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Abstract: Brazil stands out in the world for being one of the largest producers and consumers of
common beans and cowpeas. However, the cultivation of this agricultural species is exposed to
competition with weeds for water, light and nutrients. One of the management methods for weed
control is the use of pre-emergent herbicides. Although pre-emergence herbicides are beneficial in
controlling weeds, it is important to know the dynamics of these products in the soil, especially
their residual effect. Two experiments were carried out to assess the tolerance of bean genotypes to
the pre-emergent herbicide S-metolachlor in two Brazilian soils. Bean genotypes have differential
tolerance to S-metolachlor when grown in soils with different characteristics. The Vigna spp. were the
most affected by S-metolachlor, especially the red Adzuki. Plant growth was more sensitive when
grown in sandy soil for most species. Total chlorophyll content was not affected for most genotypes in
the two soils evaluated. The differential tolerance of the genotypes in both soils confirms the potential
of S-metolachlor to cause damage to the bean crop, especially in sandy soil. The S-metolachlor was
efficient in controlling sourgrass and selective to the bean cultivars (Pérola and Talismã) in both
soils evaluated. Alexandergrass behaved differently in the soils evaluated, showing tolerance to the
application of S-metolachlor when in Oxisol and sensitivity in Ultisol.

Keywords: residual herbicide; selectivity; genotypes; Phaseolus vulgaris

1. Introduction

Brazil stands out in the world for being one of the largest producers and consumers of
common beans (Phaseolus vulgaris L.) and cowpeas (Vigna ungiculata). Bean growth and
yield are substantially reduced by weed competition for nutrients, water and light [1].
There are various ways of controlling weeds, including the use of pre-emergence herbicides,
which are often combined with post-emergence herbicide treatments.

Pre-emergence herbicide application consists of application after planting and before
the emergence of weeds and the crop [2]. The residual effect of herbicides applied in
pre-emergence is very efficient in controlling the different germination flows of weeds that
are in the seed bank, keeping cultivated plants under less weed pressure for various stages
of development. Although pre-emergence herbicides are beneficial in controlling weeds, it
is important to know the dynamics of these products in the soil, especially their residual
effect (carryover) to avoid damaging crops planted later in the area, causing productivity
losses, economic damage and environmental contamination [3].

S-metolachlor (2-chloro-N-(2-ethyl-6-methylphenyl)-N-[(2S)-1-methoxypropan-2-yl]
acetamide) is one of the pre-emergence herbicides recommended for bean crops. S-
metolachlor is a nonionic compound similar to chloroacetamide herbicides [4], which
acts by inhibiting the biosynthesis of long-chain fatty acids [5]. S-metolachlor not only
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stands out for its proven efficiency, but also for being a product used to manage weed resis-
tance to herbicides [6]. S-metolachlor is used to control annual grasses and broad-leaved
weeds such as Digitaria insularis, Urochloa plantaginea, Eleusine indica, Echinochloa crus-galli,
Amaranthus viridis, and Amaranthus hybridus [7].

Herbicide recommendations and dosage definitions have been made without any
criteria or using only limited information about the cultivar used, the soil’s texture and
organic matter content, which can lead to incorrect doses being applied. The existence of
different species and commercial classes of beans should be considered when recommend-
ing pesticides and this have often been neglected by technicians and companies. Failure to
observe this response may result in severe plant phytotoxicity and yield losses for farmers.
The objective of this study was therefore to investigate the tolerance of bean cultivars to
S-metolachlor and Poaceae weed control in the two agricultural soils.

2. Materials and Methods

Two experiments were conducted in a greenhouse located in the Experimental Area of
the Federal Technological University of Paraná-UTFPR, Pato Branco, PR, Brazil (26◦10′38′′ S
and 52◦41′22′′ W).

The soils used in the studies were collected in the municipalities of Pato Branco, PR,
Brazil (26◦10′37.1′′ S 52◦41′24.3′′W) and Paranavaí, PR, Brazil (23◦05′47.2′′ S 52◦26′33.7′′ W),
in the 0 to 20 cm of depth, in an area without application of S-metolachlor. Soils from Pato
Branco and Paranavaí were classified as Oxisol—Latossolo Vermelho (clayey) and Ultisol—
Argissolo Vermelho (sandy), respectively, by the Brazilian Soil Classification System [8]
(Table 1).

Table 1. Chemical and physical attributes of the soil samples used in the studies.

Attributes Units Oxisol Ultisol

pH (water) - 5.00 5.40
OM % 4.69 0.67
TOC g dm−3 27.21 3.89

P mg dm−3 22.78 7.53
K mg dm−3 215.05 66.47

Ca+2 mg dm−3 781.56 621.24
Mg+2 mg dm−3 255.27 60.78
Al+3 mg dm−3 0.00 0.00

H + Al cmolc dm−3 5.76 2.36
SB cmolc dm−3 6.55 3.77

CEC cmolc dm−3 12.58 6.13
V % 53.21 50.78
m % 0.65 0.00

Sand % 1.40 84.10
Silt % 10.60 0.90

Clay % 88.00 15.00
Hydrogen potential (pH), organic matter (OM), total organic carbon (TOC), phosphorus (P), potassium (K),
calcium (Ca2+), magnesium (Mg2+), aluminum (Al3+), potential acidity (H + Al), sum of bases (SB), cation
exchange capacity (CEC), base saturation (V), aluminum saturation (m). Source: LABSOLOS/UTFPR, Pato
Branco, PR, Brazil.

2.1. Tolerance of Bean Cultivars to S-Metolachlor Applied Pre-Emergence

In the first trial, the tolerance of 19 bean cultivars to S-metolachlor applied pre-
emergently was assessed. Bean genotypes were used, 14 of which were common beans
(Phaseolus vulgaris L.), two cowpea genotypes (Vigna unguiculata (L.) Walp.), two adzuki
beans (Vigna angularis (Willd.) Ohwi and Ohashi) and a mung bean (Vigna radiata (L.)
Wilczek), described in Table 2. Four replications were used per cultivar, four treated and
four untreated with herbicide. A rate of 1200 g a.i. ha−1 of S-metolachlor (commercial
product Dual Gold®, Syngenta Crop Protection AG, Basel, Switzerland) was used. The
experimental unit consisted of polyethylene pots with a volume of 0.7 dm3 filled with soil,
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in which the seeds needed to ensure a minimum size of 2–3 plants were sown, according to
the germination potential. Irrigation was carried out to keep the soil close to field capacity.
S-metolachlor was applied pre-emergently with a costal sprayer at constant CO2 pressure
(330 kPa) at an application speed of 3.6 km h−1, on a boom with four XR 110.02 fan tips,
totaling an application volume of 200 L ha−1.

