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ABSTRACT: The objective of this paper was to evaluate the effect of the time of summer pruning on the quality of Fuji apples, on the red
colorand functional properties, at harvest and after 3.5 months of cold storage. The treatments evaluated consisted of the control (without
summer pruning) and summer pruning in December, January, and February. The percentage of fruit with more than 50% red color on the
skin was 20.5% higher when summer pruning was performed later than when performed early. In general, summer pruning in January and
February provided fruit with a relatively high content of anthocyanins (19 and 25.1 mg cyaniding 3-glycoside:100 g* FW, respectively),
relatively high values of total phenolic compounds (370.1 and 438.7 mg EAG-100 g* FW, respectively) and total antioxidant activity by the
2,2-diphenyl-1-picrylhydrazyl (DPPH) method (8,0975 and 8,089.2 uMol Trolox-100 g* FW, respectively) in the 2017/18 season. Summer
pruning did not affect fruit quality after cold storage. Summer pruning performed in January or February increased functional compounds
content and improved red color, while in February it increased flesh firmness.

Key words: Malus domestica Borkh., anthocyanins, phenolic compounds, antioxidant activity, human health.

INTRODUCTION

The physicochemical attributes of apples are important aspects in defining their monetary value and consumer
acceptance of the product. Sugars, organic acids, and their relationship (ratio) are essential to fruit flavor (Petkovsek et al.
2007). However, the production of fruit without defects and with a high value and expressive red color is decisive for their
classification in high-value categories, which impacts the profits of the producer and meets the preference of the consumer
market (Fiovarango and Lazzarotto 2012).

The regular consumption of apples improves human health, mainly by protecting against chronic diseases (Condezo-
Hoyos et al. 2014). Polyphenols, found in apples, play an important role in the human health-promoting and anthocyanins,
reduce the oxidation of low-density lipoprotein (LDL) cholesterol and decrease the development and progression of
atherosclerotic lesions (Cardoso et al. 2011, Cory et al. 2018).

A few environmental factors, such as light, temperature, and humidity, and agronomic practices, such as irrigation,
nutrition, thinning, and pruning, affect and change the quality attributes of apples during preharvest (Musacchi and
Serra 2018). Highly dense orchards, with tall and vigorous plants, tend to have decreased light penetration in the canopy,
especially in the lower parts and between plants, resulting in relatively low fruit yield and quality (Djordjevi¢ et al. 2020).
Environments with high sunlight irradiation are favorable to the production of relatively large fruit with a high percentage
of dry matter and red coloring (Musacchi and Serra 2018). Improving fruit quality by changing the canopy environment,
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especially regarding the amount of incident light, is among the benefits of summer pruning of apple trees (Cooley and Autio
2011). The greater availability of light in plants subjected to summer pruning allows for enhanced red coloring, anticipation
of maturation, reduction in titratable acidity, and increased soluble solid contents of the fruit (Ashraf and Ashraf 2014).

Information relating to the time in which pruning is performed and its effects on the physicochemical and functional
quality of apples is scarce. The time of summer pruning, in addition to influencing the physical-chemical characteristics,
possibly has an influence on the functional quality of the fruits. Thus, the objective of this paper was to evaluate the effect
of the time of summer pruning on the quality of Fuji apples, especially on the red color and functional properties.

MATERIAL AND METHODS

The experiment was carried out in an experimental orchard located at the Sdo Joaquim Experimental Station, belonging
to the Empresa de Pesquisa Agropecuaria e Extensdo Rural de Santa Catarina (EPAGRI) (28°17°39” §, 49°55’56” W; altitude
of 1,415 m), Sao Joaquim, SC, Brazil, during the crop seasons of 2016/2017, 2017/2018, and 2018/2019. Apple trees of the
Fuji Standard cultivar on Marubakaido rootstock with M9 filter were utilized. The orchard was established in 1999, with
4 m between rows and 1.5 m between plants.

The region’s climate is humid mesothermal (Cfb), according to the Koppen-Geiger classification. In other words, the
region has a constantly humid, temperate climate, with no dry season and cool summer. The average accumulation of
temperatures of 7.2°C or less in the region is 900 hours. The soil of the experimental field was classified as Humic Cambisol,
according to the Brazilian Soil Classification System (Alvares et al. 2014, Pasa et al. 2018). Figure 1 shows the data on
climatic conditions, average temperature, thermal amplitude, rainfall, and hours of insolation from December to April in
the three crop seasons evaluated.

Treatments consisted of different times of summer pruning (December, January, and February), performed on the
15% of each month, by removing whole branches in the upper, middle, and lower positions of the vegetative canopy, and
without summer pruning (control). Vertical branches, and those that shaded the fruit, were removed by summer pruning.
The experimental design used was a randomized blocks design with four replicates and an experimental unit composed
of three plants.

Fruit of all treatments were harvested on April 26, 2017, April 11, 2018, and April 15, 2019, and transported to the
laboratory for analysis of maturation and quality attributes. The following variables were evaluated: percentage of fruit
with more than 50% red color, skin color (red color and base color), iodine-starch index, flesh firmness, soluble solids
(SS), titratable acidity (TA), and the SS/TA ratio. In the 2016/17 and 2017/18 crop seasons, apple skins were sampled to
analyze the contents of anthocyanins, total phenolic compounds (TPC), and total antioxidant activity (TAA; ABTS and
DPPH methods). Fifty fruit per experimental unit were used to evaluate the percentage of fruit with more than 50% red
color, while 20 fruit were used for the other evaluations. Thirty fruit per experimental unit of the 2016/12 and 2017/18 crop
seasons were stored for 3.5 months (1 + 0.2°C and relative humidity of 92 + 4%) plus seven days of shelf life (23 + 3°C and
relative humidity of 60 + 5%), simulating the marketing period. The apples were subsequently evaluated for flesh firmness,
skin color (base color, changing from green to yellow), SS, TA, SS/TA ratio, and rot incidence.

Physicochemical attributes evaluation

« The percentage of fruit surface covered with red coloring was subjectively and visually assessed, counting number of
fruit with a surface covered with more than 50% red color;

« Skin color was measured in terms of hue angle (h°) in the more and less red regions of the fruit (skin background
color), using a colorimeter (Konica Minolta® CR 400, Tokyo, Japan);

o Flesh firmness was determined in two opposite regions of the equatorial portion of the fruit, with a small portion
of the epidermis previously removed using a motorized penetrometer (Giiss Manufacturing Ltd., Cape Town, South
Africa) equipped with an 11-mm diameter tip and expressing the results in Newton (N);
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o The iodine-starch index was determined by reacting the starch with a solution of 12 g of metallic iodine and 24 g
of potassium iodide in 1 L of distilled water. The iodine solution was applied to a cut in the peduncular half of the
equatorial region of the fruit, after which the color was compared (reaction of iodine with starch) considering a scale
of 1-5, in which index 1 indicates the maximum starch content, and index 5 represents the fully hydrolyzed starch
(Amarante et al. 2010);

 TA was determined in a 5-mL sample of fruit juice previously extracted from transversal slices taken from the equatorial
region of the apples and chopped in an electric centrifuge. The chopped sample was diluted in 45 mL of distilled water,
and titrated with 0.1 N sodium hydroxide solution until reaching pH 8.1, using an automatic titrator (Titro Line Easy®,
Mainz, Germany). The results are expressed as % malic acid;

o The SS content was determined using a digital refractometer (Atago PR 201a, Tokyo, Japan), with results expressed
in °Brix;

o The SS/TA ratio was calculated based on the values obtained for SS and TA.

Determination of the functional compounds
Obtaining the extracts

The extracts used to quantify the TPC and TAA in the fruit skin were obtained according to the methodology of
Larrauri et al. (1997) modified by Rufino et al. (2007a). In centrifuge tubes (Falcon), 5 g of sample was weighed, 10 mL of
methanol water solution (50:50, v/v) was added, and the mixture was homogenized with an ultra-turrax (SilentCruscher M,
Heidolph, Germany) and kept at rest for 60 min at room temperature. The samples were centrifuged for 15 min at 4°C, and
the supernatant was transferred to a 2-mL volumetric flask. Subsequently, 10 mL of acetone water solution (70:30, v/v) was
added to the residue of the first extraction, followed by the extraction procedure above until obtaining the supernatant.
Finally, the second supernatant was added to the first one, and the volume of the volumetric flask was adjusted to 25 mL
with distilled water.

Determination of the total antioxidant activity

The TAA was determined using methodologies based on the ability of the extract to scavenge 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radicals and 2,2-azinobis (3-ethylbenzothiazoline)-6-sulfonic acid) (ABTS) radicals (Rufino et al. 2007a, Rufino
et al. 2007b).

The DPPH method consisted of a radical prepared on the day of analysis by diluting DPPH (0.06 mM) in methanol. An
aliquot of 0.1 mL of the extract and 3.9 mL of the DPPH solution was transferred to test tubes in triplicate. The mixture was
homogenized, and the absorbance was quantified at a wavelength (A) of 515 nm 30 min after the beginning of the reaction
with the addition of the extract. The calibration curve was generated with standard Trolox solutions, and the results were
expressed in antioxidant capacity equivalent to Trolox per 100 g of fresh mass (umol Trolox-100 g'' FW).

The ABTS method consisted of a radical solution prepared using an ABTS stock solution (7 mM) with potassium persulfate
(140 mM), which was kept for 16 h at 20°C. Before the analysis, the radical solution was diluted with ethyl alcohol to an
absorbance of 0.70 + 0.05 at A 734 nm. Aliquots of 30 puL were transferred to Falcon tubes containing 3 mL of the ABTS
radical in triplicate, which were then homogenized. After 6 min of reaction, the absorbance was quantified at A 734 nm.
The calibration curve was established using standard Trolox solutions, with the results expressed in pmol Trolox-100 g FW.

Determination of the total phenolic compounds
The TPC was determined by modifying the methodology described by Roesler et al. (2007). For this purpose, 2.5 mL
of Folin-Ciocalteu water solution (30:70 v/v) and 0.5 mL of the extract were added to a tube (Falcon). The tube was shaken

in vortex (Gehaka, AV-2, Sio Paulo, Brazil) and rested for 3 min. At the end of this period, 2 mL of a solution of sodium
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carbonate (10%) was added to the tube and homogenized. The reaction time was 1 hour, after which the absorbance of each
sample was determined at A 765 nm. The calibration curve was established using gallic acid, and the results were expressed
in mg of gallic acid equivalent per 100 g of fresh weight (mg EAG-100 g FW).

Determination of the total content of anthocyanins

The total content of anthocyanins in the skin of the apples was determined according to the methodology of Fuleki
and Francis (1968), with modifications. In tubes (Falcon), 2.5 g of plant tissue and 15 mL of solvent [ethanol (95%) and
hydrochloric acid (1.5 N) (85:15, v/v)] were homogenized with ultra-turrax (SilentCruscher M, Heidolph, Germany) for
approximately 1 min and stored for 34 hours (3-4°C). After incubation, the samples were centrifuged at 12,000 rpm for
15 min at 4°C. Later, 2 mL of the supernatant was transferred to a graduated tube, and the volume was adjusted to 50 mL
with the extracting solvent. Analyses were performed at A 535 and 700 nm, and the results were expressed in mg of cyanidin-
3-glycoside per 100 g of fresh weight (mg cyanidin-3-glycoside-100 g* FW).

The data expressed as percentages were transformed into arc sin Vx/100 and subjected to analysis of variance, and the
interaction between treatments and crop season were also analyzed. When the treatment effect was significant, the treatment
means were compared using the least significant difference test (p < 0.05) in each crop season in which there was a significant
interaction or with average data from the crop seasons evaluated when there was no interaction.

RESULTS AND DISCUSSION

There was no interaction between treatments and crop seasons regarding iodine-starch index, SS content, and flesh
firmness (Table 1). Summer pruning did not affect the iodine-starch index or SS content (Table 1). Contrary to the results
obtained in this work, Robinson et al. (1983) reported greater starch degradation in apples exposed to a higher light intensity
and attributed an increased fruit metabolism to this effect. Ikinci (2014), in turn, observed an inconsistent effect of summer
pruning on the SS content in peaches, with alternating results throughout the evaluated seasons.

Table 1. lodine-starch index, soluble solids, and flesh firmness of Fuji apples, at harvest, due to the time of summer pruning, in three crop
seasons (2016/2017,2017/2018, and 2018/2019). Mean data for three seasons.

Soluble solids

Treatments lodine-starch index (1-5) Flesh firmness (N)

(°Brix)
Without summer pruning 45 a* 12.8a 717 bc
Pruning in December 46a 125a 731ab
Pruning in January 46a 12.8a 70.4c
Pruning in February 47a 126a 740a
CV (%) 43 338 3.4

*Means followed by the same letter in the columns do not differ by the least significant difference test (p < 0.05); CV: coefficient of variation.

Summer pruning in February provided greater flesh firmness at harvest than when pruning in January (Table 1). The
relationship between light incidence and flesh firmness is highly variable. Studies have shown positive relationships between
light incidence and flesh firmness in Fuji apples (Jung and Choi 2010). However, other studies have indicated that apples
exposed to a higher light intensity tend to present less flesh firmness due to starch breakdown and increased respiratory
metabolism (Robinson et al. 1983), which was not proven by this present study. According to Saure (1987), flesh firmness
is a maturation attribute with variable behavior when subjected to summer pruning. However, in the present study, the
effect was consistent throughout the three crop seasons evaluated.

The values of TA and the SS/TA ratio varied between crop seasons in response to the treatments applied (Table 2). TA was
higher in apples harvested from plants of the control treatment in the 2016/2017 crop season and in fruit of plants submitted
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to summer pruning in February in the 2017/2018 crop season. However, there was no difference between treatments for
TA in the 2018/2019 crop season. Summer pruning also showed an inconsistent effect of TA for different peach cultivars,
which varied according to the studied year (Ikinci 2014, Ikinci et al. 2014). However, the results are not conclusive, and
they stated that there are studies that demonstrate that pruning increases the TA, those that have indicated the opposite
effect, and others in which no effect was observed (Saure 1987). The influence of summer pruning on this attribute possibly
depends on climatic conditions during fruit development.

Table 2. Titratable acidity, soluble solids/titratable acidity ratio (SS/TA), and skin background color (h°) in Fuji apples, at harvest, due to the
time of summer pruning, in three crop seasons (2016/2017,2017/2018, and 2018/2019).

Titratable acidity

Treatments (% malic acid) SS/TA Skin background color (h°)
2016/2017
Without summer pruning 0.46 a* 271c 1015a
Pruning in December 0.38b 31.6bc 104.8a
Pruning in January 0.32¢ 387a 920b
Pruning in February 0.34bc 34.8ab 98.7ab
CV (%) 107 9.9 5.0
2017/2018
Without summer pruning 0.35b 416a 108.4a
Pruning in December 0.37b 38.0a 1100a
Pruning in January 0.36b 393a 1089a
Pruning in February 0.44a 31.8b 1078 a
CV (%) 73 8.2 16
2018/2019
Without summer pruning 0.39a 303a 1071a
Pruning in December 0.36a 325a 1081a
Pruning in January 0.37a 329a 104.2b
Pruning in February 0.39a 310a 105.2b
CV (%) 71 8.2 11

*Means followed by the same letter in the columns, for the same crop season, do not differ by the least significant difference test (p <0.05); CV: coefficient of variation.

The SS/TA ratio was higher in fruit of plants submitted to summer pruning in January, presenting no significant difference
from plants submitted to summer pruning in February in the 2016/2017 crop season. The 2017/2018 crop season showed the
lowest SS/TA ratio in the fruits of plants submitted to summer pruning in February, with no difference between treatments
in the 2018/2019 crop season. The results of the SS/TA ratio were determined by the variation in TA (Table 2), since the SS
values did not differ between treatments (Table 1).

