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Abstract: Background: Sagittaria montevidensis is one of the main weeds in paddy
rice, especially in the water-seeded system. The incorrect use of herbicides allowed
the selection of populations resistant to the main herbicides labeled for rice.
Objective: The objective of the experiment was to evaluate the mechanisms involved
in resistance to ALS- and PSII-inhibiting (i.ALS and i.PSII) herbicides in SAGMO
32 and SAGMO 10. Methods: The accessions SAGMO 35 (susceptible), SAGMO
32 (resistant i.ALS and PSII), and SAGMO 10 (resistant i.ALS) were used in the
greenhouse experiments. The first study evaluated the effect of CYP450 inhibitors
on the activity of the herbicides penoxsulam, bispyribac-sodium, and bentazon.
The second study was an in vitro analysis of ALS enzyme activity with imazethapyr

and metsulfuron-methyl herbicides. The third study was sequencing the ALS and
psbA genes to detect resistance-conferring mutations. Results: CYP450 inhibitors
did not alter the efficiency of any of the herbicides tested. SAGMO 32 and SAGMO
10 showed RF (enzyme inhibition) of >600 and >13 for metsulfuron-methyl and
imazethapyr. The ALS mutation Trp574Leu was detected in SAGMO, which confers
resistance to imazethapyr and metsulfuron-methyl. The psbA sequence did not
reveal any resistance-conferring mutations. Conclusions: The resistance mechanism
of Sagittaria montevidensis (SAGMO 32 and SAGMO 10) to the ALS-inhibiting
herbicides is due to target-site mutation, Trp574Leu. The mechanism of resistance to
the herbicide bentazon remains unidentified.
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1. Introduction

Sagittaria montevidensis (Cham. & Schlecht.; SAGMO) is a monocot, aquatic
macrophyte belonging to the Alismatacea family and considered one of the main weeds in
paddy rice cultivated in the water-seeded system (Cassol et al., 2008). This weed is known
as California arrowhead or sagitaria (Brazilian common name), with its center of origin in
the central region of South America. Itis an herbaceous perennial that propagates through
seeds and tubers (Haynes, Holm-Nielsen, 1994). This species is a strong competitor with
rice, reducing crop productivity and quality (Concenco et al., 2007). The level of SAGMO
damage in the rice crop varies according to factors such as density, soil preparation, rice
cultivar, and crop density, among others (Gibson et al., 2001).

One of the primary forms of SAGMO control in rice crops with pre-germinated
cultivation is chemical control. To control this species, several selective and
recommended herbicides for rice are available, including penoxsulam, imazapyr +
imazapic, bentazon, bispyribac-sodium, and saflufenacil, among others (Ministério
da Agricultura e Pecudria, 2023). In the evaluation of SAGMO control, it was
observed that the herbicides penoxsulam, pyrazosulfuron-ethyl, imazapyr + imazapic,
metsulfuron-methyl, and ethoxysulfuron showed greater than 80% control
(Dornelles et al., 2017). Herbicide saflufenacil provided satisfactory control of
SAGMO biotypes (Moura et al., 2015). However, the prolonged and indiscriminate
use of some herbicides leads to a reduction in their effectiveness and the selection
of resistant SAGMO biotypes (Concengo et al., 2007).

There are reports of SAGMO biotypes with cross-resistance to acetolactate synthase
inhibitor herbicides (i.ALS). The studies showed that SAGMO biotypes showed
resistance to metsulfuron-methyl and pyrazosulfuron-ethyl herbicides (sulfonylurea
group; Concenco et al.,, 2007; Noldin et al., 1999). Furthermore, there are reports
of SAGMO biotypes with multiple resistance to ALS and photosystem II inhibitor
herbicides (i.PSII) (PSIL; Moura et al.,, 2015). Other reports of resistant SAGMO
biotypes in pre-germinated rice crops have been published (Moura et al., 2016; 2015).

