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Abstract

The high sensitivity of beans to herbicides is one of the limiting factors regarding the man-
agement of dicot weeds in bean crops. Protoporphyrinogen oxidase (PPO) inhibition is
an important mechanism of action that has unregistered molecules with potential use in
bean crops. The objectives of this study were to investigate the tolerance of Brazilian bean
cultivars to distinct PPO inhibitors and to determine the existence of cross-tolerance in cul-
tivars to the different PPO inhibitor chemical groups. In the first and second experiments,
the BRSMG Talisma3, Jalo Precoce, BRS Esplendor, and IPR 81 cultivars were subjected to
saflufenacil doses pre- (0, 9.6, 14.1, 20.5, 30.0, and 43.8 g a.i. - ha™') and post-emergence
(0,0.7, 1.0, 1.5, 2.1, and 3.1 g a.i. - ha™). In the third experiment, the tolerance of 28 bean
genotypes to saflufenacil (20.5 ga.i. - ha™) in pre-emergence was determined. In the fourth,
fifth, sixth and seventh experiments, we investigated the cross-tolerance of bean to the fo-
mesafen, flumioxazin, sulfentrazone, and saflufenacil herbicides, respectively. Even very
low saflufenacil doses in post-emergence caused plants of all cultivars to die rapidly; there-
fore, the tolerance was much lower at this application time than in pre-emergence. There
was high tolerance variability to saflufenacil among the 28 cultivars. The bean tolerance to
fomesafen, flumioxazin, sulfentrazone, and saflufenacil applied pre-emergence depended
on the cultivar and dose. Fomesafen was highlighted owing to its higher selectivity in rela-
tion to the different cultivars. No cross-tolerance pattern to the PPO inhibitor chemical
groups applied in pre-emergence was observed among the evaluated bean cultivars. The
results of this study could be of significance to farmers and technical assistance personnel,
as well as for future research on cultivar breeding and the elucidation of biochemical and
genetic mechanisms involved in herbicide tolerance.
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Introduction

for use in this crop in Brazil, compared to other culti-
vated species (Mapa 2020). The difficulty in control-
ling weeds, resulting from the limited availability of

Brazil is one of the world’s largest bean producers,
with an annual production of 2.9 million tons (FAO
2020). The presence of weeds is one of the most
important factors resulting in low productivity of com-
mon beans (Phaseolus vulgaris) in Brazil (Barroso et al.
2010), which reached only 1,027 kg - ha™! in 2018
(FAO 2020).

The high sensitivity of beans to herbicides, espe-
cially those that combat broadleaf weeds, is one of the
factors reducing the availability of herbicides registered

currently registered herbicides, is an obstacle to bean
production worldwide (Li et al. 2017).

Tolerance to herbicides is a weed and cultivated
species” characteristic that is affected by many factors,
including anatomical, physiological, and/or morpho-
logical mechanisms that hinder the arrival of a lethal
herbicide dose to the site of action (Azania and Aza-
nia 2014). These mechanisms include leaf morphology
and anatomy, absorption, translocation and compart-
mentalization, and herbicide metabolism differences
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(Ferreira et al. 2009). The tolerance of cultivated plants
may vary depending on the cultivar and the herbicide
(Soltani et al. 2010; Silva et al. 2011; Diesel et al. 2014).

Pre- and post-emergence protoporphyrinogen
oxidase (PPO)-inhibiting herbicides are registered
for weed control in several cultivated species. Broad-
leaf weeds are the main targets of these herbicides,
although some control grasses in the pre-emergence
(Mapa 2020). Among PPO inhibitors marketed in Bra-
zil, only fomesafen (Flex"®), flumioxazin (Sumisoya®),
and saflufenacil (Heat®) are registered for the manage-
ment of common bean weeds. These herbicides have
the potential to manage glyphosate- and acetolactate
synthase (ALS)-inhibitor-resistant weed populations
and have become fundamental in management pro-
grams that aim to prevent and control herbicide re-
sistant and tolerant weed populations (Rumpa et al.
2019).