The values of skin background color (h° of the least red region) varied between crop seasons in response to the treatments
applied (Table 2). The skin background color was less green (lower h° value) in fruit of plants submitted to summer pruning
in January in the 2016/2017 crop season, showing no difference from those pruned in February of the same season and in
January and February of the 2018/2019 crop season. However, there was no difference between treatments in the 2017/2018
season (Table 2). The final color of apples develops during the ripening process, in which chlorophyll degradation occurs in
addition to the synthesis of secondary compounds (Musacchi and Serra 2018). The base color is considered a reliable indicator
for evaluating apple ripeness (Saure 1987), for which the lowest h° of the base color obtained with summer pruning in the
two crop seasons studied could indicate early fruit ripening. However, other maturation attributes, such as flesh firmness,
SS content, and iodine-starch index, do not support this early maturation with summer pruning, regardless of the season.

There was no interaction between treatments and crop seasons for the development of red color at harvest. Summer
pruning in January and February generally provided fruit with a more intense red color (lower h° value in the redder
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region) and a higher proportion of fruit with > 50% of the surface-colored red (Table 3). Even plants pruned in December
produced more fruit with this condition compared to plants without summer pruning. The red color of apples is an important
factor in encouraging consumer purchase (Stanger et al. 2017). The plants pruned in February produced 37.6% more fruit
with > 50% red color than the plants in the control treatment, which resulted in fruit with higher commercial value.

Table 3. Fruit coloring in the redder region (h°) and percentage of fruit with more than 50% of red coloring, at harvest, due to the time of
summer pruning, in three crop seasons (2016/2017,2017/2018, and 2018/2019). Mean data for three seasons.

Fruit with more than 50%

Treatments Redder region (h°) of red coloring (%)
Without summer pruning bl.6a* 405c
Pruning in December 52.8a 516b
Pruning in January 41.8b 56.8 ab
Pruning in February 443b 649 a
CV (%) 131 222

*Means followed by the same letter in the column do not differ by the least significant difference test (p < 0.05); CV: coefficient of variation.

The red color in the skin of apples is the result of anthocyanin synthesis (Bae et al. 2006), which highly depends on
light exposure (Jakopic et al. 2009). The content of anthocyanins was normally higher in fruit from plants submitted to
summer pruning in January and February in the 2016/2017 and 2017/2018 crop seasons (Table 4). High-light intensity
increases the synthesis of flavonoids, especially of the anthocyanin class, in some stages of fruit development, such as
during ripening and harvesting (Zoratti et al. 2015). Therefore, pruning in January and February allowed for additional
light to penetrate the canopy, improving fruit color. The control plants, for which no side branches or branches that shaded
the fruit were removed, showed reduced light passage in the canopy, restricting the synthesis of anthocyanin pigments in
the fruit. According to Ashraf and Ashraf (2014), summer pruning can improve light availability to fruit to develop a red
color. Although the resumption of vegetative growth after pruning was not evaluated, it was possible to observe that plants
pruned in December resumed their vegetative growth during the following months. However, in some cases, coloration
can also be impaired since summer pruning can stimulate the growth of other vegetative buds, emitting new branches that
shade the fruit (Schupp and Ferree 1988, Saure 1990), what may have occurred in this work for plants pruned in December.

Table 4. Content of total anthocyanins (TAN), total phenolic compounds (TPC), and total antioxidant activity (TAA; ABTS and DPPH methods)
in the skin of Fuji apples, at harvest, due to the time of the summer pruning, in two crop seasons (2016/2017 and 2017/2018).

U5, - TPC TAA 1
Treatments (mq cyanldln_ (mg EAG-100 g FW) (uMol Trolox-100 g* FW)
3-glycoside-100 g*FW) ABTS DPPH
2016/2017
Without summer pruning 33.7bc* 349.8 a 7528.0a 6,856.0 a
Pruning in December 24.4c¢c 3630a 73670 a 92140a
Pruning in January 576 a 383.8a 8,7120a 8,643.0a
Pruning in February 425ab 402.7 a 6,945.0 a 74310a
CV (%) 19.4 11.8 217 318
2017/2018
Without summer pruning 14.3 bc 253.4b 3,350.0 ab 5,601.7b
Pruning in December 135¢c 2244b 2,8444b 5,643.3b
Pruning in January 19.0 ab 370.1a 3,198.2ab 8,0975a
Pruning in February 251a 4387 a 39778 a 8,089.2a
CV (%) 126 15.2 114 15.0

*Means followed by the same letter in the columns, for the same crop season, do not differ by the least significant difference test (p < 0.05); CV: coefficient of
variation; ABTS: 2,2-azinobis (3-ethylbenzothiazoline)-6-sulfonic acid; DPPH: 2,2-diphenyl-1-picrylhydrazyl.
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The TPC and TAA values varied between crop seasons in response to the treatments applied (Table 4). The 2016/2017
crop season showed no effect of the treatments on the TPC and TAA values (ABTS and DPPH methods) of the fruit skin.
However, the plants pruned in January and February of the 2017/2018 crop season produced fruit with relatively high
values of TPC and TAA (evaluated using the DPPH method) (Table 4). TPCs are influenced by environmental factors,
especially light (Jakopic et al. 2009). Thus, as occurred with the accumulation of anthocyanins, summer pruning carried
out in January and February possibly allowed for additional light to enter the canopy, resulting in higher TPC and TAA
values in the fruit skin.

Polyphenols are the primary antioxidant compounds of many fruits and vegetables (Coklar and Akbulut 2017). The main
groups of phenolic compounds in apples are phenolic acids, flavonoids, and anthocyanins (Ceymann et al. 2012, Jakobek
etal. 2013). This explains the higher content of TAA (DPPH method) in the skin of the fruit of plants submitted to summer
pruning in January and February, when higher values of TPC and anthocyanins were also observed.

In the 2016/2017 crop season, in which the fruit was harvested at the end of April (the longest maturation period), the
thermal amplitude was higher, the rainfall was less frequent, and there was a higher number of hours of sunshine (Fig. 1). These
factors contribute to the accumulation of color in the fruit, which may explain the lack of effect of summer pruning on phenolic
compounds and antioxidant activity, as well as the higher content of these variables during this crop season than during the
other crop seasons. The climatic data of the 2017/2018 crop season indicate that the opposite occurred in the previous season,
when there was a lower average temperature, less thermal amplitude, less sunshine, and, in some months, higher rainfall. These
conditions are unfavorable for the accumulation of color in the fruit, and therefore the effect of summer pruning was more
evident in this crop season, indicating differences in the content of antioxidants and phenolic compounds.

@) ®2016/2017 ®2017/2018 = 2018/2019 (b) ®2016/2017 ®2017/2018  2018/2019
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250 -
100
200 1
8.0
15.0 1
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Figure 1. Climatic data on (A) average temperature, (B) thermal amplitude, (C) rainfall, and (D) insolation from the Sdo Joaquim meteorological
station (Empresa de Pesquisa Agropecuaria e Extensdo Rural de Santa Catarina, 2020).

The performance of summer pruning, evaluated after storage and compared to the control treatment (without summer
pruning), did not influence the incidence of rot, yellowing of the fruit, flesh firmness, TA, SS content, and SS/TA ratio,
regardless of the season (data not presented).

Bragantia, Campinas, 81, 3122, 2022 7



A. Lugaresi et al.

The optimal time for summer pruning is important considering its strong influence on the quality of the fruit produced.
The results obtained show that summer pruning in January and February of Fuji Standard apple trees (a clone with fruit of
reduced red coloring), with high vigor (orchards implanted several years ago on Marubakaido rootstock with M9 filter),
may be a viable alternative to improve the quality of fruit at harvest, especially in harvests unfavorable to the development
of the red color. As noted, the benefits from performing this practice at the appropriate time are not only in visual quality,
but also in the functional quality of the fruit.

CONCLUSION

Summer pruning of Fuji Standard apple trees in January and February promoted the development of red coloration and
increased the values of phenolic compounds and antioxidant activity in the fruit skin. Furthermore, summer pruning in
February resulted in fruit with greater flesh firmness at harvest than that of fruit in the control group. On the other hand,
summer pruning in December was ineffective for improving the color and functional properties of the fruit. Finally, summer
pruning did not influence the quality of Fuji Standard apples in cold storage.
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Abstract

Weed interference in wheat crops are known to cause productivity losses. The objective of this work was to evaluate pre-
emergence herbicide application efficiency combined with Clearfield® technology (CL) in ryegrass (Lolium multiflorum) management
in wheat crops. A field experiment was conducted from July 2020 to December 2021 using randomized block design in a 2x5
factorial arrangement with four replications. Treatments consisted of combinations of pre-emergence herbicide application -
without and with pendimethalin at 1365 g a.i. hal (in 2020 crop season) or without and with pyroxasulfone at 125 g a.i. hal (in
2021 crop season) and post-emergence herbicide application - without application; imazamox at 49, 70, and 91 g a.i. hal, or
pyroxsulam at 18 g a.i. hal. Wheat cultivars used were TBIO Capricho CL® and TBIO Ello CL°. The following characteristics were
evaluated: phytotoxicity, ryegrass control, plant height, number of spikes m-2, mean spike weight, 100-grain weight, and grain yield.
Treatments phytotoxicity did not exceed 5%, being visible only at 7 DAA, from 14 DAA no injury was observed. The combined
application of pre-emergence herbicides pendimethalin or pyroxasulfone with post-emergence herbicides imazamox or pyroxsulam
provided superior control of ryegrass than the isolated applications. This management resulted in ryegrass control ranging from
88.8% to 100% in 2020 and from 82.3% to 100% in 2021. In general, grain yield was also higher in treatments with combined pre-
and post-emergence applications. The pre-emergence herbicide application in combination with CL technology was effective in
managing ryegrass, preventing weed interference, and ensuring the productive potential of wheat crops.

Keywords: chemical control; imazamox; Lolium multiflorum; pyroxasulfone; Triticum aestivum.

Abbreviations: ACCase_acetyl-CoA carboxylase; Al_aluminium; ALS_acetolactate synthase; CAV_Agroveterinary Science Center;
CL_Clearfield® technology; CO,_Carbon dioxide; CEC_cation exchange capacity; CV_cultivar; DAA_days after the application of post-
emergence; DAE_days after emergence; EPSPs_ 5-enolpyruvylshikimate-3-phosphate synthase; K_potassium; N_nitrogen;
P_phosphorus; UDESC_Santa Catarina State University; V%_ base saturation; VLCFA_very long chair fatty acids.

Introduction

Wheat is an annual crop species that belongs to the Poaceae Argentina, the main commercial partner of Brazil in this
family (Liliopsida) and the Triticum genus. The species of this sector (Souza and Vieira Son, 2021).

genus that presents the highest commercial interest is Weeds are among the main yield limiting biotic factor of
Triticum aestivum L. (common wheat), which is widely used several crops (Shennan, 2007), including wheat, since the
in bakery products, production of cookies, cakes, and interference of weeds is a limiting factor of its economic
confectionery products. When wheat grains do not reach yield potential and production (Vargas and Bianchi, 2011).
enough quality for bakery products, they can be used as Weeds present fast germination, abundant root system, and
animal feed (Embrapa, 2021). According to data of the high-water use efficiency, resulting in aggressiveness and
Brazilian National Food Supply Company (Conab, 2022), this intense competition with crops for environmental resources
crop occupies the world's first place in production volume, (Gazziero et al., 2008).

the largest productions are (million Mg): the European Ryegrass (Lolium multiflorum) is one of the main weeds in
Union (38.9), China (136.9), India (109.5), Russia (75), the wheat crops in the South region of Brazil and a challenge for
USA (44.7), Australia (34), Urania (33), Pakistan (27), Canada weed management because it is widely used as soil cover
(21.6), and Argentina (20.5). It is the main winter crop grown crop and is difficult to control, as it belongs to the same crop
in Brazil. However, the wheat volume produced does not family as wheat (Vargas et al., 2008). In addition, it is easily
meet the domestic demand, thus, the national wheat supply dispersed, infesting most winter crops in the South region of
(grains and flour) depends on imports, mainly from Brazil (Vargas and Roman, 2006). In Brazil, there are cases of

simple resistance of ryegrass to the herbicides glyphosate
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(EPSPs) and iodosulfuron (ALS), and cases of multiple
resistance to the herbicides clethodim (ACCase) and
glyphosate (EPSPs); clethodim (ACCase) and iodosulfuron
(ALS); and glyphosate (EPSPs) and iodosulfuron (ALS) (Heap,
2022). It is mainly due to inappropriate and repeated use of
these herbicides, which results in difficulties in controlling
ryegrass and in reduced options of herbicides in the national
market.

Weed control in wheat crops is still a challenge regarding
management strategies; thus, the launching of cultivars
resistant to herbicides of the imidazolinone chemical group,
known as Clearfield® (CL) technology (Basf, 2004), is one of
the current alternatives for the management of ryegrass.
According to Breccia et al. (2018), herbicides of this chemical
group control mainly Avena fatua and Lolium multiflorum,
which are grass species of world-occurrence in wheat crops.
The resistance of these wheat cultivars was the result of a
mutation induced in the seeds; the mechanism of resistance
of these cultivars is due to the presence of a mutated form
of the enzyme acetolactate synthase (ALS), which decreased
the affinity of the enzyme with herbicides of the
imidazolinone chemical group (Jimenez et al., 2016). The ALS
enzyme is responsible for synthesis of the branched chain
amino acids valine, leucine, and isoleucine (Tan et al., 2005).
According to Bremer et al. (2011), herbicides of the
imidazolinone chemical group have a broad spectrum of
control. They are applied in post-emergence, have favorable
toxicological profile and can be used in no-tillage and
conventional soil preparation systems. However, despite it is
an efficient system, it requires a repeated and continued
use, since the selection of weeds resistant to these
herbicides can occur, decreasing the effectiveness and useful
life of this technology (Tomm et al., 2017). The preservation
of its efficiency requires crop rotation and searching for
practices focused on minimizing the selection of plants
resistant to ALS. The adequate use of herbicide-tolerant
cultivars and the adoption of combined agronomic practices
can increase the biodiversity of agricultural areas and reduce
the risk of development of weeds resistant to herbicides
(Dominguez et al., 2017).

Despite the increases in availability of post-emergence
herbicides, pre-emergence herbicide application is an
important strategy for prevention or management of
resistant weeds (Inoue et al.,, 2011). Pre-emergence
herbicides have higher residual effects, maintaining the crop
free from competition with weeds in the critical period of
weed interference (Velini et al.,, 2000). Pendimethalin is a
pre-emergence herbicide whose mechanism of action is the
inhibition of cell division by preventing polymerization of
tubulin, inhibiting the growth of the radicle and the
formation of secondary roots (Oliveira Neto et al., 2011),
and is selective for wheat crops (Borgo and Rosito, 1977).
Pyroxasulfone is among the recently launched molecules in
Brazil for weed control (Novais et al.,, 2021); it is also
selective for wheat crops (Daily of Unity, 2020). It inhibits
the biosynthesis of very long chain fat acids (VLCFA),
providing the control of mainly grass species when using
pre-emergence application (Tanetani et al., 2009; Tanetani
etal., 2012).

Therefore, the hypothesis is that the combining pre-
emergence application with post-emergence application can
ensure a higher ryegrass control when compared to their
isolated pre- or post-emergence applications. Therefore, the
objective of this work was to evaluate the efficiency of pre-
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emergence herbicide application combined with the CL
technology the management of ryegrass in wheat crops.

Results and discussion

2020 Crop season — Cultivar TBIO Capricho CL®

Injury and ryegrass control

The phytotoxicity was considered mild at 7 DAA in all
treatments; the highest grade (3.5%) was found in the
treatment with pre-emergence application of pendimethalin
(1365 g a.i. hal) and post-emergence application of
imazamox (49 g a.i. ha't) (Table 2). The evaluation at 14 DAA
showed no visual symptoms of phytotoxicity (data not
shown).

