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Abstract

:

This study aimed to compare the herbicidal activity of solid formulas obtained by spray drying with conventional liquid formulas containing biomolecules produced by submerged cultivation of the fungus Diaporthe sp. in a stirred-tank bioreactor. The solid formula presented the highest phytotoxicity on plant control (96.7%) and the phytotoxicity was directly related to the concentration of fermented broth in the formula. The use of adjuvant improved the efficiency of the bioherbicide. Dry matters of treatments were lower than the control and this was correlated with an increase in oxidative stress, since the activity of the antioxidant enzymes such as superoxide dismutase and guaiacol peroxidase increased in the treatment with a high level of phytotoxicity. Spray drying technology is a promising tool to concentrate bioherbicide without the loss of bioactive compounds since one of the major challenges in the production of bioherbicides is the low concentration of active ingredients in the fermented broth.
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1. Introduction


Microorganisms produce several biomolecules with different structural and biological characteristics. In certain cases, they can cause pathogenicity in host plants, destroying their structure and causing necrotic or chlorotic lesions. These biomolecules are secondary metabolites that can be a promising source for the production of new natural herbicides or the discovery of new molecules [1,2,3]. The scarcity of new molecules in the last decades and the increase in cases of weed resistance to current herbicides show the importance of seeking new tools for weed management. Currently, there are 498 herbicide-resistant biotypes included in 235 species present in 82 cultures and 65 countries [4].



Current studies are focused on plant pathogenic microorganisms such as fungi and bacteria for producing a variety of potential and often specific phytotoxins for certain plants that are capable of causing lesions, inhibiting growth, and in some cases, leading to the death of target plants [3,5,6]. The genus Diaporthe sp. (teleomorph of the genus Phomopsis) has been studied and described by several researchers as a genus of a fungus with high biotechnological potential [7]. It has already been described as a producer of secondary enzymes and metabolites [8] with antibiotic [9], fungicide [10], and anticancer [11] potentials as well as in the biological control of weeds [12,13,14,15].



Major challenges in the production of biomolecules are to maintain their stability in aqueous solution, once a variety of drawbacks occur such as the possibility of contamination by microorganisms and chemical and physical degradations during the transport, storage, and application steps. In this sense, dehydrated formulations have advantages over aqueous enzymatic extracts, providing increased shelf life and practical handling [16,17]. The selected drying technique is very important and should be able to preserve the biomolecules during the process. Among the drying techniques most widely used for biomolecules (enzymes, proteins, and metabolites in general) are convective drying, freeze-drying, spray drying, and fluidized bed [18,19].



Formulations of dehydrated biomolecules with a spray drying technique provide some benefits, such as increased shelf life and ease of use [17]. This spray drying technique has been widely used for many industrial enzymes such as α-amylase from Aspergillus oryzae, recombinant alkaline protease from Bacillus subtilis, and Bacillus licheniformis alkaline protease [20]. Jesus et al. [21] evaluated the efficiency of the drying processes by spray drying and freeze-drying to formulate the α-amylase enzyme produced from Bacillus sp. The authors observed high viability of using the spray drying technique. However, the use of spray drying technology to obtain a solid formulation containing biomolecules as active ingredients for use as an herbicide is a novel recent strategy reported in the scientific literature. A viable solid formulation for use as a bioherbicide containing active biomolecules obtained by Diaporthe sp. could be a promising option for weed control.



Based on these aspects, the main objective of this work was to evaluate a technical strategy to obtain solid formulas containing active biomolecules produced by Diaporthe sp. by using spray drying technology. The bioherbicide potential of the solid formulas was also compared with the liquid formulas obtained directly through submerged fermentation. The formulas were applied on a lettuce (Lactuca sativa) test plant. The phytotoxicity, dry matter, and the activities of the antioxidant enzymes such as superoxide dismutase enzyme activity (SOD) and guaiacol peroxidase enzyme activity (POD) were assessed.




