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AGRONOMY (AGRONOMIA)

ABSTRACT: Using herbicides results in environmental impacts and it is necessary employing sustainable technologies to reduce its 
residues in the soil. Imazapic, used in the sugarcane cultivation, shows persistence and mobility in the environment. This study aimed 
to identify plant species tolerant to imazapic with the potential for phytoremediation of soils with residues of this herbicide. The tests 
were conducted under greenhouse conditions involving the species Urochloa decumbens, Urochloa brizantha, Urochloa ruziziensis, 
Mucuna pruriens, Panicum maximum, Sorghum bicolor, Crotalaria ochroleuca, Crotalaria spectabilis and Canavalia ensiformis grown 
in two soils: one of sandy clay loam texture and the other of sandy clay texture. In each test, five imazapic doses (0.00, 58.33, 87.50, 
175.00 and 350.00 g ha-1) were applied in pre-emergence. In all tests, the treatments were in randomized blocks with four replicates 
each. The soil of sandy clay loam texture with low organic carbon content decreased the tolerance of the evaluated species to 
imazapic due to its higher bioavailability. The species Canavalia ensiformis, Mucuna pruriens and Urochloa brizantha demonstrated 
lower phytotoxicity and higher dry matter production in the presence of the highest imazapic doses in the soil. The tolerance from 
these species can be considered as an indicator of their phytoremediation potential of soils contaminated with imazapic.
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Seleção de plantas tolerantes ao imazapic para potencial uso na fitorremediação

RESUMO: O uso de herbicidas resulta em impactos ambientais e torna-se necessário o emprego de tecnologias sustentáveis 
para redução de resíduos no solo. O imazapic é utilizado para a cultura da cana-de-açúcar, e apresenta persistência e mobilidade 
no ambiente. Objetivou-se com este estudo selecionar plantas tolerantes ao imazapic e com potencial para fitorremediação de 
solos com resíduos desse herbicida. Os ensaios foram conduzidos em casa de vegetação envolvendo as espécies Urochloa 
decumbens, Urochloa brizantha, Urochloa ruziziensis, Mucuna pruriens, Panicum maximum, Sorghum bicolor, Crotalaria 
ochroleuca, Crotalaria spectabilis e Canavalia ensiformis cultivadas em dois tipos de solos: de texturas franco argilo-arenosa e 
argilosa. Em cada ensaio foram aplicadas, em pré-emergência, cinco doses de imazapic (0,00; 58,33; 87,50; 175,00; e 350,00 
g ha-1). Em todos os ensaios, os tratamentos foram delineados em blocos ao acaso com quatro repetições. O solo de textura 
franco argilo-arenosa e com menor teor de carbono orgânico diminuiu a tolerância das espécies avaliadas ao imazapic, em 
função da maior biodisponibilidade do herbicida. As espécies Canavalia ensiformis, Mucuna pruriens e Urochloa brizantha 
apresentaram menor fitointoxicação e maior produção de matéria seca na presença das maiores das doses do imazapic no 
solo. A tolerância dessas espécies pode ser considerada um indicador de seu potencial fitorremediador de solos contaminados 
com imazapic. 
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Introduction
Rapid industrialization, urbanization and changes in 

the agricultural practices have all resulted in increasing 
contamination of the soil and aquatic ecosystems. Among the 
most common contaminants organic, herbicides represent the 
major part of the general pesticides usage in the world and 
can present ecological risks to non-target organisms (Tripathi 
et al., 2015).

Part of the imidazolinones chemical group, the imazapic 
has as its action mechanism the inhibition of the acetolactate 
synthase enzyme (ALS), which is responsible for catalyzing 
the biosynthesis of valine, leucine and isoleucine, three 
branched-chain amino acids. Inhibiting this enzyme promotes 
the deficiency of these amino acids, resulting in growth 
interruption, chlorosis and death of the plant (Zhao et al., 
2017). ALS-inhibiting herbicides have been widely used for 
their high efficacy when in low doses, broad control spectrum, 
low toxicity to mammals (DL50 > 5g kg-1) and selectivity (Dor et 
al., 2016; Duke et al., 2018; Nandula et al., 2019).