The ryegrass control at 7 DAA presented no significant
differences between treatments (Table 2); the highest
control (73.8%) was found in the treatment with
pendimethalin (1365 g a.i. hal) + imazamox (49 g a.i. ha'l).
Significant difference was found at 14 DAA, mainly between
the combined pre- and post-emergence applications, which
presented control of 87.0% in the treatment with
pendimethalin (1365 g a.i. hal) + imazamox (70 g a.i. hal)
(Table 2).

Effective control was found at 28 DAA, with results higher
than 89.0% of control in all treatments, except for the
isolated application of pendimethalin (1365 g a.i. hal),
which reached 63.8% (Table 2). No significant difference
between the combined pre-emergence and post-emergence
applications were found at the wheat pre-harvest (Table 2),
but a 100% control was found in the treatment with
pendimethalin (1365 g a.i. ha'l) + imazamox (70 g a.i. ha'l). In
addition, lowest control was found in the treatment with
isolated pre-emergence application of pendimethalin (1365
g a.i. hal), resulting in 62% control of ryegrass (Table 2).

The control efficiency of post-emergence application of
imazamox, isolated or combined with pre-emergence
application was evaluated by Bond et al. (2005), who
showed that sequential post-emergence applications of
imazamox or combined with pre-emergence applications of
pendimethalin were needed to optimize ryegrass control
and increase CL wheat grain yield. They also reported that
the combination pendimethalin (1.120 g a.i. hal) +
imazamox (54 g a.i. ha') resulted in a ryegrass control higher
than 94% at 30, 49, and 150 days after the wheat
emergence.

In general, the combined pre- and post-emergence
applications resulted in more efficient control of ryegrass in
wheat crops. According to Clemmer et al. (2004),
pendimethalin (1.120 g a.i. hal) increases significantly the
ryegrass control only when used combined with imazamox
(35 g a.i. hal). Tucker et al. (2002) also reported higher
ryegrass control when pendimethalin was applied with
imazamox.

Height, components of yield and grain yield

Plant height, number of spikes m?2, mean spike weight and
100-grain weight presented no significant differences
between treatments (Table 3). Grain vyield (Table 3)
presented significant difference between the control
without herbicides and isolated application of pendimethalin
(1365 g a.i. ha'l), which showed means of 3.284 kg ha! and
4.412 kg hal, respectively. Significant difference was also
between the treatments without pre-emergence application
of pendimethalin (1365 g a.i. hal), with the highest grain



yield (4.650 kg hal) found in the treatment with imazamox
(49 g a.i. ha'l). This mean yield denotes that post-emergence
application of imazamox at lower rates, with no pre-
emergence application of pendimethalin, results in high
grain yields, presenting economic advantage.

2021 Crop season - Cultivars TBIO Capricho CL® and TBIO
Ello CL®

Injury and ryegrass control

The cultivar TBIO Ello CL° presented no significant
phytotoxicity symptoms (Table 2). The cultivar TBIO Capricho
CL® presented higher phytotoxicity at 7 DAA, reaching the
maximum grade of 5% in the treatment with pyroxasulfone
(125 g a.i. hal) + imazamox (91 g a.i. hal). The injuries found
in plants of the cultivar TBIO Capricho CL® were similar to
those reported by Clemmer et al. (2004) for the cultivar
9804; the injury percentages were low, lower than 5%, and
the symptoms were mainly related to transitory chlorosis.
This is a similar result to those reported by Ball and Peterson
(2007) for the cultivar 9804 when applying imazamox (105 g
a.i. hal); they found 4% injury and transitory symptoms that
disappeared over the evaluations.

The ryegrass control at 7 DAA for the cultivar TBIO Capricho
CL® presented significant differences between the
treatments with imazamox (91 g a.i. hal) (22.5%) and
pyroxsulam (18 g a.i. hal) (12.0%) when compared these
same rates combined with pre-emergence application of
pyroxasulfone (125 g a.i. ha'l), which resulted in means of
41.8% and 36.3%, respectively (Table 2). The evaluation at
14 DAA showed that treatments with combined pre- and
post-emergence applications resulted, in general, in controls
higher than those found with only post-emergence
applications, with control percentages higher than 46.3%.
(Table 2).

The same result of control was repeated at 28 DAA, with
treatments with combined pre- and post-emergence
applications resulting in higher control of ryegrass (>73.5%),
when compared to treatments with only post-emergence
applications (Table 2). The ryegrass control at the wheat pre-
harvest for the cultivar TBIO Capricho CL® was, in general,
higher in the treatments with combined pre- and post-
emergence applications; the treatment with pyroxasulfone
(125 g a.i. ha?) + pyroxsulam (18 g a.i. hal) stood out with
97.5% control (Table 2).

The control at 7 DAA for the cultivar TBIO Ello CL® showed
significant differences between treatments, mainly between
imazamox (49 g a.i. hal) without pyroxasulfone (125 g a.i.
hal) (23.5% control) and pyroxasulfone (125 g a.i. hal) +
imazamox (49 g a.i. ha!) (43.8% control) (Table 2). The
ryegrass control at 14 DAA using pyroxsulam (18 g a.i. ha'l)
was significantly lower than that using pyroxasulfone (125 g
a.i. ha'l) + pyroxsulam (18 g a.i. ha!), presenting 45.5% and
82.5% control, respectively (Table 2).

The treatments with pre- and post-emergence applications
of pyroxasulfone (125 g a.i. ha'l) + imazamox (49 g a.i. ha'l)
and pyroxasulfone (125 g a.i. hat) + imazamox (91 g a.i. hal)
were more effective for the ryegrass control at 28 DAA, with
76.8% and 81.5% control, respectively. These means were
different for imazamox (49 g a.i. hal) and imazamox (91 g
a.i. hal) only in the post-emergence application (Table 2).

A ryegrass control higher than 92.3% was found in most
treatments at the wheat pre-harvest, except for post-
emergence application of pyroxsulam (18 g a.i. ha'l), which
presented 83.5% control (Table 2). The ryegrass control
means found at the wheat pre-harvest for the cultivar Ello
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CL® with no pre-emergence applications are consistent with
those of Clemmer et al. (2004), who found ryegrass control
between 90% and 98% at ten weeks after application of
imazamox (35, 44 and 53 g a.i. ha'l).

Height, components of yield and grain yield

The cultivar Capricho CL® presented no significant
differences in plant height, whereas the cultivar Ello CL®
presented lower plant height (76.0 cm) in the the treatment
with isolated application of imazamox (49 g a.i. hal), when
compared to that with pyroxasulfone (125 g a.i. hal) and
imazamox (49 g a.i. hal), which showed plant height of 87.3
cm (Table 3).

Regarding the production components of the Capricho CL®,
the number of spikes m-2 showed the lowest mean in the
control treatment, with 192 spikes m2, differing from the
other treatments. The results found for the cultivar Ello CL°
showed a mean of 222 spikes m? the treatment with
imazamox (49 g a.i. ha), differing from the treatment with
imazamox (49 g a.i. hal) + pyroxasulfone (125 g a.i. ha'l),
which presented mean of 329 spikes m-2. The mean spike
weight showed no significant differences for the cultivar
Capricho CL®°, whereas differences were found for the
cultivar Ello CL®°, mainly in the control treatment and in the
treatment with the lowest imazamox rate (49 g a.i. hal). The
results of 100-grain weight showed no significant differences
between treatments, regardless of the cultivar.

The grain yield of the cultivar Capricho CL® was, in general,
higher in treatments with combined pre- and post-
emergence applications, mainly for that with pyroxasulfone
(125 g a.i. ha?) + imazamox (49 g a.i. ha), which resulted in
a grain yield of 3,206 kg ha?, whereas the isolated
application of imazamox (49 g a.i. hal) resulted in a grain
yield of 1,711 kg haL.

The isolated treatments with imazamox (49 and 70 g a.i. ha-
1) and pyroxsulam (18 g a.i. ha) resulted in the lowest yields
for the cultivar TBIO Ello CL°, with yields of 3,878 kg ha?,
3,720 kg ha’, and 3,541 kg ha', respectively. Despite the
other treatments showed no significant difference, the
treatment with pyroxasulfone (125 g a.i. ha'l) + imazamox
(49 g a.i. hal) stood out with the highest mean grain yield of
the experiment, 5,019 kg ha™.

The isolated treatment with the highest rate of imazamox
(91 g a.i. ha?) resulted, in general, in higher mean yields for
both cultivars, compared to the other treatments without
combination with pre-emergence application. This result is
the opposite to that found by Ball and Peterson (2007), who
evaluated the cultivars Idaho 587, ORCF-102, and ClearFirst
and found the lowest grain yields in the treatments with the
highest imazamox rate (105 g a.i. hal). This difference may
be due to the cultivars used, which were more sensitive to
high rates of the herbicide when compared to cultivars with
the Clearfield® (CL) technology, thus decreasing grain yield.
Additionally, it is possible to observe that the grain yield of
the two cultivars in the two seasons using the pyroxsulam
treatment (18 g hal) without pre-emergence application
was 3,795 kg ha' (TBIO Capricho CL®) and 3,541 kg ha! (TBIO
Ello CL®), with results similar to those found by Viecelli et al.
(2019). These authors reported a productivity of 3,557.32 kg
ha™ using 16 g ha of pyroxsulam, applied to the cultivar
ORS Vintecinco.

Grain yield in wheat crops is affected by inefficient control of
ryegrass. It was elucidated by Paula et al. (2011), who
showed the high level of effects of ryegrass on wheat grain



Table 1. Crop seasons, application time, commercial name, active ingredient, and rate of the herbicides evaluated. Lages, SC, Brazil,
2020/2021.

2020 Pre-emergence Herbadox® 400 EC Pendimethalin (1365 g a.i. ha?)

Post-emergence Raptor™ 70 DG Imazamox (49 g a.i. ha'l)
Imazamox (70 g a.i. ha'?)
Imazamox (91 g a.i. ha'l)

Tricea® Pyroxsulam (18 g a.i. ha')
2021 Pre-emergence YAMATO SC Pyroxasulfone (125 g a.i. ha?)
Post-emergence Raptor™ 70 DG Imazamox (49 g a.i. ha'l)

Imazamox (70 g a.i. ha'?)
Imazamox (91 g a.i. ha'l)
Tricea® Pyroxsulam (18 g a.i. ha')

Table 2. Evaluation of phytotoxicity and control of ryegrass (L. multiflorum) in the 2020 and 2021 crop seasons. Lages, SC, Brazil.
Post-emergence Phytotoxicity at 7 DAA (%

Capricho CL 2020 . Capricho CL 2021 Ello CL 2021

Pre-emergence Pre-emergence Pre-emergence

Without With/ Without With/2 Without With/2
Without herbicide 0.0N 13N 0.0N 0.0 Ab 0.0N 0.0N
Imazamox (49 g ha') 2.3 3.5 15 0.0 Ab 0.0 0.5
Imazamox (70 g ha't) 0.0 1.3 2.8 2.3 Aab 0.5 0.0
Imazamox (91 g ha't) 2.0 0.0 3.8 5.0 Aa 0.5 0.5
Pyroxsulam (18 g ha) 1.5 0.0 1.5 0.5 Aab 0.0 0.0
Post-emergence Ryegrass control at 7 DAA (%)

Capricho CL 2020 Capricho CL 2021 Ello CL 2021

Pre-emergence Pre-emergence Pre-emergence

Without With/ Without With/2 Without With/2
Without herbicide 0.0Bb 66.3 NS 0.0 Aa 17.8Ns 0.0 Bb 22.5 Ab
Imazamox (49 g ha't) 64.5 Aa 73.8 17.0 Aa 30.0 23.5 Bab 43.8 Aab
Imazamox (70 g ha') 53.8 Aa 63.8 23.3 Aa 37.5 40.8 Aa 45.3 Aab
Imazamox (91 g ha't) 60.8 Aa 57.5 22.5Ba 41.8 37.8 Aa 48.8 Aab
Pyroxsulam (18 g ha) 53.3 Aa 63.3 12.0 Ba 36.3 43.5 Aa 54.3 Aa
Post-emergence Ryegrass control at 14 DAA (%)

Capricho CL 2020 Capricho CL 2021 Ello CL 2021

Pre-emergence Pre-emergence Pre-emergence

Without With/t Without With/2 Without With/2
Without herbicide 0.0 Bb 72.5 Ab 0.0 Ab 17.8 Ab 0.0 Bb 64.5 NS
Imazamox (49 g ha) 84.5 Aa 84.5 Aab 30.5 Aab 46.3 Aab 55.0 Aa 75.0
Imazamox (70 g ha't) 80.8 Aa 87.0 Aa 48.8 Aa 53.5 Aa 60.8 Aa 72.5
Imazamox (91 g hat) 83.8 Aa 79.5 Aab 48.0 Aa 57.8 Aa 53.8 Aa 67.5
Pyroxsulam (18 g ha) 73.8 Aa 80.8 Aab 50.5 Aa 56.8 Aa 45.5 Ba 82.5
Post-emergence Ryegrass control at 28 DAA (%)

Capricho CL 2020 Capricho CL 2021 Ello CL 2021

Pre-emergence Pre-emergence Pre-emergence

Without With/ Without With/2 Without With/2
Without herbicide 0.0 Bb 63.8 Ab 0.0 Bc 60.5 Ab 0.0 Bc 60.8 Ab
Imazamox (49 g ha't) 97.5 Aa 98.5 Aa 48.0 Bab 74.3 Aab 51.8 Bb 76.8 Aab
Imazamox (70 g hat) 89.0 Aa 97.5 Aa 40.0 Bb 73.5 Aab 73.8 Aa 76.5 Aab
Imazamox (91 g ha't) 97.0 Aa 99.3 Aa 59.8 Ba 79.0 Aa 63.8 Bab 81.5 Aab
Pyroxsulam (18 g ha) 89.5 Aa 96.0 Aa 46.8 Bab 74.5 Aab 72.5 Aab 82.8 Aa
Post-emergence Pre-harvest control of ryegrass (%)

Capricho CL 2020 Capricho CL 2021 Ello CL 2021

Pre-emergence Pre-emergence Pre-emergence

Without With/t Without With/2 Without With/2
Without herbicide 0.0 Bb 62.0 Ab 0.0 Bc 68.8 N 0.0 Bc 85.0 Ab
Imazamox (49 g ha't) 91.3 Aa 96.8 Aa 41.5 Bb 96.8 92.3 Aab 99.5 Aa
Imazamox (70 g ha't) 91.3 Aa 100.0 Aa 81.0 Aa 82.3 95.5 Aa 100.0 Aa
Imazamox (91 g ha't) 95.8 Aa 92.5 Aa 83.0 Aa 94.3 93.0 Aab 100.0 Aa
Pyroxsulam (18 g ha) 88.8 Aa 88.8 Aa 68.5 Bab 97.5 83.5Bb 100.0 Aa

Means followed by the same lowercase letter in the columns or uppercase letter in the rows are not significantly different from each other by the Tukey's test (p>0.05). /* pendimethalin (1365 g ha’
1). 2 pyroxasulfone (125 g ha™). NS = not significant.
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Table 3. Evaluations of growth, production components, and grain yield of CL wheat cultivars in the 2020 and 2021 crop seasons.

