * p < 0.05; ¥ non-significant.
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Figure 3 - Root dry weight of as a proportion of the untreated check of barnyardgrass resistant and susceptible to
imidazolinones in different concentrations of the herbicides imazethapyr (A) and imazapyr + imazapic (B) evaluated in
the tiller bioassay. Curves were adjusted by the logistic model, and the equation parameters are described in Table 3.

the susceptible biotype in both variables, which
provided the largest variation between resistant
and susceptible biotypes. In similar studies
of seedling and tillers bioassays carried out
for other species and herbicides, the
discrimination of susceptible and resistant
biotypes was also successful. In studies with
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Lolium spp. the resistance to ACCase inhibitors
evaluated with seedlings grown in agar
containing herbicide could be identified at
10 days after treatment (Kaundun et al., 2011).
Furthermore, the identification of Sorghum
halepense resistant to clethodim and fluazifop-
P-butyl herbicides in seedling bioassays
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Table 3 - Parameters of the logistic equation and resistance factor (RF) to the root dry weight accumulation of barnyardgrass resistant
and susceptible to imidazolinones in the tiller bioassay at 7 DAT with different concentrations of the herbicides imazethapyr and

imazapyr + imazapic

Biotype bY ? | ¢ (GRgp)Y + ICY 95% | RFY £ 1C95%
Imazethapyr
Resistant 0.68 ** 94.53 ** 0.00119 ** (+ 0.00042) 47.23 ** (£ 23.37)
Susceptible 0.53 ** 103.63 ** 0.000025 ** (£ 0.0000085)
Imazapyr + imazapic
Resistant 0.85 ** 93.96 ** 0.0011 * (£ 0.0007) 88.93 * (£ 66.58)
Susceptible 0.55 * 104.33 ** 0.000013 ** (= 0.000005)

Vb is the slope of the curve around the point of inflection; ¥ d upper limit; ¥e (G,,) is herbicide concentration (mM) that decreases the
response variable by 50%; ¥ Confidence intervals at 95%; ¥Resistance factor: GR,, ratio between the resistant and susceptible biotypes. **

p < 0.01; * p < 0.05; ¥ Non-significant.

containing agar could be performed at five days
ofincubation (Burke et al., 2006). These studies
indicated the effectiveness of the seedling and
tiller bioassays for the rapid identification of
weed species resistant to several herbicides.

One of the practical situations to obtain
fast discrimination of herbicide resistance
may be the dilution of the spray solution used
at field conditions in order to obtain the
recommended discriminatory concentration.
The recommended field doses of 106 g ha' of
imazethapyr and 73.5 + 24.5 g ha! of imazapic
+ imazapyr in a spray volume of 100 L ha! are
equivalent to concentrations of 3.66 and
2.81 mM, respectively. The discriminatory
concentration of 0.001 mM in the seedlings
bioassay can be obtained by diluting the
field spray solution in the proportion of 1 /3668
and 1/2816 for the herbicides imazethapyr
and imazapyr + imazapic, respectively. For
the tiller bioassay, the discriminatory
concentration of 0.0001 mM can be obtained by
the dilution of the spray solution in a proportion
of 1/36678 and 1/28161, to imazethapyr and
imazapyr imazapic, respectively. It should be
noted that using this procedure identify
herbicide resistance in barnyardgrass should
ideally take place through the use of susceptible
and resistant biotypes as a known standard
for the comparison with the plants in the
evaluation.

In the experiment of the evaluation of
alternative herbicides to control barnyardgrass
biotypes resistant to imidazolinones, there
was significant interaction between biotypes
and herbicides in both variables evaluated

(Table 4). The herbicides penoxsulam,
bispyribac-sodium and pyrazosulfuron-ethyl
did not provide effective control in most of
the barnyardgrass biotypes evaluated (Table
4). This indicates that the biotypes of
barnyardgrass selected by the imidazolinone
herbicides are cross-resistant to the other
herbicides described above, which had the
same mechanism of action. However, different
levels of control with these herbicides were
observed among biotypes, where the herbicide
penoxsulam was more effective in controlling
ITAQU16, ITAQU17 and ITAQU 18 biotypes in
relation to other ALS inhibitor herbicides.
Likewise, bispyribac-sodium, which is also an
ALS inhibitor, was the most effective in
controlling the biotypes ITAQU13, ITAQU 14,
ITAQU15, ITAQU19, ITAQU20, URUGU22 and
URUGU23 than the other herbicides of the
same mechanism of action. Superior efficacy
of the ALS inhibitor pyrazosulfuron-ethyl was
also observed in control MOSTSS1 biotype
compared to other herbicides of the same
mechanism of action. The herbicides
profoxydim and cyhalofop-butyl controlled all
biotypes evaluated and can be used to control
barnyardgrass resistant to imidazolinones.
Quinclorac also provided high level of control
of most of the biotypes evaluated, with the
exception of biotype MOSTS51, who survived
the application of this herbicide.