2. Materials and Methods


2.1. Microorganism, Inoculum, and Fermentation


The strain used in this study was Diaporthe sp., previously isolated by Souza et al. [15]. The culture was maintained in potato dextrose agar (PDA) at 4°C and subcultured every 15 days. Cell production for pre-inoculum was prepared by incubating the microorganism in a Petri dish containing PDA for 8 days at 28°C. For the inoculum, two fungal mycelia discs of 6 mm were transferred to a 250 mL Erlenmeyer flask containing 100 mL of a medium composed by (g L−1): glucose (10.0), peptone (7.5), yeast extract (2.0), (NH4)2SO4 (1.0), FeSO4·7H2O (1.0), MnSO4·H2O (1.0), and MgSO4 (0.5). The flasks were maintained at 28 °C and 120 rpm for seven days (Innova 44R, New Brunswick, Canada) [15].



The fermentations were carried out in a stirred-tank bioreactor (BIOTEC-C, Tecnal, Piracicaba, Brazil) in batch mode, containing 3 L of the culture medium. The fermentations were started using 10% (v/v) of inoculum at an initial pH of 6.0 and 28°C for seven days. The fermentation medium was composed of corn steep liquor (10% v/v), sucrose (20 g L−1), (NH4)2SO4 (2 g L−1), MgSO4·7H2O (0.5 g L−1), FeSO4·7H2O (1 g L−1), and MnSO4·H2O (1 g L−1). Biomass was separated from the fermentation broth by filtration using filter paper (Whatman; number 2), followed by centrifugation (Eppendorf, model 5804R, Hamburg, Germany) at 10,000 rpm for 10 min and the supernatant (bioherbicide containing active biomolecules) was used in the formulations.




2.2. Development of Formulations


2.2.1. Liquid Bioherbicide Formulations


Different solutions containing water, bioherbicide (5%, 25%, and 100%, v/v), and adjuvant (0% and 1%, v/v) were prepared. The final volume of the solutions was always 1000 mL. The adjuvant used was the commercial product AgRho® FKC 1500 (Rhodia, Sao Paulo, Brazil). The products and concentrations were selected based on preliminary experiments (data not shown). The components of each formula were homogenized using a mechanical stirrer operating at 300 rpm for 15 min. After homogenization, the liquid solution was used directly in the bioassays.




2.2.2. Solid Bioherbicide Formulations


The solid bioherbicide formulation was obtained using a lab-scale spray dryer (LabMaq, model LM MSDi 1.0, Ribeirão Preto, Brazil) composed of a stainless-steel spray assembly with two fluid nozzles where the inner nozzle develops the liquid jet and the outer nozzle develops the compressed air outlet. The compressed air atomizes the liquid as it emerges from the jet to form the required spray. The operational parameters of feed and air flowrates were optimized as described below. The pressure of atomization was maintained at 0.3 MPa and the outlet air temperature was 125 °C.



Initially, a central composite rotatable design (CCRD) for two independent variables was fulfilled in order to optimize the feed and air flowrates with the aim of maximizing the solid yield after drying the solids. The range of investigated variables is presented in Table 1. In these experiments, only water was used instead of metabolites from fermentation. At the end of the process, the mass of dried solids was determined and the yield was calculated, based on the initial solid mass (100 g). At the optimized condition, the solid formulation of bioherbicides was prepared after drying the fermentation broth.



To obtain the solid formulas, different solutions (1000 mL) containing water, bioherbicide (5%, 25%, and 100%, v/v), adjuvant (0% and 1%, v/v), and silicon as the inert ingredient were prepared. The final solid mass of solutions was always maintained in 100 g. The dry mass of fermentative broth (bioherbicide) was 12.5 g L−1. The mass of silicon was adjusted (75.6–99.4 g) to result in a final solid mass of 100 g.





2.3. Bioassays


The efficiency of the formulations was evaluated in post-emergence bioassays with lettuce (Lactuca sativa) as test plants. The cultivar Larissa (Sakata seeds) was used, and the plants were acquired through local commerce. They were transplanted into polyethylene cups containing 250 g of a commercial substrate (Mecplant®, Telêmaco Borba, Brazil) without any treatment. Plants were cultivated in a greenhouse for 15 days before the application of bioherbicide when the plants reached the two to three-leaf stage. Each treatment comprised three plants in triplicate, with a total of nine plants.



