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Abstract: Conyza bonariensis L. (hairy fleabane) is a significant weed in production systems, especially
due to its evolving resistance to various herbicides. In Uruguay, control failures of C. bonariensis
have been reported following the use of glyphosate and ALS inhibitors. The objective of this study
was to investigate the occurrence of the multiple and cross-resistance of C. bonariensis to glyphosate,
chlorimuron, and diclosulam, and to assess the efficacy of alternative herbicides against these resistant
biotypes. Seeds were collected from sites where plants had survived herbicide applications during the
2019/2020 and 2020/2021 seasons. Following initial screenings, biotypes were selected to establish
independent dose–response curves for glyphosate, diclosulam, and chlorimuron. For each herbicide,
four biotypes of C. bonariensis were tested: one susceptible (S), two putatively moderately resistant
(MR) biotypes, and one putatively highly resistant (R) biotype. In each assay, eight herbicide doses
were used (1/32; 1/16; 1/8; 1/2; 1; 2; and 4X for S and MR biotypes, and 1/8; 1/2; 1; 2; 4; 8; and 16X
for R biotypes) based on the recommended dose (1x) for each herbicide, with four repetitions per
treatment. Each assay was completely replicated twice. Resistance was confirmed through testing in
two plant generations (G1 and G2). The findings reveal high levels of multiple and cross-resistance
in C. bonariensis to glyphosate, diclosulam, and chlorimuron. In general, herbicides with alternative
action mechanisms effectively controlled C. bonariensis exhibiting multiple and cross-resistance. This
study confirms the first case of C. bonariensis cross-resistance to diclosulam and chlorimuron, and
the first occurrence of multiple and cross-resistance to glyphosate, diclosulam, and chlorimuron in
this species.

Keywords: EPSPS inhibitor; ALS inhibitors; herbicide resistance; South America; hairy fleabane;
weeds

1. Introduction

The evolution of herbicide-resistant weed biotypes represents a significant challenge
in agricultural systems, leading to substantial reductions in crop productivity and increased
environmental impacts associated with their management. Within the Conyza genus, over
100 cases of herbicide resistance have been reported, predominantly in Conyza bonariensis
L. Cronquist (hairy fleabane), Conyza canadensis L. Cronquist (horseweed), and Conyza
sumatrensis Retz. E. Walker (Sumatran fleabane). These species exhibit resistance to herbi-
cides, including inhibitors of 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) and
acetolactate synthase (ALS), synthetic auxins, and photosystem I, among others [1,2].

In Uruguay, C. bonariensis (synonym: Erigeron bonariensis L.), a member of the Aster-
aceae family native to South America, is particularly problematic in agricultural production
systems. It infests both winter and summer crops as well as pastures and is widely dis-
tributed across regions in Argentina, Brazil, Paraguay, and Uruguay [3]. The prevalence of
C. bonariensis has escalated with the adoption of no-tillage systems and the introduction
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of glyphosate-resistant soybean. This trend, observed since the 1990s in Uruguay and its
agricultural neighboring regions, poses significant challenges [4].

The detrimental impact of C. bonariensis on crop yields primarily arises from its
competition for essential resources such as water, nutrients, and light. At densities reaching
2.7 plants m−2, Conyza spp. are capable of reducing soybean yields by as much as 50% [5].
C. bonariensis is a herbaceous type of weed, characterized by an annual life cycle, which
can thrive in a variety of agricultural settings. Remarkably, a single plant can produce over
800,000 seeds [6,7], which can be dispersed over long distances by wind, contributing to its
widespread distribution.

The high seed output and adaptability of C. bonariensis to production systems, cou-
pled with the repeated and frequent use of herbicides with the same mode of actions,
have led to the selection of resistant biotypes. To date, 21 cases of herbicide-resistant C.
bonariensis have been reported globally, primarily involving resistance to glyphosate and
paraquat [2]. In Uruguay, glyphosate was the principal herbicide for controlling C. bonar-
iensis for many years. However, since 2013, with the emergence of glyphosate-resistant C.
bonariensis biotypes, ALS-inhibiting herbicides have gained popularity for pre- and post-
emergence management of this species in soybeans [4]. Yet, recent reports indicate failures
in controlling C. bonariensis with ALS inhibitors, particularly diclosulam and chlorimuron.

In light of these events, the objective of this study was to investigate the presence of
multiple and cross-resistance to glyphosate, chlorimuron, and diclosulam in Uruguayan
C. bonariensis biotypes. Additionally, the study aimed to evaluate the effectiveness of
alternative herbicides in controlling these resistant biotypes.