Due to its high residual activity, having a half-life of 
over 120 days in the soil, imazapic can cause phytotoxicity 
in sensitive crops sown in succession (Sousa et al., 2012; 
Kemmerich et al., 2015). The imazethapyr-imazapic mixture 
at the 200 g ha-1 dose, under greenhouse conditions, caused 
reductions in the shoot dry weight of 78, 95, 98 and 100%, 
respectively, for maize, cucumber, radish and tomato plants at 
1,100 days after application (DAA) in an Albaqualf (Planossolo 
Háplico Eutrófico solódico, according to Embrapa) with 16% of 
clay (Sousa et al., 2012).

In addition to negative impact on the yield of crops in 
succession or rotation, there are reports of the imazapic 
presence in water samples, both in the surface and the 
underground. Imazapic residues were in 52.6% of surface 
water samples and in 51.8% of the groundwater samples, in 
a rice cultivation area from Tanjung Karang (Malaysia), with 
concentrations ranging from 0.28 to 16 µg mL-1 (Mazlan et al., 
2016). In a sugarcane cultivation area, located in Buenos Aires 
(Argentina), imazapic was detected in 60% of surface water 
samples, with 40% of this total in concentrations above the 
quantification limit (0.048 µg L-1) (Gerónimo et al., 2014).

Therefore, the development of strategies for removing 
persistent molecules such as imazapic is of great relevance. 
A potential process for removing contaminants is the 
phytoremediation (Santos et al., 2019; Escoto et al., 2019). 
This technique is based on using plants and associated 
microorganisms to remedy soils, sediments and water 
contaminated by metals and organic compounds. In this 
process, organic pollutants can be absorbed, metabolized or 
degraded by enzymes and then incorporated into the plant 
tissue (Madalão et al., 2017).

Phytoremediation works effectively for organic 
contaminants present in relatively low concentrations, 
having its performance optimized when combined with other 
technologies (Montpetit & Lachapelle, 2017). Its efficiency 
requires a careful selection of the plant species to be used 

in the process. The ideal characteristics for this selection 
depend on the ability to tolerate relevant concentrations of 
the contaminant to be remedied, as well as co-contaminants 
presence, biomass rapid growth and high production, 
development in soils poor in nutrients, existence of deep and 
dense roots, the time required for adequate soil cleaning and 
the remediation goals (Gerhardt et al., 2017).

Based on the foregoing, the objective was to identify 
plant species that are tolerant to the imazapic herbicide and 
to evaluate the use potential of these same plants in the 
phytoremediation programs.

Materials and Methods
The tests were conducted in Rio Verde, GO (17°48’28.2” 

South and 50°54’09.9” West), in an air-conditioned 
greenhouse (Van der Hoeven, model Double Poly Pad Fan), 
with temperatures ranging from 18 to 29 °C. The experimental 
units consisted of polyethylene pots with capacity for 6 dm3, 
filled with two soil types (one of sandy clay loam texture and 
the other of sandy clay texture) with different texture and 
organic carbon content, collected in an area with no history 
of herbicide application. The substrate, previously air-dried, 
was subjected to the 2mm-mesh sieving process and then, 
afterwards, samples were taken in order to be physically 
and chemically analyzed. The soil main characteristics were 
the following: soil of sandy clay loam texture (SCLTS) with 
63% sand, 5% silt, 32% clay, 15.4 g dm-3 organic carbon (OC), 
base saturation (V) of 32%, cation exchange capacity (CEC) of 
7.1 cmolc.dm-3, pH (CaCl2) of 5.3; and the soil of sandy clay 
texture (SCTS) with 50% sand, 10% silt, 40% clay, 26.8 g dm-3 
of OC, V of 50.7%, CEC of 7.69 cmolc.dm-3 and pH (CaCl2) of 5.2 
(Embrapa, 1997).