Due to the significant importance of the rice crop in Brazil, particularly in Santa
Catarina, where pre-germinated cultivation is prevalent, SAGMO management is
crucial for achieving high crop productivity. Therefore, correct management to reduce
the selection of resistant SAGMO populations elucidating the mechanisms of herbicide
resistance. Collected from this region, two populations have been documented as
resistant: SAGMO 32 (multiple resistance to ALS and PSII inhibitors) and SAGMO 10
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(cross-resistance to ALS inhibitors); however, the resistance
mechanisms involved have not yet been -elucidated
(Moura et al., 2016; 2015). This study aims to evaluate
the resistance mechanisms to ALS and PSII herbicides in
SAGMO 32 and SAGMO 10.

2. Materials and Methods

In this study, three populations of S. montevidensis
were used: SAGMO 35 (susceptible) from Bombinhas/SC
(27°08'45”S, 48°30°23”W), SAGMO 32 (multiple resistance
to ALS and PSII inhibitors) from Ilhota/SC (26°51’59”S,
48°46’40”W) and SAGMO 10 (cross-resistance to ALS
inhibitors) from Itajai/SC (26°56°39”S, 48°45’38"W).
The experiments were carried out in a greenhouse.

21 Effect of CYP450 inhibitors on herbicides penoxsulam,
bispyribac-sodium and bentazon

The design used was a completely randomized block,
with three replications, where units were composed of
plastic pots (4 L) filled with soil (Planossolo haplico) from
Pelotas (Empresa Brasileira de Pesquisa Agropecudria,
2006). The soil is equivalent to Albaqualf (North American
soil classification system), with a composition of 47% sand,
34% silt, 19% clay, organic matter content of 1.2%, and pH
of 5.7. Immediately after sowing the populations, irrigation
was performed, maintaining a water depth of roughly 5 cm
throughout the experiment. Before herbicide application, the
pots were drained and thinned, keeping six plants per pot.
The applications occurred when plants were 10 cm tall and
contained only lanceolate leaves. The greenhouse temperature
conditions during the experiment were as follows: an average
temperature of 25.6 °C, a minimum temperature of 20.8 °C,
and a maximum temperature of 32.8 °C.

The experiment was arranged as factorial. Factor
A consisted of SAGMO 35, SAGMO 32, and SAGMO
10 populations; factor B were the CYP450 metabolism
inhibitors malathion (1,000 g ha'), PBO (piperonyl
butoxide, 1,000 g ha?), and treatment without an inhibitor.
Factor C consisted of herbicides penoxsulam (60 g a.i. ha?)
+ Veget'Oil® (0.5% v/v), bispiribac-sodium (50 g a.i. ha™)
+ Tharaguen-S® (0.25% v/v), bentazon (960 g a.i. ha™) +
Assist® (0.5% v/v), and the check without herbicide. The
inhibitors were applied two hours before the herbicides.
Herbicides were applied at recommended label rates.

Herbicide application was carried out using a CO,-
pressurized backpack sprayer, equipped with a 2 m long
boom and four flat fan-type nozzles (series 110.02), spaced
50 cm apart, with an application volume of 150 L ha™. At
28 days after application (DAA), the variables control (%)
and shoot dry weight (SDW) were analyzed. Control (%) was
assigned scores from 0 to 100%, where 0% was no control
and 100% was plant death. SDW data were transformed (%)
of the untreated check.
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2.2 Acetolactate synthase enzyme assay

Two experiments were conducted using herbicides:
metsulfuron-methyl and imazethapyr. The design used
was a completely randomized block with three replications,
arranged as a factorial, and consisted of 4 L pots filled
with soil (described in Section 2.1). The greenhouse
temperature conditions during the experiment were: an
average temperature of 25.4 °C, a minimum temperature of
23.7 °C, and a maximum temperature of 30.8 °C.