2. Materials and Methods
2.1. Seed Collection and Preliminary Studies

Seeds from 46 Conyza spp. biotypes were collected in agricultural fields and pastures
across various departments in Uruguay during the summer seasons of 2019/2020 and
2020/2021. These biotypes were gathered from fields where control failures were reported
by farmers and agronomists after applying recommended doses of glyphosate and/or
diclosulam and/or chlorimuron. Sampling in each field was conducted based on the
distribution of Conyza plants. To ensure representative samples, approximately 1 hectare
was surveyed in an inverted “V” pattern, starting 10 m inside the paddock from the crop
edge. In each field, seeds from at least 10 Conyza plants were collected, stored in paper
bags, air-dried at room temperature, and then stored under refrigerated conditions (4 ◦C).

A screening study was carried out using the collected seeds, with glyphosate, diclosu-
lam, and chlorimuron each being applied at their recommended doses individually to all
Conyza biotypes. From this initial study and the morphological characterization of biotypes
as described by Ulzurrun et al. [8], a total of five C. bonariensis biotypes were selected
for subsequent experiments (Table 1). However, it was not possible to select susceptible
biotypes of C. bonariensis from this collection. Thus, a known susceptible biotype (biotype
CB-I) from Rio Grande do Sul, Brazil, previously identified as susceptible (S) by Kaspary
et al. [9], was used as a control. Surviving plants of the initial screening from each biotype,
generation 0 (G0), were allowed to self-pollinate in order to increase homozygosity of
generation 1 (G1). These seeds were stored in paper bags at ca. 4 ◦C for a minimum of
three months to break dormancy before use in subsequent experiments. Dose–response
experiments were conducted with G1 of the four biotypes for each herbicide. An untreated
plant from each biotype of G1 was allowed to self-pollinate to produce generation 2 (G2),
for which dose–response experiments were repeated.
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Table 1. Origin of Conyza bonariensis biotypes and characterization after the screening with glyphosate
(GLY), diclosulam (DIC), and chlorimuron (CHL). INIA-LE, Colonia-Uruguay, 2023.

Biotype Municipality Department Crop Characterization after Screening

CB-I - - - Susceptible to all herbicides
CB-II Chamizo Florida Soybean/Corn Moderately resistant to GLY and DIC
CB-III La Estazuela Colonia Soybean/Corn Moderately resistant to GLY and CHL
CB-IV Riachuelo Colonia Soybean/Corn Resistant to all herbicides
CB-V Cuchilla Soriano Soybean/Corn Moderately resistant to DIC
CB-VI Perseveriano Soriano Soybean/Corn Moderately resistant to CHL

2.2. Dose–Response Experiments

Approximately 1.5 g of mature seeds from each biotype was immersed in water for
24 h to stimulate germination and then sown into plastic trays filled with a commercial
substrate (BioTerra Sustrato®, Canelones, Uruguay). Following the emergence of the first
true leaves, seedlings were transplanted into 0.3 L plastic pots containing a 3:1:1 mixture
of soil, substrate, and vermiculite (v/v), with one plant per pot. Three separate herbicide
dose–response assays were conducted for glyphosate, chlorimuron, and diclosulam. All
experiments followed a randomized block design with four replications and were repeated
under greenhouse conditions (25 ± 5 ◦C, 14/10 h light/dark cycle, and daily irrigation) in
2021 (G1-repetitions 1 and 2) and 2022 (G2-repetitions 1 and 2). For each herbicide, four C.
bonariensis biotypes were tested: one susceptible (S), two putatively moderately resistant
(MR) biotypes, and one putatively highly resistant (R) biotype. Herbicide treatments
involved 8 doses, considering the recommended rate (1X) of 720 g ae ha−1 for glyphosate,
25.2 g ai ha−1 for diclosulam, and 50 g ai ha−1 for chlorimuron. Doses of 1/32; 1/16; 1/8;
1/2; 1; 2; and 4X were applied to S and MR biotypes, and 1/8; 1/2; 1; 2; 4; 8; and 16X to R
biotypes. Applications were made on plants at the 4–6 leaf stage using a cabinet sprayer
fitted with XR8010 nozzles, set to deliver 150 L ha−1 at 250 kPa.