The selection of tolerant species was based on the method 
proposed by Madalão et al. (2012) in which the used species 
were described in the literature as tolerant to the herbicide, or 
then reported as phytoremediation agents of other herbicides 
from the same chemical group, in addition to the preference 
for species with agricultural and/or economic value. A test trial 
was set up for each vegetal species, which were the Urochloa 
decumbens (“capim-braquiária” or signal grass), Urochloa 
brizantha cv. Marandu (“braquiarão” or palisade grass), 
Urochloa ruziziensis (“capim-ruziziensis” or bongo grass), 
Mucuna pruriens cv. Mucuna cinza (“mucuna” or velvet bean), 
Panicum maximum cv. Mombaça (“colonião” or guinea grass), 
Sorghum bicolor (“sorgo” or sorghum), Crotalaria ochroleuca 
(“crotalaria” or rattlepod), Crotalaria spectabilis (“crotalaria” 
or showy rattlepod) and Canavalia ensiformis (“feijão-de-
porco” or jack bean). These tests were in two different stages, 
one from March to May 2016 for SCTS and the other from 
September to November 2016 for the SCLTS. Treatments 
consisted of five imazapic doses (0.00; 58.33; 87.50; 175.00; 
and 350.00 g ha-1) which represented zero, one third, half, 
dose and twice of the recommended dose for controlling 
weeds in the sugarcane crop. The experimental design used 
in the treatments was randomized blocks, with four replicates.
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After finishing the sowing, imazapic was applied in pre-
emergence, by using a precision sprayer pressurized with 
carbon dioxide (CO2), with the application volume of 250 L 
ha-1. Thinning was performed after 10 days of the seedling 
emergence, leaving three plants per pot. Daily irrigation was 
held for maintaining the substrate moisture.

At 30 and 60 days after emergence (DAE), the phytotoxicity 
symptoms (%) and the plant height (cm) were evaluated. 
Phytotoxicity was determined by visual evaluation means, 
using a percentage scale from 0 (no injury) to 100% (complete 
death of the plant) (Velini et al., 1995). The height measurement 
analysis was with a graduated scale, having as reference the 
apical meristem for the dicots and the last expanded leaf for 
the monocots. With 60 days after emergence elapsed, the 
species were then removed from the experimental units, 
followed by the separation of shoot and root system, drying 
in an oven with forced air circulation at 70 °C for 72 h and 
weighing to determine the dry weight. Means referring to the 
plants height and the dry weights of shoot (SDW) and root 
(RDW), obtained through the control group of each species 
(zero dose), within each dose, were all transformed, thus 
attributing them an index equal to one.

The results for each type of soil went under the analysis 
of variance, at the level of 5% significance, and the regression 
analysis. The models choice was based on the significance 
of the parameters, biological response and the R2 values. 
Subsequently, the models defined for each soil type were 
subjected to the model identity analysis and also equality of 
parameters.

Results and Discussion
At 30 DAE, in each soil, the herbicide phytotoxicity for U. 

decumbens was distinctive, while in the SCLTS this effect was 
more evident with increasing doses, representing increases 
of 0.20 and 0.15% for each g ha-1 of applied herbicide to 
the plants grown in the SCLTS and SCTS, respectively (Table 
1). From 60 DAE onwards, in SCTS, there was no significant 
herbicide phytotoxicity; however, in SCLTS, with the increasing 
dose, the symptom increased by 0.24% for each g ha-1 of 
applied herbicide, reaching 81% of phytotoxicity in the U. 
decumbens plants at the 350 g ha-1 dose. 

At the 30 DAE, despite the soil type that U. decumbens 
was grown in, there was a height reduction of 0.1% with the 
increasing imazapic doses. At 60 DAE, no effect of the herbicide 
on the height of plants grown in SCTS was observed, while in 
SCLTS, some linear decreases occurred, reaching reductions of 
30 and 65% of this variable at the doses of 175 and 350 g ha-1, 
respectively, in comparison to the control (Table 1).