Fomesafen is an herbicide that is widely used for
the control of broadleaf weeds in post-emergent beans
(Syngenta 2020). This herbicide has low translocation
in plants during post-emergence spraying, and has
increased efliciency in weeds at an early stage of de-
velopment and with adequate leaf coverage (Syngenta
2020). In areas with mixed infestations, the use of grass
herbicides, such as acetyl coenzyme A carboxylase
(ACCase) inhibitors, is also required. Flumioxazin is
applied either in the pre- or post-emergence of weeds
before sowing beans, and its efficiency can be reduced
under high infestations of Euphorbia heterophylla, Bi-
dens pilosa, and Ipomoea grandifolia (Sumitomo 2020),
which are important weeds in Brazil.

Saflufenacil has both acropetal and basipetal trans-
location, unlike most other PPO inhibitors, which
have limited translocation via the phloem (Gross-
mann et al. 2011). Its use in common beans is recom-
mended in the pre-harvest stage for the desiccation of
the crop or weeds as well as for burndown application
on weeds with a minimum interval of 20 days before
sowing (BASF 2017). Sulfentrazone is registered for
use in some crops, including soybeans, in the pre-
emergence of the crop and weeds (FMC 2017).

Saflufenacil and sulfentrazone have potential use in
the pre-emergence of beans. In Canada, different bean
groups exhibit different tolerance levels to saflufenacil
applied pre-emergence (Soltani et al. 2014a) and pre-
planting (Soltani et al. 2019) as well as to sulfentrazone
(Hekmat et al. 2007; Soltani et al. 2014b; Taziar et al.
2016). The results of a recent study in Brazil demon-
strated the existence of differential tolerance among
10 common bean cultivars to saflufenacil applied pre-
emergence (Diesel et al. 2014); however, no studies
have investigated the tolerance variability of Brazilian
bean cultivars to sulfentrazone.

There are relatively few studies on the tolerance
of bean crops to herbicides that are either already
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registered or not registered yet, but are potentially use-
ful, thereby justifying the development of studies that
compare different herbicides for use on bean crops. The
results of such studies could provide producers with
increased options for controlling problematic weeds,
including weeds that are resistant and tolerant to other
mechanisms of action (Soltani et al. 2010).

Therefore, the aim of the present study was to in-
vestigate the tolerance of bean cultivars to PPO-inhi-
biting herbicides and the existence of cross-tolerance
to different chemical groups of herbicides.

Materials and Methods

Seven experiments were carried out in a greenhouse
(maintained at 25°C, without humidity control or pho-
toperiod) using a completely randomized design. In
all experiments, we used pots (experimental units) with
a 5 dm’ capacity, which were filled with soil classified
as clayey Oxisol (Embrapa 2018). Based on granulo-
metric analysis, the soil consisted of 83.7% clay, 14.7%
silt,and 1.6% sand. The results of chemical analysis were
as follows: organic matter (wet digestion): 37.53 (me-
dium); P(Mehlich1):1.32mg-dm(low); K(Mehlich1):
50.83 mg - dm™ (low); pH (CaCl,): 5.50 (medium);
Al: 0.00 cmol - dm~ (low); H + Al: 3.42 cmol_- dm™
(medium); Ca: 3.70 cmol_ - dm™ (medium); Mg:
1.20 cmol_- dm™ (high); SB: 5.03 cmol_- dm™ (me-
dium); V%: 59.53 (medium); saturation by Al: 0.00%
(low); cation exchange capacity (CTC): 8.45. Each pot
containing soil which had been sieved through a2 mm
sieve received a correction of fertility equivalent to
270 kg - ha™ of the commercial formulation 2-20-20
(N-P,0.-K 0),inaddition to fourbeanseedsatadepth
of 5 cm, with moisture maintained by daily irrigation.

Response of bean cultivars to saflufenacil
applied pre- and post-emergence

Two experiments were carried out in a 4 x 6 two-factor
scheme with four replications, the first applied, pre-
-emergence and the second, post-emergence.

In the pre-emergence experiment, the first fac-
tor consisted of four bean cultivars (BRSMG Talisma,
BRS Jalo Precoce, BRS Esplendor, and IPR 81), and the
second factor consisted of six saflufenacil rates (0, 9.6,
14.1, 20.5, 30, and 43.8 g a.i. - ha™!) (Heat®, BASF, Sdo
Paulo/Sao Paulo, Brazil) sprayed pre-emergence. The
cultivars and doses used were based on a previous as-
sessment of the tolerance of 10 cultivars to saflufenacil
in pre-emergence, carried out by Diesel et al. (2014).