Plant response (%) was assessed 28 days after herbicide application (DAA); visual
scores were assigned to each experimental unit (a pot with one plant), where 0% indicated
no damage, and 100% indicated complete plant death. Shoot dry mass (SDM) measure-
ments were also conducted 28 DAA. Above ground biomass of each plant was harvested,
placed in paper bags, oven-dried at 70 ◦C until constant weight was achieved, and then
weighed. Relative SDM was calculated by comparing the weight of treated plants with
their corresponding untreated controls (considered as 100%).

2.3. Alternative Herbicides for Managing Resistant C. bonariensis Biotypes

To explore management alternatives for resistant biotypes, an experiment was conducted
using a completely randomized factorial design with a 6 × 8 arrangement. Plants from each of
the six C. bonariensis biotypes (CB-I, CB-II, CB-III, CB-IV, CB-V, and CB-VI) were subjected to
either a control treatment (unsprayed) or to treatments with various herbicides: imazethapyr,
ammonium-glufosinate, paraquat, diquat, 2,4-D, dicamba, and saflufenacil (Table 2). Four
replicates were also used for this study, which was repeated twice in a greenhouse from
October to December 2022. Second generation (G2) seeds from the six C. bonariensis biotypes
were grown, treated, and evaluated as previously described in Section 2.2.

Table 2. Herbicide alternatives tested for managing glyphosate-, diclosulam-, and chlorimuron-
resistant C. bonariensis biotypes. INIA-LE, Colonia-Uruguay, 2023.

Treatment Dose (g ai or g ae ha−1) Group

Control (unsprayed) - -
Imazethapyr 98 B—ALS inhibitors

Ammonium-glufosinate 400 H—GS inhibitors
Paraquat 400 D—photosystem I inhibitors
Diquat 400 D—photosystem I inhibitors
2,4-D 727.5 O—synthetic auxins

Dicamba 144 O—synthetic auxins
Saflufenacil 24.5 E—PPO inhibitors
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2.4. Statistical Analysis

The data obtained from the dose–response experiments for each herbicide and gen-
eration were analyzed using analysis of variance (ANOVA) via the F-test (p < 0.05) with
the Statistical Analysis System (SAS® OnDemand for Academics, 2022). Results from
experiments conducted in different years showed no significant year effect, allowing for
the pooling of data. Subsequently, the data were fitted to a three-parameter model using
the SigmaPlot statistical program, version 10.0 (Systat Software, Inc., San Jose, CA, USA),
according to the following equation:

Y = a/(1 + exp (−(X − X050)/b))

where Y represents the dependent variable (either control % or dry mass); X denotes the
independent variable (herbicide dose in g ae or ai ha−1); “a” is the upper limit; X050 is
the herbicide dose (in g ae or ai ha−1) that reduces the dependent variable to 50% of the
upper limit; and “b” describes the slope around X050. Using this equation, the following
coefficients were calculated: the X50 value, representing the herbicide dose required for
50% control (C50) or a 50% reduction in SDM (GR50) for each biotype. Additionally, the
resistance factor (RF) was calculated by dividing the C50 and GR50 values of resistant
and susceptible biotypes, respectively (C50R/C50S and GR50/GR50S). The resistance factor
quantifies how many times greater the dose needed to achieve 50% control or growth
reduction in resistant biotypes is compared to that required for susceptible biotypes [10].

The results regarding alternative herbicides for managing resistant C. bonariensis
biotypes were analyzed by ANOVA using the Statistical Analysis System (SAS® OnDemand
for Academics, 2022). The data showed no significant interaction between years, and thus
were pooled for further analysis. Significant differences between treatments were declared
after Tukey’s test at the 5% significance level.

3. Results
3.1. Confirmation of C. bonariensis Resistance to Glyphosate

The evaluation of resistance levels in generation 1 (G1) of C. bonariensis to glyphosate
indicated that biotype CB-IV is highly resistant, while biotypes CB-II and CB-III exhibit
moderate to mild resistance, and biotype CB-I is susceptible, as expected (Figure 1). Control
and shoot dry mass (SDM) responses to varying doses of glyphosate confirmed significant
differences among the tested biotypes (Figure 1A,B). Biotype CB-I was effectively controlled
at doses around 100 g ha−1, whereas biotype CB-IV was not completely controlled even at
the highest dose of 11,520 g ha−1. Biotypes CB-II and CB-III showed intermediate resistance,
achieving 100% control with a glyphosate dose of 2880 g ha−1. Shoot dry mass reduction
followed a similar pattern, with biotype CB-I being susceptible, CB-II and CB-III moderately
resistant, and CB-IV highly resistant. The resistance factor (RF), based on SDM reduction,
varied from 12.47 for biotype CB-III to 110.22 for biotype CB-IV (Figure 1B; Table 3).