Variation in the cross-resistance
pattern of the ALS-inhibiting herbicides was
also observed in other species. Cyperus
difformis, a biotype resistant to bensulfuron-
methyl, orthosulfamuron, imazethapyr,
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propoxycarbazone bispyribac-sodium and
sodium-penoxsulam, was susceptible to
halosulfuron-methyl (Merotto Jr. et al., 2009a).
In addition, twelve different cross-resistance
patters to the chemical groups of five ALS
inhibitors were observed in 56 biotypes of this
species (Merotto Jr. et al., 2010). Other studies
with C. difformis found cross-resistance to
bensulfuron-methyl, cinosulfuron, imazamox
and bispyribac-sodium, and susceptibility to
halosulfuron-methyl (Busi et al., 2006). In

MATZENBACHER, F.O. et al.

Arabidopsis thaliana, was also observed
variation of the patterns of resistance among
22 ALS inhibitors evaluated (Roux et al., 20095).
The different cross-resistance pattern to
ALS-inhibitors found in this study and other
studies indicated the complexity and
variability of the resistance to these herbicides
that may be associated with the differential
ability of the herbicide detoxification or of the
conformational structure of the ALS enzyme
in different weed biotypes.

Table 4 - Plant visual injury (%) at 21 DAT and aboveground dry weight at 28 DAT of barnyardgrass biotypes resistant to
imidazolinone herbicides treated with different herbicides applied at post-emergence

Biotype Uz;r:glied Penoxsulam Bi:ggirlillsﬁc_ Pyraz;)ts}lll;furon— Profoxydim Cyl;etlllt(;op— Quinclorac
Plant visual injury (%)
ITAQU13 EO0aY D57d B77a D55b A80a A80a c70d
ITAQU14 EOa Co60c B75b D55b A78b AB77c¢ Co60g
ITAQUIS FOa ESi c40f D101 A80a A80a B77b
ITAQU16 FOa El0g Cc60d D17h A77b ATlc B72c¢
ITAQU17 EOa D5i C35h B38d A80a A 78 be A78b
ITAQUI1S8 EOa EOj D37¢g C42c¢ A80a A80a B 66 f
ITAQU19 EOa D7h B58e C10i A80a A80a A78b
ITAQU20 FOa E8h c40f D23 g B73d B75d A80a
URUGU22 EOa D40e B77a D42c A80a AB 78 be Co68e
URUQU23 FOa EI13f C35h D28 f A80a B75d B77b
CACHS50 EOa D63 b Co68¢c Co69a A80a A80a B73¢
MOSTS51 DOa B40e B38¢g C35e A77b A 78 bc DOh
SANTMS52 FOa D67a CD68¢c E37d B75¢ A80a c70d
Shoot dry weight (%)
ITAQUI13 A 100.0 a B15.6d BC 8.9 fg C77¢g C5.4ab C6.5bc BC 8.1 bc
ITAQU14 A 100.0 a B21.3d D65g Cl143 fg CD10.6a CD 9.4 bc D5.7b
ITAQUIS A 100.0 a B444c C21.2de C249de D 5.4 ab D 4.9bc D4.7b
ITAQU16 A 100.0a B61.3b C 253 cde DE 18.6 ef EF 129a CD21.1a F7.0b
ITAQU17 A 100.0a B494c D 28.5 bed C36.0c E 4.6 ab E 8.8 bc E3.1b
ITAQUI8 A100.0a B72.1a D41.7a C558a E13b E 1.7bc E51b
ITAQU19 A 100.0 a B484c D 18.1 ef C 38.6 bc F14b EF28c E93Db
ITAQU20 A 100.0 a B 62.8 ab D 33.8 abc C47.0 ab E290b El5c E2.8b
URUGU22 A 100.0 a B17.6d CD6.8¢g BC 124 fg D5.2ab D5.2bc D48b
URUQU23 A 100.0 a B43.1c¢ C 26.8 bed C33.0cd D 4.8 ab D 4.3 bc D29b
CACHS50 A 100.0a B163d B 20.6 de B 17.7 ef C32ab C23c¢ C55b
MOSTS51 A 100.0a E20.0d D 36.8 ab C48.7a F9.8 ab EF 13.1 ab B592a
SANTMS52 A 100.0 a B149d B 18.0 ef B 13.7 fg C4.7ab C6.7bc C4.8b

probability.
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Means followed by the same capital letter within lines and lower case letter within columns are not different by the DMS test at 5% of
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Rapid diagnosis of imidazolinone
resistance in barnyardgrass is achieved
through the seedlings and tiller bioassays. The
concentration of imazethapyr and imazapyr +
imazapic that best differentiates resistant and
susceptible biotypes is 0.001 and 0.0001 mM
in the bioassays with seedlings and tillers,
respectively. The barnyardgrass biotypes
resistant to imidazolinones showed variations
in susceptibility to herbicides penoxsulam,
bispyribac-sodium and pyrazosulfuron-ethyl.
The herbicides profoxydim and cyhalofop-
butyl were effective for post-emergence
control of all biotypes identified as resistant to
imidazolinone and are alternatives for the
management of barnyardgrass resistant to
ALS-inhibiting herbicides.
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