At the 60 DAE, with the increasing doses, there were linear 
reductions in SDW and RDW in all plants grown in both soils. 
For SDW, the reductions represented 0.25% and 0.14% for 
each g ha-1 of applied herbicide in SCLTS and SCTS, respectively. 
The RDW of the plants grown in SCTS demonstrated a linear 
decrease of 0.11% for each g ha-1 of the applied herbicide, 
while the effects on the RDW from plants grown in SCLTS were 

more representative and their response was fit to the logistic 
model, with reduction of 50% RDW at the 53 g ha-1 dose and 
absence in their  production in doses close to 350 g ha-1 (Table 
1).

Urochloa brizantha plants grown in both soil types had 
low phytotoxicity levels when exposed to the imazapic doses 
in the evaluations performed at 30 and 60 DAE. For plants 
grown at SCTS, no dose effects were verified at 30 DAE, with a 
mean phytotoxicity of 1.25%; while in SCLTS, linear increases 
of 0.06% were observed for each g ha-1 of applied herbicide, 
reaching 26% when exposed to the highest herbicide dose 
(Table 1). At 60 DAE, with the increasing doses, phytotoxicity 
increased by 0.05% for each g ha-1 of applied herbicide, 
regardless of the soil type that U. brizantha was grown in. 

Plant height was not influenced by the imazapic doses 
when U. brizantha was grown at SCTS. However, in SCLTS at 30 
DAE, significant effects were observed and the response was 
then fit to the logistic model with a reduction in this variable 
of 16 and 43%, respectively, at the doses of 58 and 350 g ha-1. 
At 60 DAE, there were linear decreases of 0.12% in the plant 
height for each g ha-1 of applied herbicide, demonstrating a 
32% reduction in the 350 g ha-1 dose in relation to the zero 
dose (Table 1).

Similar to what happened with the height of U. brizantha 
plants grown at SCTS, no effects were observed between 
doses for both SDW and RDW. However, with the increasing 
dose applied in the SCLTS, there were linear reductions of 
0.19 and 0.18% in the accumulation of SDW and RDW from 
U. brizantha, respectively, for each g ha-1 of applied herbicide 
(Table 1).

At 30 DAE, Urochloa ruziziensis plants demonstrated a 
greater phytotoxicity when grown in SCLTS than when in SCTS. 
For each increment in the applied dose (g ha-1 of applied 
herbicide), phytotoxicity increases of 0.24% and 0.045% were 
observed in the plants grown in SCLTS and SCTS, respectively. 
At 60 DAE, in the SCLTS, the phytotoxicity of U. ruziziensis was 
reduced by 0.11% for each g ha-1 of applied herbicide and, 
while in SCTS there was no effect between doses on cultivated 
plants and the mean phytotoxicity was 1.56% (Table 1).

Linear reductions in the height of U. ruziziensis plants were 
found during evaluations performed at 30 and 60 DAE, in both 
soils types. At 30 DAE, for each g ha-1 of applied herbicide, 
there were reductions of 0.18 and 0.10% in plants grown in 
SCLTS and SCTS, respectively, also characterizing reductions of 
76 and 13% in plants subjected to the highest herbicide dose 
(350 g ha-1), when compared to the control group. In a similar 
fashion, the reduction in plant size at 60 DAE was of 0.17 
and 0.07% for each g ha-1 of applied herbicide in SCLTS and 
SCTS, respectively. There were linear reductions for the SDW 
production of 0.24 and 0.11% and for the RDW they were of 
0.23 and 0.19%, regarding U. ruziziensis plants grown in SCLTS 
and SCTS, respectively (Table 1). 