Glyphosate dose–response experiments on generation 2 (G2) yielded similar results
(Figure 2A,B). The RF values, derived from SDM reduction, were slightly higher for G2
compared to G1. Nonetheless, the resistance patterns remained consistent, with intermedi-
ate resistance in biotypes CB-II and CB-III, and high resistance in biotype CB-IV, exhibiting
RF values of 19.00, 13.60, and 120.87, respectively (Figure 2A).

The values for 50% control (C50) and 50% growth reduction (GR50) demonstrated
marked differences among biotypes in both generations tested (Table 3). Biotype IV exhib-
ited C50 and GR50 values exceeding 3700 g ha−1 in G1 and over 4000 g ha−1 in G2 for both
variables. In contrast, C50 values for biotypes II and III ranged from 645.86 to 407.90, while
GR50 values varied between 423.51 and 656.99 (Table 3). The application of logistic-type
mathematical models provided an excellent fit to the data, with determination coefficients
exceeding 92% (Table 3).
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Table 3. Resistance factor (RF) and parameters of the log-logistic equation used to calculate glyphosate
doses required for 50% control (C50) and 50% growth reduction (GR50) in generations 1 and 2 of
putatively glyphosate-susceptible (CB-I) and -resistant (CB-II, CB-III, and CB-IV) C. bonariensis
biotypes, evaluated 28 days after herbicide application (DAA). INIA-LE, Colonia, Uruguay, 2023.

Biotype a b C50 or GR50 (g ae ha−1) R2 RF

G
en

er
at

io
n

1—
G

1

Control 28 DAA

CB-I 98.13 5.53 35.30 0.99 -
CB-II 93.91 402.25 598.77 0.94 16.96
CB-III 92.42 299.18 407.90 0.92 11.55
CB-IV 93.45 1960.83 3872.78 0.94 109.71

SDM Reduction-28 DAA

CB-I 94.66 1.18 33.95 0.99 -
CB-II 91.48 295.28 529.48 0.97 15.60
CB-III 84.23 260.56 423.51 0.95 12.47
CB-IV 88.64 1727.84 3742.15 0.97 110.22

G
en

er
at

io
n

2—
G

2

Control 28 DAA

CB-I 97.65 5.77 34.84 0.99 -
CB-II 86.24 432.81 645.86 0.94 18.54
CB-III 91.23 299.36 445.92 0.92 12.80
CB-IV 95.31 1902.57 4011.44 0.96 115.14

SDM Reduction-28 DAA

CB-I 94.11 5.29 34.58 0.99 -
CB-II 88.54 414.06 656.99 0.90 19.00
CB-III 86.81 364.40 470.16 0.91 13.60
CB-IV 92.42 2069.18 4179.80 0.94 120.87

3.2. Confirmation of C. bonariensis Resistance to Diclosulam

The evaluation of resistance levels in G1 of C. bonariensis to the herbicide diclosulam
indicated that biotype CB-IV is highly resistant, while biotypes CB-II and CB-V exhibit
moderate resistance, and biotype CB-I is susceptible (Figure 3). The RFs calculated using
C50 and GR50 values were similar. Based on SDM, CB-II, CB-V, and CB-IV were 2.89, 9.26,
and 57.82 times more resistant to diclosulam than CB-I, respectively (Figure 3 and Table 4).

Table 4. Resistance factor (RF) and parameters of the log-logistic equation used to calculate diclosulam
doses required for 50% control (C50) and 50% growth reduction (GR50) in generations 1 and 2 of
putatively diclosulam-susceptible (CB-I) and -resistant (CB-II, CB-IV and CB-V) C. bonariensis biotypes,
evaluated 28 days after herbicide application (DAA). INIA-LE, Colonia, Uruguay, 2023.

