
1Scientific Reports |         (2020) 10:7694  | https://doi.org/10.1038/s41598-020-64648-3

www.nature.com/scientificreports

Responses of soil microbial biomass 
and enzyme activity to herbicides 
imazethapyr and flumioxazin
Mariane Pertile1, Jadson Emanuel Lopes Antunes1, Fabio Fernando Araujo2, 
Lucas William Mendes3, Paul J. Van den Brink4,5 & Ademir Sérgio Ferreira Araujo1 ✉

The use of herbicides is important for controlling weeds in crops. However, they can present impacts on 
soil properties, such as biological properties. In this study, we evaluated the responses of soil microbial 
biomass and enzymes activity to the application of the herbicides imazethapyr and flumioxazin and 
their mixture in an experiment under laboratory conditions, using soils with a different history of use. 
Soil microbial biomass C (MBC) decreased, while microbial biomass N (MBN) was not affected after the 
application of the herbicides as compared to the control. Soil respiration, respiratory quotient, and 
dehydrogenase (DHA) activity increased significantly after the application of the herbicides compared 
to the control. The hydrolysis of fluorescein diacetate (FDA) was not significantly different between the 
control and the herbicide treatments. The principal response curve showed the largest initial effects 
for the flumioxazin, followed by imazethapyr and their mixture. Flumioxazin had a different influence 
on soil respiration and respiratory quotient than imazethapyr and their mixture. Finally, the effects 
of herbicides on soil microbial biomass and enzymes are short-term as we observed recovery in the 
biological parameters over time.

The use of herbicides, as an effective practice for controlling weeds in crops, has increased in the agricultural 
systems in Brazil mainly due to the introduction of herbicide-resistant plants in agriculture, such as soybean and 
maize1. In Brazil, herbicides represent about 60% of the total pesticides used in agriculture2. Although herbicides 
are important for agriculture, there is a concern about their fate in the environment and their impact on soil 
biological properties3.

Biological properties are critically important to the ecosystem functioning since they are involved in soil 
organic matter decomposition, nutrient cycling, and degradation of pesticides, such as herbicides4. Therefore, 
studies assessing the effect of herbicides on soil biological properties are important for evaluating soil quality and 
health5. In addition, soil biological properties are more effective as indicators of soil quality than physical and 
chemical properties as they often show a faster response to an environmental impact6.

As important and responsive biological properties, soil microbial biomass and enzyme activities are frequently 
recommended for evaluating the effects of herbicides on the soil environment7. Soil microbial biomass represents 
the active part of soil organic matter and is involved in several functions in soil, presenting a rapid turnover of 
soil C, N, and P; while enzymes are a suitable indicator of the catabolic activity of soil microorganism6. These 
biological properties are highly sensitive to detect soil disturbance after the application of chemicals, such as 
herbicides4,7,8. For example, glyphosate, one of the most important herbicides used is soybean crops, presents a 
transitory and short-term effect on soil microbial biomass and activity9.

Currently, glyphosate is being replaced by imazethapyr and flumioxazin in the weeds control in soybean crops, 
since these herbicides provide a high spectrum of action against weeds10. Imazethapyr, an herbicide belonging 
to the imidazoline family, acts on the grass and broadleaf weeds, being recommended for use in soybean cul-
tivation11. It has a mode of action on cell metabolism and could influence the accumulation of microbial C12. 
Flumioxazin, that belongs to the N-phenylphthalimide chemical family, is a soil-applied herbicide recommended 
for broadleaf weeds control in soybean, peanut, and vineyard13. It has a mode of action on the protoporphyrino-
gen oxidase12, presenting anti-microbial effect and could inhibit some enzymes14.
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The application of imazethapyr in the soil has shown a different effect on soil microbes. A previous study 
conducted by Perucci and Scarponi15 has shown that imazethapyr, when applied at the recommended field rate 
for soybean (1.6 mg kg−1), had no adverse effect on soil microbial biomass and activity. However, in a field study 
during two years, Zhang et al16. have found that the application of imazethapyr (0.1, 1 or 10 mg kg−1 soil) changed 
the content of microbial biomass C. These studies have shown that would be an influence of the history of applica-
tion on soil microbial biomass and, probably, enzymes activity. On the other hand, there are no studies about the 
effect of flumioxazin on soil microbial biomass and enzyme activity. So far, the available studies about flumioxazin 
focused on its dissipation and movement in the soil, rather than its effects on microbial biomass13,17.