Table 2 displays the results obtained from the species 
Mucuna pruriens, Panicum maximum and Sorghum bicolor. 
Low phytotoxicity levels were observed for M. pruriens, as a 
function of the increasing imazapic doses. At 30 and 60 DAE, 
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Table  1. Phytotoxicity at 30 (FT_30) and at 60 (FT_60) days after emergence (DAE) and height indexes at 30 (IA_30) and at 60 
(IA_60) DAE of the dry weights of shoot (SDW) and root (RDW) from U. decumbens, U. brizantha and U. ruziziensis, in function 
of the imazapic doses applied in two soils.

mean linear increments of 0.05% were found for each g ha-1 
of applied herbicide and the values   at the maximum applied 
dose (350 g ha-1) were less than 20%, regardless of the soil 
type that the plants were grown in. Similarly, there was 
variation in the plant height and a linear decrease of 0.15% in 
height at 30 DAE occurred in both soil types and of 0.07% at 
60 DAE in SCLTS for each g ha-1 of applied herbicide. In SCTS, 
no significant effects in relation to the doses were found and 
the height index was similar to the observed for the control 
group (Table 2).

The SDW fit to the linear regression model for SCLTS, with 
an estimated decrease of 0.07% in comparison to the control 

and maximum inhibition of 22% in the highest tested dose. In 
this same soil, the logistic model was what best explained the 
RDW in M. pruriens plants, which had inhibition values   close to 
30% until the estimated dose of 88 g ha-1, remaining constant 
until the 350 g ha-1 dose. No dose effects were observed on 
the SDW and RDW of plants grown in SCTS (Table 2).

Regardless of the soil type that the Panicum maximum 
plants were grown, linear increases in the phytotoxicity values   
were observed when these plants were exposed to imazapic 
doses (Table 2). For each g ha-1 of applied herbicide, the 
symptoms increased by 0.29 and 0.26% in the evaluations 
performed at 30 and 60 DAE, respectively. Compared to the 
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Table 2. Phytotoxicity at 30 (FT_30) and 60 (FT_60) days after emergence (DAE) and height indexes at 30 (IA_30) and 60 (IA_60) 
DAE of the dry weights of shoot (SDW) and root (RDW) from M. pruriens, P.maximum and Sorghum bicolor as a function of 
imazapic doses applied in two soils.

control, the increases in phytotoxicity represented 99 and 
89% in the 350 g ha-1 dose, during evaluations performed at 
30 and 60 DAE, respectively. These symptoms contributed to 
the linear reduction of plant size by an average of 0.27%, at 30 
and 60 DAE for each g ha-1 of applied herbicide (Table 2).

Regarding the SDW from P. maximum, linear reductions 
of 0.25 and 0.29% were observed, respectively, in SCLTS and 
SCTS with the increasing imazapic doses. However, for each 
g ha-1 of applied herbicide, in both soil types, the RDW had a 
linear decrease of 0.27% (Table 2). The S. bicolor proved to be 
susceptible to the increased doses of the imazapic herbicide 
when grown in both soil types (Table 2). The phytotoxicity 

symptoms in SCLTS were more intense in relation to SCTS and 
are explained by logistic models, in which the doses of 120 
and 97 g ha-1 represented 50% of the values   in the response 
variable for the evaluations at 30 and 60 DAE, respectively, 
with phytotoxicity symptoms above 70% in doses above 175 g 
ha-1. In SCTS, there was a rising linear effect with the increasing 
imazapic doses, in both evaluation periods, with an increase 
of 0.27% for each g ha-1 of applied herbicide (Table 2).

At 30 DAE, the size of the sorghum plants demonstrated a 
linear reduction when subjected to imazapic doses, with unit 
losses of 0.2%, not differing as to the cultivated soil type. At 60 
DAE, plants grown in SCLTS were more susceptible, with 50% 
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of height inhibition at the 110 g ha-1 dose, while in SCTS this 
same reduction was at the 159 g ha-1 dose (Table 2).