Biotype a b C50 or GR50 (g ai ha−1) R2 RF

G
en

er
at

io
n

1—
G

1

Control 28 DAA

CB-I 95.87 0.44 1.34 0.97 -
CB-II 95.75 2.07 4.33 0.98 3.23
CB-IV 86.62 56.91 72.44 0.92 54.06
CB-V 88.02 12.11 17.75 0.93 13.25

SDM Reduction-28 DAA

CB-I 84.79 0.22 1.32 0.99 -
CB-II 78.62 1.83 3.82 0.97 2.89
CB-IV 84.27 46.00 76.33 0.95 57.82
CB-V 81.66 9.67 12.23 0.92 9.26

G
en

er
at

io
n

2—
G

2

Control 28 DAA

CB-I 96.81 0.53 1.38 0.97 -
CB-II 94.76 2.59 4.40 0.96 3.19
CB-IV 85.18 66.40 81.86 0.92 59.32
CB-V 95.46 12.28 19.97 0.94 14.47

SDM Reduction-28 DAA

CB-I 86.97 0.24 1.29 0.99 -
CB-II 78.05 1.78 3.19 0.95 2.47
CB-IV 87.59 37.90 70.85 0.98 54.92
CB-V 79.56 9.70 16.59 0.95 12.86
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The biotype’s response to diclosulam in G2 was similar to that observed in G1
(Figure 4). Biotype CB-IV remained the most resistant, not being completely controlled
even at a dose of 403.2 g ai ha−1. The data from the diclosulam dose–response experiments
fitted well to the log-logistic model, yielding determination coefficients greater than 0.91
for both plant generations and across both variables of control and SDM reduction (Table 3).
Regarding C50, GR50, and RFs values, results were consistent across generations for all
biotypes (Table 4).

3.3. Confirmation of C. bonariensis Resistance to Chlorimuron

The resistance of G1 C. bonariensis biotypes CB-III, CB-IV, and CB-VI to chlorimuron
was evaluated, and compared with the susceptible control biotype CB-I (Figure 5). The
three biotypes putatively resistant to chlorimuron, according to the initial screening, were
not controlled with the recommended field rate of 50 g ai ha−1. Specifically, biotypes CB-III
and CB-IV showed only 30% control at this rate. Based on SDM reduction data, CB-VI was
classified as moderately resistant (RF 7.54), while biotypes CB-III and CB-IV were classified
as highly resistant to chlorimuron (RFs 20.71 and 79.73, respectively) (Figure 5B).

Resistance to chlorimuron was also confirmed in G2 C. bonariensis biotypes (Figure 6).
The observed control levels and RFs were similar to those observed for G1. For biotype
CB-IV, even the highest tested dose of chlorimuron, 800 g ai ha−1, did not result in complete
plant death, achieving only approximately 80% control (Figure 6A). In terms of SDM
reduction, biotypes CB-III and CB-IV again exhibited the highest resistance levels, with RFs
of 21.52 and 89.07, respectively (Figure 6B).

Data from both generations (G1 and G2) adequately fitted the log-logistic equation
proposed, with R2 coefficients equal to or greater than 0.93 for the variables of control and
SDM reduction (Table 5). The two most resistant biotypes (CB-III and CB-IV) consistently
demonstrated high tolerance to chlorimuron, as evidenced by both control and shoot dry
mass (SDM) reduction variables in both plant generations. For these biotypes, the C50 and
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GR50 values were higher than the recommended chlorimuron field application rate of 50 g
ai ha−1, exceeding 200 g ai ha−1 for biotype CB-IV.
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Figure 6. Control (%) (A) and shoot dry mass (SDM) reduction (B) in generation 2 of putatively
chlorimuron-susceptible (CB-I) and -resistant (CB-III, CB-IV, and CB-VI) C. bonariensis biotypes,
evaluated 28 days after herbicide application. INIA-LE, Colonia, Uruguay, 2023.

Table 5. Resistance factor (RF) and parameters of the log-logistic equation used to calculate chlo-
rimuron doses required for 50% control (C50) and 50% growth reduction (GR50) in generations 1 and
2 of putatively chlorimuron-susceptible (CB-I) and -resistant (CB-III, CB-IV, and CB-VI) C. bonariensis
biotypes, evaluated 28 days after herbicide application (DAA). INIA-LE, Colonia, Uruguay, 2023.