The saflufenacil spraying was undertaken imme-
diately after bean sowing, using a CO,-pressurized
backpack sprayer and a spray bar with three flat-type



www.czasopisma.pan.pl P N www.journals.pan.pl
=

KADEMIA NAI

Antonio Pedro Brusamarello et al.: Tolerance of Brazilian bean cultivars to protoporphyrinogen oxidase inhibiting-herbicides 119

tips (110.02) spaced at 0.5 m and with a spray volume
0f2001-ha™.

In the post-emergence experiment, the first factor
consisted of the same bean cultivars described pre-
viously and the second by different saflufenacil rates
(0, 0.7, 1.0, 1.5, 2.1, and 3.1 g a.i. - ha') (BASF)
sprayed post-emergence. After emergence, thinning
was carried out, leaving only two seedlings per ex-
perimental unit. The herbicide was sprayed at stage
V, (third fully developed trefoil) together with the
adjuvant Dash® HC (Basf, Sdo Paulo/Sao Paulo, Bra-
zil) at 0.5% (v/v).

The tolerance was determined 35 and 42 days
after spraying (DAS) for the applied pre- and post-
-emergence, respectively. The tolerance was as-
sessed according to the control and injury scale of
Frans et al. (1986), in which 100% corresponds to
complete tolerance (absence of symptoms) and 0%

corresponds to the absence of herbicide tolerance
(plant death).

Screening of bean cultivars
for pre-emergence saflufenacil tolerance

In the third experiment, the tolerance of 28 bean cultivars
to saflufenacil sprayed in pre-emergence was evaluated.
We used nine cultivars from the black group, 16 from
the carioca group, and three from the special group, de-
scribed in Table 1. Six replicates per cultivar were used,
three treated and three not treated with herbicides.
A rate of 20.5 g a.i. - ha™! of saflufenacil (BASF) was used
as a discriminatory, based on the first experiment.

The implantation and herbicide spraying methods
used in this experiment were the same as those used
in the first experiment. Tolerance assessment was per-
formed 28 DAS.

Table 1. Description of bean cultivars

Cultivars Center of origin Commercial group Growth habit Cycle
BRS Talisma Mesoamerican carioca indeterminate type lll semi-early
BRS Pérola Mesoamerican carioca indeterminate type I/l normal
IPR Gralha Mesoamerican black indeterminate type Il normal
BRS Notével Mesoamerican carioca indeterminate type I/l semi-early
IPR Uirapuru Mesoamerican black indeterminate type Il normal
IPR Tiziu Mesoamerican black indeterminate type Il normal
BRS Requinte Mesoamerican carioca indeterminate type Il normal
UTF 10 Mesoamerican carioca indeterminate type | normal
IPR Curio Mesoamerican carioca indeterminate type | early
BRS Esplendor Mesoamerican black indeterminate type Il normal
ANFC9 Mesoamerican carioca indeterminate type Il normal
IPR Andorinha Mesoamerican carioca determined type | early
ANFP 110 Mesoamerican black indeterminate type Il normal
UTF9 Mesoamerican black determined type | late
IPR Eldorado Mesoamerican carioca indeterminate type Il semi-early
IPR Tuiuiu Mesoamerican black indeterminate type Il normal
BGF 51 Andean special determined type | normal
BGF 14 Andean special determined type | normal
IPR Juriti Mesoamerican carioca indeterminate type Il normal
IPR Campos Gerais Mesoamerican carioca indeterminate type Il normal
IPR Colibri Mesoamerican carioca determined type | early
IPR 81 Mesoamerican carioca indeterminate type Il normal
IAC Imperador Mesoamerican carioca determined type | semi-early
BRS Esteio Mesoamerican black indeterminate type Il normal
Jalo Precoce Andean special indeterminate type Il semi-early
IPR Tangara Mesoamerican carioca indeterminate type Il normal
BRS Estilo Mesoamerican carioca indeterminate type Il normal
IAC Milénio Mesoamerican carioca indeterminate type lll normal

Cycle: early (<75 days); semi-early (75-85 days); normal (85-95 days); late (>95 days) (Agronorte 2020; Embrapa 2020; IAPAR 2020; UTFPR 2020)
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Tolerance of bean cultivars
to PPO-inhibiting herbicides