Although the use of a mixture of herbicides seems to be more effective in controlling weeds10, it could present 
a complex and larger effect on non-target organisms than the individual compounds18. Therefore, studies evaluat-
ing the effects of the separate application of the herbicides or in a mixture on soil microbial biomass and enzyme 
activity are necessary for a better understanding of their effects on soil biological properties. In this context, we 
hypothesized that (1) the history of herbicides application and their different mode of actions could influence the 
soil microbial biomass and enzyme activity; and (2) there would be a different effect of the mixture in comparison 
with the individual compounds. We, therefore, addressed the responses of soil microbial biomass and enzymes 
activity to the application of imazethapyr and flumioxazin and their mixture in a tropical soil.

Results
Soil microbial biomass C (MBC) decreased significantly after the application of the herbicides as compared to the 
control in both areas with (H2) and without (H0) a previous application of the herbicides (Fig. 1A), while micro-
bial biomass N (MBN) was not significantly different between the control and the herbicide treatments (Fig. 1B). 
During the incubation, MBC decreased at 15 days after herbicides application and increased at 30 and 60 days. In 
contrast, MBC increased from 0 to 60 days in the control. On the other hand, MBN did not decrease significantly 
from 0 to 60 days. The microbial quotient (QM) did not show differences between the control and the herbicides 
treatments (Fig. 2A), while MBC:MBN ratio decreased after the application of the herbicides as compared to the 
control in both H0 and H2 (Fig. 2B). During the incubation, QM, and MBC:MBN ratio decreased at 15 days after 
herbicides application and increased at 30 and 60 days (Fig. 2).
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Figure 1.  Microbial biomass C (A) and N (B) in soils, without (H0) and with (H2) history of herbicides 
application in the field, untreated (control) and treated with Flumioxazin (Flum), imazethapyr (Ima) and their 
mixture (Flum+Ima), at different incubation times. Bars represent the SD of the mean. The different lower-case 
letters above the bars indicate significant differences (P < 0.05) between sampling times for each treatment and 
different upper-case letters above the bars indicate significant differences (P < 0.05) between treatments (mean 
values) for each soil.
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Soil respiration (Fig. 3A) and respiratory quotient (Fig. 3B) increased significantly after the application of 
the herbicides as compared to the control in both H0 and H2 soils. During the incubation, soil respiration and 
respiratory quotient increased, in both H0 and H2, at 15 days after herbicides application and decreased at 30 
and 60 days. Interestingly, soil respiration decreases and respiratory quotient did not vary during the period of 
incubation in the control (Fig. 3).

Except for flumioxazin in H0 soil, dehydrogenase activity (DHA) increased significantly after the application 
of the herbicides as compared to the control in both H0 and H2 soils (Fig. 4A), while the hydrolysis of fluorescein 
diacetate (FDA) was not significantly different between the control and the herbicide treatments (Fig. 4B). During 
the incubation, DHA increased in both H0 and H2 at 15 days after herbicides application and decreased at 30 and 
60 days. In contrast, FDA decreased in both H0 and H2 at 15 days after herbicides application and increased at 
30 and 60 days.

The Principal Response Curves (PRC) analysis showed that a significant part of the treatment variation was 
displayed in both H0 and H2 PRC diagrams (Fig. 5). The H0 soil samples showed the largest initial effects for 
the flumioxazin, followed by imazethapyr and their mixture (Fig. 5A). Partial recovery was also indicated. MBC, 
QM, and the MBC:MBN ratio decreased in values due to the treatments, while the respiratory quotient and soil 
respiration increased. MBN, DHA, and FDA showed no response. The H2 soil samples showed equal effect sizes 
for the three treatments and a full recovery for the imazethapyr and partial recovery for the flumioxazin and their 
mixture (Fig. 5B). MBC, MBN, QM, and the MBC:MBN ratio decreased in values; respiratory quotient, soil res-
piration, and DHA increased while FDA showed no response. For both the H0 and H2 soils, the treatments had a 
significant effect on the biological parameters at all periods of incubation. The individual treatments could not be 
tested against the control due to a limited number of permutation possibilities.

