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Abstract

Trees occurring on the margins of agricultural areas can mitigate damage from residual herbicides. Rhizospheric
microbial activity associated with trees is one of the main remedial capacity indicators. The objective of this
study was to evaluate the rhizospheric microbiological activity in tree species subjected to the herbicides atrazine
and sulfentrazone via the rhizosphere. The experiment was designed in four blocks and a 6 x 3 factorial scheme.
The first factor consisted of six tree species from Brazil and the second of atrazine, sulfentrazone, and water
solutions. Four herbicide applications were performed via irrigation. The total dry mass of the plants, mycorrhizal
colonization, number of spores, basal respiration of the rhizospheric soil, and survival rate of bioindicator plants after
phytoremediation were determined. Trichilia hirta had higher biomass when treated with atrazine and sulfentrazone.
Herbicides decreased the microbial activity in Triplaris americana and did not affect the microbiological indicators
of Myrsine gardneriana, Schizolobium parahyba, and Toona ciliata. Fewer bioindicator plants survived in soil with
Triplaris americana and sulfentrazone. Microbiological indicators were influenced in different ways between species
by the presence of herbicides in the rhizosphere.
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Resumo

As arvores que ocorrem nas margens das areas agricolas podem mitigar os danos dos herbicidas residuais. A atividade
microbiana rizosférica associada as arvores é um dos principais indicadores de capacidade corretiva. O objetivo
deste trabalho foi avaliar a atividade microbiolégica rizosférica em espécies arbdreas submetidas aos herbicidas
atrazina e sulfentrazone via rizosfera. O experimento foi estruturado em quatro blocos e esquema fatorial 6 x 3. 0
primeiro fator consistiu em seis espécies de arvores do Brasil e o segundo em solugdes de atrazine, sulfentrazone
e agua. Quatro aplica¢des de herbicidas foram realizadas via irrigacdo. Foram determinados a massa seca total das
plantas, colonizagdo micorrizica, nimero de esporos, respiragdo basal do solo rizosférico e taxa de sobrevivéncia
de plantas bioindicadoras apés fitorremediagdo. Trichilia hirta apresentou maior biomassa quando tratada com
atrazina e sulfentrazone. Os herbicidas diminuiram a atividade microbiana em Triplaris americana e ndo afetaram
os indicadores microbiolégicos de Myrsine gardneriana, Schizolobium parahyba e Toona ciliata. Menos plantas
bioindicadoras sobreviveram no solo com Triplaris americana e sulfentrazone. Os indicadores microbiol6gicos
foram influenciados de formas distintas entre as espécies pela presenga dos herbicidas na rizosfera.

Palavras-chave: atividade microbiana, atrazine, sulfentrazone, respira¢do basal, rizorremediagao.

1. Introduction

Residual herbicides such as atrazine and sulfentrazone
are very important in agriculture. Residual herbicides
remain active in the soil for months after application,
thereby controlling plants for a convenient period (Shaner,
2014). These products are applied to soybean, corn, sugar
cane, eucalyptus, pine, cotton, etc. These crops account for

approximately 70 million ha in Brazil and are commonly
bordered by forests, permanent preservation areas, reserves,
or riparian forests (Martinelli et al., 2010; Zalles et al., 2019).
Atrazine and sulfentrazone residues have already been
found in areas close to crops, especially in water bodies
(Santos et al., 2015; Thorngren et al., 2017).
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Atrazine is an inhibitor of photosystem II, has
low adsorption to soil particles, variable persistence
(Barchanska et al., 2014), and a high potential for
contaminating water courses (Sequinatto et al., 2013). It
is the main pesticide contaminant in aquifers worldwide
(Benvenuto et al., 2010). Sulfentrazone is an inhibitor of the
enzyme protoporphyrinogen oxidase (Dayan and Watson,
2011), and its main characteristics are that it has a half-
life of over 500 days and low soil sorption. It is classified
as extremely dangerous for the surface and groundwater
(Gustafson, 1989; Passos et al., 2013). Therefore, these
products can be dangerous to the environment, causing
problems especially close to the application areas.