Lages, SC, Brazil.
Post-emergence

Capricho CL 2020
Pre-emergence
Without With/
Without herbicide 78.3 N 84.0 N
Imazamox (49 g ha') 83.5 77.5
Imazamox (70 g ha'l) 78.3 79.0
Imazamox (91 g ha't) 76.8 76.3
Pyroxsulam (18 g ha) 75.8 74.0
Post-emergence Number of spikes m~
Capricho CL 2020
Pre-emergence
Without With/?
Without herbicide 446 NS 463 NS
Imazamox (49 g ha'l) 516 519
Imazamox (70 g ha't) 544 463
Imazamox (91 g ha'l) 624 542
Pyroxsulam (18 g ha) 503 534

Post-emergence

Mean spike weight (g spike™)

Capricho CL 2020
Pre-emergence
Without With/!
Without herbicide 0.9 N 0.9 N
Imazamox (49 g hat) 1.0 1.1
Imazamox (70 g ha't) 1.0 1.1
Imazamox (91 g ha't) 1.0 1.1
Pyroxsulam (18 g ha't) 1.0 1.0
Post-emergence 100-grain weight (g)
Capricho CL 2020
Pre-emergence
Without With/?
Without herbicide 34N 35N
Imazamox (49 g ha!) 3.5 3.7
Imazamox (70 g ha't) 3.6 3.6
Imazamox (91 g ha't) 3.6 3.5
Pyroxsulam (18 g ha?) 3.5 3.5
Post-emergence Grain yield (kg ha')
Capricho CL 2020
Pre-emergence
Without With/1
Without herbicide 3284 Bb 4412 NS
Imazamox (49 g ha't) 4650 Aa 4161

4090 Aab 4292
4067 Aab 4264
3795 Aab 3817

Imazamox (70 g hal)
Imazamox (91 g ha!)
Pyroxsulam (18 g ha)

Plant height (cm)

Capricho CL 2021 Ello CL 2021
Pre-emergence Pre-emergence
Without With/2 Without With/2
84.8 NS 84.0Ns 76.5 Aa 81.3 N
82.8 84.8 76.0 Ba 87.3
81.8 84.0 83.0 Aa 81.8
85.5 82.3 84.0 Aa 82.8
83.8 84.3 81.8 Aa 79.0
Capricho CL 2021 Ello CL 2021
Pre-emergence Pre-emergence
Without With/2 Without With/?
192 Bb 258 NS 212 Ab 253 NS
304 Aa 295 222 Bab 329
302 Aa 299 243 Aab 286
295 Aa 299 309 Aa 281
296 Aa 305 232 Aab 269
Capricho CL 2021 Ello CL 2021
Pre-emergence Pre-emergence
Without With/2 Without With/2
1.2N 1.3Ns 0.8 Ab 1.0N
1.3 1.4 0.9 Bab 1.2
1.3 14 1.1 Aa 1.0
1.4 1.3 1.0 Aab 1.1
1.2 1.2 1.0 Aab 1.0
Capricho CL 2021 Ello CL 2021
Pre-emergence Pre-emergence
Without With/2 Without With/?
34N 34N 3.9 3.8Ns
3.6 3.4 3.7 3.6
33 3.5 3.6 3.8
3.6 3.4 3.6 3.7
3.4 33 3.5 3.7
Capricho CL 2021 Ello CL 2021
Pre-emergence Pre-emergence
Without With/2 Without With/2
2116 Aab 2609 NS 3344 Ba 4163 NS
1711 Bb 3206 3878 Ba 5019
2602 Aab 3137 3720 Aa 3979
3146 Aa 3497 4245 Aa 4189
2988 Aab 3055 3541 Ba 4493

Means followed by the same lowercase letter in the columns or uppercase letter in the rows are not significantly different from each other by the Tukey's test (p>0.05). /* pendimethalin (1365 g ha"

1). /2 pyroxasulfone (125 g ha™). NS = not significant.

yield. They found a yield of 4,967 kg hal without, and 1,790
kg ha with interference of weeds, representing a decrease
of 64% in grain yield. The yield results found in the present
work confirm that an effective weed control, mainly using
combined pre- and post-emergence applications, result in
ryegrass controls higher than 82.3%. These findings are
important, since ryegrass is a significant problem in the
wheat crops throughout the world and is considered the
main weed species in wheat production system in many
countries (Kuk et al., 2000).
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Materials and methods

Site description

The experiment was conducted under field conditions at the
experimental area of the Center for Agro-Veterinary
Sciences (CAV) of the Santa Catarina State University
(UDESC), in the municipality of Lages, SC, Brazil (27°47'34"S,
50°18'05"W, and 904 m of altitude), in two crop seasons,
from July 2020 to December 2021. The soil of the
experimental area was classified as Humic Dystrudept
(Cambissolo Humico Aluminico) (Embrapa, 2018); the



chemical analysis of the soil 0-0.2 m layer showed: pH in
water of 5.9; 600 g kg of clay; 29 g kg! of organic matter;
10.2 mg dm3 of P; 97 mg dm-3 of K; 0.4 cmol.dm3 of Al; 9.99
cmol. dm=3 of cation exchange capacity (CEC); and base
saturation (BS) of 58.1%. The experimental area had history
of spontaneous infestation of glyphosate-resistant ryegrass
plants.

Plant material

The wheat cultivars evaluated were: TBIO Capricho CL® (2020
and 2021 crop seasons) and TBIO Ello CL® (2021 crop
season). The CL® wheat cultivars were developed through a
mutation induced in the seeds. The resistance mechanism of
these cultivars is due to the presence of a mutated form of
the acetolactate synthase (ALS) enzyme, which reduces the
affinity of the enzyme for herbicides in the imidazolinone
chemical group (JIMENEZ et al., 2016). The ALS enzyme is
involved in the synthesis of valine, leucine, and isoleucine,
the branched-chain amino acids (TAN et al., 2005). The seeds
were sown on July 23, 2020, and on July 09, 2021, both with
spacing of 0.20 m and density of 300 seeds m-2. Soil
fertilizers were applied at planting using 400 kg ha of the N-
P-K formulation 09-33-12.

Experimental design and treatments

A randomized block experimental design was used, in a 2x5
factorial arrangement, with four replications. The
treatments consisted of two levels of pre-emergence
herbicide application (without and with pendimethalin at
1365 g a.i. hal in the 2020 crop season or without and with
pyroxasulfone at 125 g a.i. ha in the 2021 crop season) and
post-emergence herbicide application (without herbicide
application, imazamox at 49, 70, and 91 g a.i. hal, and
pyroxsulam at 18 g a.i. hal). The herbicides used in the
experiments are detailed in Table 1. The plots consisted of
nine 5-meter sowing rows spaced 0.2 m apart, totaling an
area of 9 m2.

The treatments were applied using a CO,-pressurized
backpack sprayer equipped with four anti-drift nozzles
(AD110.02) at constant pressure of 207 kPa, monitored by a
pressure gauge in the spray boom, run speed of 1.0 m s?,
and volume rate equivalent to 200 L hal. The climate
conditions at the time of applications were monitored using
a digital thermo-hygro-anemometer, which showed air
temperature from 18.6 to 28.0 °C, relative air humidity from
50% to 63%, and wind speed from 0.7 to 2.3 km hL,

The pre-emergence herbicide treatments were applied soon
after the sowing (plant and apply system) and post-
emergence treatments were applied at the wheat tillering
stage, when the ryegrass were at the 2 to 4 leaf stage.
However, some regrowth ryegrass plants were found in the
2021 crop season in the experimental area of the cultivar
TBIO Capricho CL®.

Wheat management

Nitrogen topdressing was carried out using urea at a rate
equivalent to 80 and 67 kg N ha at the end of the tillering
stage in the 2020 and 2021 crop seasons, respectively.
Fertilizer applications were carried out according to
technical recommendations for wheat crops for the state of
Santa Catarina (Shcs, 2016).

A pre-sowing burndown management was carried out at 15
days before the wheat sowing, using the herbicides:
glyphosate (1.440 g a.e. hal), clethodim (120 g a.i. ha'), and
2,4-D (670 g a.e. hal). Disease control was carried out for

860

the 2020 crop season, using the fungicides: Ativum®
(epoxiconazole 60 g a.i. ha + fluxapyroxad 60 g a.i. hal +
pyraclostrobin 97.2 g a.i. ha'l), Fox” XPro (bixafen 62.5 g a.i.
ha + prothioconazole 87.5 g a.i. ha'l + trifloxystrobin 75 g
a.i. ha'l), and Orkestra® SC (fluxapyroxad 58.45 g a.i. hal +
pyraclostrobin 116.55 g a.i. hal). Pest control was carried
out through application of: Engeo Full™ S (thiamethoxam
21.15 g a.i. hal + lambda-cyhalothrin 15.9 g a.i. hal) +
Assist® (mineral oil), Fastac® Duo (acetamiprid 30 g a.i. hal +
alfa-cypermethrin 60 g a.i. ha) + Aureo® (ester methyl of
soybean oil), and Voraz (methomyl 176 g a.i. hal +
novaluron 14 g a.i. hal) + Aureo®. In the 2021 crop season,
only disease control was carried out, using two applications
of the fungicide Fox® XPro.

Data collection

The variables evaluated were: phytotoxicity and ryegrass
control efficiency at 7, 14, and 28 days after application of
the treatments (DAA). Plant height (cm), number of spikes
m-2, mean spike weight (g spike'1), 100-grain weight (g), and
grain yield (kg hal) were determined at the wheat pre-
harvest. Phytotoxicity was evaluated visually through a scale
of grades from 0% to 100%, where 0% is the absence of
symptoms and 100% is the death of the plant (Kuva et al.,
2016). The control was also analyzed visually, using a a scale
of grades from 0% to 100%, where 0% is the absence of
control, and 100% is the complete necrose of the plant.
Plant height was determined using of ruler by measuring 10
plants per plot. The number of spikes m2 was determined in
an area of 0.25 m2 (0.5 x 0.5 m), and the mean spike weight
was determined after the collection and threshing of 10
spikes per plot. An area of 4.8 m2 was harvested at the end
of the crop cycle for analyzing grain yield and 100-grain
weight. The grain moisture was standardized to 13%.

Data analysis

The data were subjected to analysis of variance by the F test
and means were compared by the Tukey’s test. A
significance level of 5% (p<0.05) was used for all analyses.

Conclusion

Combining pre-emergence application of pendimethalin or
pyroxasulfone  with  post-emergence application of
imazamox or pyroxsulam ensured a higher ryegrass control
when compared to their isolated pre- or post-emergence
applications in all situations evaluated, contributing to the
maintenance of the wheat production potential.
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Response of soybean cultivars with different
maturation times to pre-emergence herbicides

Resposta de cultivares de soja com diferentes
grupos de maturacao a herbicidas aplicados em pré-
emergéncia

Mayra Luiza Schelter™; Antonio Americo Prates?; Diogo Luiz Fruet?; Marissa Pra
de Souza3; Naiara Guerra*; Antonio Mendes de Oliveira Neto®

Highlights

The phytotoxicity of herbicides was low not exceeding 11%.
In Lages, there was no effect of herbicides.
In Curitibanos there was an effect of herbicides mainly the application of diclosulam.

Abstract

Herbicide selectivity is the basis for chemical control of weeds; however, it depends on the interactions
between herbicide, crop, and edaphoclimatic conditions. The objective of this work was to evaluate
the selectivity of herbicides applied at the pre-emergence stage of soybean cultivars with different
maturation times grown in different locations. The experiment was conducted under field conditions, in
two crop seasons (2019/2020 and 2020/2021), in Lages and Curitibanos, state of Santa Catarina, Brazil.
A randomized block experimental design was used, with treatments organized in 4x3 (2019/2020) and
4x4 (2020/2021) factorial arrangements, with four replications. The treatments consisted of interactions
between four soybean cultivars: BMX Raio IPRO® (Raio), BMX Zeus IPRO® (Zeus), MONSQY 5947 IPRO®
(Monsoy), and BMX Fibra IPRO® (Fibra) and three or four herbicide treatments: control with no herbicides,
sulfentrazone + diuron, and diclosulamin 2019/2020; and control with no herbicide, sulfentrazone + diuron,
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diclosulam, and pyroxasulfone + flumioxazin in 2020/2021. The plots were evaluated for phytotoxicity
of herbicides, canopy closure, plant height, stand of plants, number of pods per plant, one-thousand
grain weight, and grain yield. The phytotoxicity of herbicides on the soybean plants was mild, under 11%,
regardless of the cultivar and growth location. The soybean plants fully recovered from the injuries at
14 days after herbicide application. In Curitibanos, the cultivar Zeus presented higher grain yield in both
crop seasons. The herbicide factor showed that sulfentrazone + diuron and diclosulam decreased the
grainyield of the cultivars Raio and Zeus in 2019/2020. In the following crop season, only the cultivar Raio
presented decreases in grain yield due to the application of diclosulam and pyroxasulfone + flumioxazin.
In Lages, the soybean cultivar factor affected the grain yield; the cultivars Monsoy and Fibra were the
most productive.

Key words: Phytotoxicity. Glycine max. Yield. Selectivity.

Resumo

Aseletividade deherbicidas éabase paraocontrole quimicode plantas daninhas, entretanto, estadepende
da interacdo entre o herbicida, a cultura e as condi¢cdes edafoclimaticas. O objetivo desta pesquisa
foi avaliar a seletividade de herbicidas aplicados em pré-emergéncia de cultivares de soja de ciclos
contrastantes, em diferentes regides de Santa Catarina. O experimento foi conduzido em condi¢cdes de
campo, em duas safras (2019/2020 e 2020/2021), nos municipios de Lages e Curitibanos, Santa Cataria,
Brasil. O delineamento experimental utilizado foi de blocos ao acaso com tratamentos organizados em
esquema fatorial 4 x3(2019/2020) e 4 x4 (2020/2021), com quatro repeticdes. Os tratamentos resultaram
da interagdao de quatro cultivares de soja: BMX Raio IPRO® (Raio), BMX Zeus IPRO® (Zeus), MONSOY
5947 IPRO® (Monsoy) e BMX Fibra IPRO® (Fibra), com trés tratamentos: testemunha sem herbicida,
sulfentrazone + diuron e diclosulam em 2019/2020; e testemunha sem herbicida, sulfentrazone + diuron,
diclosulam e pyroxasulfone + flumioxazin em 2020/21. As avaliacdes realizadas foram fitointoxicacao,
fechamento de entrelinhas, altura de plantas, estande, nimero de vagens por planta, peso de mil graos
e produtividade de graos. A fitointoxicacdo das plantas de soja foi leve, ndo ultrapassando os 11%
independente da cultivar e do municipio. A soja se recuperou totalmente das injurias aos 14 dias apos
a aplicacao (DAA). Em Curitibanos, a cultivar Zeus apresentou maior produtividade de graos nas duas
safras. Para o fator herbicida observou-se que a mistura sulfentrazone + diuron e diclosulam reduziram
a produtividade das cultivares Raio e Zeus em 2019/2020. Na safra seguinte, apenas a cultivar Raio teve
a produtividade reduzida com a aplicacao de diclosulam e pyroxasulfone + flumioxazin. Em Lages houve
diferenca na produtividade de grdos apenas para o fator cultivares de soja, onde as cultivares Monsoy e
Fibra foram as mais produtivas.

Palavras-chave: Fitointoxicacao. Glycine max. Produtividade. Seletividade.
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Introduction on edaphoclimatic conditions, such as

Soybean (Glycine max L.) has a high
socioeconomic value in the Brazilian and
international markets (Souza et al., 2019). Itis
the most grown grain species in agricultural
areas in Brazil, with more than 40.8 million
hectares and a production of more than
122.4 million Mg of grains in the 2021/2022
crop season (Companhia Nacional de
Abastecimento [CONAB], 2022). Agriculture
has been growing in the last years, which is
a result of technological investments that
have made it possible to obtain high yields.
However, there are factors that negatively
affect these yields; one of the current
concerns in agriculture is the losses caused
by the effect of weeds on crops (Vasconcelos
etal, 2012).