Discussion
In this study, we assessed the effect of the herbicides imazethapyr, flumioxazin, and their mixture on soil micro-
bial biomass and enzyme activity in soil with (H2) and without (H0) previous application of these herbicides in 
the field. Partially, in contrast with the first hypothesis, we did not find the influence of the previous application of 
herbicides on soil microbial biomass and respiration (Figs. 1 and 3). However, the enzyme activity was influenced 
by the previous application of herbicides (Fig. 4).
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Figure 2.  Microbial quotient (QM) (A) and MBC:MBN ratio (B) in soils, without (H0) and with (H2) history 
of herbicides application in the field, untreated (control) and treated with Flumioxazin (Flum), imazethapyr 
(Ima) and their mixture (Flum + Ima), at different incubation times. Bars represent the SD of the mean. The 
different lower-case letters above the bars indicate significant differences (P < 0.05) between sampling times for 
each treatment and different upper-case letters above the bars indicate significant differences (P < 0.05) between 
treatments (mean values) for each soil.
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According to Moorman19, the cumulative effect of repeated annual applications of herbicides may, in some 
cases, not influence soil biological properties and it may be related to degradation time (DT) of the compound 
in the soil. Although in this study we did not evaluate DT of these herbicides in the soil, the available data have 
reported that the DTs of imazethapyr and flumioxazin, in similar soil types, ranges from 7–19 and 15–20 days, 
respectively20. Therefore, in our soils, both herbicides seem to be non-persistent and would not have an influence 
on the responses of soil biological parameters after two years.

MBC was influenced by herbicides application in both H0 and H2 as compared to the control, while MBN was 
not influenced by the herbicides (Fig. 1). Interestingly, MBC decreased due to the herbicides applications while 
MBN was not affected. It suggests that these herbicides do not have a toxic effect on microbial N, which agrees 
with Sawicka and Selwet18, who reported that imazethapyr applied at 90 g ha−1 does not present a negative effect 
on N related microorganisms. In this study, we have applied imazethapyr at 106 g ha−1, which is closer to the rate 
used by Sawicka and Selwet21. For flumioxazin, there is no study about this herbicide on soil microbial biomass N.

During the incubation, MBC decreased in the first 15 days after herbicides application (Fig. 1A). It agrees 
with Zhang et al16. who observed that MBC decreased during the initial incubation period after application of 
imazethapyr at 0.1, 1 and 10 mg kg−1 soil. There are no previous studies on the effect of flumioxazin on MBC and, 
therefore, our results suggest that flumioxazin, initially, had a negative effect on soil MBC. The results also show 
that after the initial negative effect, MBC recovered and increased until the end of the incubation period. This 
recovery of the soil microbial biomass C may be related to the degradation of these herbicides and their decreas-
ing toxicity for soil microbial biomass15. Also, the initial lyses of microbial cells promoted by herbicides could 
have increased the content of C and, thus, contribute to C and energy sources for soil microbial biomass.

The MBC:MBN ratio was influenced by herbicides application in both H0 and H2 as compared to the control, 
while the microbial quotient (QM) was not influenced by the herbicides (Fig. 2). During the incubation, both 
parameters decreased during the first 15 days after the herbicide application and recovered to control values after 
this initial period. This response is similar to the one observed for MBC and indicates that any effect of herbicides 
on microbial biomass C influences the status of these indices.