The fourth, fifth, sixth and seventh experiments con-
sisted of PPO-inhibiting herbicides belonging to four
distinct chemical groups: saflufenacil (pyrimidinedi-
ones) (BASF), flumioxazin (N-phenylphthalamides)
(Flumyzin®, Sumitoto, Sdo Paulo/Sdo Paulo, Brazil),
sulfentrazone (triazolinones) (Boral® 500 SC, FMC,
Campinas/Séo Paulo, Brazil), and fomesafen (diphenyl
ethers) (Flex®, Syngenta, Sdo Paulo/Sao Paulo, Bra-
zil), respectively. The experiments were conducted in
a two-factor arrangement 4 x 8, with four replications.
The first factor consisted of four rates of each herbi-
cide; saflufenacil (0, 14.1, 20,5, and 30 g a.i. - ha™),
flumioxazin (0, 70, 110, and 140 g a.i. - ha™!), sulfen-
trazone (0, 400, 600, and 800 g a.i. - ha™'), and fome-
safen (0, 280, 560, and 840 g a.i. - ha™') rates were de-
fined according to the results of Diesel et al. (2014),
Soltani et al. (2005), Hekmat et al. (2007), and Sikke-
ma et al. (2009), respectively. The second factor in-
cluded eight bean cultivars (in decreasing order of
tolerance for saflufenacil observed in the third exper-
iment: BRSMG Talisma, BRS Requinte, IPR Curio,
IPR Tuiuit, ANFP 110, IPR Juriti, BRS Esteio, and
IAC Milénio).

The implantation and herbicide spraying methods
used were the same as those used in the first experi-
ment. Tolerance and fresh mass (FM) assessments were
performed 28 DAS. To determine the FM, the plants
were cut close to the ground, weighed on a precision
scale, and the weight values were converted to percent-
ages in relation to the untreated control.

Statistical analysis

The data were subjected to analysis of variance by the
Ftest (p < 0.05) and the means of the qualitative factors
were subjected to a means comparison test (p < 0.05),
with the aid of the computer program RStudio (RStu-
dio Team 2016), using the ExpDes.pt package (Ferreira
et al. 2011). For the quantitative factors, three-param-
eter logistic nonlinear equations (equation 1) were
adjusted with the aid of the SigmaPlot 10.0 program
(SigmaPlot 2006).

a
5

1+ ib W
xO

where: y — represents the response of the depend-
ent variable, x — dose of the herbicide, a - maximum
asymptote of the curve, b - slope of the curve, x, -
dose required to reduce the dependent variable by
50% (I,,).

y:
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Results

Response of bean cultivars to saflufenacil
applied in pre- and post-emergence

The cultivar BRSMG Talisma demonstrated a high lev-
el of tolerance to saflufenacil applied in pre-emergence
even at the highest dose (43.8 g a.i. - ha™'), while Jalo
Precoce had the lowest tolerance and IPR 81 and BRS
Esplendor had intermediate tolerance levels (Fig. 1).

The higher tolerance levels of the BRSMG Talisma
and IPR 81 cultivars were reflected in their I values,
which required doses of more than 43.8 g a.i. - ha™
to reduce the tolerance level by 50%, while the I, of
BRS Esplendor and Jalo Precoce required doses of
32.8 g a.i. - ha' and 26.3 g a.i. - ha™!, respectively
(Table 2). Even very low saflufenacil rates applied post-
-emergence caused plants of all cultivars to die rapidly
(data not presented).

Screening of bean cultivars
for pre-emergence saflufenacil tolerance

There was a wide variation in the tolerance of the
28 bean cultivars to saflufenacil applied in pre-emer-
gence. The cultivars BRSMG Talisma, BRS Pérola, IPR
Gralha, BRS Notavel, IPR Uirapuru, IPR Tiziu, BRS
Requinte, UTF 10, IPR Curi6, and BRS Esplendor were
more tolerant to saflufenacil (20.5 g a.i. - ha™') than the
other cultivars, while Jalo Precoce, BRS Estilo, and IAC
Milénio had the lowest tolerance levels (Fig. 2).