Table 2. Name and commercial class of bean genotypes.

Genotype Commercial Class

Adzuki Amarelo Vigna angularis
Adzuki Vermelho

Bico de Ouro Vigna unguiculata
RS Nova Era

Moyashi Vigna radiate

BRS Agreste

Special
BRS Pitanga

IAC Esperança
IAC Harmonia

Jalo Precoce

BRS FC 402

Carioca
BRS MG Talismã
IAC Imperador

IPR Tangará
Pérola

BRS Esteio

Black
IPR Tuiuiú

IPR Uirapuru
IPR Urutau

The tolerance (T) was determined 14 days after spraying (DAS) for the applied
pre-emergence. The tolerance was assessed according to the control and injury scale
of Frans et al. [9] in which 100% corresponds to complete tolerance (absence of symptoms)
and 0% corresponds to the absence of herbicide tolerance (plant death). Plant height (H)
was obtained by measuring the distance between the base of the plant (close to the ground)
and its apex (cm). At 21 DAS, the following were measured the total chlorophyll content
(TCC) from a leaflet of the last fully expanded trefoil, on one plant per experimental unit,
using the CLOROFILOG 1030® (Falker Agricultural Automation, Porto Alegre, RS, Brazil).

The leaf area (LA), root dry matter (RDM) and shoot dry matter (SDM) of the plants
of all cultivars were determined at 21 DAS. The leaves were collected and distributed on
sheets of A4 paper (21 cm × 29.7 cm), making sure they did not overlap. Photographic
records were made, and the images digitally processed using ImageJ software (version
1.8.0_112, National Institute of Health, Bethesda, MD, USA). The plant samples were then
packed in paper bags and dried in a forced-air oven at an average temperature of 60 ◦C
until they reached a constant mass. After this stage, the material was weighed on a digital
semi-analytical balance (Marte®, model AD500, São Paulo, SP, Brazil) to determine dry
matter. The dry matter of the plants was relativized, considering the average of the control
without herbicide application as 100%.

All statistical analyses were carried out using RStudio software (version 3.6.1, Team R
Core, 2019). Initially, the data were relativized by plant (pl−1) inside each pot. Analyses of
the normality of residuals and the homogeneity of variances were carried out using the
Shapiro–Wilk and Bartlett tests, respectively. Analysis of variance using the F test (p ≤ 0.05)
was carried out using the Exp-Des.pt package [10]. The means of the treatments were
grouped using the Scott–Knott test (p ≤ 0.05).
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2.2. Response of Bean Cultivars to S-Metolachlor Applied Pre-Emergence

In the second trial, the response of common bean genotypes to different doses of
the herbicide S-metolachlor in Oxisol and Ultisol was evaluated. The experiment was
conducted in a completely randomized experimental design, with four replications. Two
bean genotypes (Pérola and Talismã) were used, with S-metolachlor (Dual Gold®) applied
pre-emergence at 0, 0.25, 0.5, 1.0, 1.5, 2.2, 3.3, 5.0 and 7.0 the recommended field dose
suggested on the label of the commercial product, corresponding to 0, 300, 600, 1200, 1800,
2700, 4050, 6075 and 9112 g a.i. ha−1.

Ten liter polyethylene pots were used, where the seeds needed to guarantee a stand
of 4 bean plants were sown, according to their germination potential. In addition, seeds
of two Poaceae weeds were sown in each pot: alexandergrass (Urochloa plantaginea (Link)
R.D. Webster) and sourgrass (Digitaria insularis (L.) Mez ex Ekman), with the potential
to generate ten plants per pot, in order to assess the response to herbicide doses and the
degree of interference with the bean plants, simulating an infestation situation in the field.
The S-metolachlor spraying methods used in this experiment were the same as those used
in the first experiment. Tolerance, height and TCC were measured at 14 DAS.

Data analysis was carried out using the “drc” package [11], using the RStudio soft-
ware [12]. Initially, the model selection process was carried out using the corrected Akaike
information criterion (AICc) presented in the formula below (Equation (1)) [13].

AICc = nlog ∗ RSS
n

+
2K (K + 1)
n− K− 1

(1)

where RSS indicates the sum of the squares of the residuals, n is the number of samples,
and K is the number of model parameters. The four-parameter (Equation (2)) and three-
parameter (Equation (3)) log-logistic models were chosen to describe the data, using the
“mselect” function in the “drc” package.

y = c +
d− c

1 + exp(b(log(x))− log(e))
(2)

y =
d

1 + exp(b(log(x))− log(e))
(3)

where y is the dependent variable, x is the dose of S-metolachlor, c and d are the lower and
upper limits, respectively, b is the rate of increase and e is the lethal dose of the herbicide
that causes a 50% reduction in the response variable (LD50). The lethal doses that provided
a 10% reduction in each variable (LD10) were also obtained via the “drc” package, using the
“ED” function [14]. The four-parameter log-logistic model is reduced when the c parameter
takes on the value 0, resulting in a three-parameter log-logistic model. The quality of the
fitted equations was determined by calculating the R2 and the root mean square of the error
(RMSE). The dose–response curves were graphically represented using RStudio software,
using the “GGplot2” package [15].

3. Results
3.1. Morphophysiological Characteristics of Brazilian Bean Plants Related to Tolerance to
S-Metolachlor

The analysis of variance (Table 3) showed that for relative tolerance and all the mor-
phological parameters analyzed, the genotype–soil interaction was significant.
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Table 3. Analysis of variance of 19 Brazilian bean genotypes submitted to S-metolachlor application
in relation to relative tolerance and morphological parameters at 14 DAA, and dry matter data at
21 DAS.