Soil respiration is considered an indicator of microbial activity22, while respiratory quotient is a useful indica-
tor of ecological disorder or disturbance in soil23. The results showed that soil respiration and respiratory quotient 
increased after the application of herbicides in both H0 and H2 as compared to the control (Fig. 3). Although the 
increase in soil respiration could suggest a positive effect of the herbicides on microbial activity, the increase in 
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Figure 3.  Soil respiration (A) and respiratory quotient (B) in soils, without (H0) and with (H2) history of 
herbicides application in the field, untreated (control) and treated with Flumioxazin (Flum), imazethapyr (Ima) 
and their mixture (Flum+Ima), at different incubation times. Bars represent the SD of the mean. The different 
lower-case letters above the bars indicate significant differences (P < 0.05) between sampling times for each 
treatment and different upper-case letters above the bars indicate significant differences (P < 0.05) between 
treatments (mean values) for each soil.
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respiratory quotient indicates an initial negative effect of the herbicides on soil microorganisms. During the incu-
bation, soil respiration and respiratory quotient increased during the first 15 days. It occurs since the application 
of chemical compounds in soil requires an adaptation of soil microbial biomass that uses their reserves to degrade 
these compounds. Thus, C from microbial biomass is lost, increasing the respiratory quotient. After 15 days, these 
parameters decreased back to control levels and this pattern could suggest an adaptation of the remaining micro-
bial biomass that increased between 15 to 60 days.

DHA did not vary between the treatments and the control with the application of flumioxazin in the H0 soil, 
suggesting no effect of flumioxazin on catabolic activity in soil24. However, DHA was affected by herbicides in 
H2 soil (Fig. 4A). After the incubation, DHA increased during the first 15 days and decreased after that period 
to control levels. This pattern was similar to the one observed for soil respiration (Fig. 3A) and it can indicate an 
initial stimulation of microbial activity by the herbicides. Interestingly, the FDA was not influenced by herbicides 
application in both H0 and H2 as compared to the control (Fig. 4B) suggesting no detrimental effect on soil 
microbial activity.

Finally, we show the pattern of these biological properties in response to herbicides using the multivariate 
method of PRC. PRC showed significant positive and negative effects of herbicides on soil biological parameters 
(Fig. 5). Interestingly, the herbicide flumioxazin affected negatively the MBC and their correlated parameters, i.e. 
microbial quotient and MBC:MBN ratio, in the soil with no history of herbicide application (Figs. 1A, 2 and 5A). 
It suggests that the C-related microorganisms did not adapt to this herbicide even being applied for two years. In 
contrast, the parameter related to soil disturbance, i.e. respiratory quotient, increased as a response to the possible 
stress caused by the herbicides to soil microbial biomass (Figs. 3B and 5). When we consider the soil with previous 
application of the herbicides, separated and in a mixture, they present the same effect on biological parameters 
with negative and positive responses to microbial biomass and respiration, respectively (Fig. 5B). However, the 
biological parameters present a full recovery in the treatment with the application of imazethapyr, which suggests 
that the microbial biomass can be more adapted to this herbicide than to flumioxazin. Previously, Perucci and 
Scarponi15 have also found a recovery of microbial properties after the application of imazethapyr when it was 
applied at the recommended field rate.
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Figure 4.  Dehydrogenase activity (A) and fluorescein diacetate hydrolysis (B) in soils, without (H0) and with 
(H2) history of herbicides application in the field, untreated (control) and treated with Flumioxazin (Flum), 
imazethapyr (Ima) and their mixture (Flum+Ima), at different incubation times. Bars represent the SD of 
the mean. The different lower-case letters above the bars indicate significant differences (P < 0.05) between 
sampling times for each treatment and different upper-case letters above the bars indicate significant differences 
(P < 0.05) between treatments (mean values) for each soil.
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Ecological implications.  The results of this study show that the evaluated parameters increased, decreased 
or did not show response during the first 15 days to the application of herbicides. MBC, QM, MBC:MBN ratio 
and FDA decreased initially after the application of herbicides. On the other hand, soil respiration, respiratory 
quotient, and DHA increased as a direct effect of herbicides. These responses can be related to the mode of action 
of the herbicides. The herbicide imazethapyr belongs to the class of imidazolinones and has a mode of action on 
cell metabolism, inhibiting acetohydroxyacid synthase (AHAS) and regulating the biosynthesis of some com-
pounds25. Thiour-Mauprivez et al.12. reported AHAS influencing on the accumulation of microbial C and the 
microbial activity, such as FDA hydrolysis. Also, since AHAS disrupts the accumulation of microbial C, this ele-
ment can be lost through catabolic respiration, i.e. increasing respiratory quotient and dehydrogenase.