Factor A consists of population SAGMO 35, SAGMO 10,
and SAGMO 32; Factor B:: doses of metsulfuron-methyl 0,
0.5, 1, 2, 4 and 6 mM or doses of imazethapyr were 0, 1, 5,
10, 15 and 20 mM. The plants were collected for enzymatic
analysis 60 days after emergence (DAE). For extraction,
leaf tissues (5 g) were grounded with liquid nitrogen
and homogenized with 4 mL of extraction buffer (4 mM
thiamine pyrophosphate, 25 mM potassium phosphate,
5 mM magnesium chloride, 200 mM pyruvate and 20 M
flavin adenine dinucleotide) at pH 7.5. The crude extract was
filtered through cheesecloth and Miracloth into 2-mL tubes
and then centrifuged (28,600 x g, 5 min, 4 °C). The Bradford
method was used to determine soluble protein content.
Reactions and readings were adapted by Mendes et al.
(2020). The enzyme assays were conducted twice.

2.3 ALSand psbA sequencing

Each experimental unit consisted of 4 L pots filled with
soil, which were sown and maintained as described in section
2.1. The populations SAGMO 35, SAGMO 10, and SAGMO
32 were sown. The plants were collected for analysis of 60
DAE. Fully expanded leaves were collected in three biological
replicates and grounded in liquid nitrogen. PureLink™
(Plant RNA Reagent, Invitrogen™, Carlsbad, CA, USA) was
used for total RNA extraction, following the manufacturer’s
instructions. RNA concentration and quality were assessed
using NanoVue™ (GE Healthcare™, Buckinghamshire, UK).
RNA integrity was analyzed by electrophoresis in an agarose
gel using GelRed (Invitrogen™). Each RNA sample (1 pg)
was treated with DNase I (Invitrogen™) and converted
into ¢cDNA using SuperScript™ III First-Strand Synthesis
System kit (Invitrogen) and oligo(dT), according to the
manufacturer’s protocol.

The cDNA samples were used for the amplification of ALS
and pBSA genes in PCR reactions. For 25.0 pL PCR reactions
were used cDNA (2.0 pL, approximately 40 ng), 5X GoTaq
buffer (5.0 pL), GoTaq G2 Hot Start Polymerase — Promega
(2 uL of 5 U pL?), 10 mM dNTPs (0.5 uL), each forward
and reverse primers in 10 uM (0.5 pL), 25 mM MgCl,
(1.5 pL) and nuclease-free water (14.8 pL). PCR reactions
were perfeorm in the T100 Thermal Cycler (Bio-Rad) with
the following cycling: 95 °C for 3 min (initial denaturing),
40 cycles of denaturation at 95 °C for 30 s, primer annealing
at 60 °C for 30 s, and extension at 72 °C for 60 s, finishing
with a final extension of 72 °C for 5 min.
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For ALS sequencing, the forward SAG_ALS_F21
(TGCGACCAAGCTCCCCTTTA) and reverse SAG_ALS_R21
(AGCCTTCATGGTCGTCCTCCA) primers were designed
using ALS sequence available at GenBank (sequence ID:
HM212418) and used for amplification of a 700 bp ALS
fragment. For psbA sequencing, the forward SAG_PSBA_
F32 (TTCCAGGCTGAGCACAACATT) and the reverse SAG_
PSBA_R32 (GTAGATGGAGCCTCAACAGCA) primers were
designed from the available sequence at GenBank (sequence
ID: OK588517.1) and used for amplification of a 689 bp pbsA
fragment. PCR amplification was verified on 2% agarose gel
using the 100 bp molecular weight (ladder, Synapse).

Finally, the ExoSAP-IT™ Express reagent (Thermo
Fisher) was applied in PCR product purification before
sequencing. Sequencing was performed using 1 pL of a
10-fold diluted purified PCR product with the BigDye cycle
sequencing terminator kit (Thermo Fisher) and an Applied
Biosystems 3,500 Genetic Analyzer instrument (Thermo
Fisher). Sequenced electropherograms were analyzed and
aligned using the open-source bioinformatics software
UGENE (Unipro, 2012).