Biotype a b C50 or GR50 (g ai ha−1) R2 RF

G
en

er
at

io
n

1—
G

1

Control 28 DAA

CB-I 96.88 0.99 2.81 0.97 -
CB-III 89.74 34.34 57.16 0.93 20.34
CB-IV 93.66 129.44 217.32 0.94 77.34
CB-VI 88.64 15.46 22.64 0.95 8.06

SDM Reduction-28 DAA

CB-I 84.72 0.56 2.57 0.96 -
CB-III 84.38 24.46 53.23 0.93 20.71
CB-IV 86.60 102.14 204.14 0.95 79.43
CB-VI 79.06 11.99 19.40 0.96 7.54

G
en

er
at

io
n

2—
G

2

Control 28 DAA

CB-I 97.90 0.80 2.78 0.98 -
CB-III 88.48 31.19 60.88 0.96 21.90
CB-IV 81.92 148.07 232.87 0.93 83.77
CB-VI 100.08 6.95 15.16 0.99 5.45

SDM Reduction-28 DAA

CB-I 87.55 0.49 2.63 0.98 -
CB-III 86.93 27.83 56.58 0.96 21.52
CB-IV 80.28 138.75 234.26 0.93 89.07
CB-VI 92.93 8.89 16.61 0.97 6.32
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3.4. Alternative Herbicides for Managing Resistant C. bonariensis Biotypes

Conyza bonariensis biotypes resistant to the tested herbicides (glyphosate, diclosulam,
and chlorimuron) demonstrated significant differences in their response to treatment
with alternative herbicides (Tables 6 and 7). Among the resistant biotypes, the lowest
control effectiveness was observed with the herbicide imazethapyr (an ALS inhibitor),
particularly in biotype CB-IV, which exhibited only 22.75% control. A higher level of
control, approximately 80%, was achieved for biotypes CB-III, CB-V, and CB-VI, while in
biotypes CB-I and CB-II, plant death was nearly complete, exceeding 96%. (Table 6).

Table 6. Evaluation of control (%) in Conyza bonariensis biotypes susceptible and resistant to
glyphosate, diclosulam, and chlorimuron, treated with alternative herbicides. Assessment conducted
28 days after application. INIA-LE, Colonia, Uruguay, 2023.

Treatment
Biotype

CB-I CB-II CB-III CB-IV CB-V CB-VI

%
Untreated 0.00 Ba * 0.00 Ba 0.00 Ca 0.00 Ca 0.00 Ca 0.00 Ca

Imazethapyer 98.00 Aa 96.50 Aa 78.50 Bb 22.75 Bc 82.25 Bb 73.50 Bbc
Ammonium-glufosinate 100.00 Aa 100.00 Aa 100.00 Aa 100.00 Aa 100.00 Aa 100.00 Aa

Paraquat 100.00 Aa 100.00 Aa 100.00 Aa 100.00 Aa 100.00 Aa 100.00 Aa
Diquat 100.00 Aa 97.00 Aa 100.00 Aa 98.50 Aa 98.25 Aa 96.75 Aa
2,4-D 100.00 Aa 100.00 Aa 100.00 Aa 70.25 Bc 96.50 Aab 90.50 Bb

Dicamba 100.00 Aa 100.00 Aa 98.75 Aa 95.75 Aa 100.00 Aa 97.25 Aa
Saflufenacil 100.00 Aa 98.25 Aa 100.00 Aa 97.50 Aa 100.00 Aa 100.00 Aa

CV (%) ** 12.27

* Capital letters compare the control of Conyza bonariensis biotypes with the same herbicide in the row, while
lowercase letters compare the effect of different herbicide treatments in the column. Treatment means (n = 8)
followed by the same letter are not statistically different according to Tukey’s test at 5%. ** Coefficient of variation.

Table 7. Shoot dry mass (SDM) accumulation of Conyza bonariensis biotypes susceptible and resis-
tant to glyphosate, diclosulam, and chlorimuron, treated with alternative herbicides. Assessment
conducted 28 days after application. INIA-LE, Colonia, Uruguay, 2023.

Treatment
Biotype

CB-I CB-II CB-III CB-IV CB-V CB-VI

g
Control 2.156 Aa * 1.305 Ab 1.593 Ab 2.147 Aa 2.337 Aa 1.315 Ab

Imazethapyr 0.376 Bc 0.365 Bc 0.455 Bc 1.985 Aa 1.071 Bb 0.504 Bc
Amonium- glufosinate 0.072 Ca 0.101 Ca 0.120 Ca 0.105 Ca 0.095 Da 0.089 Ca

Paraquat 0.068 Ca 0.114 Ca 0.093 Ca 0.127 Ca 0.143 Da 0.108 Ca
Diquat 0.095 Ca 0.148 Ca 0.135 Ca 0.182 Ca 0.139 Da 0.200 Ca
2,4-D 0.238 BCc 0.312 Bc 0.286 BCc 1.356 Ba 0.527 Cbc 0.708 Bb

Dicamba 0.211 BCa 0.182 BCa 0.231 BCa 0.248 Ca 0.237 Da 0.165 Ca
Saflufenacil 0.128 BCa 0.194 BCa 0.187 BCa 0.204 Ca 0.192 Da 0.174 Ca

CV (%) ** 14.72

* Capital letters compare (in the row) the SDM accumulation of Conyza bonariensis biotypes treated with the same
herbicide, while lowercase letters compare the effect of different herbicide treatments in the column. Treatment
means (n = 8) followed by the same letter are not statistically different according to Tukey’s test at 5%. ** Coefficient
of variation.