Regarding flumioxazin, it belongs to the N-phenylphthalimide chemical family and has a protoporphy-
rinogen oxidase mode of action12. So far, no ecotoxicological studies were done with flumioxazin. Although 
N-phenylphthalimide chemicals have an anti-microbial effect and inhibit some enzymes14, this compound can 
protect N from its catabolisms26. Thus, although flumioxazin decreases temporally the microbial biomass C, it 
may have protected microbial biomass N, so presenting a neutral effect (Fig. 1).

The responses of soil biological parameters to herbicides can indicate some ecological implications for soil 
quality. The application of herbicides could decrease temporally the C pool, microbial stoichiometry, and activity. 
This result indicates a C limitation in soil and also a decrease in the organic matter decomposition by microbes27. 
On the other hand, herbicides promoted losses of C, by catabolic respiration, as an indication of microbial dis-
turbance23. Interestingly, these herbicides did not present an effect on N storage in soil and potential N cycling28. 
Finally, both herbicides are degraded rapidly in the soil through microbial degradation. Thus, it could explain this 
temporary effect of these herbicides on soil biological parameters.
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Conclusions
In this study, the application of herbicides influenced the soil microbial biomass and enzyme activity differently. 
In general, the application of the herbicides influenced the soil microbial biomass C, while the hydrolysis of 
the FDA was not affected. Flumioxazin had a different influence on soil respiration and respiratory quotient 
than imazethapyr and their mixture. The mixture did not present different effects on soil microbial biomass and 
enzyme activity than the individual compounds. Finally, the effects of herbicides on soil microbial biomass and 
enzymes are short-term as we observed a recovery in the biological parameters over time.

Material and methods
Soil samples.  Soybean fields from Iria Farm, located at Sambaiba city, Maranhao, Brazil (7°31'59“S and 
46°2′6″W, 243 m), which present areas with and without a previous application of the herbicides imazethapyr, 
flumioxazin and their mixture, were selected for soil sampling. In the areas with previous applications of herbi-
cides, Imazethapyr Plus NORTOX (imazethapyr), Flumyzin 500 (flumioxazin) and Zethamaxx (imazethapyr + 
flumioxazin) were applied, separately, during two years. These herbicides were applied in their recommended 
field rates which corresponded to the application of 106 g of imazethapyr ha−1 (1 L Imazethapyr Plus NORTOX 
ha−1 with a purity of 106 g a.i. L−1), 20 g ha−1 of flumioxazin (40 g Flumyzin 500 ha−1 with a purity of 500 g a.i. 
kg−1) and a mixture of 127 g ha−1 imazethapyr and 60 g ha−1 flumioxazin (0.6 L Zethamaxx ha−1 with a purity of 
212 g a.i. L−1 imazethapyr and 100 g a.i. L−1 flumioxazin).

Soil samples were collected at areas with and without a previous application of the herbicides, from the sur-
face layer of the soil up to a depth of 20 cm and were passed through a 2-mm sieve to remove large residue 
fragments. Soil pH, exchangeable Ca2+, Mg2+, K+, and the available P were estimated according to EMBRAPA29. 
Total organic C (TOC) was determined by wet combustion using a mixture of 5 mL of 0.167 mol L−1 potassium 
dichromate and 7.5 mL of concentrated sulfuric acid under heating (170 °C for 30 min)30. The chemical properties 
of the soils are shown in Table 1.

Incubation experiment.  The soil samples collected at the areas with (H2) and without (H0) a previous 
application of the herbicides were used for the incubation experiment with the herbicides. The experiment had 
a completely randomized design with three replications that had the following treatments: imazethapyr (Ima); 
flumioxazin (Flu); flumioxazin + imazethapyr (Flu + Ima); and control without herbicide application.