Weeds compete with crops for
essential resources for their growth, such
as water, light, nutrients, and pollinators,
limiting the production potential of crops and
leading to a broad use of chemical control
to prevent their interference (Salomdo et
al., 2020). According to Silva et al. (2008),
the competition between soybean plants
and weeds for environmental resources
is often reported as direct cause of weed
interference, mainly when they are not
adequately controlled, decreasing grain
yields in up to 82%.

The effect of chemical control using
herbicides can be harmful to soybean plants
under certain conditions, causing injuries
and, consequently, decreasing grain yield
(Alonso et al., 2010). According to Belfry
et al. (2015), the extension and intensity of
phytotoxicity of herbicides vary depending

Semina: Ciénc. Agrar. Londrina, v. 44, n. 2, p. 841-858, mar./abr. 2023

rainfall, soil carbon content, texture, pH,
level of susceptibility of soybean cultivars to
herbicides, and herbicide application time.

The application of pre-emergence
herbicides became a very used tool to
reduce the effect of weeds and manage
weed species of difficult control or with
history of resistance (Constantin et al., 2007).
Some pre-emergence herbicides, such as
sulfentrazone and diclosulam, are described
as selective for soybean crops; however,
sulfentrazone can affect the growth and yield
of some cultivars (Belfry et al., 2016), and
diclosulam, which is selective when applied
to clayey soils (Gazola et al., 2016), can
reduce grain yield when applied in soils that
have a compacted surface.

Early-maturation soybean cultivars
are more susceptible to herbicides than
medium- or long-cycle cultivars (Fornazza et
al., 2019). Commonly, shorter-cycle cultivars
are more affected by stresses, as they
present less time for recovery (Lamego et
al., 2004; Nordby et al., 2007). According to
Zobiole et al. (2010), herbicide applications
to very early-maturation soybean cultivars
has caused concerns regarding selectivity,
raising the hypothesis that very early-
maturation soybean cultivars are more
susceptible to herbicides (Raimondi et al.,
2017).

Thus, the objective of this work was to
evaluate the selectivity of herbicides applied
at the pre-emergence stage of soybean
cultivars, with different maturation times,
grown in Lages and Curitibanos, state of
Santa Catarina, Brazil.
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Materials and Methods

Site description

The experiment was conducted
under field conditions, in two consecutive
crop seasons, from November 2019 to April
2021, arranged in two experimental areas:
Lages (27°47'34"S, 50°18'05"W, and altitude
of 904 m) and Curitibanos (27°16'44"S,
50°34'57"W, and altitude of 987 m), in the
state of Santa Catarina, Brazil. The soil of the
experimental area in Lages was classified
as a Typic Dystrudept (Santos et al., 2018)
and the chemical analysis of the 0-0.2 m soil
layer showed a pH in water of 5.9; 600 g kg™’
of clay; 29 g kg of organic matter (OM); 10.2
mg dm=3 of phosphorus (P); 97 mg dm= of
potassium (K); 0.4 cmolc dm= of aluminum
(Al); 9.99 cmolc dm= of cation exchange
capacity (CEC), and 58.1% base saturation
(BS). The soil in Curitibanos was classified
as a Typic Dystrudept (Santos et al., 2018),
and the chemical analysis of the 0-0.2 m soil
layer showed a pH in water of 6.0; 525 g kg™’
of clay; 52.5 g kg™ of OM; 17.3 mg dm=3 of P;
78 mg dm3 of K; 0.0 cmolc dm3 of Al; 21.32
cmolc dm=3 of CEC, and 76.74% BS. Rainfall
depths (mm) and mean temperatures (°C)
were monitored during the conduction of the
experiments in both crop seasons and the
results are shown Figures 1 and 2 (Empresa
de Pesquisa Agropecuaria e Extensao Rural
de Santa Catarina [EPAGRI], 2021).

Experimental design and treatments

A randomized block experimental
design was used, with treatments organized
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in 4x3 (2019/2020) and 4x4 (2020/2021)
factorial arrangements, with four replications.
The treatments consisted of interactions
between four soybean cultivars: BMX Raio
IPRO® (Raio; maturation group 5.0), BMX Zeus
IPRO® (Zeus; maturation group 5.5), MONSOY
5947 IPRO® (Monsoy; maturation group 5.9),
and BMXFibra IPRO® (Fibra; maturation group
6.3) and three or four herbicide treatments.
The herbicide treatments were: control with
no herbicide, sulfentrazone + diuron, and
diclosulam in the 2019/2020 crop season;
and control with no herbicide, sulfentrazone
+ diuron, diclosulam, and pyroxasulfone +
flumioxazin in the 2020/2021 crop season.
The mixture sulfentrazone + diuron was
applied at the rates of 245 + 490 g a.i. ha™
(Stone SC at 1.4 L c.p. ha"); diclosulam was
applied at the rate of 33.6 g a.i. ha-1 (Spider
840 WG at 40 g c.p. ha™); and pyroxasulfone
+ flumioxazin was applied at the rates of 120
+80ga.i.ha” (KyojinSCat0.4Lc.p.ha™). The
plots consisted of five 5-meter sowing rows,
totaling an area of 10 m2.

The herbicide applications were
carried out wusing a CO,-pressurized
backpack sprayer equipped with four
AD110.02 tips, under a constant pressure of
208 kPa, monitored with a pressure gauge
on the spray boom, and running at speed of
1.0 m s to apply a rate equivalent to 200 L
ha'. The weather conditions at the time of
application of the treatments were monitored
using a digital thermo-hygro-anemometer;
the applications were carried out under the
following conditions: air temperature below
30 °C, relative air humidity above 55%, wind
speed of 3 to 5 km h™', and wet soil.
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Figure 1. Rainfall depths and average temperatures in Lages, SC, Brazil, during the 2019/2020 (A)
and 2020/2021 (B) soybean crop seasons.
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Figure 2. Rainfall depths and temperatures in Curitibanos, SC, Brazil, during the 2019/2020 (A) and
2020/2021 (B) soybean crop seasons.
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Soybean sowing and management

Soybean seeds were sown between
the second fortnight of November and the
first fortnight of December (according to
the weather conditions), with spacing of
0.40 m and sowing density of 14 seeds per
linear meter. Soil fertilizers were applied
following technical recommendations for
soybean crops in the state of Santa Catarina
(Sociedade Brasileira de Ciéncia do Solo
[SBCS], 2016). The crops were grown
under no-tillage system, with burndown
management at 15 days before sowing. In
the experiment of Curitibanos, oat was the
previous cover crop and produced 6 t ha™ of
straw in both crop seasons and in Lages the
cover crop that was growing previously was
the ryegrass, thataccumulated of 2to 4 t ha™
of straw. The effect of weeds was prevented
through the application of the herbicide
glyphosate (720 g a.i. ha™). Pest and disease
managements were carried out with chemical
control, using pesticides recommended for
soybean crops and approved by the Brazilian
Ministry of Agriculture, Livestock, and Food

Supply.

Data Collection

The phytotoxicity of the herbicides
was evaluated using a visual scale of grades
that varies from 0 to 100%, in which O
represents absence of symptoms and 100
represents the death of the plant (Kuva et
al., 2016). The evaluations were carried out
at 7, 14, and 28 days after application of the
treatments (DAA). The canopy closure was
evaluated at 52 DAA, using a visual scale

Semina: Ciénc. Agrar. Londrina, v. 44, n. 2, p. 841-858, mar./abr. 2023

from 0% to 100%, in which 0% represents no
canopy closure and 100% represents total
canopy closure.

Stand of plants and number of pods
per plant were evaluated at the soybean pre-
harvest: the stand of plants was represented
by the mean number of plants per meter
in four meters of three plant rows; and the
number of pods per plant was represented
by the mean of 10 plants per plot.

Plants in an area of 4.8 m? were
harvested at the end of the crop cycle to
determine grain yield and one-thousand
grain weight. One-thousand grain weight was
determined by counting one thousand grains
with the aid of a seed counter, considering
their initial weight and the weight of grains
dried in an oven at temperature of 65 °C for
7 days; the grain moisture was corrected to
13%.

Data analysis

The experiments were similar in each
crop season, and the difference between
them was the growth location; thus, a
joint data analysis was carried out. Similar
physical factors, such as crop management,
growing season, and agricultural year, were
considered, as well as the order of magnitude
of residual mean squares of individual
analyses (Banzatto & Kronka, 2008).

The interaction between treatments
and growth locations was significant for all
variables in both crop seasons; thus, the
analysis was carried out separately for each
experiment. All means were compared by the
Tukey's test (p<0.05).
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Results and Discussion

In the 2019/2020 crop season,
the application of diclosulam presented
phytotoxicity at 7 DAA for the four soybean
cultivars evaluated, regardless of the growth
location; the intensity of symptoms was low,
not exceeding 10.3% (Table 1). In Curitibanos,
the cultivar Zeus presented phytotoxicity
symptoms for sulfentrazone + diuron (Table
1). The plants fully recovered from 14 DAA
onwards (data not shown). In the 2020/2021
crop season, the treatments with diclosulam,
sulfentrazone + diuron, and pyroxasulfone
+ flumioxazin caused phytotoxicity to all
cultivars in Curitibanos at 7 DAA. In Lages,
the phytotoxicity symptoms were mild
(£4.0%) and found only for diclosulam and
pyroxasulfone + flumioxazin, regardless of
the cultivar. In the subsequent evaluations,
phytotoxicity symptoms were not visually
perceptible (data not shown).

According to Fornazza et al. (2019)
reported phytotoxicity symptoms ranging
from 5.1% to 7.0% at 15 DAA for diclosulam
(25.2 g a.i. ha) applied at pre-emergence,
regardless of variations in soil and rainfall; and
soybean cultivars treated with sulfentrazone
(300 g a.i. ha') presented phytotoxicity
symptoms from 3.4% to 29.0%. The injuries
were lower than related by Dalazen et
al. (2020), that finding injury in soybean
reaching 45% with diclosulam (75.6 g ha™),
the researchers related that injury reduced
twhen happen a rain precipitation was lower
and less frequent, the rainfall contributed
with incorporation and leaching of herbicide
and reduced the diclosulam phytoxicity.

848

The intensity of phytotoxicity caused
by sulfentrazone is highly correlated with
the percentages of carbon and clay in
the soil; more clayey soils present lower
phytotoxicity (Szmigielski et al., 2009). The
soils in Curitibanos and Lages presented
high clay content (525 and 600 g kg™,
respectively) and organic matter content
(52.5and29.0gkg’, respectively), whichmay
have contributed to the low phytotoxicity of
the treatments. Taylor-Lovell et al. (2001)
reported injuries ranging from 4% to 61%
after application of sulfentrazone (112,
224, and 446 g a.i. ha') to 15 soybean
cultivars; the highest injuries were found,
in general, for the rate of 446 g a.i. ha™;
however, the wet soil and low temperature
conditions after the herbicide application
were different those found in the present
study, the rainfall distribution was regular
during the soybean growing in both season
in Lages and Curitibanos, however the total
rainfall was superior in Curitibanos. Despite
the low phytotoxicity found in Curitibanos,
the applications of diclosulam in both crop
seasons, sulfentrazone + diuron in the
2019/2020 crop season, and pyroxasulfone
+ flumioxazin in the 2020/2021 crop season
affected the grain yield of the cultivar Raio,
which had the earliest maturation. These
results are consistent with those reported
by Mahoney et al. (2014), who found injuries
in long-cycle soybean cultivars, caused
by sulfentrazone, until 151 days after
emergence (physiological maturity), but with
no decreases in grain yield.
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Table 1
Phytotoxicity of herbicides and canopy closure in the 2019/2020 and 2020/2021 crop seasons, in
Curitibanos and Lages, SC, Brazil

Phytotoxicity at 7 days after application (%)
2019/2020

o Curitibanos
Herbicidke —————— —— " ; :
Raio Zeus Monsoy Fibra Raio Zeus Monsoy Fibra
Control 0.0 Ab 0.0 Ac 0.0 Ab 0.0 Ab 0.0 0.0 0.0 0.0
Dicl 5.5 Aa 6.0 Ab 6.0 Aa 5.5 Aa 10.3 5.0 4.5 5.0
Sulf + Diur 0.0 Bb 7.7 Aa 0.0 Bb 0.0Bb 0.0 0.0 0.0 0.0
VC (%)
2020/2021
.. Curitibanos
Herbicde —————F—F — " x ;
Raio Zeus Monsoy Fibra Raio Zeus Monsoy Fibra
Control 0.0 Ab 0.0 Ab 0.0 Ab 0.0 Ab 0.0 0.0 0.0 0.0
Dicl 3.3Ab 3.5Aa 3.0 Aa 5.0 Aab 1.3 0.0 2.0 1.5
Sulf + Diur 6.5 Aa 35Ba 45ABa 35Bb 0.0 0.0 0.0 0.0
Pyro + Flum 6.5 Aa 3.5Ba 4.0Ba 7.3 Aa 4.0 2.3 3.0 3.8
VC (%) 36.7

Canopy closure at 52 days after application (%)
2019/2020

__ Curitibanos
Herbicide - ;
Raio Zeus Monsoy Fibra
Control 100 100 100 100 68 Bab 80 Ba 98 Aa 93 Aa
Dicl 100 100 100 100 62 Cb 78 Ba 95 Aa 96 Aa
Sulf + Diur 100 100 100 100 73 Ba 85 Ba 100 Aa 98 Aa
VC (%)
2020/2021
. Curitibanos
Herbicide : :
Raio Zeus Monsoy Fibra
Control 86 Aa 70 Bab 80 Aa 80 Aa 91 Aa 57 Ba 80 Ba 100 Aa
Dicl 70 ABb 63 Bb 76 Aa 75 Aa 75 ABa 53 Ba 91 Aa 100 Aa

Sulf + Diur 75 Ab 74 Aa 78 Aa 76 Aa 75 ABa 70 Ba 96 ABa 100 Aa
Pyro + Flum 71 Ab 74 Aa 76 Aa 79 Aa 72 ABa 60 Ba 100 Aa 98 Aa
VC (%) 6.9 18.9

Means followed by the same lowercase letter in the columns, or uppercase letter in the rows, are not different from
each other by the Tukey's test (p>0.05). Control = without treatment with herbicide; Dicl = diclosulam at 33.6 g a.i.
ha'; Sulf + Diur = sulfentrazone + diuron at 245 + 490 g a.i. ha™; and Pyro + Flum = pyroxasulfone + flumioxazin at
120 + 80 g a.i. ha™'. Raio = BMX Raio IPRO®, Zeus = BMX Zeus IPRO®, Monsoy = MONSQY 5947 IPRO®, and Fibra =
BMX Fibra IPRO®.
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The canopy closure was total for
all evaluated cultivars in Curitibanos in the
2019/2020 crop season, regardless of the
treatment applied. In the 2020/2021 crop
season, the canopy closure was affected
by the herbicides only for earlier-maturation
cultivars; all herbicides reduced the canopy
closureinthe cultivar Raioand only diclosulam
affected the cultivar Zeus. In Lages, in the
2019/2020 crop season, only the herbicide
diclosulam affected the canopy closure of
the cultivar Raio (Table 1). In the 2020/2021
crop season, the herbicides did not reduce
the canopy closure of the soybean cultivars.
In Lages, late-maturation cultivars (Monsoy
and Fibra) presented better canopy closured,
regardless of the crop season (Table 1).