Variable
Variation Factor

Genotype 1 Soil Genotype * Soil P > F Error

T 783.00 * 760.5 125.11 * 3.92 × 10−10 20.50
H 2343.44 * 733 * 464.72 * 0 40.25

LA 3928.71 * 350 * 1308.22 * 0 70.59
TCC 581.50 * 78 * 934.55 * 0 115.19
SDM 4481.44 * 692 * 602.72 * 0 54.20
RDM 3889 * 0 ns 1372.72 * 0 48.75

Degrees of freedom 18 1 18 114
1 Mean square of the error. * significant at 5% probability of error using the F test. ns: non-significant. Tolerance
(T), plant height (H), leaf area (LA), total chlorophyll content (TCC), shoot dry mass (SDM) and root dry mass
(RDM) and ratio between SDM.

The average T of the genotypes was 84.93% (Oxisol) and 80.46% (Ultisol), indicating
that most of the genotypes showed good tolerance to S-metolachlor in the soils evaluated
(Table 4, Figure 1). When comparing the genotypes between soils, we can see that the
genotypes Adzuki Amarelo, Bico de Ouro, BRS Agreste, BRS Esteio, BRS Pitanga, BRS FC
402, IAC Esperança, IAC Imperador, IPR Uirapuru and IPR Urutau had higher T in Oxisol.
However, the genotypes Adzuki Vermelho and IAC Harmonia behaved differently, with
higher T in Ultisol.
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metolachlor. The first two pots of the genotype represent the clay soil (Oxisol—O) and the last two
the sandy soil (Ultisol—U), with the control on the left and S-metolachlor on the right.

In the Oxisol, the genotypes Bico de Ouro, BRS Agreste, BRS Esteio, BRS Nova Era,
BRS Pitanga, BRSFC 402, IAC Esperança, IAC Imperador, IPR Tangará, IPR Tuiuiú, IPR
Uirapuru, Jalo Precoce, Moyashi and Pérola made up the group with the highest TR, at over
85%. The second group was made up of the genotypes BRSMG Talismã, IAC Harmonia
and IPR Urutau, with T between 80 and 82.5%. The genotypes with the lowest T in Oxisol
were Adzuki Amarelo and Adzuki Vermelho, with T of 75 and 45%, respectively.
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Table 4. Tolerance (T), plant height (H) and leaf area (LA) at 14 DAS relativized in relation to the
control of 19 Brazilian bean genotypes submitted to S-metolachlor application.

Genotype 1
T (%) H (%) LA (%)

Oxisol Ultisol Oxisol Ultisol Oxisol Ultisol

Adzuki Amarelo 75.00 (5) * Ac 57.50 (2) Bd 6.34 (0) Ae 7.27 (0) Af 47.57 (6) Ad 33.00 (0) Bf
Adzuki Vermelho 45.00 (5) Bd 52.50 (9) Ad 58.24 (2) Ad 26.95 (7) Be 9.39 (1) Ae 5.48 (6) Ag

Bico de Ouro 87.50 (2) Aa 76.25 (4) Bb6 65.89 (6) Ac 45.85 (4) Bd 55.25 (7) Ad 46.13 (14) Ae
BRS Agreste 88.75 (4) Aa 80.00 (9) Bb 73.09 (7) Ab 66.73 (6) Ac 91.27 (4) Ab 94.20 (11) Ab
BRS Esteio 92.50 (2) Aa 82.50 (9) Ba 87.27 (9) Aa 61.15 (10) Bc 80.15 (6) Ac 83.35 (10) Ac

BRS Novaera 90.00 (4) Aa 85.00 (0) Aa 67.29 (2) Ac 52.73 (11) Bd 112.19 (12) Aa 89.31 (7) Bb
BRS Pitanga 87.50 (2) Aa 73.75 (4) Bb 74.21 (9) Ab 50.50 (3) Bd 81.65 (5) Ac 76.21 (7) Ac
BRSFC 402 90.00 (4) Aa 80.00 (4) Bb 78.71 (3) Ab 70.21 (8) Ac 64.73 (6) Bc 113.60 (13) Aa

BRSMG Talismã 82.50 (2) Ab 87.50 (2) Aa 73.42 (6) Ab 67.35 (5) Ac 71.68 (6) Bc 106.51 (5) Aa
IAC Esperança 92.50 (2) Aa 85.00 (5) Ba 75.60 (1) Ab 77.14 (3) Ab 99.43 (4) Ab 69.66 (13) Bd
IAC Harmonia 80.00 (4) Bb 90.00 (0) Aa 64.84 (2) Bc 89.91 (4) Aa 73.69 (4) Ac 84.69 (14) Ac
IAC Imperador 91.25 (4) Aa 83.75 (4) Ba 57.34 (7) Ad 58.98 (8) Ac 96.38 (3) Ab 85.06 (13) Ac

IPR Tangará 87.50 (2) Aa 92.50 (2) Aa 68.14 (6) Ac 74.56 (3) Ab 77.73 (5) Bc 97.61 (9) Ab
IPR Tuiuiú 87.50 (2) Aa 87.50 (2) Aa 66.89 (5) Bc 79.51 (4) Ab 66.92 (1) Bc 93.96 (3) Ab

IPR Uirapuru 92.50 (2) Aa 85.00 (5) Ba 86.36 (10) Aa 67.10 (2) Bc 106.09 (10) Aa 62.67 (11) Bd
IPR Urutau 82.50 (2) Ab 70.00 (0) Bc 78.17 (10) Ab 82.89 (4) Ab 74.59 (3) Ac 75.81 (7) Ac
Jalo Precoce 90.00 (0) Aa 85.00 (5) Aa 79.60 (5) Ab 80.18 (6) Ab 90.53 (8) Ab 91.39 (6) Ab

Moyashi 85.00 (4) Aa 90.00 (4) Aa 55.41 (0) Bd 72.92 (7) Ac 45.95 (3) Bd 102.88 (10) Aa
Pérola 86.25 (4) Aa 85.00 (0) Aa 64.96 (6) Ac 66.83 (2) Ac 74.54 (4) Ac 65.89 (7) Ad

Mean 84.93 80.46 67.46 63.09 74.88 77.75

CV (%) 5.48 9.72 11.02
1 Percentage of the S-metolachlor treatment in relation to the mean of the control. * Averages followed by the
same letter are not statistically different from each other, lower case in the column and upper case in the row,
using the Scott–Knott test (p ≤ 0.05). CV = coefficient of variation. Standard deviation in brackets.