Phytoremediation is an alternative used to reduce
the harmful effects of herbicides in areas adjacent to
crops. This practice utilizes plants and their associated
microbiome to remove, decrease, or immobilize herbicides
(Cao et al., 2018; Rainbird et al., 2018). The use of trees
for the phytoremediation of areas with herbicide residues
has become a topic of interest in agriculture (Cabral et al.,
2017; Santos et al., 2018; Gémez et al., 2019). Trees are
essential for the protection of water bodies, areas sensitive
to erosion, and fauna. Trees also act as natural filters and
increase the retention of herbicides in the subsoil next to
the rhizospheres (Chellaiah and Yule, 2018).

The role of the rhizosphere microorganism community
is important in the phytoremediation process, as the
main means of degrading herbicides in the soil is through
microbial activity (Peterson et al., 2016; Parte et al., 2017)
and biological processes such as phytostimulation or
rhizodegradation (Rainbird et al., 2018). In these processes,
exudates released by plants stimulate microbial activity
that degrades herbicides. Mycorrhizal fungi are important
microsymbionts that have a stimulating effect on plant
growth and can help with soil bioremediation (Treu
and Falandysz, 2017). Plants provide fungi with carbon
compounds, while fungi benefit their hosts by causing
greater absorption of nutrients and water, in addition
to promoting moisture retention and aggregation as
well as soil stability (Smith and Smith, 2012). Some
indicators of microbial activity in the soil, such as that of
mycorrhizal fungi, are obtained through spore counting,
root colonization, and baseline respiration values (Anderson
and Domsch, 2010).

Trees that occur marginally to crops in Brazil are
therefore responsible for mitigating the harmful effects
of residual herbicides when they move in the soil and

Table 1. Characterization of the tree species studied.

reach non-target areas. In this sense, the microbiological
indicators of the roots of these trees must be evaluated
in view of the residual herbicides. Species with better
responses to rhizospheric microbiological indicators
can be recommended when planting in areas adjacent
to crops. However, there are few studies involving the
effects of herbicides on the rhizosphere of native trees
that could be used for phytoremediation. Therefore, the
objective of this study was to evaluate the rhizospheric
microbiological activity in tree species subjected to
the herbicides atrazine and sulfentrazone via the
rhizosphere.

2. Materials and Methods

The work was developed in a greenhouse and
laboratories at the Institute of Agricultural Sciences, at
the Federal University of Uberlandia, in Monte Carmelo,
MG, Brazil.

2.1. Growth of seedlings in soil with herbicides

The experiment was designed in four blocks and a
factorial scheme (6 x 3), totaling 18 trees per treatment
(tree [ herbicide combination). The first factor consisted of
six tree species (see Table 1) and the second of solutions
of atrazine, sulfentrazone, and just water (control). The
control treatment consisted of trees maintained without
herbicide application.

Seedlings between 15-20 cm high were used. Within
the same species, all were equal in terms of matrix, height,
age, and number of leaves. The seedlings were transplanted
into pots with a capacity of 20 dm? filled with substrate
containing soil chemically and physically characterized
(see Table 2). The soil used as substrate was collected
from an area with no history of herbicide application at
a depth of 0-20 cm. The material was homogenized and
placed in the vessels.

The vessels had a perforated bottom (10 holes, each
5 mm in diameter) and were placed on 60 mm tall
containment dishes. The seedlings were transplanted to the
pots where they remained for 60 days for acclimatization.
The irrigation was carried out considering the uniformity
of the soil that was maintained at 70% of the field capacity,
until the end of the experiment.