2.4 Statistics analyses

The data obtained were analyzed for normality using the
Shapiro-Wilk test, and for homoscedasticity using Hartley’s
test. They were then submitted to analysis of variance (p
< 0.05). For experiment 1, Tukey’s test was applied using
95% confidence intervals. For experiment 2, the regression
analysis was performed if statistical significance was found
were fitted with a log-logistic regression model according
to equation [1]:

y = a/[1+(x/x0)"] (@)

where: Y = ALS activity percentage; x = herbicide dose;
x0 = value that reduce 50% of variable, being I_; a = the
upper asymptotic values of Y, b = relative slope.
From the values of I, resistance factors (RF) were
obtained for the species’ populations. To use the RE
verifying the susceptible populations confidence interval

(p 2 0.95) concerning the resistant one was necessary.

3. Results and Discussion

31 Effect of CYP450 inhibitors on herbicides penoxsulam,
bispyribac-sodium and bentazon

CYP450 inhibitors showed an effect that varied
depending on the population and the herbicide applied. In
the application of CYP450 inhibitors without herbicides,
it was found that only the SAGMO 35 presented visual
injury, with 11 and 8% for malathion and PBO, respectively
(Figure 1A). When the herbicide bispyribac-sodium was
applied, the highest levels of control was for SAGMO
35 with 100, 31 and 73 % of control without inhibitor,
malathion and PBO, respectively (Figure 1B). The SAGMO

https://doi.org/10.51694/AdvWeedSci/2026;44:0002
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32 and SAGMO 10 did not show differences between them,
regardless of the use or not of the inhibitor. A similar
result was observed when the herbicide penoxsulam was
used (Figure 1C). The herbicide bentazon was not efficient,
regardless of the population (Figure 1D). However, for
SAGMO 10, when the malathion inhibitor was used, there
was an increase in control with bentazon, from 1 to 20%.

The results of the SDW (Figure 2) were like those of the
control group (Figure 1). When analyzing only the effect
of non-herbicide inhibitors, it was found that malathion
and PBO caused a reduction in SDW in the SAGMO 35
(Figure 2A). When the herbicide bispyribac-sodium was
applied (Figure 2B), there was a reduction in the effect of
the herbicide with the use of malathion and PBO inhibitors
in the SAGMO 35 and SAGMO 32. In the application of
penoxsulam (Figure 2C), a difference was observed when
malathion was applied in SAGMO 35, with plants producing
1.13 g plant® compared to the treatment without the
inhibitor (0.57 g plant™). In the treatment with bentazon
(Figure 2D), there was a reduction in SDW in the treatments
with malathion and PBO (SAGMO 35) or malathion alone
(SAGMO 10). In the SAGMO 35, there was a reduction in
SDW of 35 and 47% when malathion and PBO inhibitors
were used. While in the SAGMO 10, the reduction in SDW
was 61% with the malathion inhibitor, compared to the
control treatment.

The SAGMO 32 and SAGMO 10 had already been
reported to have difficulty controlling with ALS-inhibiting
herbicides (Moura et al., 2015). Using up to 64 times
the recommended rate of penoxsulam and imazapyr
plus imazapic, the control level was below 10% for both
herbicides (Moura et al., 2015). When evaluating the SDW,
the resistance factor for imazethapyr+imazapic was 138.
At the same time, it was not possible to calculate the RF
with the herbicide penoxsulam because the reduction of
SDW did not reach 50% at any of the rates (Moura et al.,
2015). In another study, the application of penoxsulam,
pyrazosulfuron-ethyl, and imazethapyr + imazapic resulted
in 83, 96, and 71% survival rates for SAGMO 32 plants,
respectively (Eberhardt, Noldin, 2011).

The multiple resistance of S. montevidensis to ALS-
inhibiting herbicides and bentazon has been registered since
2009 (Heap, 2024). The SAGMO 32 showed a resistance
factor of 7.25 compared to the SAGMO 35 when applied
with bentazon (Moura et al., 2015). Applying bentazon
(960 g a.i. ha') alone or in a mixture with saflufenacil
did not provide satisfactory control of the SAGMO 32
(Moura et al., 2016). The authors report cross-resistance of
this population to ALS inhibitors and multiple resistance
to PSII inhibitors (Eberhardt, Noldin, 2011; Moura et al.,
2016; 2015), corroborating the results found in this study.