Tolerance of bean cultivars
to four PPO inhibitors in pre-emergence

The interaction between the herbicide rate and the cul-
tivar occurred only for the herbicides flumioxazin and
fomesafen, which is depicted in Figure 3. The cultivar
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Fig. 1. Average tolerance of four cultivars to six saflufenacil rates
applied in pre-emergence



www.czasopisma.pan.pl P N www.journals.pan.pl
=

A AKADEMIA NAL

Antonio Pedro Brusamarello et al.: Tolerance of Brazilian bean cultivars to protoporphyrinogen oxidase inhibiting-herbicides

121

Table 2. Parameters of the adjusted equations for the tolerance of four bean cultivars to saflufenacil applied in pre-emergence

Parameters
Cultivars R? p-value
a b Iy
BRSMG Talisma 100.00 (0.007) 6.84 (0.107) >43.8 (0.446) 0.99 <0.0001
Jalo Precoce 100.01 (2.652) 3.38(0.429) 26.3(1.100) 0.99 <0.0001
BRS Esplendor 101.67 (2.802) 3.16 (0.490) 32.8(1.542) 0.98 0.0020
IPR 81 101.87 (2.631) 2.08 (0.414) >43.8 (4.123) 0.96 0.0050

Logistic equation of three parameters: y = a/(1+ (x/xo)"), where: y - dependent variable; x — concentration of the herbicide; a - maximum asymptote
of the curve; b - slope of the curve; x,— dose of herbicide required to reduce the dependent variable by 50% (/, ); R* - coefficient of determination;
p-value - probability values of the /. values underestimated by the logistic model of the three parameters because the curve did not exceed 50%

of the y axis, and are shown as ">". In parentheses is the standard error
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Fig. 2. Tolerance of bean cultivars to 20.5 g a.i. - ha™" of saflufenacil applied in pre-emergence. Means followed by the same letter did

not differ by the Scott-Knott test (p < 0.05)

BRS Esteio stood out from the others owing to its high
level of tolerance to flumioxazin doses of 70 g a.i. - ha™
and 110 ga.i. - ha™' (>78% relative to the untreated con-
trol). The 140 g a.i. - ha' flumioxazin dose had a dras-
tic, negative impact on cultivar tolerance (Fig. 3A).
Fomesafen had the greatest selectivity among
all herbicides, with tolerance levels above 68% for
all cultivars. The cultivars BRSMG Talisma and IPR
Juriti had tolerance levels above 83% even with the
use of the highest fomesafen rate (840 g a.i. - ha™)
(Fig. 3B). For tolerance, there was no interac-
tion between the herbicide rate and the cultivar for
saflufenacil and sulfentrazone and the results ob-
served for each cultivar in the average herbicide doses

were very similar to fresh mass, so only the fresh mass
results were presented.

On average, the highest FM after saflufenacil appli-
cation was obtained in BRSMG Talisma (100% in rela-
tion to the untreated control), which was superior to
the other cultivars in this respect, with the exception of
ANFP 110 (91%) (Fig. 4). The cultivars IPR Curié and
IAC Milénio had the highest FM (89%) after the flumi-
oxazin application, differing only from BRS Requinte
(72%) and IPR Tuiuit (74%). The FM of the cultivars
BRSMG Talisma and IPR Juriti were 93% and 89%, re-
spectively, after the application of sulfentrazone; these
cultivars stood out from the rest and differed only
from ANFP 110 (68%) and BRS Esteio (70%). After
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Fig. 3. Tolerance of bean cultivars to flumioxazin (A) and fomesafen (B) applied in pre-emergence, considering rates and cultivars.

Means followed by the same capital and lowercase letter compare rates and cultivars, respectively, and did not differ by Duncan’s test
(p < 0.05)
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flumioxazin, sulfentrazone, and fomesafen applied in pre-emergence. Differences between cultivars under the average herbicide
rates. Means followed by the same letter did not differ by Duncan’s test (p < 0.05)

the application of fomesafen, the cultivars IPR Juriti,
IPR Curié, and BRS Requinte had the highest FM
values (105, 103, and 101%, respectively), differing
only from BRSMG Talisma (87%), BRS Esteio (86%),
and IAC Milénio (80%).

Discussion

The experiments investigating the response of com-
mon bean cultivars to the herbicide saflufenacil ap-
plied pre- and post-emergence revealed greater bean
tolerance in pre-emergence and greater tolerance dif-
ferences among cultivars at this application time, in re-
lation to post-emergence spraying. In post-emergence,
saflufenacil doses that were smaller than those recom-
mended by commercial product labels, were sufficient
to trigger characteristic effects of this herbicide, which
are described in the literature as the rapid loss of cell
membrane integrity, tissue necrosis, and plant death
(Hao et al. 2011; Aldridge et al. 2019). The action of

some of the PPO-inhibiting herbicides can be enhanced
when they are applied to the seedling shoots, combined
with the addition of adjuvants (Castro et al. 2013).