After 60 days of acclimatization, the herbicides were
applied. The dose (atrazine: 4,000 g ha''; sulfentrazone:

Species Popular name Main uses
Inga edulis Mart. Inga Forestry restoration
Myrsine gardneriana A.DC. Pororoca Forestry restoration
Schizolobium parahyba (Vell.) Blake Guapuruvu Forestry restoration / silviculture
Toona ciliata M. Roem. Cedro Forestry restoration / silviculture
Trichilia hirta L. Pompéia Forestry restoration

Triplaris americana L.

Pau-formiga

Forestry restoration

Source: Flora do Brasil (JBR], 2020).
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Table 2. Chemical and physical properties of the soil used as substrate for seedling cultivation in sampling performed at the time of
transplanting. Classification: Typical Dystrophic Red Latosol. Collection place: 18°43’43” S and 47°31'35” W.

P meh?! $-S0,= B Cu Fe Mn Zn
mg dm-3
145.4 50.0 1.42 4.5 31 11.7 11.5
Organic matter Sand Silt Clay
Textural class
%

4.2 43 20 37 clay loam
pHH,0 K ca? Mg APB* H+Al
cmol_dm

6.1 117 5.0 22 0.0 2.50

600 g ha') was divided into four applications performed
at 30-day intervals; each application corresponded to one
fourth of the commercial dose. The dose was fractionated
to simulate herbicide transport by rainwater. The final
concentrations were calculated according to the area
of the vessel and the sub-irrigation applications. The
herbicides were diluted in 200 mL of water, and the
solution was placed in the containment dishes positioned
below each unit. The solution was readily absorbed by
the soil, simulating the arrival of the herbicides via
the subsoil.

One hundred twenty days after the first herbicide
application, the plants were removed from the pots,
and the total dry mass (leaves, branches, and roots)
was determined. For this, a forced air circulation
oven was used, at 65 °C, until a constant weight
was reached.

2.2. Determination of mycorrhizal colonization, number of
spores, and basal respiration of rhizospheric soil

For the determination of mycorrhizal colonization,
number of spores, and basal respiration of rhizospheric
soil, four replications were also used, totaling 72 samples
for each tree [ herbicide combination (six tree species, two
herbicide treatments and a control).

The roots were collected at the end of the experiment
and preserved in a solution of formaldehyde, acetic
acid, and ethyl alcohol. The roots were washed, placed
in biopsy cassettes, and immersed in 10% KOH. They
were then heated to 60 °C in 10% KOH for 10 min
for clarification, washed with distilled water, and
immersed in 15% H,0, for 10 s. The fungal structures
were stained for 3 min at 90 °C in a solution with
Parker® 5% commercial pen ink, 5% acetic acid,
and 10% lactoglycerol. The arbuscular mycorrhizal
fungi were determined based on the methodology
proposed by Vierheilig et al. (1998). Four microscopy
slides were prepared containing 10 root segments,
each measuring 1 cm, to examine under an optical
microscope. We assigned scores from 0 to 100 according
to the occupation of the root area by fungal structures
(Bethlenfalvay et al., 1981).
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To extract the spores, 50 g of rhizospheric soil was
washed and sieved through 0.71 mm and 0.053 mm
meshes. The material retained in the 0.053 mm mesh sieve
was centrifuged for 3 min at 1,500 rpm. A 70% sucrose
solution was added. The sediment material was stirred to
suspend the spores in the solution. Then, centrifugation
was performed for 2 min at 700 rpm. The supernatant was
passed through a 0.053 mm sieve, and the retained material
was transferred to a fluted plate for spore counting under
a stereomicroscope (Gerdemann and Nicolson, 1963).

To quantify basal respiration, 10 g of soil was separated
to determine the dry soil mass. The humidity of the samples
was standardized to 60% of the field capacity with distilled
water. One hundred grams of moist soil was transferred
to a glass jar with an airtight lid. Next to the soil, inside
the flask, a test tube containing 15 mL of standardized
0.5 N NaOH was placed to capture the CO, produced.
Another test tube containing 10 mL of distilled water was
used to maintain the humidity inside the flask. The vials
were closed and incubated at 25 °C for one week. Finally,
1 mL of BaCl, (50%) and 2 drops of phenolphthalein were
added to the NaOH solution in the tubes. We performed
titration of the excess NaOH with 0.5 N HCI and indirect
determination of CO, from the soil (Silva et al., 2007).