In the evaluation of herbicide resistance, the use of
inhibitors of CYP450 enzymes is employed to analyze
herbicide metabolization processes, such as malathion
and PBO (Barrett, 1995; Yan et al., 2019). In the study
of Echinochloa crus-galli, it was found that, in addition

Adv Weed Sci. 2026;44:e020252063
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Figure 1 - Control (%) of populations SAGMQO 35 (herbicide-susceptible) SAGMO 32 (ALS+PSlI-resistant) and SAGMO 10
(ALS-resistant) of Sagittaria montevidensis treated CYP450-inhibitors malathion, PBO and without inhibitor (control) depending
on herbicides: without herbicide (A), bispyribac-sodium (B), penoxsulam (C) and bentazon (D) at 28 days after application. Means
followed by different capital letters (comparison between CYP450-inhibitors) and lowercase letters (comparison between biotypes)
differ from each other by the Tukey test (p<0.05). Error bars represent the 95% confidence intervals (n=3)

to herbicides, plants sprayed with malathion increased
their susceptibility to the herbicides florpyrauxifen-benzyl,
imazamox, and penoxsulam (Takano et al., 2023).
In another study using Echinochloa glabrescens resistant
to penoxsulam, resistance was reversed when the
plants were sprayed with PBO or malathion, indicating
resistance by the non-target site (Yan et al., 2019). When
evaluating the effect of malathion inhibition on maize,
the CYP450-mediated hydroxylation of the herbicides
nicosulfuron and bentazon was reduced by 83% and 92%,
respectively (Baerg et al., 1996). An assay with bentazon-
resistant Amaranthus retroflexus L. biotype demonstrated
that malathion application increased bentazon efficacy,
demonstrating metabolism by CYP450 (Li et al., 2022). We
emphasize that in our studies, CYP450 inhibitors caused
damage to the SAGMO 35 biotype (=10 %), which may have
made comparisons with other biotypes difficult. In contrast,

Adv Weed Sci. 2026;44:e020252063

the results indicate that the resistance of SAGMO 32 and
SAGMO 10 does not involve metabolism by CYP450 to
ALS-inhibiting herbicides, including bentazon.

3.2 Acetolactate synthase enzyme assay

In vitro study (Figure 3), the activity of the enzymes
for SAGMO 35, SAGMO 32, and SAGMO 10 was
evaluated according to the rate increase of the herbicides
metsulfuron-methyl and imazethapyr. For the two
herbicides used, only SAGMO 35 differed from the other
populations as the rate increase. For metsulfuron-methyl,
the I values were 0.003, 1.8, and 1.9 mM for the SAGMO
35, SAGMO 10, and SAGMO 32, respectively. The RF values
(Table 1) were 601-fold and 657-fold for the SAGMO 10
and SAGMO 32, respectively. For the herbicide imazethapyr,
the I values were 1.4, >20, and >20 mM (SAGMO 35,

https://doi.org/10.51694/AdvWeedSci/2026;44:0002
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SAGMO 10 (ALS-resistant) of Sagittaria montevidensis treated CYP450-inhibitors malathion, PBO and without inhibitor (control)
depending on herbicides: without herbicide (A), bispyribac-sodium (B), penoxsulam (C) and bentazon (D) at 28 days after application.
Means followed by different capital letters (comparison between CYP450-inhibitors) and lowercase letters (comparison between
biotypes) differ from each other by the Tukey test (p<0.05). Error bars represent the 95% confidence intervals (n=3)

SAGMO 32, and SAGMO 10, respectively), and consequently,
the RF >14.2-fold for both resistant populations.