The stand of plants at the pre-harvest
of the 2019/2020 crop season presented
differences between treatments only for the
experiment in Lages and for the cultivar Fibra
(Table 2); the applications of diclosulam and
sulfentrazone + diuron decreased the stand
of plants. In the 2020/2021 crop season,
the application of herbicides decreased the
stand of plants only for the cultivar Raio: for
the mixture of pyroxasulfone + flumioxazin, in
Curitibanos; and for the herbicide diclosulam,
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in Lages (Table 2). In the 2020/2021 crop
season, the stand of plants of the cultivar Zeus
was belowthat expectedin both experiments,
due to physiological seed quality problems.
The application of herbicides was harmful
to soybean growth only in the 2019/2020
crop season in Curitibanos: the herbicide
diclosulam decreased the plant height of the
cultivar Zeus, and the mixture sulfentrazone
+ diuron decreased the plant height of the
cultivar Raio (Table 2). The longer-cycle
cultivars (Monsoy and Fibra) presented
higher heights, regardless of the crop season
and growth location, and their heights were
not affected by the herbicides (Table 2).

The application of the pre-emergence
herbicides did not affect the number of pods
per plantinthe 2019/2020 crop seasoninany
of the cultivars. The longer-cycle cultivars
(Monsoy and Fibra) presented, in general, a
higher number of pods per plant (Table 3).
In Lages, there was no difference between
cultivars and herbicides. In the 2020/2021
crop season, in both growth locations, the
cultivars presented no differences in number
of pods per plant, which was not affected
by the application of the pre-emergence
herbicides (Table 3).

Semina: Ciénc. Agrar. Londrina, v. 44, n. 2, p. 841-858, mar./abr. 2023



— SEMINA

Response of soybean cultivars with different maturation times to...

Table 2
Stand of plants and plant height at pre-harvest in the 2019/2020 and 2020/2021 crop seasons, in
Curitibanos and Lages, SC, Brazil

Stand of plants at pre-harvest (plants m™")
2019/2020

. Curitibanos
Herbicide : ; : :
Raio Zeus Monsoy Fibra Raio Zeus Monsoy Fibra
Control 9.7 Ba 9.6 Ba 104Aa 11.5Aa 9.0Ba 9.7 Ba 11.6 ABa 13.6 Aa
Dicl 10.5Aa 8.6Ba 11.2Aa 11.1Aa 8.0 Ba 87ABa 115Aa 10.5ABb
Sulf + Diur 10.5 Aa 9.6 Aa 11.1Aa 10.8Aa 8.9 BCa 7.9 Ca 11.5ABa 11.8 Aab
VC (%) 14.6
2020/2021
.. Curitibanos
Herbicide 5 ; ; X
Raio Zeus Monsoy Fibra Raio Zeus Monsoy Fibra
Control 10.5 Aa 8.0 Ba 9.9 Aa 10.8 Aa 10.5 Aa 5.4 Ca 7.2BCa 9.1 Aba
Dicl 10.6 Aa 7.5Ba 10.8 Aa 10.0 Aa 7.4 ABb 5.3 Ba 9.2 Aa 8.4 Aa
Sulf + Diur 95Aab 7.6Ba 10.3Aa 10.5Aa 9.0 Aab 5.1Ba 8.0 Aa 8.6 Aa
Pyro+Flum 85BCb 7.3Ca 9.3ABa 11.0Aa 8.2 Aab 5.0Ba 8.1 Aa 8.4 Aa
VC (%)

Plant height at pre-harvest (cm)
2019/2020

o Curitibanos
Herbicide : :
Zeus Monsoy Fibra Monsoy Fibra
Control 71 Ba 78 Ba 107 Aa 106 Aa 69 Ba 75 Ba 101 Aa 102 Aa
Dicl 70 Ba 73 Ba 99 Ab 98 Aa 71 Ba 71Ba 93 Aa 97 Aa
Sulf + Diur 62 Cb 75 Ba 100 Aab 100 Aa 65 Ba 71Ba 97 Aa 102 Aa
VC (%)
2020/2021
. Curitibanos
Herbicide - : : .
Raio Zeus Monsoy Fibra Raio Zeus Monsoy Fibra
Control 79 Ba 82 Bab 119 Aa 114 Aa 80 BCa 77 Ca 94 ABa 105 Aa
Dicl 73 Ca 76 Cb 119 Aa 108 Ba 76 Ca 80 BCa 96 ABa 99 Aa
Sulf + Diur 80 Ca 85 Ca 122 Aa 109 Ba 75 Ba 82 Ba 101 Aa 107 Aa
Pyro + Flum 77 Ba 80 Bab 120 Aa 109 Ba 73 Ba 75 Ba 108 Aa 98 Aa
VC (%) 4.3 10.0

Means followed by the same lowercase letter in the columns, or uppercase letter in the rows, are not different from

each other by the Tukey's test (p>0.05). Control = without treatment with herbicide; Dicl = diclosulam at 33.6 g a.i.
ha'; Sulf + Diur = sulfentrazone + diuron at 245 + 490 g a.i. ha™; and Pyro + Flum = pyroxasulfone + flumioxazin at
120 + 80 g a.i. ha'. Raio = BMX Raio IPRO®, Zeus = BMX Zeus IPRO®, Monsoy = MONSOQY 5947 IPRO®, and Fibra =
BMX Fibra IPRO®.
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Table 3
Number of pods per plant, one-thousand grain weight, and grain yield of soybean cultivars grown in the
2019/2020 and 2020/2021 crop seasons, in Curitibanos and Lages, SC, Brazil

Number of pods per plant
2019/2020

o Curitibanos
Herbicide :
Zeus Monsoy Fibra
Control 66 Ba 67 Ba 81 Ba 103 Aa 31 Aa 31 Aa 40 Aa 47 Aa
Dicl 69 ABa 60 Ba 87 Aa 84 Aab 41 Aa 37 Aa 36 Aa 45 Aa
Sulf + Diur 64 Ba 66 Ba 99 Aa 78 ABb 39 Aa 38 Aa 39 Aa 51 Aa
VC (%)
2020/2021
. Curitibanos
Herbicide ———F—F—F——F7—7— :
Raio Zeus Monsoy Fibra Raio Zeus Monsoy
Control 67 Aa 67 Aa 71 Aa 68 Aa 39 Bb 56 ABb 50 Aba 59 Aa
Dicl 53 Aa 66 Aa 64 Aa 67 Aa 49 Aab 63 Ab 50 Aa 57 Aa

Sulf + Diur 58 Ba 63 ABa 59 Ba 76 Aa 46 Bab 81 Aa 58 Ba 63 Aa
Pyro + Flum 63 Aa 67 Aa 68 Aa 78 Aa 58 ABa 68 Aab 48 Ba 56 ABa
VC (%)

One-thousand grain weight (g)
2019/2020

__ Curitibanos
Herbicde —————F—F———— : :
Raio Zeus Monsoy Fibra Zeus Monsoy Fibra
Control 211 Ba 242 Aa 169 Ca 165 Ca 181 Aa 187 Aa 148 Ba 154 Ba
Dicl 198Bb 232Aab 165Ca 160 Ca 178 Aa 195 Aa 152 Ba 148 Ba
Sulf + Diur 200Bab 226 Ab 167 Ca 171 Ca 187 Aa 190 Aa 148 Ba 154 Ba
VC (%)
2020/2021
o Curitibanos
Herbicide —————F—F—7—F—7——7 — : :
Raio Zeus Monsoy Fibra Zeus Monsoy Fibra
Control 198 Ba 250 Aa 200Ba 176 Cab 207 Aa 184 Aba 143 Ba 143 Ba
Dicl 156 Cb 263 Aa 186 Ba 178 Ba 164 ABa 201 Aa 163 ABa 148Ba

Sulf + Diur 208 Ba 259 Aa 201Ba 166 Cab 157 Aa 161 Aa 158 Aa 142 Aa
Pyro + Flum 162Cb 257 Aa 194 Ba 158 Cb 160 Aa 189 Aa 165 Aa 160 Aa
VC (%) 5.1 16.8

continue...
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Grain yield (kg ha)
2019/2020

- Curitibanos
Herbicide ; . :
Raio Zeus Monsoy Fibra Raio Zeus Monsoy
Control 4678Ba 5619 Aa 4598Ba 5053 ABa 3272 Aa 3451 Aa 4273 Aa 4532 Aa
Dicl 4243 Aab 4755Ab 4770Aa 4424 Aa 3268 Aa 3601 Aa 3890Aa 3666 Aa
Sulf + Diur 3831 Ab 4278Ab 4431 Aa 4384 Aa 3992 Aa 3377 Aa 4099 Aa 3960 Aa
VC (%) 9.7 18.2
2020/2021
" Curitibanos
Herbicide - .
Raio Zeus Monsoy Fibra Monsoy
Control 5206 Ba 6403 Aa 5325Ba 5271Ba 3396 ABa 2786Ba 3946 Aa 4068 Aa
Dicl 3456Bb 6187 Aa 5639Aa 5215Aa 2973 Ba 2348Ba 4549 Aa 4351 Aa
Sulf + Diur 4992Ba 6093 Aa 5334 ABa 4971Ba 2664 Ba 2473 Ba 4466 Aa 4267 Aa
Pyro+ Flum 3707Cb 6054 Aa 5285 ABa 4515BCa 2816 Ba 2328Ba 4515Aa 4430Aa
VC (%) 9.9 12.1

Means followed by the same lowercase letter in the columns, or uppercase letter in the rows, are not different from
each other by the Tukey's test (p>0.05). Control = without treatment with herbicide; Dicl = diclosulam at 33.6 g a.i.
ha™; Sulf + Diur = sulfentrazone + diuron at 245 + 490 g a.i. ha™; and Pyro + Flum = pyroxasulfone + flumioxazin at
120 + 80 g a.i. ha'. Raio = BMX Raio IPRO®, Zeus = BMX Zeus IPRO®, Monsoy = MONSQY 5947 IPRO®, and Fibra =

BMX Fibra IPRO®.

The interaction between the factors
was significant for one-thousand grainweight
in Curitibanos; the cultivar Zeus presented
the highest one-thousand grain weight in
the 2019/2020 crop season, and the one-
thousand grain weight of the cultivars Zeus
and Raio was affected by the herbicides
diclosulam and sulfentrazone + diuron. In the
2020/2021 crop season, the cultivar Zeus
also presented the highest one-thousand
grain weight, whereas the cultivar Raio
presentedadecreaseduetotheapplicationof
diclosulam and pyroxasulfone + flumioxazin,
and the cultivar Fibra presented a decrease
due to the application of sulfentrazone +
diuron and pyroxasulfone + flumioxazin
(Table 3). Regarding the experiment in Lages,
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in 2019/2020, the early-maturation cultivars
Raio and Zeus presented the highest one-
thousand grain weight; in the following crop
season (2020/2021), the cultivars presented,
in general, no significant differences and no
significant effect of the factor herbicide; and
the cultivar Fibra presented the lowest one-
thousand grain weight.

In Curitibanos, the cultivar Zeus
presented the highest grain yield in both
crop seasons (Table 3). However, the
application of herbicides decreased the
grain yield of the cultivars Raio and Zeus in
the 2019/2020 crop season. In the following
crop season (2020/2021), only the grain yield
of the cultivar Raio decreased due to the
application of diclosulam and pyroxasulfone
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+ flumioxazin in Curitibanos (Table 3). In
Lages, in both crop seasons, the herbicide
treatments did not affect grain yield. In
the 2019/2020 crop season, the cultivars
presented no differences to each other. In
the following crop season, late-maturation
cultivars (Monsoy and Fibra) presented the
highest grain yields (Table 3). The grain yields
of all cultivars were higher in Curitibanos,
regardless of the herbicide applications
(Table 3). In Curitibanos, the initial hypothesis
that herbicides affect grain yield of early-
maturation cultivars was confirmed, which
was more evident for the application of
diclosulam in both crop seasons. In Lages,
there was no effect of herbicides, but longer-
cycle cultivars were more productive.

The vyield potential of soybean
cultivars as a function of crop locations
(different production environments) showed
that Curitibanos is the most favorable
(Figure 2) to achieve high grain vyields,
showing practically a constant temperature.
In general, in Curitibanos presented both
lower temperature and higher rainfall volume
than Lages, in both growing seasons,
whereas Lages (Figure 1) presented a more
restrictive environment for the crop, with
decreases in grain yield in the summer
crop season. Therefore, the differences
in grain yield as a function of application
of pre-emergence herbicides were not
evident, probably because the effect of
stress caused by the environment, like lower
temperature and higher rainfall volume in
Curitibanos, was greater than the effect of
the herbicides. In Curitibanos, the herbicide
diclosulam had significant effect because
it presents a long residual period in the soil.
Segundo R. S. Oliveira et al. (2002) found a
residual control of 42 days for Pennisetum
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typhoideum with application of diclosulam
at the rates of 30, 35, and 40 g a.i. ha™. Also,
according to Dalazen et al. (2020), crop
injury reduction can be related with increase
herbicide degradation and percolation in
the soil profile, due to higher rainfall volume.
Microbiological activity related with herbicide
degradation is potentialized in higher hydric
availability (Reddy & Locke, 1998). Moreover,
sulfentrazone showed higher soil percolation
with rain increase, reaching 40 cm deep in
sandy soils (Monquero et al., 2010).

According to Fornazza et al., (2019),
the combined application of diclosulam at
pre-emergence and bentazon (720 g a.i.
ha-1) or glyphosate (900 g a.i. ha-1) at post-
emergence resulted in lower soybean grain
yield, with losses from 10% to 8%. In addition,
Gazola et al. (2021) found that diclosulam
and sulfentrazone should be applied at least
14 days before sowing to avoid damages to
soybean plants. The variations in the results,
under field conditions, found in the present
study were due to correlations between
the dynamics of pre-emergence herbicide
application, local edaphoclimatic conditions,
and genotypes used (Lima et al., 2011). A. M.
Oliveiraetal.(2017) reported that diclosulam-
based treatments (33.6 g a.i. ha™') maintained
high levels of control of fleabane (Conyza
spp.) for 75 days between crop seasons,
which reinforces the high persistence of this
herbicide.

In Lages, the latest-maturation
cultivars presented the highest grain yields.
Almeida et al. (2013) reported that the
soybean vegetative period is essential for
plant formation and definition of the crop
production potential, as the formation of
leaves and the whole apparatus required
for production of photoassimilates occurs
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at this stage. They also reported that the
number of days for flowering is determinant
for establishing the cycle of a cultivar, as
early-maturation cultivars present shorter
vegetative stages thanlate-cycle ones, which
explains the different yields of the cultivars
in Lages. Walsh et al. (2015) evaluated the
effect of sulfentrazone on soybean crops
and found no injuries or losses in grain yield
caused by herbicide application after sowing
in different locations in Canada.

Barros et al. (2005) conducted an
experiment in Jatai, GO, Brazil, evaluating
different soybean genotypes in a sandy
soil subjected to application of diclosulam
and sulfentrazone at pre-emergence; they
found that sulfentrazone caused significant
decreases in plant height for the evaluated
genotypes andthatdiclosulam causedvisible
phytotoxicity symptoms in early-maturation
cultivars, as also found in the present study.
Osipe et al. (2014) evaluated the selectivity
of diclosulam and sulfentrazone for soybean
crops and found that the herbicides did
not affect grain yield. Dalazen et al. (2020)
observed that sulfentrazone caused injury
of 7%, but this abiotic stress not affected by
soybean grain yield; for diclosulam the injury
was higher and reaching 15%, however the
grain yield was not reduced too.

Theearly-andlate-maturationcultivars
presented little phytotoxicity symptoms after
the herbicide treatments, presenting fast
recovery. However, the cultivar Zeus differed
significantly, presenting higher percentage of
phytotoxicity symptoms in plants subjected
to the treatment with sulfentrazone +
diuron in the 2019/2020 crop season. The
application of the herbicides pyroxasulfone
+ flumioxazin in the 2020/2021 crop season,
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in Curitibanos, caused phytotoxicity to the
cultivars Raio and Fibra, although they have
different cycles.

Regarding the mechanism of action
of the herbicides, the phytotoxicity found in
the cultivar Zeus confirms that the mixture
of protox-inhibiting and photosystem II-
inhibiting herbicides is not recommended
for the climate conditions of the evaluated
region, the higher pluviometry available and
mild temperature aswell as the mixture of
long-chain fat acid biosynthesis-inhibiting
and protox-inhibiting herbicides.