A saflufenacil phytotoxic effect applied post-emer-
gence occurs at a much lower dose than necessary to
generate pre-emergence phytotoxicity; however, the
results of our study indicated that, even in pre-emer-
gence, doses that can be considered low for other crops
on which the product is used, could cause a strong re-
duction in bean tolerance.

Mechanisms that confer tolerance to PPO inhibi-
tors include: the reduction of absorption and trans-
location (Kilink et al. 2011), the increased activity of
antioxidant enzymes (Xavier et al. 2018), and the rapid
herbicide metabolism (Dayan et al. 1997; Kilink et al.
2011). In pre-emergence application, specific mecha-
nisms capable of interfering with the absorption, trans-
location and metabolism of herbicidal compounds
in plant tissues may contribute to increasing plant
tolerance. For example, the anatomical structures of the
emerging aerial parts (epicotyl and hypocotyl) as well
as endoderm differences, are considered important
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barriers for the absorption and translocation of herbi-
cides (Vidal 2002; Oliveira Jr. et al. 2011). The selectiv-
ity of saflufenacil in pre-emergence occurs through the
positioning of the molecules in relation to the struc-
tures of the initial development and through faster me-
tabolism (BASF 2017). Dicotyledons allow for greater
absorption and translocation and reduced metabolism
of saflufenacil than monocotyledonous species, such
as corn (Grossmann 2011). In addition, part of the
saflufenacil applied in pre-emergence is adsorbed onto
soil colloids (Gannon et al. 2014), thereby contributing
to less herbicidal activity in this application mode.

The saflufenacil tolerance variability among bean
cultivars in pre-emergence corroborates the results
of Diesel et al. (2014), who detected differential saf-
lufenacil tolerance levels among 10 common bean
cultivars in pre-emergence, with the BRSMG Talisma
and Jalo Precoce cultivars standing out for their higher
and lower tolerance, respectively. Soltani et al. (2014a)
reported that Adzuki beans (Vigna angularis) had
a similar tolerance level to that of the control group
and higher than that of the cultivars of kidney, black,
and white P, vulgaris.

The tolerance variability of different bean cultivars
to saflufenacil was more evident in the applied pre-
than in the post-emergence, which suggests the exist-
ence of different tolerance mechanisms between these
modalities. In post-emergence, the morphological
characteristics of the leaf surface (trichomes and wax
plates) and the cuticle are considered to be the main
barriers to herbicide absorption (Vidal 2002). Thus,
the absence of significant barriers for the absorption
and translocation of saflufenacil applied to the shoots
of bean cultivars could explain the absence of toler-
ance among the evaluated cultivars. In addition, the
rapid absorption and translocation of this herbicide in
shoots causes the rapid production of free radicals af-
ter sun exposure (Grossmann 2011; Vidal et al. 2014),
which can compromise the action of other tolerance
mechanisms and mask differences between cultivars
that were detected in pre-emergence.

Differentiated tolerance levels among cultivars
were also observed for the herbicides flumioxazin,
fomesafen, and sulfentrazone, in pre-emergence ap-
plications. In addition to the cultivar, tolerance was
affected by the herbicide dose. Flumioxazin is selec-
tive for applications before bean sowing at a dose of
25 ga.i. - ha™' (Sumitomo 2020). As noted in this study,
pre-emergence applications resulted in high flumiox-
azin phytotoxicity at doses higher than 70 g a.i. - ha™.
Fomesafen, which is recommended in 250 g a.i. - ha™
doses for beans in post-emergence (Syngenta 2020)
was the least phytotoxic of the tested herbicides. The
tolerance of beans to sulfentrazone in pre-emergence
has also been observed in several studies, at dos-
es of 105 g a.i. - ha™', 140 g a.i. - ha™!, 280 g a.i. - ha™
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(Soltani et al. 2014b), 210 g a.i. - ha™' (Taziar et al. 2016),
420 g a.i. - ha™! (Hekmat et al. 2007; Taziar et al. 2016),
and 840 ga.i. - ha™' (Hekmat et al. 2007). It is likely that
the tolerance mechanisms to sulfentrazone that have
been reported in other cultivated species may explain
the differences between the bean cultivars examined in
this study. In some potato cultivars, tolerance has been
attributed to the differential root uptake and the dif-
ferential root translocation to the shoot (Bailey et al.
2003). In soybeans, tolerance is attributed to the lower
absorption of the herbicide by the leaves at the early
stages of development (Li et al. 2000).