The activity of the ALS enzyme complements research
studies on weed resistance (Dayan et al, 2015). The
inhibition or non-inhibition of the ALS enzyme by a
herbicide enablesthe prediction of resistanceif theresistance
mechanism involves the target site (Dayan et al., 2015).
In the evaluation of the enzyme ALS activity in Euphorbia
heterophylla subjected to the herbicide imazamox, the I, of
the sensitive population was 65.6 pM, while for the resistant
populations, it was above 20,000 uM (Mendes et al., 2020).
In another study with Raphanus sativus L. resistant to
ALS-inhibiting herbicides, the L, values were 0.65 and
718 uM for the herbicides iodosulfuron and imazethapyr,
respectively (Cechin et al., 2017). The resistance factor, as
indicated by the L, values in R. sativus, was 15 and 224 for
iodosulfuron and imazethapyr, respectively (Cechin et al.,

https://doi.org/10.51694/AdvWeedSci/2026;44:0002

2017). Like our results, the presented results were
characterized as resistance to ALS-inhibiting herbicides
involving a mutation at the target site.

3.3 ALS sequencing

A modification in a single nucleotide polymorphism
(SNP) at position 574 (based in Arabidopsis thaliana) in
the resistant SAGMO 32 and SAGMO 10 were detected.
The second nucleotide (G) of the codon at position 574 was
substituted by T, resulting in a switch from tryptophan
(TGG) to leucine (TTG) (Figure 4), conferring resistance
to ALS-inhibiting herbicides. This SNP, Trp574Leu, is the
second most common mutation among ALS-resistant
weeds (Gaines et al., 2020). ALS-resistant E. heterophylla
biotypes had a resistance factor (GR,) of 224.5 to
imazamox, and resistance was attributed to the Trp574Leu

Adv Weed Sci. 2026;44.e020252063
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Table 1 - Dose-response curve parameters and resistant
factors (RF) for populations SAGMO 35 (herbicide-
susceptible), SAGMO 32 (ALS+PSII-resistant), and SAGMO

10 (ALS-resistant) of Sagittaria montevidensis based on
enzyme activity. Log-logistic regression model was used
(according to equation [1])

Population a b cll,) R2 RF

Metsulfuron-methyl

SAGMO 35 9999 019 0.003 @939 -

SAGMO 10 100.06 067 1.805 088 6013

SAGMO 32 9990 035 1973 098 6576
Imazethapyr

SAGMO 35 99.52 067 144 096 -

SAGMO 10  98.59 0.59 >20 085 >138

SAGMO 32 9963 0.79 >20 099 >138

" Calculated by ratio of /., SAGMO 10 or SAGMO 32/SAGMO 35.

mutation (Mendes et al., 2020). The resistance of Raphanus
raphanistrum to the herbicides metsulfuron-methyl,
imazethapyr, and pyroxsulam has been attributed to the
TrpS74Leu mutation in the ALS enzyme (Fruet et al., 2024).

Are known eight known mutations of the D1 gene
that confer resistance to PSII inhibitors involving target-
site:  Phe255Ile, Ser264Gly, Val219lle, Ser264The,
Asn266Thr, Leu218Val, Ala251Val, and Phe274Val
(Lu et al, 2019; Mechant et al, 2008; Park, Mallory-
Smith, 2006; Pedroso et al., 2016; Perez-Jones et al., 2009;
Thiel, Varrelmann, 2014). We sequenced a fragment of 43
nucleotides comprising all the known mutation sites in the
psbA gene (Figure 5). No changes in the known amino acids
were found. A silent mutation, changing the third nucleotide

Adv Weed Sci. 2026;44:e020252063
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G TGGAGTGGGAAGAG

5-35-1
Sensitive
TGG - Trp

6GTGGAGT GG6GAAGAG
5-32-2
Resistant

GTGGAGT?GGAAGAG
5-10-2
Resistant

TTG — Leu

Figure 4 - Acetolactate synthase (als gene) sequences in
populations SAGMQO 35 (herbicide-susceptible), SAGMO
32 (ALS+PSll-resistant) and SAGMO 10 (ALS-resistant) of
Sagittaria montevidensis. A single nucleotide changes from
T for G at the 574 codons (underlined letter) results in a
Trp574Leu mutation in SAGMO 32 and SAGMO 10