The logistic model also satisfactorily described the 
relation between the imazapic doses and the variables 
SDW and RDW of plants grown in SCLTS. In this substrate, 
doses 53 and 36 g ha-1 promoted a 50% reduction in the 
production of SDW and RDW, respectively, with reductions 
in these variables close to 100% in the doses above 175 g 
ha-1 of imazapic, indicating the complete death of the plant. 
In SCTS, linear reductions were observed with the increasing 
doses, having a unit reduction (g ha-1 of applied herbicide) of 
0.24% in SDW and RDW (Table 2).

Phytotoxicity of the C. ochroleuca grown in SCLTS and 
evaluated at 30 and 60 DAE, fit to the increasing exponential 
models, demonstrating a greater sensitivity to imazapic, 
when compared to plants grown at SCTS, in which the 
increasing linear models (Table 3) explained the results. 
Phytotoxicity values   above 80% were verified in doses 
above 70 g ha-1 in plants grown at SCLTS, regardless of the 
evaluation period at hand. Higher levels of tolerance were 
observed in plant cultivation at SCTS, in which, no matter the 
evaluated period, the phytotoxicity was of 0.16% for each 
g ha-1 of applied herbicide. The increased imazapic dose 
caused phytotoxicity of 62 and 50% in the 350 g ha-1 dose at 

Table 3. Phytotoxicity at 30 (FT_30) and 60 (FT_60) days after emergence (DAE) and height indexes at 30 (IA_30) and 60 (IA_60) 
DAE of dry weights of shoot (SDW) and root (RDW) from Crotalaria ochroleuca, Crotalaria spectabilis and Canavalia ensiformis 
as a function of imazapic doses applied in two soils.
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30 and 60 DAE, respectively, when compared to the control 
group (Table 3).

The behavior referring to the symptoms observed for the 
phytotoxicity variable corroborates with what was verified for 
the height of C. ochroleuca plants evaluated at 30 and 60 DAE, 
as well as for SDW and RDW, which values   were explained by 
decreasing exponential models in both SCLTS and SCTS (Table 
3). Reductions greater than 80% for the variables height index, 
SDW and RDW were observed at doses below 175 g ha-1 in C. 
ochroleuca plants grown at SCLTS. The effects for these same 
variables were attenuated for SCTS, and the reductions for each 
g ha-1 of the applied imazapic were of 0.23 and 0.21% for plant 
height at 30 and 60 DAE, respectively, and of 0.23 and 0.16% for 
SDW and RDW. Compared to the control, which did not receive 
the herbicide application, the reductions were of 75 and 65% 
for height, 78 and 62% for SDW and RDW when the plants 
received the highest herbicide dose (350 g ha-1) (Table 3).

C. spectabilis proved to be more tolerant to imazapic 
than the C. ochroleuca. The phytotoxicity symptoms of C. 
spectabilis were fit to the increasing linear models regarding 
the evaluations performed at 30 and 60 DAE, in both soil types 
(Table 3). At 30 DAE, for each g ha-1 of applied imazapic, the 
plant phytotoxicity increased by 0.15 and 0.07% in SCLTS and 
SCTS, respectively, and at 60 DAE it increased by 0.11 and 
0.06% in SCLTS and SCTS. The mean phytotoxicity was 40% 
in SCLTS and 20% in SCTS, in both evaluated periods, at the 
highest herbicide dose applied (350 g ha-1), compared to the 
control group (Table 3).

In the SCTS, for the phytotoxicity levels below 20%, verified 
at the highest herbicide dose, there were no significant effects 
for other evaluated variables (height, SDW and RDW) in C. 
spectabilis plants. On the other hand, for the phytoxication 
levels above 20% found in SCLTS, phytoxication contributed 
to the reductions of height, SDW and RDW in C. spectabilis 
plants with the increasing imazapic doses. For the height 
index variable, the increased dose promoted a linear decrease 
of 0.10% in the plants cultivation for each g ha-1 of applied 
herbicide in SCLTS at 30 DAE (Table 3). At 60 DAE, for this 
same characteristic, the logistic model fitted best, and the 339 
g ha-1 dose reduced the plants size by 50%. For each g ha-1 
of imazapic applied in the SCLTS, the linear reductions of the 
SDW were 0.20% while of the RDW were 0.23% (Table 3).