The aim of the present study was to determine the
existence of variability among cultivars within each
PPO inhibitor and to clarify whether the order of her-
bicide selectivity within a cultivar would be the same
for the other cultivars. In this regard, for each culti-
var used, a different herbicide selectivity order was
obtained. For example, the cultivar BRSMG Talisma
exhibited higher levels of tolerance to the herbicides
saflufenacil and sulfentrazone, thereby exhibiting cross-
-tolerance to the pyrimidione and triazolinone chemi-
cal groups, respectively, and a lower level of tolerance to
flumioxazin (n-phenylphthalimides group). However,
the cultivar BRS Esteio was in the group with the highest
level of tolerance to the herbicide flumioxazin (n-phe-
nylphthalimides), but also belonged to the group with
the lowest level of tolerance to the herbicides saflufenacil
(pyrimidinediones) and sulfentrazone (triazolinones).
Therefore, there was no cross-tolerance pattern to her-
bicides among all the evaluated bean cultivars.

The existence of a cross-tolerance pattern among
cultivars would facilitate bean management by grow-
ers and also the development of research to improve
the tolerance of bean cultivars to herbicides. It would
improve a cultivar’s tolerance to a particular herbicide,
and its response to different herbicides with the same
action mechanism.

It is important to note that, in the present study,
we did not detect a relationship between the tolerance
level of 28 cultivars to saflufenacil and specific cha-
racteristics described in Table 1, such as the center of
origin (Mesoamerican or Andean), commercial group
(black, carioca, or special), and cycle (early, semi-
early, or late) (Fig. 2). There was also no relationship
between the tolerance level of eight cultivars to four
PPO inhibitors (Fig. 4) and the characteristics of the
commercial group, growth habit, and cycle (Table 1).
Among the mechanisms considered important for
the tolerance of plants to PPO inhibitors are the me-
tabolism of herbicides to less toxic compounds (Dayan
et al. 1997; Kilink et al. 2011), the antioxidative en-
zyme activity (Xavier et al. 2018), and the herbicide
absorption and translocation differences (Kilink et al.
2011). Probably the mechanisms of tolerance to PPO-
-inhibiting herbicides mentioned above are not
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associated with specific morphophysiological charac-
teristics or the center of origin of bean cultivars. Plant
tolerance to herbicides is affected by numerous factors,
including the genetic makeup of each cultivar and the
physicochemicalcharacteristicsoftheherbicide (Soltani
et al. 2010; Oliveira Jr. et al. 2011; Silva et al. 2011; Die-
sel et al. 2014), which interact with each other, result-
ing in multiple responses.

Knowledge of the tolerance variability of the differ-
ent cultivars examined in this study will be important
for producers and technical assistance personnel, as it
may assist in selecting cultivars that are more tolerant
to herbicides. Such knowledge will be extremely useful
for selecting herbicides with registration potential, for
which there is currently limited information in terms
of their selectivity for a large number of cultivars. In
addition, such information is important for the de-
velopment of research which will investigate the bio-
chemical and genetic mechanisms involved in herbi-
cide tolerance.

The results of the present study highlight the im-
portance and encourage the design of further studies
on the evaluation of cultivars under different environ-
mental conditions (soils, climate, etc.) and stressful sit-
uations for plants. This will generate more knowledge
and ensure greater safety regarding the selectivity of
these herbicides at the field level.

In summary, the tolerance of bean cultivars to
saflufenacil used in doses compatible with the manage-
ment of weeds, occurred only partially when applied
pre-emergence, as very low doses in post-emergence
caused the rapid death of the plants. The pre-emer-
gence tolerance to saflufenacil, flumioxazin, sulfen-
trazone, and fomesafen depended on the cultivar and
dose used. Fomesafen stood out for its higher selecti-
vity levels. No cross-tolerance pattern for PPO-inhibit-
ing herbicides was observed among the evaluated bean
cultivars.
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