Herbicides with mechanisms of action different from those to which the studied
biotypes evolved resistance, such as ammonium-glufosinate, paraquat, diquat, and saflufe-
nacil, demonstrated high control efficacy across all tested C. bonariensis biotypes, with
control values exceeding 96%. However, the herbicide 2,4-D showed more limited control
against biotypes CB-IV and CB-VI, with control rates of 70.25% and 90.50%, respectively. In
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contrast, dicamba, a Group 4 herbicide similar to 2,4-D, achieved control rates exceeding
97% for all tested biotypes (Table 6).

The SDM values (g plant−1) for C. bonariensis biotypes treated with various herbicides
mirrored the control results (Table 7). After being sprayed with imazethapyr, biotype
CB-IV’s dry matter accumulation was 1.985 g plant−1, which was not different from the
untreated control. This biotype also showed intermediate dry matter accumulation after
treatment with 2,4-D (1.356 g plant−1). The remaining herbicides tested demonstrated high
levels of SDM reduction in plants from all C. bonariensis biotypes compared to the untreated
control.

4. Discussion

The reliance on chemical control for managing C. bonariensis in Uruguayan produc-
tion systems has led to the selection of biotypes that are now difficult to control with
herbicides that were commonly effective in the past, such as glyphosate, diclosulam, and
chlorimuron. A resistance factor (RF) above 100 in biotype CB-IV clearly demonstrates
the high level of glyphosate resistance observed in this study. This outcome is consistent
with the intense selection pressure resulting from the widespread and almost exclusive
use of this herbicide for managing C. bonariensis within agricultural crops. This trend
became particularly pronounced with the introduction of glyphosate-resistant soybean
and corn cultivars, coupled with the widespread adoption of direct drilling practices re-
liant on this herbicide [4]. Glyphosate-resistant C. bonariensis biotypes have previously
been reported in other countries of the region, such as Brazil [11–13] and Argentina [14],
and more recently, in other parts of the world such as Colombia and South Africa [15,16].
Unlike the findings of this study, these reports generally indicate relatively low levels
of glyphosate resistance, with RFs typically below 10. However, studies involving other
Brazilian glyphosate-resistant C. bonariensis biotypes have reported RFs above 50 [9]. In the
current study, high levels of glyphosate resistance were observed in both plant generations,
confirming the heritability of this trait. This aspect is crucial for validating the selection of
herbicide-resistant weed populations.

The mechanisms underlying herbicide resistance in these C. bonariensis biotypes might
be associated with modifications at the glyphosate target site, specifically a mutation at
position 106 of the EPSPS (P106S), as described in previous studies [17,18]. However, these
studies link such DNA changes to cases of low-level resistance. Other research additionally
suggests an increase in EPSPS enzyme activity and correlates these changes with biotypes
that exhibit high-level glyphosate resistance [9,19]. Nevertheless, it is possible that non-
target site mechanisms may also contribute to glyphosate resistance, including reduced
absorption and translocation, vacuolar sequestration, and altered metabolism [16,20–23].

Dose–response experiments with acetolactate synthase (ALS)-inhibiting herbicides
from different chemical families, diclosulam and chlorimuron, confirmed the occurrence of
cross-resistance to these two herbicides in both plant generations (G1 and G2). Resistance
to these herbicides emerged as ALS inhibitors have been extensively used to manage
glyphosate resistance, leading to the evolution of populations with multiple and cross-
resistance [24]. For C. bonariensis, no international reports of resistance to chlorimuron
or diclosulam exist, nor are there known cases of cross-resistance to two ALS inhibitors
or multiple resistance including glyphosate [2]. However, in C. sumatrensis (Sumatran
fleabane), a species within the same genus as C. bonariensis, cases of multiple resistance to
glyphosate and chlorimuron have already been documented in Brazil and Paraguay [1,25].