Low phytotoxicity levels were verified in the C. ensiformes 
(Table 3). At 30 DAE, the plants grown in the SCLTS 
demonstrated, at the highest dose, an average phytotoxicity of 
10%; while in other tests, the injury levels were insignificant, 
from 0.20 to 1.0%. This trend reflected in the response of the 
other variables, such as the plants height, which had linear 
decreases of 0.07% for each g ha-1 of applied herbicide in both 
periods and regardless of the soil type that the C ensiformes 
plants were grown in (Table 3). The SDW production was 
explained by a decreasing linear model that represented both 
soil types and had little variation depending on the doses, with 
a unit reduction of 0.08%. The RDW was not influenced by the 
herbicide doses, while in SCLTS there was a linear reduction of 
0.13% for each g ha-1 of applied herbicide (Table 3).

When taking the cultivation in SCLTS into account, by 
promoting significant imazapic effects in the evaluated 
species, the highest dry matter yields are found in plants of M. 
pruriens, U. ruziziensis, U. brizantha and C. ensiformis when 
grown as a control group (Table 4). Among these species, U. 
ruziziensis demonstrated greater damage with the increasing 
doses. Comparatively, it was observed in M. pruriens, C. 
ensiformes and U. brizantha the least phytotoxicity effects, 
which influenced the greater accumulation of dry matter in 
the shoot and root, criteria used in this study to identify the 
most tolerant species to imazapic.

The species C. ensiformis, M. pruriens and U. brizantha 
demonstrated greater tolerance to the increasing imazapic 
doses. This tolerance attributed to them may be related to 
their ability in metabolizing or stimulating the soil microbiota 
through releasing root exudates (Spohn et al., 2013). Once 
absorbed, the herbicide may have degraded after metabolic 
or enzymatic transformations, or then compartmentalized in 
tissues.

Tolerant plants rapidly absorb the imazapic. Newsom 
et al. (1993) observed that more than 70% of the applied 
imazapic to tolerant species was absorbed in the first four 
hours after the treatment. However, there are no specific 
reports on the metabolism of this herbicide. In general, the 
imidazolinones metabolism is mediated by cytochrome P450 
monooxygenases per oxidation and hydroxylation of the 
pyridine ring, resulting in increased polarity of the molecule 
and its reduced phytotoxicity, followed by its conjugation 
with carbohydrates (Zhao et al., 2017). When studying the 
imazamox metabolism in wheat, Rojano-Delgado et al. (2015) 
observed that the sensitive cultivar was unable to metabolize 
the herbicide, translocating it from the leaves to the root. In 
the tolerant cultivar, the metabolism quickly occurred at the 
highest tested dose (200 g ha-1) and the metabolites were 
translocated to the root system.

Leguminous plants such as C. ensiformis and Mucuna 
spp. have demonstrated characteristics of tolerance and 
adaptation to different abiotic stress conditions, with the 
potential of immobilizing and accumulating heavy metals 
(Nam et al., 2016; Boechat et al., 2017) and degrading organic 
compounds (Madalão et al. 2017). The U. brizantha species is 
cited as an interesting remediator for herbicides due to its high 

Table 4. Dry weight (grams per plant) of species grown as 
control groups of the imazapic herbicide activity in soils with 
sandy clay loam texture (SCLTS) and sandy clay texture (SCTS).
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root density and for acting as a hydraulic barrier by promoting 
an upward water flow, reducing the molecule leaching (Braga 
et al., 2016).