To evaluate the influence of the type of formulation (solid or liquid), the amount of adjuvant (0% and 1%, v/v) and percentage of fermented broth (5%, 25%, and 100%, v/v) on the efficiency of the bioherbicide, a 2 × 2 × 3 trifactorial experiment was performed. It consisted of 12 runs, which comprised the combination of two types of formulation, the presence or absence of adjuvant, and three percentages of fermented broth. A control test without application was also accomplished. The solid product was dissolved in distilled water before application in a ratio of 100 g per 1000 mL. The products were applied in post-emergence bioassays using a CO2 pressurized backpack sprayer equipped with a six-point bar DG 11002 flat jet plane, 0.50 m spacing, 0.28 MPa constant pressure, and a specific volume equivalent to 150 L ha−1.



In seven days after application (DAA), the scale of Frans and Crowley [22], which is shown in Table 2, was used to evaluate the phytotoxicity. Furthermore, the dry matter (DM) of the aerial part of plants was determined. Superoxide dismutase enzyme activity (SOD) was determined according to the spectrophotometric method described by Giannopolitis and Ries [23] and guaiacol peroxidase enzyme activity (POD) enzyme was determined according to Zeraik et al. [24].




2.4. Statistical Analysis


The analysis of variance (ANOVA) and Scott–Knott test for clustering of the means were performed using the statistical program Sisvar® 5.3 [25], considering a significance level of 95% (p < 0.05).





3. Results and Discussion


3.1. Optimization of Operational Variables of Spray Drying Process


Table 1 presents the results of the CCRD in terms of solid yield after the spray drying process. The highest solid yield was obtained in run 7 (19.23 wt%) with an air flow rate of 2.5 L min−1 and a feed flow rate of 0.2 L h−1. To better observe the influence of the process variables on solid yield, the data in Table 1 were used to generate a quadratic model (Equation (1)), which presented a high determination coefficient (R2 = 0.9342) and was validated by analysis of variance (ANOVA) (the F calculated was 2.8 times higher than the critical F value at p < 0.05).


SY = 12.30 − 2.52 × FF + 1.26 × (FF)2 − 0.50 × AF − 1.29 × (AF)2 + 1.77 × AF × FF



(1)




where



SY is the solid yield (wt%), and FF and FA are the coded values for the feed and air flowrates.



The validated model was used to depict the contour plot presented in Figure 1. The increase of feed flow rate presented a more pronounced negative effect on the solid yield than the increase of air flow rate. This can be verified by analyzing the linear coefficients of Equation (1) for both variables. For feed flow rate, the coefficient was −2.52, whereas for air flow rate, it was −0.50. Maximum solid yield was obtained for low values of feed and air flow rates. At a high feed flow rate, the residence time was not sufficient to obtain a satisfactory drying of solids. On the other hand, at high air flow rates, the drag of solid particles could have occurred, thus decreasing the yield. Based on these results, the optimum operational condition to obtain a solid formula of bioherbicide was defined as a feed flow rate of 0.2 L h−1 and air flow rate of 1.4 Lmin−1. As seen in Figure 1, in this region, the maximum solid yield was approximately 20 wt%.




3.2. Comparison of Solid and Liquid Formulas of Bioherbicide


Table 3 shows the results of dry mass and phytotoxicity obtained in the treatments developed in the 2 × 2 × 3 trifactorial experiment, with a statistical difference among them (p < 0.05). All variables were statistically significant and presented differences for the responses evaluated. Maximum phytotoxicities for the liquid and solid formulations were 40% and 96.7%, respectively, both using 100% of fermentation broth in the mixture. When comparing the different concentrations of fermented broth in the formulas, the phytotoxicity on the lettuce leaves increased with increasing concentration. The findings demonstrate that the fungus Diaporthe sp can produce biomolecules with toxins that act as a herbicide, with the possibility of controlling some plants. Within similar purposes, Bastos et al. [13], using the Cucumis sativus as a test plant, obtained more than 80% of control using a liquid formulation containing fermented broth of Diaphorte sp. Pes et al. [14] carried out the application of the fermented broth of Diaporthe sp. as a post-emergence bioherbicide against two weeds (Echinochloa sp., Conyza sp.) and observed growth suppression results in both species.