In Ultisol, the genotypes BRS Esteio, BRS Nova Era, BRSMG Talismã, IAC Es-perança,
IAC Harmonia, IAC Imperador, IPR Tangará, IPR Tuiuiú, IPR Uirapuru, Jalo Precoce,
Moyashi and Pérola made up the group with the highest T, above 82%. The second group
was made up of the genotypes Bico de Ouro, BRS Agreste, BRS Pitanga and BRS FC 402,
with T between 73 and 80%. The intermediate group was formed by IPR Urutau with a T
of 70%. The most sensitive were Adzuki Amarelo and Adzuki Vermelho, which had T of
57.5 and 52.5%, respectively.

In relation to H (Table 4), it can be seen that the application of S-metolachlor caused
an average reduction in the height of the genotypes of 33% (Oxisol) and 37% (Ultisol). The
genotypes Adzuki Vermelho, Bico de Ouro, BRS Esteio, BRS Novaera, BRS Pitanga and
IPR Uirapuru showed greater reductions in height in the Ultisol compared to the Oxisol
because the cultivation in sandy soil increased the sensitivity of these genotypes, affecting
plant growth.

The average relative LA of the genotypes was between 75 and 78% for Oxisol and
Ultisol, respectively, indicating that most of the genotypes showed similar behavior when
exposed to S-metolachlor (Table 4). When comparing the behavior of the genotypes between
soils, it was observed that most did not differ, with the exception of Adzuki Amarelo, BRS
Novaera, IAC Esperança and IPR Uirapuru, which had leaf area reductions of 67%, 11%,
30% and 37%, respectively, when grown on Ultisol. In addition, BRS FC 402, BRS MG
Talismã, IPR Tangará, IPR Tuiuiú and Moyashi behaved differently to previous genotypes.
In Ultisol, it was observed that the LA of these genotypes was higher than in Oxisol, with a
reduction in leaf area of 49, 35, 20, 27 and 57%, respectively.

The TCC of the genotypes, assessed at 21 days after emergence, was 95% (Oxisol)
and 94% (Ultisol), indicating that most of the genotypes showed similar responses in the
two soils assessed after exposure to the herbicide S-metolachlor (Table 5). However, for
the Red Adzuki genotype, there was a greater reduction in TCC when grown in Ultisol,
with a reduction of 54%. The genotypes that stood out positively were Red Adzuki, Yellow
Adzuki, BRS Esteio, BRSFC 402, BRSMG Talismã, IAC Harmonia, IPR Uirapuru, Moyashi
and Pérola when grown in Oxisol, as they had no reduction in TCC when exposed to
S-metolachlor. As for the genotypes grown in Ultisol, we observed that others stood out



Agronomy 2023, 13, 2919 7 of 19

positively, such as IAC Esperança, IPR Tuiuiú, IPR Uirapuru, IPR Urutau and Jalo Precoce,
which did not lose any TCC values. The IPR Uirapuru genotype was among the genotypes
that showed the best results between the two soils, with no losses in terms of TCC.

Table 5. Total chlorophyll (TCC), shoot dry mass (SDM) and root dry mass (RDM) of 19 Brazilian
bean genotypes subjected to S-metolachlor application at 21 DAS.

Genotype
TCC (%) 1 SDM (%) RDM (%)

Oxisol Ultisol Oxisol Ultisol Oxisol Ultisol

Adzuki Amarelo 102.96 (7) * Aa 86.01 (3) Bb 62.42 (7) Ae 49.80 (6) Bd 33.99 (1) Bg 60.47 (4) Ad
Adzuki Vermelho 108.89 (3) Aa 45.94 (53) Bc 11.01 (1) Af 6.30 (7) Ae 25.75 (4) Ag 25.75 (27) Ae

Bico de Ouro 89.09 (1) Ab 90.66 (8) Ab 64.03 (3) Ae 55.99 (6) Ad 68.97 (6) Ae 59.42 (8) Ad
BRS Agreste 94.47 (8) Aa 93.56 (6) Ab 105.72 (6) Ab 98.29 (11) Ab 114.73 (1) Ab 82.04 (5) Bb
BRS Esteio 102.76 (3) Aa 87.80 (5) Bb 104.79 (4) Ab 97.36 (7) Ab 92.34 (7) Ad 84.24 (2) Ab

BRS Nova Era 91.81 (7) Ab 93.37 (7) Ab 97.22 (8) Ab 94.65 (3) Ab 115.32 (1) Ab 76.38 (3) Bb
BRS Pitanga 76.63 (2) Ab 91.26 (3) Ab 90.86 (2) Ac 75.47 (13) Bc 99.88 (1) Ac 78.97 (10) Bb
BRSFC 402 100.68 (3) Aa 85.85 (4) Ab 83.16 (7) Bd 103.93 (12) Aa 90.65 (8) Bd 110.09 (5.) Aa

BRSMG Talismã 107.26 (3) Aa 86.96 (16) Bb 98.31 (2) Bb 110.35 (3) Aa 103.22 (5) Ac 94.22 (2) Aa
IAC Esperança 83.50 (4) Bb 102.08 (7) Aa 102.10 (7) Ab 70.87 (6) Bc 84.03 (1) Ad 86.07 (3) Ab
IAC Harmonia 109.96 (1) Aa 98.13 (5) Ab 82.86 (3) Ad 79.20 (11) Ac 74.29 (3) Be 101.09 (6) Aa
IAC Imperador 96.50 (4) Aa 93.62 (3) Ab 110.50 (7) Ab 91.03 (4) Bb 104.49 (6) Ac 108.45 (4) Aa

IPR Tangará 73.72 (2) Ab 82.64 (14) Ab 91.62 (1) Bc 105.66 (4) Aa 68.73 (5) Be 107.95 (6) Aa
IPR Tuiuiú 90.60 (1) Bb 113.01 (2) Aa 80.00 (2) Bd 99.91 (3) Ab 110.33 (4) Ab 102.56 (3) Aa

IPR Uirapuru 105.61 (3) Aa 120.79 (4) Aa 101.76 (11) Ab 69.18 (5) Bc 130.32 (9) Aa 70.89 (11) Bc
IPR Urutau 85.32 (3) Bb 119.81 (13) Aa 79.97 (5) Bd 92.27 (9) Ab 87.24 (5) Bd 106.74 (5) Aa
Jalo Precoce 89.88 (4) Bb 109.18 (10) Aa 123.19 (5) Aa 105.25 (9) Ba 106.58 (4) Ac 104.19 (4) Aa

Moyashi 98.32 (4) Aa 95.61 (4) Ab 62.16 (10) Be 88.82 (11) Ab 43.53 (1) Bf 78.92 (3) Ab
Pérola 98.43 (4) Aa 84.43 (3) Ab 102.00 (3) Aa 78.11 (7) Bc 79.25 (2) Bd 101.21 (7) Aa

Mean 95.07 93.72 87.03 82.76 85.98 86.29

CV (%) 11.36 8.67 8.12
1 Percentage of the S-metolachlor treatment in relation to the mean of the control. * Means followed by the same
letter are not statistically different from each other, lower case in the column and upper case in the row, using the
Scott–Knott test (p ≤ 0.05). CV = coefficient of variation. Standard deviation in brackets.