In a study involving more than 1100 populations of these two Conyza species from
various soybean-producing regions in Brazil, no C. bonariensis accessions resistant to chlo-
rimuron were identified. However, out of this total, 39.6% of the Sumatran fleabane
populations were resistant to both glyphosate and chlorimuron [26]. Furthermore, a pop-
ulation of C. sumatrensis has already been confirmed to exhibit multiple resistance to
five herbicide action sites: PSII inhibitors (paraquat), PS I Electron Diversion (diuron),
protoporphyrinogen oxidase inhibition (saflufenacil), enolpyruvyl shikimate phosphate
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synthase inhibition (glyphosate), and auxin mimics (2,4-D) [27]. Additionally, there is a
reported case of cross-resistance in C. sumatrensis to the ALS inhibitors chlorimuron-ethyl
and cloransulam-methyl [28]. However, no cases of resistance to diclosulam have been
reported in Conyza spp. [2].

Diclosulam and chlorimuron are both ALS inhibitors, but they belong to different
chemical families: triazolopyrimidine-type 1 and sulfonylurea, respectively. The difference
in chemical structure and intensity of use might contribute to the higher incidence of
resistance reported for chlorimuron, which currently has 63 documented cases in various
countries compared to only five for diclosulam [2]. However, in this study, a high level
of resistance was observed in C. bonariensis, with an RF exceeding 50. The selection of
diclosulam-resistant biotypes in Uruguay is likely attributed to the use of this herbicide
as an alternative for managing Conyza spp. populations that are poorly controlled by
glyphosate in pre- and post-emergent soybean cultivation [4]. The intensive use of flumet-
sulam, a herbicide belonging to the same family as diclosulam, may have also contributed
to the selection pressure. Flumetsulam is by far the most frequently used herbicide for
weed control in legume-containing sown pastures. Crop and pasture fields coexist across a
significant portion of Uruguay’s agricultural area and Conyza spp. is a common weed of
both type of fields. Interestingly, the evolution of multiple and cross-herbicide resistance
to glyphosate, diclosulam, and chlorimuron in these C. bonariensis biotypes represents the
first reported case for the species.

In agricultural systems, resistance at such a complex level poses significant challenges
in managing this important weed species. Since C. bonariensis is a self-pollinating species,
the dispersion and accumulation of resistance genes, potentially leading to complex resis-
tance scenarios, would be expected to be slower than in outcrossing species [29]. However,
its high seed production capacity (ca. 800,000 seeds per plant) [7], and its ability to disperse
seeds effectively through wind could significantly contribute to the spread of biotypes
with multiple herbicide resistances to previously unaffected areas. Despite this, the cur-
rent study suggests that using herbicides with different mechanisms of action remains
a viable control strategy for these biotypes. Similar effectiveness was observed in other
studies where herbicides successfully controlled resistant Conyza spp. with up to six true
leaves [30]. However, the herbicide imazethapyr proved ineffective in controlling biotype
IV, which displays cross-resistance to diclosulam and chlorimuron. This pattern suggests a
potential cross-resistance to imidazolinones as well, another chemical family within the
ALS inhibitors. Moreover, difficulties in controlling some C. bonariensis biotypes with 2,4-D
were noted in this study. Comparable results were observed in field experiments, where
control efficacy at 28 days after application was around 80% [31]. Control levels improved
when this herbicide was combined with saflufenacil or ammonium-glufosinate, offering
management options for existing resistance cases [32].

In this context, implementing measures to mitigate and decelerate the selection process
is critical [31]. These include the use of herbicides with different mechanisms of action,
either in rotation or as tank mixes; sequential application in the pre- and post-emergence
of crops and/or weeds; the integration of cover crops and other cultural strategies into
herbicidal management plans; and the adoption of additional tools beyond chemical control.
These practices are essential in preventing the selection of resistant weed biotypes and are
fundamental to the sustainability of production systems.

5. Conclusions

Based on the results of this study, we can formally confirm the first case of cross-
resistance in C. bonariensis to the herbicides diclosulam and chlorimuron (ALS inhibitors).
This study also establishes the first case of both multiple and cross-resistance in C. bonariensis
to glyphosate (an EPSPS inhibitor), diclosulam, and chlorimuron.

Biotypes of C. bonariensis exhibiting multiple and cross-resistance can, as of now, still
be effectively controlled using herbicides with alternative mechanisms of action. However,
integrating the use of these herbicides, in conjunction with other non-chemical manage-
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ment strategies, is critical for controlling these resistant biotypes and maintaining the
sustainability of production systems.
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