Overall, the solid formulation obtained by the spray drying process presented the best results in terms of bioherbicidal activity since the phytotoxicity against lettuce was higher than the one presented by the liquid formulation, thus confirming the initial hypothesis. The main reason for the best results of the solid formulation is related to the concentration of bioactive compounds in the bioherbicide. Water is removed from the fermented broth by a rapid process, avoiding that the fungal metabolites have remarkable losses of biological activity. In this sense, the qualitative (Figure 2) findings and the quantitative (Table 3 and Table 4) data demonstrated that the spray drying formulation was able to concentrate the biomolecules with a low level of degradation in the drying process. Otherwise, in the liquid formulation, there is low phytotoxin concentration, since the metabolites produced in the fermentation are diluted in large aqueous volume [26]. In a previous study [27], different processes such as membranes, lyophilization, and evaporation, were assessed for the concentration of a bioherbicide produced from Fusarium fujikuroi. Regarding evaporation, the herbicidal activity was reduced with an increase in temperature, which was expected. The reduction of activity was attributed to the thermal degradation of bioactive molecules, most likely exopolysaccharides. Some other studies have proposed dry formulation with spray drying using organic products, which presented relevant outcomes. The high temperatures in the process practically do not affect the efficiency of the compound since the drying process is fast [28,29]. The results were comparable to chemical pesticides in terms of control efficiency, but with the advantage of being an environmentally-friendly pesticide formulation, thus corroborating the inferences done regarding spray drying studied in this work.



The use of adjuvant in both formulations (solid and liquid) increased the phytotoxicity. This is better illustrated in Figure 2, where the control test was compared with the solid formula containing 100% (v/v) of bioherbicide without adjuvant against 100% (v/v) of bioherbicide with adjuvant. The use of lettuce as a test plant may have influenced the phytotoxicity since lettuce leaves were smooth without hairiness. In this sense, the use of the adjuvant provided adhesiveness and better distribution of the biomolecules on the leaf surface, increasing the herbicidal action power on the plants [2,30]. Several authors have already performed studies showing the increase in the efficiency of the fermentative broths with the biomolecules using adjuvants [13,14,31,32]. Some authors have studied the influence of adjuvants on herbicides formulated with biomolecules of the fungus Diaporthe sp., where an increase in the herbicidal action with the use of adjuvants was achieved [13,14].



Dry matters of treatments were lower than the control test. Statistical differences between treatments and control test (p < 0.05) were observed, but with little statistical variation among the treatments. The reduction of dry matter of treatments may be attributed to the oxidative stress that plants were submitted to after the application of bioherbicide. Under oxidative stress conditions, the plant spent energy to synthesize molecules to neutralize the reactive oxygen species (ROS) instead of synthesizing biomass. The antioxidant enzyme superoxide dismutase (SOD) is considered the first line of defense against damage caused by ROS, where it catalyzes the conversion of superoxide anion (O2-*) into H2O2 and O2 in the chloroplasts, mitochondria, cytoplasm, and peroxisomes [33].



The hypothesis presented above can be confirmed by comparing the activity of POD and SOD enzymes 2 DAA, since they are considered as antioxidant enzymes (Table 4). For POD enzyme activities, there was a statistical difference in the results of the solid formulation if compared to the control test, except for the solid formula containing 5% (v/v) of bioherbicide without the adjuvant (p < 0.05). The results of SOD enzyme activity showed that the solid formula containing 100% (v/v) bioherbicide with the adjuvant presented statistical difference if compared to the control test. In this treatment, an increase of 91.78% in the enzyme activity was achieved if compared to the control test. From the data in Table 3 and Table 4, the effect of increasing the concentration of the fermented broth through the spray drying formulation was beneficial to increase the herbicidal action, together with the use of adjuvants that allowed the biomolecules to adhere to the leaves for infection. When comparing the treatments with the adjuvant, the increase in bioherbicide concentration from 5% (v/v) to 100% (v/v) resulted in the activation of the defense mechanisms of the lettuce test plant.