The average reduction in RDM was 13% (Oxisol) and 17% (Ultisol) and in RDM
~14% in both soils (Table 5). The genotypes BRSFC 402, IPR Tangará, IPR Urutau and
Moyashi had similar behavior in terms of SDM and RDM in the two soils, where it was
observed that the genotypes were more sensitive to the herbicide when grown in clay
soil. In addition, the IAC Harmonia and Pérola genotypes also had their RDM affected
in the clay soil, with reductions of 26 and 21%, while in the sandy soil, these genotypes
showed no damage. For the genotypes Adzuki Amarelo, BRS Pitanga, IAC Esperança, IAC
Imperador, IPR Uirapuru, Jalo Precoce and Pérola, cultivation in Ultisol negatively affected
SDM production, with significant reductions compared to cultivation in Oxisol.

The genotypes BRS Agreste, BRS Esteio, IAC Esperança, IAC Imperador, IPR Uira-
puru, Jalo Precoce and Pérola, when grown in Oxisol, did not show a significant reduction
in SDM. In the most sensitive genotypes, such as Adzuki amarelo, Adzuki vermelho, Bico
de Ouro and Moyashi, S-metolachlor caused reductions in SDM between 89 and 38%. The
reduction in SDM was most significant in red Adzuki when grown in Ultisol, at 94%, this
being the genotype with the greatest sensitivity to the herbicide S-metolachlor among all
those evaluated. The most sensitive genotypes in Oxisol for both SDM and RDM were
Yellow Adzuki, Red Adzuki and Golden Beak. Red Adzuki reduced SDM by 89% compared
to 74% for RDM. Previous studies have shown that the Adzuki bean (Vigna angularis Willd.)
is highly sensitive to herbicides.
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3.2. Response of Common Bean Genotypes to Different Doses of the Herbicide S-Metolachlor in Two
Types of Soil under Competition from Two Weeds

For all the variables evaluated (Figures 2–6), the increase in the dose of S-metolachlor
resulted in a gradual reduction in the response variables (T, H, LA, alexandergrass control
and sourgrass control), which had their behavior adjusted using the four-parameter logistic
model, with the exception of the LA variable in the Ultisol, which was best adjusted using
the three-parameter logistic model.
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The T of the bean genotypes was more affected by the increasing doses of S-metolachlor
in Ultisol (Figure 2B) compared to Oxisol (Figure 2A). In both soils, it was observed that
from the dose of 600 g a.i. ha−1 the Talismã cultivar had reductions in T of 12.5 and 13.75%,
showing the greatest sensitivity to S-metolachlor. At the highest dose (9112 g a.i. ha−1), the
genotypes grown in Oxisol had average T of 52%, and in Ultisol approximately 45%. The
average T of the genotypes at 14 DAS in Oxisol and Ultisol was reduced by an average of
9/9%, 17/19%, 23/33%, 36/38% at doses of 600, 1200, 1800, 2700, g a.i. ha−1, respectively.

The parameters and other information of the equations adjusted for the T evaluations
(Figure 2) are described in Table 6. The R2 (greater than 0.9) and RMSE (less than 5.41)
values indicate that the data fitted the chosen model well. The values required for a 50%
reduction in T (LD50) at 14 DAS were between 3636.68 (Pérola) and 2537.93 (Talismã) in
Oxisol, and in Ultisol they varied between 2102.97 (Pérola) and 1152.04 (Talismã) (Table 6).
This shows that in sandy soil the doses needed to reduce T by 50% were lower, indicating
greater plant sensitivity in this condition.

Table 6. Equation parameters, dose required to provide 10% reduction in T (LD10), adjusted coefficient
of determination (R2) and root mean square error (RMSE) for the relative tolerance variable (%) at
14 after S-metolachlor application in two bean genotypes in Oxisol and Ultisol.

Genotype
Equation Parameters

LD10 R2 RMSE
b c d e (LD50)

Oxisol

Pérola 1.09 (0.17) *** 37.01 (9.82) *** 100.56 (1.35) *** 3636.68 (1126.93) ** 509.38 (81.96) 0.98 2.35
Talismã 1.05 (0.14) *** 40.76 (5.99) *** 100.45 (1.42) *** 2537.93 (537.13) *** 314.42 (57.52) 0.95 3.56

Ultisol

Pérola 2.27 (0.41) *** 43.86 (2.94) *** 97.83 (1.71) *** 2102.97 (166.22) *** 799.65 (135.72) 0.96 3.91
Talismã 1.71 (0.30) *** 46.18 (2.64) *** 100.25 (2.19) *** 1152.04 (119.27) *** 320.10 (73.92) 0.92 5.41

** significant by t-test (p ≤ 0.01) and *** (p ≤ 0.001).

The results indicate that the Talismã cultivar is more sensitive to the herbicide than
the Pérola cultivar. The LD50 of the Talismã genotype was 1152 g a.i. ha−1, indicating high
sensitivity to S-metolachlor when grown in Ultisol. The cultivar Pérola in Oxisol showed
high tolerance to the herbicide. The dose needed to cause a 50% reduction in tolerance
was 3636 g a.i. ha−1, which is about three times (1200 g a.i. ha−1) the recommended field
dose suggested on the label of the commercial product. The LD10 values for T varied
between 509.38 (Pérola) and 314.42 g a.i. ha−1 (Talismã) in Oxisol, and 799.65 (Pérola) and
320 g a.i. ha−1 (Talismã) in Ultisol. In this case, the LD10 for clay soil was lower than the
LD10 for sandy soil, which shows that plants grown in Ultisol soil are more able to tolerate
the herbicide with very low doses.