of the serine (TCC to TCA) was detected in the resistant
SAGMO 5-32-2. Additionally, it appears that the resistant
SAGMO 5-32-2 is heterozygous for the silent mutation, as
two peaks were detected in the chromatogram. A SNP with

https://doi.org/10.51694/AdvWeedSci/2026;44:0002
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an insertion (indel) of a guanin after the TCA codon was also
detected in the resistant biotype Sagmo 5-32-2. Our results
suggest that the resistant SAGMO 5-32-2 may possess an
indel which should be confirmed with new experiments
with replicates. Indels (insertion or deletion) are an
important type of mutation that cause changes in the read
frame consequently affecting all the protein amino acids
forward the mutation and even can affect protein secondary
structure which can affect protein-herbicide interaction.
In addition, the resistance mechanism associated with
SAGMO 5-32-2 may be linked to herbicide metabolism
such as GST-mediated detoxification or transport and

Sagmo 5-32-2
Resistant

Sagmo 5-32-1
Sensitive

Sagmo 5-35-2
Sensitive

Sagmo 5-10-2
Sensitive

Sagmo 5-32-2
Sensitive

Sagmo 5-32-1
Sensitive

Sagmo 5-35-2
Sensitive

Sagmo 5-10-2
Sensitive

Sagmo 5-32-2
Resistant

Sagmo 5-32-1
Sensitive

Sagmo 5-35-2
Sensitive

Sagmo 5-10-2
Sensitive

Sagmo 5-32-2
Resistant

Sagmo 5-32-1
Sensitive

Sagmo 5-35-2
Sensitive

Sagmo 5-10-2
Sensitive

Resistance of Sagittaria montevidensis to ALS and bentazon

compartmentalization of the herbicide. Also, the resistance
can be associated to the overexpression of the psbA gene,
as observed in A. retroflexus resistant to bentazon (Li et al.,
2022). Together with the hypothesis of the indel in the psbA
coding sequence, the overexpression of psbA and herbicide
metabolism should be tested in further studies.

To date, six cases of S. montevidensis resistance to
herbicides have been reported worldwide; of these,
three cases are reported in Brazil (Heap, 2024). In 1999,
cross-resistance to S. montevidensis ALS-inhibiting herbicides
wasobserved, including cyclosulfamuron, metsulfuron-methyl,
ethoxysulfuron, bispyribac-sodium, and pyrazosulfuron-ethyl.

Insertion
ofaG

Silent mutation
Serine TCC/TCA

Figure 5 - Photosystem Il protein D1(psbA gene) sequences in biotypes SAGMO 35 (herbicide-susceptible), SAGMO 32
(ALS+PSlI-resistant) and SAGMO 10 (ALS-resistant) of Sagittaria montevidensis. No mutation was detected.

https://doi.org/10.51694/AdvWeedSci/2026;44:0002
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In 2009, another record was made, with the occurrence of
multiple resistance to ALS-inhibiting herbicides (byspiribac-
sodium, ethoxysulfuron, imazethapyr, metsulfuron-methyl,
penoxsulam and pyrazosulfuron) and to the PSII inhibitor
(bentazon); and in 2023 resistance to the auxin-mimicking
herbicide florpyrauxifen was recorded (Heap, 2024).

In this study, we aimed to elucidate the mechanisms
underlying the resistance of SAGMO 32 and SAGMO 10. In
Experiment 1, it was found that using CYP450 inhibitors
did not increase the control of resistant populations
(Figure 1-2). In experiments 2 and 3, it was observed that
the mutation in the ALS enzyme, Trp574Leu, conferred
resistance to ALS-inhibiting herbicides. The resistance
mechanism to bentazon remains unidentified, suggesting
the need for further research to explore alternative
resistance pathways or metabolic processes that may
confer this resistance.

4. Conclusions

The resistance mechanism of Sagittaria montevidensis
(SAGMO 32 and SAGMO 10) to ALS-inhibiting herbicides
is most likely due to target-site mutation, with a mutation
of TrpS74Leu in the ALS enzyme. The mechanism of
resistance to the herbicide bentazon remains unidentified.
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