The high activity of the SOD enzyme can explain the excellent control performed by the solid formula containing 100% (v/v) with the adjuvant, evidencing the herbicidal action of the biomolecules produced by the fungus Diaporthe sp. Several works have demonstrated the increase in ROS with an increase of certain stresses that wear out the plant, caused by biotic or abiotic factors. Ehsani-Moghaddam et al. [34] characterized the involvement of SOD during infection of the fungus Mycosphaerella fragariae in three strawberry cultivars and observed that the concentration level of this antioxidant enzyme on the second day after inoculation was high in all plants attacked by the phytopathogen when compared to the respective controls. The authors observed that the highest concentrations of SOD were in the resistant materials, and could be explained as a strategy of the plant to restrict the development of the fungus by the action of this antioxidant enzyme. De Freitas-Silva et al. [35] studied the effects of the herbicide glyphosate on the test plant Arabidopsis thaliana and observed that the treatment with the herbicide promoted an increase in the SOD activity. Some selective herbicides can cause the production of reactive oxygen species and oxidative stress. However, resistant plants balance the ROS and the antioxidant enzyme system, so that the crop does not die. In this sense, in another study, the herbicides oxyfluorfen and oxadiazon resulted in increased activity of the SOD enzyme. Although they are selective and registered in the control of weeds in rice culture, these herbicides can cause phytotoxicity, reduce the size, and alter plant metabolism, thus generating reactive oxygen species, which activate the enzymatic defense system [36].



In the solid formulation prepared by spray drying, the presence of the adjuvant and the high concentration of the fermented broth provided the highest activities of the antioxidant POD enzyme. As discussed earlier, when a plant is submitted to stress, the activation of the antioxidant enzymes is undertaken to balance the ROS. However, in some cases such as in the application of a herbicide, plants cannot reduce the ROS, and even increase the production of their antioxidant enzymes. Therefore, it causes the degradation of the membrane in most cases. Laxm et al. [37] studied the effect of herbicides on the weed Portulaca oleracea and concluded that 2, 4-dichlorophenoxyacetic acid after 48 h of its application caused an increase in the activity of the antioxidant enzyme POD. The increase in the enzymatic activity was defined as the induction of the antioxidant system under the stress of the herbicide. Another study evaluated the enzymatic activity in conventional and transgenic soybean cultivars under the application of glyphosate herbicide. The conventional variety induced an increase in the activity of the POD enzyme, but the amount of POD in the transgenic variety was already high and did not need to be induced. Considering the results, the authors inferred that the activity of the POD enzyme could be used as a biochemical marker to distinguish between conventional and transgenic varieties [38]. Another study discussed the influence of reactive oxygen species (ROS) on the action of the herbicide glufosinate. The authors observed that ammonia accumulation is a physiological consequence of glutamine synthetase inhibition, which is not the principal cause of phytotoxicity. Therefore, ROS can be responsible for rapid glufosinate-induced cell death [39].





4. Conclusions


In this study, solid and liquid formulations containing biomolecules with herbicidal activity were tested. The solid formula presented the highest phytotoxicity on the control plant (96.7%) and the phytotoxicity was directly related to the concentration of fermentative broth in the formula. The use of adjuvant improved the efficiency of bioherbicide. Dry matters of treatments were lower than the control and this was correlated with an increase in oxidative stress since the activity of the antioxidant enzymes such as SOD and POD increased in the treatment with a high level of phytotoxicity. Spray drying technology is a promising technology to concentrate bioherbicides without loss of bioactive compounds, once one of the major challenges in the production of bioherbicides, which is, the low concentration of the active ingredient in the fermented broth, is resolved.
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Figure 1. Influence of feed and air flowrates on the solid yield (%) after the spray drying process. 
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Figure 2. (Left) Triple comparison between control treatment (first row), solid containing 100% (v/v) of bioherbicide without adjuvant (second row) and solid containing 100% (v/v) of bioherbicide with adjuvant (third row) at 7 days after application (DAA). (Right) Zoom of necrosis injury caused by the natural herbicide. 
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Table 1. Solid yield after performing spray drying following the experimental runs of the Central Composite Rotatable Design (CCRD).
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	Runs
	Feed Flowrate (L h−1)
	Air Flow Rate (L min−1)
	Solid Yield (wt%)