Similar to what was observed for the T variable, the height (H) of the bean genotypes
was more affected by the application of increasing doses of S-metolachlor at 14 DAS in
Ultisol soil than in Oxisol (Figure 3A,B). In Oxisol soil, there was no significant interaction
between cultivars and doses of S-metolachlor. The negative impact of the herbicide on
the H of the Talismã and Pérola genotypes in Ultisol was more significant at doses of
625 and 1200 g a.i. ha−1, respectively. An average reduction of 27% was observed in the H
variable in the Talismã genotype with the use of 600 g a.i. ha−1. It should be noted that
in the Pérola cultivar the doses of 300 and 600 g a.i. ha−1 caused greater plant growth
compared to the control (Figure 3B).

In general, the Talismã and Pérola genotypes had H less affected by S-metolachlor in
Oxisol than in Ultisol (Figure 3). The application of the maximum dose in Ultisol led to a
27 and 52% reduction in H for Pérola and Talismã 14 DAS, respectively. The dose required
for LD50 and LD10 of H at 14 DAS in Ultisol (Table 7) indicated the greater sensitivity of
the Talismã genotype (LD50 = 495.37 and LD10 = 121.27 g a.i. ha−1) compared to Pérola
(LD50 = 2708.55 and LD10 = 757.50 g a.i. ha−1).
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equations are described in Table 7.
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Table 7. Parameters of the equation, dose needed to provide a 10% reduction in H (LD10), adjusted
coefficient of determination (R2) and root mean square of the error (RMSE) for the height variable (H)
at 14 after the application of S-metolachlor on two bean genotypes in Oxisol and Ultisol.

Genotype
Equation Parameters

LD10 R2 RMSE
b c d e (LD50)

Oxisol

Pérola 1.21 (0.59) * 5.17 (1.66) ** 9.72 (0.31) *** 2618.89 (1938.37) ns 424.17 (195.73) 0.62 0.96
Talismã 3.10 (1.52) * 4.91 (0.28) *** 8.07 (0.25) *** 1637.98 (236.08) *** 807.84 (297.17) 0.89 36.23

Ultisol

Pérola 1.72 (0.61) ** 3.67 (0.80) *** 7.45 (0.26) *** 2708.55 (993.97) ** 757.50 (266.66) 0.63 0.89
Talismã 1.56 (0.71) * 5.01 (0.29) *** 8.08 (0.37) *** 495.37 (156.40) ** 121.27 (82.06) 0.73 0.58

ns: non-significant, * significant by t-test (p ≤ 0.05), ** (p ≤ 0.01), and *** (p ≤ 0.001).
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Figure 4. Response of bean genotypes Pérola (first and third row) and Tal-
ismã (second and fourth row) after pre-emergence application of S-metolachlor
(0, 300, 600, 1200, 1800, 2700, 4050, 6075 and 9112 g a.i. ha−1) at 14 days after application (DAS) in
Oxisol and Ultisol.

In the Pérola cultivar, the dose of 1200 g a.i ha−1 caused a 21% reduction in LA in
Oxisol. There was a progressive reduction in LA as the dose of S-metolachlor increased,
reaching a 94% reduction at the maximum dose (Figures 4 and 5A). In the same soil, a 29%
reduction in LA was observed in the Talismã cultivar at a dose of 600 g a.i ha−1. In Ultisol
(Figure 5B), in the Pérola cultivar, the doses of 300 and 600 g a.i. ha−1 caused an increase in
LA of 24 and 62% in relation to the 0 dose, the same fact observed in the evaluation of H
at 14 DAS. In the case of the Talismã cultivar, the minimum dose of the herbicide caused
a 5% reduction in LA, which intensified from the 600 g a.i. ha−1 dose onwards, with a
42% reduction.
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According to the dose required for LD50 and LD10 of LA, the most sensitive geno-
type was Talismã in Oxisol (LD50 = 1436.56 and LD10 = 245.38 g a.i ha−1) and in Ulti-
sol (LD50 = 898.21 and LD10 = 238.95 g a.i ha−1), while the least affected was Pérola for
both soils.
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Figures 6 and 7 show the behavior of the dose–response curves in the species alexan-
dergrass and sourgrass with the application of doses of S-metolachlor. The parameters of
the equation are shown in Table 9 for Oxisol and Ultisol. It was found that the R2 values
were close to 1, indicating a high level of fit of the equation in relation to the original data
collected. In the curves evaluated, it can be seen that the species behave differently to each
other and to the doses of S-metolachlor, in addition to the soils having an influence on
their control. The sourgrass species showed greater sensitivity to S-metolachlor in both
soils evaluated, with control over 90% even at the lowest concentration of 300 g. a.i. ha−1

(Figures 6B and 7B). In the clay soil (Oxisol), there were small differences in the sensitivity
of the sourgrass between the two bean cultivars. In the Pérola cultivar, sourgrass had an
LD50 value of 144.73, while in the Talismã cultivar, the LD50 was 26.02 (Table 9).

Table 8. Parameters of the equation. Dose needed to provide 10% reduction in leaf cover (LD10).
adjusted coefficient of determination (R2) and root mean square error (RMSE) for LA at 14 after
application of S-metolachlor on two bean genotypes in Oxisol and Ultisol.

Genotype
Equation Parameters

LD10 R2 RMSE
b c d e (LD50)

Oxisol

Pérola 1.93 (0.36) *** 450.88 (20.01) *** 3988.92 (404.92) *** 1284.82
(361.07) 0.87 53.56

Talismã 1.24 (0.17) *** 452.37 (24.94) *** 1436.56 (209.92) *** 245.38 (80.18) 0.83 60.48

Ultisol

Pérola 3.44 (1.20) ** 29.28 (28.50) ns 355.78 (23.31) *** 2083.75 (284.08) *** 1100.65 0.75 76.74
Talismã 1.65 (0.65) * 25.52 (33.97) ns 334.71 (36.32) *** 898.21 (280.957) ** 238.95 0.64 78.24

ns: non-significant, * significant by t-test (p ≤ 0.05), ** (p ≤ 0.01), and *** (p ≤ 0.001).
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described in Table 9.
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Table 9. Equation parameters, dose required for 50% (LD50) and 80% (LD80) control, adjusted
coefficient of determination (R2) and root mean square error (RMSE) for weed species at 35 days after
S-metolachlor application on two bean genotypes in Oxisol and Ultisol.