The soil samples were treated, at the laboratory, with herbicides imazethapyr (Ima), flumioxazin (Flu) and 
their mixture (Flu + Ima). These herbicides were applied at the recommended field rates. Each soil sub-sample 
(1 kg; dry weight) received, respectively, 0.8 mg of imazethapyr (7.5 µL of Imazethapyr Plus NORTOX with a 
purity of 106 g a.i. L−1), 0.3 mg of flumioxazin (0.6 mg of Flumyzin 500 with a purity of 500 g a.i. kg−1), and a 
mixture of 0.8 mg imazethapyr and 0.38 mg flumioxazin (3.75 µL of Zethamaxx with a purity of 212 g a.i. L−1 
imazethapyr + 100 g a.i. L−1 flumioxazin) that were diluted in 100 mL of water and sprayed and mixed to the soils. 
The rates of herbicides per kg of soil were calculated considering the mass of soil in a 0–20 cm layer of a hectare. 
As a control, 100 mL water was sprayed and mixed soil sub-samples.

Soil moisture content was adjusted to two-thirds of the field capacity and it was controlled every week through 
the gravimetric method. Each soil sub-samples were incubated in pots (1 kg; three replicates by treatments) in 
the dark for 60 days at 25 °C. Sub-samples of soil were removed from each pot for biological analysis at 0, 15, 30 
and 60 days. The analysis of day 0 means that the biological data were collected immediately after the herbicide 
application.

Biological parameters.  The soil respiration was monitored during aerobic incubation procedure over seven 
days by measuring the CO2 evolved from 50 g of soil22. MBC and MBN were determined in 20 g soil by the chloro-
form fumigation-extraction method according to Vance et al.31, and Brookes et al32., respectively. The extraction 
efficiency coefficients of 0.38 and 0.45 were used to convert the difference in C and N between fumigated and unfu-
migated soil in MBC and MBN, respectively. Moreover, we calculated the QM, as the ratio between MBC and TOC 
(expressed in %), and also the ratio between MBC and MBN. The respiratory quotient was calculated as CO2-C 
unit−1 microbial biomass C day−1. Two grams of soil were used for estimating FDA hydrolysis according to the 
method of Schnurer and Rosswall33. DHA activity was determined using the method described in Casida et al.34.  
and based on the spectrophotometric determination of triphenyl tetrazolium formazan (TTF) released by 5 g of 
soil during 24 h at 35 °C. The data were collected at 15, 30 and 60 days. All biological analyses were conducted 
in triplicate and expressed as dry weight. The data were compared between treatments through the analysis of 
variance by ANOVA followed by post-hoc Newman-Keuls test. The means were compared by using the least 
significant difference values calculated at a 5% level.

Principal responses curves.  The biological data were analyzed using the PRC method35. PRC is a multi-
variate analysis method based on the ordination technique developed for the analysis of multivariate data sets, 

Soil

pH Al3+ Ca2+ Mg2+ K+ P TOC

CaCl2 cmolc kg-1 cmolc kg-1 cmolc kg-1 cmolc kg-1 mg kg-1 g kg-1

H0 5.0 0.8 0.92 0.66 0.3 2.83 30.72

H2 4.2 0.7 1.78 0.57 0.2 4.04 53.81

Table 1.  Chemical properties of the soils used in this study. H0 – soil without history of herbicides application; 
H2 - soil with 2 years of herbicides application; TOC – total organic C.
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describing the response of communities or a set of response variables to stress in time, using a non-stressed con-
trol as a reference35. In order to make all parameters mathematically equally important in the analysis, they were 
standardized to zero mean and unit variance before analysis35. A separate PRC was performed for each history of 
previous herbicides application in field (0 and 2 years), while the statistical significance of the effects of the treat-
ments was tested against the control for each incubation period using Monte Carlo permutation tests.
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Saude Coletiva 22, 3281–3293 (2017).
	 3.	 Zabaloy, M.C., Zanini, G.P., Bianchinotti, V., Gomez, M.A. & Garland, J.L. Herbicides in the soil environment: Linkage between 

bioavailability and microbial ecology. In: Larramendy M. (Ed.), Herbicides, Theory and Applications, InTech (2011).
	 4.	 Araujo, A. S. F., Monteiro, R. T. R. & Abarkeli, R. B. Effect of glyphosate on the microbial activity of two Brazilian soils. Chemosphere 