Conclusions

The phytotoxicity of herbicides was
mild and transitory, not exceeding 11%,
and was imperceptible at 14 days after
application, regardless of the soybean
cultivar and growth location. The hypothesis
that herbicides affect grain yield of early-
maturation soybean cultivars was confirmed
onlyin Curitibanos, where it was more evident
for the application of diclosulam and for the
cultivar Raio, in both crop seasons. In Lages,
there was no effect of herbicides, but longer-
cycle cultivars (Monsoy and Fibra) were more
productive.
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ABSTRACT: The resistance of Echinochloa crus-galli (barnyardgrass) to cyhalofop-p-butyl has already been confirmed in rice fields in
Santa Catarina, Brazil. However, it is not known if this resistance affects other ACCase inhibitors. This study evaluated the occurrence of
cross-resistance in Echinochloa crus-galli biotypes from the main rice-growing regions of Santa Catarina to ACCase inhibitors. The research
was conducted in a greenhouse, using a completely randomized design with a factorial scheme that included three ACCase-inhibiting
herbicides (cyhalofop-p-butyl, quizalofop-p-ethyl, and profoxydim) belonging to two chemical groups (aryl-oxifenoxi-propionates and
cyclohexanediones), eight herbicide doses, and four biotypes evaluated in the F1 generation and two biotypes evaluated in the F2 generation.
These biotypes were selected based on the results of a preliminary trial with 21 populations. The herbicides were applied when the plants
presented two true leaves. After control evaluations, the lethal dose required to control 50% and 80% of the population (LD, and LD, ) and
the resistance factor (RF) were determined by nonlinear regression. The results showed that only one biotype from Tubario, Santa Catarina
met all statistical and agronomic criteria and had cross-resistance to ACCase inhibitors confirmed. In both generations, the RF was greater than
1.0, and the dose required to achieve 80% control exceeded the maximum recommended dose on the label. Resistance levels were higher for
herbicides belonging to the aryl-oxifenoxi-propionate chemical group, with RF greater than 7.0. For the cyclohexanedione chemical group,
the RF was less than 5.0.

Key words: aryloxyphenoxypropionates, cyclohexanediones, whole-plant experiment, Echinochloa crus-galli.

Resisténcia de biotipos de capim-arroz (Echinochloa crus-galli) aos herbicidas inibidores da
ACCase nas principais regides orizicolas do Estado de Santa Catarina

RESUMO: A resisténcia de capim-arroz (Echinochloa crus-galli) ao cyhalofop-p-butyl ja foi confirmada em areas de produgéo de arroz de Santa
Catarina, entretanto ndo se sabe se essa resisténcia compromete outros inibidores da ACCase. O objetivo desse trabalho foi avaliar a ocorréncia
de resisténcia cruzada em bidtipos de capim-arroz das principais regides orizicolas do Estado de Santa Catarina a inibidores de ACCase. A
pesquisa foi desenvolvida em casa de vegetagdo, em delineamento inteiramente casualizado com esquema fatorial, sendo: trés herbicidas
inibidores de ACCase (cyhalofop-p-butyl; quizalofop-p-ethyl e profoxydim) pertencentes a dois grupos quimicos (ariloxifenoxipropionatos e
ciclohexanodionas); oito doses dos herbicidas e quatro biotipos foram avaliados na geragdo F| e dois bi6tipos na geragdo F,. Estes bidtipos foram
selecionados a partir dos resultados de um ensaio preliminar com 21 populagdes. A aplicagdo foi realizada quando as plantas apresentaram duas
folhas verdadeiras Apos as avaliagdes de controle determinou-se, por regressdo ndo-linear, a dose letal necessaria para controlar 50% e 80%
da populagdo (DL, e DL, ) e o fator de resisténcia (FR). Os resultados demonstraram que apenas um bi6tipo de Tubardo-SC atendeu todos os
critérios estatisticos e agrondmicos e teve a resisténcia cruzada a inibidores da ACCase confirmada. Nas duas geragdes observou-se que o FR
foi superior a 1,0 e que a dose necessaria para atingir o controle de 80% excedeu a dose maxima recomendada em bula. O nivel de resisténcia
foi superior para os herbicidas do grupo quimico ariloxifenoxipropionatos, com FR maior que 7,0. Para o grupo quimico ciclohexanodionas o
FR foi menor que 5,0.

Palavras-chave: ariloxifenoxipropionatos, ciclohexanodionas, dose resposta, Echinochloa crus-galli.

INTRODUCTION reported worldwide, compromising 23 of the 26
known herbicide mechanisms of action (HEAP, 2022).

The management of herbicide-resistant Of all resistance cases, 46 are related to barnyardgrass

weeds is a challenge due to the limited number of . ) T
herbicides that act on alternative sites of action [Echinochloa crus-galli (L.) P. Beauv.], which is one

(TAKANO et al., 2021). A total of 512 herbicide- of the main rice weeds worldwide (NORSWORTHY
resistant weeds (species x site of action) have been etal., 2013).
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Barnyardgrass (Echinochloa complex)
belongs to the Poaceae family and is widely
distributed worldwide, reported in Europe, Africa,
Asia, Australia, the Pacific, North America, and
South America, being considered the third most
relevant weed species worldwide (HEAP, 2022).
Barnyardgrass is an annual plant, reproducing
by seeds, with rapid initial growth and highly
competitive capacity (BASTIANI et al., 2015), with
broad geographic distribution and morphologically
similar to rice plants (ANDRES et al., 2007).

The  Echinochloa  genus  includes
approximately 250 annual and perennial species
(BAJWA et al. 2015), originating from different
countries and distributed in tropical and warm temperate
regions of the world, is a polyploid plant (OSUNA et al.,
2002). Losses generated by barnyardgrass infestation
in irrigated rice fields can reach 90%, considering
various factors such as weed plant density, rice sowing
density, sowing time, cultivar used, and the timing of the
beginning of irrigation (PINTO et al., 2002). In another
study, GALON et al. (2007) reported that the presence
of a single barnyardgrass plant per m2 reduced rice yield
between 5 and 22%; while MENNAN et al. (2012)
identified that the density of two E. crus-galli plants per
m?2 reduced grain yield by 10%.

Chemical control is one of the most widely
used methods for controlling weeds, due to its high
efficiency, little need for labor, time savings, and
selectivity to certain crops. It is important to know
the characteristics of the herbicide to be used, such as
half-life, withholding period, and toxicity (MACIEL,
2014), as well as the application time. Chemical
control can be performed in pre- or post-emergence
applications (CARVALHO, 2013). Pre-emergence
application occurs before weed emergence. Post-
emergence application occurs after crop emergence
and aims to act on weed plant development. During
weed plant development, the probability of suffering
losses due to competition is higher (AGOSTINETO
etal., 2015).

Acetyl-coenzyme A carboxylase (ACCase)
inhibitors have been widely used in irrigated rice to
control Echinochloa species (FANG etal., 2020), three
groups of ACCase inhibitor herbicides are available
on the market: aryloxyphenoxypropionates (FOPs),
cyclohexanediones (DIMs), and phenylpyrazole
(DEN) (DAYAN et al., 2019). Over the years,
herbicide-resistant weeds to ACCase inhibitors
have become a growing problem worldwide,
with the aggravating factor of multiple resistance,
compromising and making management difficult in
these areas.

According to HEAP (2014), a plant can
exhibit cross-resistance or multiple resistance.
Multiple resistance occurs when more than one
resistance mechanism is present in the same
individual, usually resulting from the sequential
selection of resistance mechanisms by herbicides with
different modes of action or through the accumulation
of resistance genes through cross-pollination or gene
flow. Cross-resistance is when a single resistance
mechanism confers resistance to more than one
herbicide, but this characteristic does not necessarily
confer resistance to all chemical groups of herbicides
with the same mode of action. Variable levels of
cross-resistance to herbicides from different groups
can exist (HEAP, 2014).

Cases of resistance to ACCase inhibitors
in Echinochloa have been reported worldwide, as
populations of this genus have been described as
resistant. According to HEAP (2022), the occurrence
of ACCase-resistant barnyardgrass is responsible for
23% of all cases of proven barnyardgrass resistance,
and the first report of ACCase-resistant grasses in
Brazil was in 1999 (HEAP, 2022). Recently, HWANG
et al. (2021) reported a population of Echinochloa
crus-galli resistant to cyhalofop-p-butyl, as well
as reports of populations with multiple resistance
to herbicides (MATZENBACHER et al., 2015;
EBERHARDT et al.,, 2016; ROUSE et al., 2019;
HAGHNAMA& MENNAN, 2020).

In Brazil, the record of Echinochloa crus-
galli resistance to herbicides in paddy rice occurred
in 2015, localized in Tubardo-SC, one of the main
paddy rice-producing regions in Santa Catarina. In
this case, the study focused on a population in a single
generation that showed multiple resistance to the
herbicides quinclorac, penoxsulam, and cyhalofop-
butyl. Cross-resistance and resistance characterization
for other chemical groups of ACCase inhibitors were
not assessed (EBERHARDT et al., 2016). Therefore,
this research evaluated the occurrence of cross-
resistance to ACCase inhibitors in barnyardgrass
biotypes in the main rice-growing regions of the State
of Santa Catarina, following the criteria proposed by
HRAC (2020) and SBCPD (2018).

MATERIALS AND METHODS

Seed collection

The viability of Echinochloa crus-galli
panicles was identified by the Basic Local Alignment
Search Tool (BLAST), which was developed to
compare primary biological sequences against a
database containing a large amount of information,
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returning the most similar and statistically significant
sequences. In this study, to find regions of similarity
between biological sequences, nucleotide sequences
were compared with databases, obtaining a statistically
significant result of 99.98% of the collected samples
with Echinochloa crus-galli.

Samples were collected during the
2019/2020 harvest season in the North Coast, South
Coast, and Itajai Valley regions of the state of Santa

Catarina (Table 1), where there were indications
of control failure after the application of ACCase
inhibitor herbicides. After collection, panicles were
placed in labeled paper bags with the collector’s
name, municipality, collection location, infested
area, infestation density, and chemical management
used in the last crops (herbicides and doses). Later,
the seeds were sent to CAV/UDESC for cleaning and
standardization before storage in a refrigerator at 2-6 °C.

Table 1 - Representation of identification (nomenclature assigned to each biotype), collection municipality, density of weed plants, and

total infested area at the time of seed collection.

Biotypes Municipality Location plants m™ Area (ha)
CA 01 Paulo Lopes 2T ;;: ;;:gg: 3&480 15 50
can A 0 5
Ao o 25T 1809 547 ; »
CA 04 Paulo Lopes 27 ;;: ;ﬁg: 3\;480 20 50
CA 05 Palhoga " 131', 513?22\)5\1 8 10 130
CA 06 Imarui 2807 fg,’:gé} 48745 5 184
CA 07 Tubarao 28°30 2;::\8{1 497 or 2 4
CA 08 Tubardo 28730 ;2,’2;::3\; 49700 30 160
CA 09 Ermo 29700 15;3:::\5)&} 49738 5 55
CA 10 Praia Grande 297 14‘(())59,’69'18\7\/; 49754 2 15
CA 1l Tubardo 2833 ;?jg:\sx} 48" 57 5 325
e Tubarso ] r 1o
CA 13 Rio do Campo 26755 5;’;);;?’ S0%07 30 100
cars - DS o 0
CA 15 Rio do Oeste i ?Z}Ej:\s"} 49754 10 26
CA 16 Pouso Redondo 1 32:2?::3\; 49753 20 15
CA 17 Massaranduba Verde ExpWsitWr - -
CAIB Pouso Redondo SitiW perens 15 8
CA2B Rio do Campo TaiWzinhW 15 24
CA3B Rio do Oeste AngicW 10

CA4B Taio Palera 8
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Preliminary trial

Apreliminary trial experiment was conducted
in a greenhouse at the Center of Agroveterinary Sciences
(CAV), State University of Santa Catarina (UDESC), in
Lages-SC, Brazil. Barnyardgrass biotypes were sown in
12 dm? trays filled with commercial MecPlant substrate.
A population of 50 plants was established for each
repetition, adopting three repetitions per biotype. After
plants reached the stage of 2-3 fully developed leaves,
cyhalofop-p-butyl (Clincher™) was applied at a dose of
360 g ai ha' with mineral oil as an adjuvant (Assist™
EC) at a dose of 1.5 L ha'. This dose is commonly
used in the field and is higher than the maximum
recommended in the label for barnyardgrass. The
application was held using a CO,-pressurized backpack
sprayer, equipped with four flat fan nozzles (AD 110
02), at a working pressure of 208 kPa, height of 0.5 m
above the target, and application rate of 200 L ha!. The
weather conditions during application were checked
using a thermo-hygrometer-anemometer and indicated
a temperature of 27 °C, relative humidity of 67%, and
wind speed of 1.2 km h''. The trays were flooded 24h
after herbicide application.

The plant survival rate was evaluated
21 days after application (DAA). The plants were
considered alive if they had produced new green
leaves after treatment and maintained active growth
(NEVE & POWLES, 2005). After this evaluation,
the biotypes that showed a survival rate > 50% were
selected for further steps.

Dose-response assays in two generations (F, and F)

Dose-response experiments were
conducted in a greenhouse at the Center for
Agricultural and Veterinary Sciences (CAV), State
University of Santa Catarina (UDESC), in Lages-
SC, Brazil. Experimental units consisted of 0.4-dm?
plastic pots filled with commercial inert substrate and,
after the establishment of barnyardgrass, thinning was
performed, keeping four plants per experimental unit.

The experimental design was a completely
randomized factorial design (4 x 3 x 8), with three
replications. The first factor corresponds to four
biotypes, namely CAO1, CA02, CAO5, and CAO07
(selected from the preliminary trial), the second factor
was three herbicides - cyhalofop-p-butyl (Clincher™)
at the recommended dose of 360 g ai ha''; quizalofop-
p-ethyl (Targa™) at the recommended dose of 120 g
ai ha!, and profoxydim (Aura™) at the recommended
dose of 170 g ai ha'!, and the third factor corresponds
to eight herbicide doses (0.00, 0.25, 0.50, 1.00, 2.00,
4.00, 8.00, and 16 times the recommended dose for
each herbicide).

The application was performed when
plants had 2-4 fully developed leaves, using a
CO,- pressurized backpack sprayer with AD 110
02 nozzles at a height of 0.50 m from the target,
application rate of 200 L ha’'!, working pressure
of 208 kPa, and speed of 3.6 m s'. The climatic
conditions during application were checked using a
thermo-hygrometer and indicated a temperature of
23 °C, relative humidity of 72%, and wind speed
of 1.8 km h''. The pots were flooded 24 hours after
herbicide application. Control was evaluated at 7,
14, and 28 days after application by a visual scale
from 0 to 100%, wherein 0 means no control and
100% complete control (KUVA, et al., 2016).

Seeds collected in the field were considered
the first generation (F,). After the dose-response trial
in the first generation (F)), only one of the biotypes
had surviving plants after exposure to herbicide
doses equal to or greater than the recommended
dose. The surviving plants were kept in a greenhouse
to produce seeds; and subsequently, conduct the
second generation (F,). When barnyardgrass plants
started producing seeds, panicles were isolated with
porous fabric (tulle) and, after maturation, they were
collected and sent to the laboratory where seeds were
cleaned for storage.

In the second generation (F,), the procedure
was identical to that described for the F, generation,
and it was conducted with two biotypes - CAO1 and
CAO07, based on the results of the F, generation.
The climatic conditions during application were
checked using a thermo-hygrometer and indicated a
temperature of 25 °C, relative humidity of 77%, and
wind speed of 2.1 km h™'. The experimental units were
flooded 24 hours after herbicide application. Control
was evaluated by a visual scale (KUVA, et al., 2016)
from 0 to 100%, wherein 0 means no control and
100% complete control.