Soil Genotype
Equation Parameters

LD80 R2 RMSE
b c d e (LD50)

Oxisol

Alexandergrass

Pérola 0.96 (0.16) *** −13.94 (8.81) ns 98.91 (3.86) *** 1092.60 (220) *** 4626.5 (1839) 0.97 5.73
Talismã 1.09 (0.17) *** −15.29 (6.85) * 96.73 (4.17) *** 1095.62 (157) *** 3908.4 (1127) 0.93 9.05

Sourgrass

Pérola 0.82(0.10) *** −5.52 (2.16) * 99.92 (1.59) *** 144.73 (16.83) *** 769.35 (129) 0.98 3.69
Talismã 0.60 (0.20) ** −3.43 (3.29) ns 99.99 (1.59) *** 26.02 (17.89) ns 256.39 (63) 0.99 2.57

Ultisol

Alexandergrass

Pérola 1.04 (0.16) *** −4.81 (2.94) ns 99.81 (2.87) *** 258.61 (29.93) *** 974.61
(196.74) 0.94 7.57

Talismã 2.65 (0.33) *** −0.65 (1.30) ns 99.97 (2.86) *** 320.24 (15.03) *** 539.64 (39.78) 0.99 2.88

Sourgrass

Pérola 1.15(0.35) ** −0.93 (1.23) ns 99.99 (1.62) *** 60.93 (30.10) * 203.15 (33.68) 0.99 2.44
Talismã 3.32 (2.05) ns −0.02 (0.69) ns 99.99 (1.62) *** 161.18 (61.99) * 244.69 (32.77) 0.98 3.90

ns: non-significant, * significant by t-test (p ≤ 0.05), ** (p ≤ 0.01), and *** (p ≤ 0.001).
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Overall, it can be seen that the LD50 and LD80 values found for sourgrass in the Talismã
cultivar were lower than those observed for the Pérola cultivar, which means that in order to
achieve a given level of control, it is necessary to apply less product to Pérola than to Talismã.
The values found are within the average control predetermined by Frans et al. [9], which is
at least 80% control over a given plant and which does not interfere with the crop of interest.
Alexandergrass in Oxisol (Table 9) showed LD50 values > 1092 g a.i. ha−1 in both bean cul-
tivars. In order to achieve 80% control of alexandergrass, doses of 3908 and 4626 g a.i. ha−1

would be required for the cultivars Pérola and Talismã, respectively, which corresponds
around three times the recommended doses to beans.

However, when we compare the response of alexandergrass in sandy soil (Ultisol)
(Table 9; Figure 7), we see that this behavior is altered, with alexandergrass having higher
sensitivity to the application of S-metolachlor compared to the Oxisol, with LD50 of
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258.61 and 320.24 g a.i. ha−1 and LD80 of 974.61 and 539.64 g a.i. ha−1, for Pérola and
Talismã, respectively.

4. Discussion
4.1. Tolerance of Bean Cultivars to S-Metolachlor Applied in Pre-Emergence

The symptoms of herbicide damage to the bean crop can be influenced by several
factors such as: soil type, rainfall, irrigation management, temperature, application method
and the cultivar used, as well as the amount of OM present in the soil [16,17]. In the
present study, it was observed that the majority of genotypes showed greater selectivity to
S-metolachlor in Oxisol soil, which was expected, given that Oxisol has a higher OM content
(41.55 g dm−3) than Ultisol (10.94 g dm−3) (Table 1). As S-metolachlor has a high affinity
for OM and the Ultisol has a low OM content, the herbicide will be more bioavailable in
this soil than in Oxisol and consequently the damage will be more evident (Figure 1). This
result corroborates the results obtained by Procópio et al. [18], who analyzed the tolerance
of one bean genotype to S-metolachlor in soil with a high OM content (36 g dm−3) and
detected little damage in the genotype analyzed.

The probable reduction in herbicide bioavailability in Oxisol soil increased the toler-
ance levels of the genotypes compared to Ultisol. Leaching losses may also have contributed
to the differential response of the cultivars between the soil types, since the plants’ ability
to absorb the herbicide depends on the morphological characteristics of the cultivars, inter-
acting with the herbicide absorption zone in the soil. In addition, crop tolerance has been
attributed to the ability of plants to rapidly metabolize S-metolachlor through detoxifica-
tion reactions, preventing accumulation at phytotoxic levels in plant cells. This occurs by
cleavage of the methyl ether group followed by conjugation with glucose or conjugation of
the chloroacetyl group of the herbicide with glutathione (GSH) or homoglutathione as seen
in soybean crops [19].

In this study, the Adzuki Vermelho (Vigna angularis) was the most sensitive to the
herbicide S-metolachlor in both soils. The high sensitivity of this genotype to S-metolachlor
has already been observed in several studies [20–22]. Also noteworthy is the BRS Nova
Era genotype, belonging to the Vigna spp. species, which showed high tolerance to S-
metolachlor in both soils, showing its tolerance even in sandy soils, which are not rec-
ommended for the application of this herbicide. This result is in line with other studies
that have evaluated this genotype with other herbicides, showing high tolerance [23,24].
Another fact observed in relation to tolerance between the genotypes is that IPR Tuiuiú,
which belongs to the black commercial class, had the highest tolerance for both clay and
sandy soils. An important fact is that the high T values of some bean cultivars and groups
may be related to their greater ability to detoxify the herbicides, as has been demonstrated
in the application of ethoxysulfuron to common beans [23,25].

The application of S-metolachlor caused a reduction in the height of the genotypes
in both soils. This reduction may be related to the fact that this herbicide inhibits the
meristematic growth of germinating seedlings and the emergence of leaves [26], delaying
plant growth compared to the genotype without the herbicide. Qu et al. [27] observed
a strong inhibitory effect on the growth of wheat plants (Triticum aestivum L.) after the
application of S-metolachlor, and also indicated that this herbicide can influence the abun-
dance of rhizosphere microorganisms. The genotypes Adzuki Vermelho, Bico de Ouro, BRS
Esteio, BRS Novaera, BRS Pitanga and IPR Uirapuru showed greater reductions in height
in the Ultisol compared to the Oxisol, because the cultivation in sandy soil increased the
sensitivity of these genotypes, affecting plant growth.