Species that attained the best results in terms of tolerance 
to the treatment with imazapic had high biomass production 
when grown as a control group (Table 4). Florido et al. 
(2014) verified a high potential for imazaquin accumulation 
in Mucuna cinerea leaves, while the Canavalia ensiformis 
accumulated the highest concentration in its root. There was 
also a positive correlation between the increased absorption 
of this herbicide and the higher dry matter production in C. 
ensiformis. According to Madalão et al. (2012), the selection 
of species tolerant to the herbicide to be removed and that 
produce a large biomass amount are requirements for the 
phytoremediation efficiency (Madalão et al., 2012).

Microbial activity is the main degradation agent of 
the organic compounds. The reduction of toxic effects 
in tolerant species can also be attributed to the greater 
phytostimulation potential of the microbiata associated with 
its roots. Galon et al. (2014) attribute the tolerance found in 
the species Lolium multiflorum and Vicia sativa treated with 
the imazapyr-imazapic mixture to the phytostimulation and 
rhizodegradation of these same plants. As a limiting factor, 
Souto et al. (2013) report that successive imidazolinones 
applications may affect the microbial degradation and 
increase the molecule persistence in the soil, with damage to 
the succeeding crop. However, Liu et al. (2016) observed that 
the imazamox increase promoted the enrichment of strains 
highly adaptable to using herbicide as a carbon source.

With effects less intense than those observed in the other 
species, the reduction in dry matter and height in C. ensiformis, 
M. pruriens and U. brizantha was caused in the highest doses, 
when grown in SCLTS. Jiménez et al. (2015) found similar 
results in wheat cultivars treated with the imazamox herbicide. 
In that same study, chlorophyll tolerance and recovery was 
attributed to the herbicide metabolism, protein restoration in 
the chloroplast, herbicide exclusion from the chloroplast, in 
addition to a possible amino acid substitution at the site of 
action.

Results presented in this study demonstrate distinct 
responses from the evaluated species when exposed to 
imazapic doses. The tolerance of grasses and dicots to 
the tested doses is due to the differential metabolism of 
ALS-inhibiting herbicides that are catalyzed by enzymatic 
systems such as the cytochrome P450 monooxygenases and 
glutathione S-transferases and by the glucosyl transferases 
in a lesser extent (Nandula et al., 2019). The plant growth 
interruption is one of the characteristics that shows 
sensitivity to the imidazolinones herbicides. Reduction in 
height, decrease in dry matter production and mortality in 
less-tolerant species with the increased dose of formulated 
imidazolinones mixtures have all been reported previously 
(Galon et al., 2014).

The most affected species by imazapic demonstrated 
the initial intoxication symptoms, such as leaf chlorosis and 

necrosis at the low doses. García-Carijo et al. (2012) verified 
a reduction in the ALS enzyme activity when treatment 
with imazamox, indicating that the herbicide is mainly 
transported to growing areas where it acts. These negative 
effects are described as typical symptoms of plants treated 
with imidazolinone herbicides, with the first effects observed 
in meristematic tissues in which high biosynthesis of valine, 
leucine and isoleucine takes place (Zhou et al. 2007).

In this study, the effect from the imazapic doses on the 
treated plants was directly influenced by the organic carbon 
content of the substrate, considering that this experiment was 
conducted at the same pH levels (5.25). The imidazolinones 
activity in the soil is determined by its physical-chemical 
characteristics, which together with the soil characteristics, 
will determine the availability and sorption capacity of the 
molecules. The high organic carbon content (26.8 g dm-3) 
verified in SCTS resulted in the bioavailability reduction of the 
herbicide for phytoextraction. The greater imazapic availability 
in the soil solution correlates with the highest contents of 
sand and the lowest of organic matter and clay (Oliveira et 
al., 2017). The soil characteristics, the molecule behavior, the 
remediation time and the mechanisms involved in the plant 
tolerance are all factors that must be taken into account 
during the selection process of promising phytoremediation 
species.

Conclusions
The species Canavalia ensiformes, Mucuna pruriens and 

Urochloa brizantha all displayed tolerance to imazapic.
Additional experimental analysis, such as the residual 

quantification through analytical methods are necessary tools 
for confirming the imzapic removal by these species.
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