Alternative control

The experiment was conducted in a
greenhouse at the Center of Agroveterinary Sciences
(CAV), State University of Santa Catarina (UDESC),
in Lages-SC, Brazil. It was performed using a
completely randomized design (CRD) with four
replicates. Experimental units were represented by
0.4-dm? plastic pots. The biotypes used were CAOI
(S) and CAO07 (R), and the treatments were applied
in two modalities, pre- and post-emergence (Table 2).
For the pre-emergence modality, the pots were filled
with agricultural soil (humic aluminic Cambisol),
with ten seeds being sown per experimental unit. For
the post-emergence application, the pots were filled
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Table 2 - Description of the herbicide treatments, application method, and dosage used in the alternative control study at CAV/UDESC, Lages-SC.

Treatment Commercial product
TIl: pendimethalin1 Prowl H,O
T2:clomazone' Gamit

T3: penoxsulam® Ricer

T4: imazapyr + imazapic® Kifix

T5: bispyribac-sodium* Nominee

T6: propanil Stam

T7: quinclorac® Facet

T8: florpyrauxifen-benzyl' Loyant

T9: control -

T10: control -

Application mode Dose (g ai ha™) Dose (p.c. ha™)
Pre-emergence 1,600 40L
Pre-emergence 432 12L
Pos-emergence 60 025L
Pos-emergence 73.5+24.5 0.14 kg
Pos-emergence 50 0.125L
Pos-emergence 3.600 45kg
Pos-emergence 375 0.75 kg
Pos-emergence 30 12L

Pos-emergence - -
Pre-emergence - -

'no adjuvant will be added, * Veget'Oil™ adjuvant will be added at a dose of 1.0 L ha™, * Dash™ adjuvant will be added at a dose of 1.0
L ha'', * Tharagues-S™ adjuvant will be added at a dose of 1.0 L ha', and * Assist™ adjuvant will be added at a dose of 1.0 L ha™.

with commercial inert substrate and, after thinning,
four plants were left per experimental unit.

The application was carried out with a
precision backpack sprayer, using AD 110 02 flat-
fan nozzles, at a height of 50 cm above the target, a
pressure of 220 kPa, and an application rate of 200 L
ha'!. After herbicide application, the pots were taken
to the greenhouse, remaining without irrigation for 24
hours to avoid interfering with herbicide absorption.
Control was evaluated by a visual scale (KUVA, et
al. 2016) from 0 to 100%, wherein 0 represents no
control and 100% completely controlled plants at
28 days after application (DAA). Shoot dry matter
(SDM) was also evaluated by cutting all plants
in the pot at ground level at 28 DAA, drying them
in an oven at 65 °C, and after 72 hours, SDM was
quantified using a precision balance (0.001 g).

Statistical analysis

The dose-response assay data were
subjected to analysis of variance and f-test. When
significant, the data were adjusted to non-linear log-
logistic regression models, as indicated by SEEFELDT
etal. (1998).

According to SEEFELDT et al. (1998),
the log-logistic model is the most appropriate for
dose-response studies. We used the three-parameter
sigmoidal model, which is given by the equation
below, wherein ‘a’ refers to the intercept, ‘b’ refers to
the slope of lines to the axes, and ‘DL, is the lethal
dose required to control 50% of the population.

Using the DL, values, a Resistance
Factor (RF) was obtained, which corresponds to
the ratio between the DL, of the resistant biotype
and the DL, of the susceptible one. To assess the
agricultural efficacy of the treatments, DL, was also
mathematically calculated, which is the herbicide
dose required to control 80% of the population.

As criteria for confirming resistance,
this study followed the information from HRAC
(2020) and SBCPD (2018), wherein the biotype
was considered resistant when it met the following
three conditions: resistance factor was greater than
one (RF > 1.0), recommended herbicide dose did
not provide control superior to 80% (Recommended
Dose < DL,,), and resistance was a heritable trait,
maintained in the F, generation

RESULTS AND DISCUSSION

Dose-response experiments in two generations (F,
and F))

The  biotypes showed  different
sensitivity to the three herbicides at the tested
doses in both generations (F, and F,). The biotype
from municipality CAO1 (Paulo Lopes-SC) was
completely controlled (100% control) with a dose
equal to or lower than the recommended dose. It
was sensitive to all three herbicides (cyhalofop-
p-butyl, quizalofop-p-ethyl, and profoxydim).
The same pattern can be observed (Table 3) for
biotypes CA02 (Igara-SC) and CAO0S5 (Palhoga-
SC) tested in generation F,.

Resistance  levels were  evaluated
according to parameters proposed by GAINES &
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Table 3 - Parameters of the logistic equation (a and b), the dose required for 50% control (DLs), the dose required for 80% control
(DLyy), resistance factor (FR), and determination coefficient (R?) for the control variable at 28 days after application (DAA)
of cyhalofop-p-butyl (CY), quizalofop-p-ethyl (QI), and profoxydim (PR) for the first (F;) and second generation (F) of the

barnyardgrass biotypes.

Biotype Herbicide F, generation

a b DLso (g ai ha™) DLgo (g ai ha™) R? FR
CAO01 CY 99.0589 0.0999 259.20 414.70 0.9997 -
CA02 CcY 99.9453 0.0716 94.50 151.20 0.9998 0.36
CAO05 CY 99.9244 0.1696 241.80 386.90 0.9983 0.93
CA07 CcY 89.5227 1.4366 14760 2361.60 0.9782 5.7
CAO01 QI 98.5000 0.0185 21.60 34.56 0.9921 -
CA02 QI 96.2500 0.0160 18.06 28.89 0.9321 0.83
CAO05 QI 99.0000 0.0210 22.94 36.70 0.9983 1.06
CA07 QI 90.4809 1.2552 660.00 1056.00 0.9723 30.5
CAO01 PR 98.1111 0.0141 32.30 51.70 0.9923 -
CA02 PR 99.8190 0.0930 51.40 82.20 0.9983 1.54
CAO05 PR 98.5991 0.0526 36.00 57.60 0.9925 1.11
CA07 PR 101.0696 2.5536 518.50 829.60 0.9752 16.05
Biotype Herbicide F, generation

a b DLso (g ai ha™) DLgo (g ai ha™) R? FR
CAO01 CY 99.5976 0.0207 109.44 171.36 0.9876 -
CA07 CcY 89.5885 1.2236 864 1656 0.9373 7.89
CAO01 QI 98.5429 0.0299 22.80 36.50 0.9924 -
CA07 QI 93.5898 1.2965 176.00 281.60 0.8942 7.72
CAO01 PR 96.4637 0.0696 35.70 54.40 0.9742 -
CA07 PR 90.7344 0.8387 151.30 242.00 0.8397 424

HEAP (2022), in which a biotype is considered
moderately resistant when its resistance factor is
below 10, and highly resistant when it is above 10.
The biotype CA07 (Tubardo-SC), which had been
previously reported as resistant (EBERHARDT
et al., 2016), showed moderate resistance to the
aryloxyphenoxypropionate herbicides (cyhalofop-p-
butyl and quizalofop-p-ethyl), with a resistance factor
greater than 7.0 and a lethal dose necessary to control
80% of the population (DL, ) ranging from 2.5 to 5.0
times the recommended dose on the herbicide label
for cyhalofop-p-butyl (315 g ai ha') and quizalofop-
p-ethyl (120 g ai ha).

AMARO-BLANCO et al. (2021) reported
an Echinochloa spp. population with high resistance
to ACCase inhibitors, with a dose 2.6 times higher
than that recommended for cyhalofop-p-butyl being
necessary to control 50% of the resistant population
(DL,,), similar to what was reported in this research.
Similarly, Eberhardt et al. (2016) observed that
cyhalofop-p-butyl provided a minimum acceptable
control (80%) with a dose 60% higher than the

recommended dose on the label, thus expressing a
higher resistance factor than that we found (61.9).
According to LOPEZ-OVEJERO et al. (2005), high
resistance factor values may be related to the high
susceptibility of a sensitive biotype.

Unlike our findings, GUERRA et al. (2017)
noted that a dose of 75 g ai ha! for quizalofop-p-ethyl
provided a complete (100%) control of Echinochloa
spp- and that increasing it resulted in greater
control. In a study of a herbicide-resistant biotype
of Echinochloa crus-galli, which also belongs to the
aryloxyphenoxypropionate chemical group, HAMZA
et al. (2012) found a resistance factor of 12.07.
However, for populations of Eleusine indica, CHEN
et al. (2021) reported a resistance factor of 14.2 for
quizalofop-p-ethyl.

Regarding the cyclohexanedione group
(profoxydim), the biotype CAO07 expressed a
resistance factor of 4.24, which is lower than those
for the aryloxyphenoxypropionate group. To achieve
80% control (DL)), the dose had to be 1.42 times
higher than usual. Conversely, VIDOTTO et al.

Ciéncia Rural, v.54, n.2, 2024.



Resistance of barnyardgrass biotypes (Echinochloa crus-galli) to ACCase-inhibiting herbicides in the main rice-growing regions... 7

(2007) and KALOUMENOS et al. (2013) reported
over 95% control for E. crus-galli biotypes by
applying profoxydim at a dose of 200 g ai ha™!, ruling
out resistance in that population.

ORTIZ et al. (2015) conducted studies with
the same herbicide (profoxydim), but in biotypes of
I rugosum, and reported very high resistance factors
(>90) that contrast with ours. FERRERO et al. (2012)
studied 29 Echinochloa spp. biotypes in Italy and
found only isolated cases of resistance, among which
only 7% showed resistance to profoxydim, while the
rest of the populations still showed susceptibility.

The results of DL,, DL,, and FR
expressed from the dose-response tests in both
generations (F, and F,) confirm the cross-resistance
of the CAOQ7 biotype from Tubardo-SC, indicating a
higher level of resistance to herbicides belonging to
the aryloxyphenoxypropionate chemical group, with
a significant compromise of the ACCase inhibitors
group, making it difficult to control Echinochloa
weeds in paddy rice crops, limiting the options of
herbicides capable of controlling them.

Alternative control

The herbicides applied as an alternative
control method did notefficiently control both biotypes
(CAO01 and CAO07), and the analysis of variance was
significant for the variable “control of Echinochloa
crus-galli biotypes,” with the interaction between the
factors “biotypes” and “herbicides.” At 7 days after
application (DAA) for biotype CAO01, the herbicides

pendimethalin, and clomazone provided control
of 98.75% and 99.5%, respectively, while plants
treated with other herbicides showed low control, not
exceeding 22.5% with the herbicide quinclorac. The
same pattern was observed for biotype CA07, but the
treatment with quinclorac was 0% (Table 4).

At 14 DAA, pendimethalin and clomazone
provided effective control (100%) for both biotypes.
Bispyribac-sodium and quinclorac generated controls
of 37.5% and 69.5% for biotype CAO1, respectively.
For biotype CAO07, florpyrauxifen-benzyl caused
control of 73.25%, while the other treatments reached
a maximum of only 15% (Table 4). SCHAEDLER
et al. (2008) demonstrated that bispyribac-sodium
provides a level of control greater than 90% for
sensitive biotypes and those with suspected resistance;
however, for a biotype resistant to quinclorac, they
observed a control between 65% and 74%.

At 28 DAA, 100% control was maintained
by pendimethalin and clomazone for both biotypes.
Forbiotype CA01, treatments with Bispyribac-sodium
and quinclorac generated a control rate of 41.5% and
78%, respectively, while the other treatments did
not show good control rates, remaining below 30%.
Florpyrauxifen-benzyl provided a control rate of 87%
for biotype CAOQ7, while the other treatments did not
exceed a control rate of 30% (Table 4).

Quinclorac provided no control (0%) for
the CAO7 biotype, and other quinclorac-resistant
biotypes have also been found through escapes in
crops in southern Brazil in 2001 in Tubarao-SC and

Table 4 - Control (%) of two biotypes of barnyardgrass (CAO1 and CA07) at 7, 14, and 28 days after application (DAA).

Control (%)

Treatment

7DAA 14DAA 28DAA

CA01 CA07 CA01 CA07 CA01 CA07
Control (POS) 0.00 dA 0.00 dA 0.00 eA 0.00 dA 0.00 eA 0.00 eA
Penoxsulam 1.25 dA 0.00 dA 5.50 dB 1.25 dA 6.25 eB 4.50 eB
Imazapyr + Imazapic 1.00 dA 5.75cB 4.50dB 15.50 cC 5.00 eB 26.75 cC
Bispyribac-sodium 11.25cB 0.00 dA 37.50 cC 0.00 dA 41.50 cC 0.00 eA
Propanil 8.75cB 1.25dA 20.00 cC 9.25c¢cB 27.00 dC 12.75 dB
Quinclorac 22.50 bB 0.00 dA 69.50 bC 0.00 dA 78.00 bC 0.00 eA
Florpyrauxifen-benzyl 1.25dA 13.25bB 7.00 dB 73.25bC 75B 87 bC
Control (PRE) 0.00 dA 0.00 dA 0.00 eA 0.00 dA 0.00 eA 0.00 eA
Pendimethalin 98.75 aA 98.00 aA 100 aA 100 aA 100 aA 100 aA
Clomazone 99.50 aA 98.50 aA 100 aA 100 aA 100 aA 100 aA

Lowercase letters in the same column and uppercase letters in the same row do not differ from each other by Tukey's test with a 5%

probability.
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Ararangud-SC (HEAP, 2022). Since then, cases
of Echinochloa spp. resistance to this herbicide
has increased. Similar to our findings, TRAVLOS
et al. (2020) reported that penoxsulam shows low
efficacy in five of the six accessions of Echinochloa
colona, as found in a previous study where three
biotypes of E. crus-galli were confirmed as resistant
to the herbicide. This scenario demonstrated that
alternative herbicides are not effective for both
biotypes, indicating that the advance of resistance to
other herbicides should be studied more thoroughly,
as it probably has already compromised other
mechanisms of action.

As shown in figure 1, the shoot dry matter
(SDM) of the CAOl biotype was reduced by the
application of penoxsulam, imazapyr + imazapic,
and florpyrauxifen-benzyl. SDM of both biotypes
(CAO01 and CAO07) was completely reduced after
the application of the pre-emergence herbicides
clomazone and pendimethalin. For the CA07 biotype,
florpyrauxifen-benzyl provided the greatest reduction
in SDM. In line with our study, TRAVLOS et al.
(2020) found that the application of florpyrauxifen-
benzyl resulted in a 60 to 66% reduction in SDM of

five E. colona accessions at 7 DAA and 73 to 76% at
21 DAA. According to PINTO et al. (2008), in some
cases, even at low populations, control measures that
eliminate up to 99% of infestation do not prevent
losses in yield for irrigated rice.

CONCLUSION

In the preliminary assay, the biotypes
CA02, CA0S5, and CA07 showed suspected resistance
and were selected for the dose-response assays. In
the dose-response assay, only the biotype CA07 had
cross-resistance confirmed in both generations.

The level of resistance was higher for the
herbicides belongingto the aryloxyphenoxypropionate
chemical group (cyhalofop-p-butyl and quizalofop-
p-ethyl), with FR greater than 7.0. For the
cyclohexanedione chemical group (profoxydim), the
resistance level was low, with FR less than 5.0.

Post-emergence  control  alternatives
were not effective in controlling the biotypes CAO1
and CAO07, and only the herbicides clomazone and
pendimethalin, applied pre-emergence, provided
100% control for both biotypes.

application.

Figure 1 - Shoot dry mass (g) for biotypes CA01 and CAO7 at 28 days after treatment

Ciéncia Rural, v.54, n.2, 2024.
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