Previous studies have shown that the Adzuki bean is highly sensitive to herbicides.
Pre-emergence application of flumioxazin (142 g a.i. ha−1) caused up to 84% damage,
which resulted in more than 50% loss of grain yield. In addition, this genotype also showed
sensitivity to the herbicides pyroxasulfone and sulfentrazone [28]. In the Moyashi genotype,
RDM was highly affected, especially in the Oxisol soil type. Similar results were found by
Deuber and Novo [29], who reported that root development was inhibited by the action of
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trifluralin, which is an inhibitor of root growth like S-metolachlor, although it belongs to
another herbicidal mechanism of action.

S-metolachlor is absorbed by the plant through the roots and shoots, and the tissues
of the shoots are generally more absorbent and the site of herbicide activity, causing a
reduction in root growth. In addition, the herbicide can cause loss of root cell integrity
through its interference in the synthesis of phospholipids, an important component of
plant cell membranes [30]. These lesions caused by S-metolachlor to the bean root system
can limit the absorption of water and nutrients, which can negatively influence the crop’s
productivity. Therefore, residues of S-metolachlor left before the main crops of the pre-
vious harvest can affect N cycling by potentially reducing the growth of the roots of this
legume [20].

Our results raise important questions about the residual effect of S-metolachlor on
bean genotypes. The persistence of a product in the soil, depending on the characteristics
of the soil and environmental conditions, can restrict the growth of sensitive crops, causing
negative effects on agricultural production. That is why it is important to carry out studies
evaluating the behavior of herbicides in soils, giving producers a safety margin to avoid
possible losses in their production by correctly carrying out practices that reduce these
effects. Poorly planned pre-emergence applications of S-metolachlor are a potential risk
that can reduce productivity. We suggest future studies to elucidate in detail the mechanism
of tolerance to S-metolachlor of these genotypes when cultivated in different soils and to see
the behavior of each genotype, in order to have a better dose of application of the product.

4.2. Response of Common Bean Genotypes to Different Doses of the Herbicide S-Metolachlor in Two
Types of Soil under Competition from Two Weeds

The more intense damage caused by S-metolachlor in the Pérola and Talismã genotypes
in Ultisol soil was probably due to the high sand content (84%) and low OM content
(6.70 g dm−3) in this type of soil, since a large portion of the S-metolachlor herbicide is
sorbed in soils with a higher clay content and especially OM [31,32]. The characteristics of
the Ultisol soil probably provided greater bioavailability of the herbicide in the solution,
increasing the risk of it being leached into the rooting zone.

It is noteworthy that in the Pérola cultivar the doses of 300 and 600 g a.i. ha−1 caused
greater plant growth compared to the control (Figure 3B). The greater growth of plants
subjected to sub-dose herbicide applications is known as hormesis [33]. The ability of the
soil to absorb part of the herbicide applied probably made a sufficiently small amount
available to stimulate the growth of this cultivar. Unlike what was observed in this study,
Procópio et al. [34] found no reduction in height in the Pérola cultivar with the use of
480, 960, 1440, 1920, 2880 and 3840 g/ha of S-metolachlor at 30 DAS.

According to the dose required for LD50 and LD10 LA, the most sensitive genotype
was Talismã (LD50 = 1436.56 and LD10 = 245.38 g. a.i ha−1) in Oxisol and in Ultisol
(LD50 = 898.21 and LD10 = 238.95 g a.i ha−1), while the least affected was Pérola for both
soils. A similar result was found by Procópio et al. [34], in which the Pérola cultivar
was found to be tolerant to S-metolachlor in terms of showing toxicity symptoms. The
symptoms of toxicity to S-metolachlor observed in the bean cultivars (Figure 4) were
internode reduction, leaf wrinkling and fusion of the leaf margins, similar to the symptoms
described by van Rensburg and van Dyk [35] in bean plants.

The difference in the tolerance of cultivars in soils with different characteristics is
mainly related in the chemical and physical attributes of the soils. S-metolachlor tends to
be more sorbed in soils with a high clay and OM content, as is the case with Oxisol, making
it less available to plants and consequently causing less damage to the crop. In addition,
soils with a higher OM content often have a greater presence of microorganisms, which are
major contributors to the degradation process of this herbicide. One study showed that
some microorganisms were able to mineralize S-metolachlor using the herbicide as a carbon
source [36]. Microbes, fungi and bacteria have the capacity to degrade S-metolachlor [4].
In conditions where soils have a high sand content (Ultisol), there is a tendency for S-
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metolachlor to be more available in the soil solution. In addition, as this herbicide has
moderate Sw (solubility in water), when it is applied to Ultisol, followed by heavy rainfall,
there is a tendency for the herbicide to leach, due to the low OM and clay content. With
leaching, the herbicide is displaced from the weed control zone, reducing control efficiency.
More studies are needed to assess the behavior of S-metolachlor in soils with different
characteristics in order to have greater precision in the recommended dose and effective
control of weed species in the area, without causing damage to the crop.

The fact that s-metolachlor presents greater control efficiency of sourgrass than alexan-
dergrass is relevant information for farmers and technicians, because it contributes to weed
management. Also because sourgrass presents, in Brazil, biotypes resistant to more than
one mechanism of herbicidal action, contributing to be one of the most widespread weed
species in soybean crops in this country [37] and, therefore, the use of S-metolachlor will
contribute to improving management strategies for this weed.

5. Conclusions

Bean genotypes have differential tolerance to S-metolachlor when grown in soils
with different characteristics. The Vigna spp. were the most affected by S-metolachlor,
especially the red Adzuki. Plant growth was more sensitive when grown in sandy soil for
most species. TCC was not affected for most genotypes in the two soils evaluated. The
differential tolerance of the genotypes in both soils confirms the potential of S-metolachlor
to cause damage to the bean crop, especially in sandy soil.

The herbicide S-metolachlor was efficient in controlling sourgrass and selective to
the bean cultivars (Pérola and Talismã) in both soils evaluated. Alexandergrass behaved
differently in the soils evaluated, showing tolerance to the application of S-metolachlor
when in Oxisol and sensitivity in Ultisol, which depends on the availability of the herbicide
in the soil for there to be effective control of this species in an agricultural area.
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