52, 799–804 (2003).
	 5.	 Sun, J. et al. Soil microbial and chemical properties influenced by continuous cropping of banana. Scientia Agricola 75, 420–425 

(2018).
	 6.	 Nannipieri, P. et al. Microbial diversity and soil functions. European Journal of Soil Science 54, 655–670 (2003).
	 7.	 Pose-Juan, E., Igual, J. M., Sánchez-Martín, M. J. & Rodríguez-Cruz, M. S. Influence of herbicide Triasulfuron on soil microbial 

community in an unamended soil and a soil amended with organic residues. Frontiers in Microbiology 8, e378 (2017).
	 8.	 Abbas, Z., Akmal, M., Khan, K. S. & Hassan, F. Effect of buctril super (Bromoxynil) herbicide on soil microbial biomass and bacterial 

population. Brazililian Archives of Biology and Technology 57, 9–14 (2014).
	 9.	 Nguyen, D. B., Rose, M. T., Rose, T. J., Morris, S. G. & van Zwieten, L. Impact of glyphosate on soil microbial biomass and respiration: 

A meta-analysis. Soil Biology and Biochemistry 92, 50–57 (2016).
	10.	 Norsworthy, J. K. et al. Reducing the risks of herbicide resistance: best management practices and recommendations. Weed Science 

60, 31–62 (2012).
	11.	 Rodrigues, B.N. & Almeida, F.S. Guia de herbicidas. Londrina: IAPAR, 697 p (2011).
	12.	 Thiour-Mauprivez, C., Martin-Laurent, F., Calvayrac, C. & Barthelmebs, L. Effects of herbicide on non-target microorganisms: 

Towards a new class of biomarkers? Science of the Total Environment 684, 314–325 (2019).
	13.	 Alister, C., Rojas, S., Gomes, P. & Kogan, M. Dissipation and movement of flumioxazin in soil at four field sites in Chile. Pest 

Management Science 64, 579–83 (2008).
	14.	 Kushwaka, N. & Kaushik, D. Recent Advances and Future Prospects of Phthalimide Derivatives. Journal of Applied Pharmaceutical 

Science 6, 159–171 (2016).
	15.	 Perucci, P. & Scarponi, L. Effects of the herbicide imazethapyr on soil microbial biomass and various soil enzyme activities. Biology 

& Fertility of Soils 17, 237–240 (1994).
	16.	 Zhang, C. et al. Impact of imazethapyr on the microbial community structure in agricultural soils. Chemosphere 81, 800–806 (2010).
	17.	 Ferrell, J. A. & Vencill, W. Flumioxazin soil persistence and mineralization in laboratory experiments. Journal of Agriculture & Food 

Chemistry 51, 4719–4721 (2003).
	18.	 LeBlanc, G. A. & Wang, G. Chemical mixtures: greater-than-additive effects? Environmental Health Perspectives 114, A517–A518 

(2006).
	19.	 Moorman, T. B. Effects of herbicides on the ecology and activity of soil and rhizosphere microorganisms. Review in Weed Science 6, 

151–176 (1994).
	20.	 PPDB – Pesticides Properties DataBase – University of Hertfordshire, available on line at https://sitem.herts.ac.uk/aeru/ppdb/ 

(2019).
	21.	 Sawicka, A. & Selwet, M. Effect of active ingredients on Rhizobium and Bradyrhizobium legume dinitrogen fixation. Polish Journal 

of Environmental Studies 7, 317–320 (1998).
	22.	 Alef, K. & Nannipieri, P. Methods in soil microbiology and biochemistry. New York: Academic (1995).
	23.	 Melo, C. A. D. et al. Microbial activity of soil with sulfentrazone associated with phytoremediator species and inoculation with a 

bacterial consortium. Bragantia 76, 300–310 (2017).
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