	1
	0.5 (−1)
	1.4 (−1)
	16.61



	2
	1.7 (1)
	1.4 (−1)
	9.22



	3
	0.5 (−1)
	3.6 (1)
	11.70



	4
	1.7 (1)
	3.6 (1)
	11.39



	5
	0.2 (−1.41)
	2.5 (0)
	19.23



	6
	2.0 (1.41)
	2.5 (0)
	10.46



	7
	1.1 (0)
	1.0 (−1.41)
	10.23



	8
	1.1 (0)
	4.0 (1.41)
	9.33



	9
	1.1 (0)
	2.5 (0)
	13.59



	10
	1.1 (0)
	2.5 (0)
	11.02



	11
	1.1 (0)
	2.5 (0)
	12.28
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Table 2. Scale for the evaluation of the phytotoxicity in plants according to Frans and Crowley [22].
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	Rates
	Attributes
	Description Phytotoxicity of the Culture
	Rates





	0
	No Effects
	No injury or reduction
	0



	10
	Slight Effect
	Slight discoloration or atrophy
	10



	20
	
	Some discoloration or atrophy
	20



	30
	
	Injury more pronounced, but not lasting
	30



	40
	Moderate Effect
	Moderate injury, usually with recovery
	40



	50
	
	More lasting injury, doubtful recovery
	50



	60
	
	Lasting injury without recovery
	60



	70
	Severe Effect
	Heavy injury, stand reduction
	70



	80
	
	Next crop destruction
	80



	90
	
	Rarely some plants remain
	90



	100
	Total Effect
	Complete destruction of culture
	100
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Table 3. Evaluation of dry matter (g) and phytotoxicity (%) as a function of formulation type, use of an adjuvant, and fermented broth concentration.
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Formulation

	
Adjuvant

	
Fermentation Broth (v/v, %)

	
Dry Matter (g)

	
Phytotoxicity (%)






	
Liquid

	
Without

	
5

	
0.161 a

	
0.0 c




	
25

	
0.144 b

	
1.7 c




	
100

	
0.126 c

	
6.7 c




	
With

	
5

	
0.135 c

	
5.0 c




	
25

	
0.126 c

	
13.3 c




	
100

	
0.112 c

	
40.0 b




	
Solid

	
Without

	
5

	
0.144 b

	
3.3 c




	
25

	
0.125 c

	
20.0 b




	
100

	
0.119 c

	
40.0 b




	
With

	
5

	
0.138 c

	
11.7 c




	
25

	
0.123 c

	
25.0 b




	
100

	
0.101 c

	
96.7 a




	
Control

	
0.167 a

	
0.0 c








* Means followed by the same lowercase letter in the same column do not differ statistically from each other at the level of 5% of error probability by the Scott–Knott test.
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Table 4. Evaluation of antioxidants enzymes Superoxide dismutase (SOD) and Guaiacol peroxidase (POD) as a function of formulation type, use of an adjuvant, and fermented broth concentration.
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Formulation

	
Adjuvant

	
Fermentation Broth (v/v, %)

	
POD (U mg−1 Protein)

	
SOD (U mg−1 Protein)






	
Liquid

	
Without

	
5

	
7.5 b

	
224.9 b




	
25

	
6.2 b

	
266.3 b




	
100

	
9.3 b

	
256.0 b




	
With

	
5

	
10.1 b

	
244.8 b




	
25

	
7.2 b

	
224.4 b




	
100

	
7.4 b

	
244.3 b




	
Solid

	
Without

	
5

	
10.7 b

	
242.9 b




	
25

	
16.8 a

	
213.9 b




	
100

	
13.7 a

	
267.3 b




	
With

	
5

	
15.1 a

	
190.1 b




	
25

	
20.0 a

	
254.3 b




	
100

	
15.8 a

	
386.7 a




	
Control

	
5.8 b

	
194.6 b








* Means followed by the same lowercase letter in the same column do not differ statistically from each other at the level of 5% of error probability by the Scott–Knott test.
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