2.3. Estimation of herbicide residues in soil

To estimate the herbicide residue in the soil, the bioassay
was used.When the plants were removed from the pots,
200 g of soil was extracted from the roots, homogenized,
and sieved. This soil remained on a laboratory bench for
3 days until a constant weight was reached. An amount
of 150 g was placed in pots (200 mL) in the same factorial
scheme as the one used for the greenhouse. Five cucumber
seeds (Cucumis sativus L.) (bioindicator) were sown in
each pot. After germination, the seedlings were thinned
seven days after sowing, keeping three plants per pot. The
soil was maintained at 70% of the field capacity, and each
pot was evaluated for the number of live plants 14 days
after sowing.

2.4. Statistical analysis

The values of the analyzed variables were transformed
into percentages in comparison to the control treatment

3/9



Santos, E.A. et al.

(without herbicide) for standardization, as they are different
species (Santos et al., 2020).

The assumptions of homogeneity of variance and
normality of residuals were tested using the Shapiro-Wilk
and O’Neill-Mathews tests, respectively. Subsequently, the
data were subjected to analysis of variance, differentiated
by Tukey’s test for treatments with herbicides, and grouped
according to Scott-Knott's criterion for the species factor;
the significance level was set at 5% for both tests. The
data from trees with and without herbicides were also
subjected to multivariate analysis, ordered by non-metric
multidimensional scaling (NMDS) (Clarke, 1993) and 2D
representation using the Bray-Curtis similarity matrix
for similarity analysis (Culman et al., 2008). NMDS stress
values greater than 0.2 suggest a weaker representation
and are difficult to interpret (Blaud et al., 2015), in which
case two dimensions may not be sufficient to accurately
reflect the differences if the data structure is complex
(Schiitte et al., 2008).

3. Results

We performed tests to assess the normality of the
residues and the homogeneity of variances. The total dry
mass of Trichilia hirta was higher in treatments containing
atrazine and sulfentrazone. The herbicides decreased the
total biomass of Triplaris americana. The species exhibited
different behavior in terms of biomass allocation under
the herbicide treatments. Schizolobium parahyba and
T. americana were the most affected and T. hirta was the
one that developed the best when exposed to atrazine.
Triplaris americana was the most sensitive to sulfentrazone
(see Figure 1).

The rhizospheric colonization by mycorrhizal fungi
was higher in the treatment containing sulfentrazone
for Inga edulis and lower for Myrsine gardneriana, Toona
ciliata, and T. hirta, compared to the control treatment.
Inga edulis and T. hirta had decreased colonization in
the presence of atrazine compared to the treatment
without the herbicide. The species exhibited
differential behavior for this variable as a result of
the atrazine and sulfentrazone treatments, with I
edulis, M. gardneriana, S. parahyba, and T. americana,
standing out the most in soil contaminated with
atrazine; L. edulis stood out in the soil contaminated
with sulfentrazone (see Figure 2).

Herbicides did not influence the spore count of
rhizospheric fungi in forest species. However, there were
differences among the species that were treated with
atrazine. The species with the highest sporulation were
L. edulis, T. ciliata, and T. hirta (see Figure 3).

The basal soil respiration was lower in the treatment
containing sulfentrazone in the rhizosphere of T. hirta and
in the treatment containing atrazine in the rhizosphere
of T. americana. The basal respiration of the other species’
rhizospheric soil was not influenced by herbicides.
Regarding the differences among species, the plants
exhibited the same behavior as those under the atrazine
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herbicide treatment. However, when the contaminant was
sulfentrazone, I. edulis, M. gardneriana, and T. americana
released higher amounts of CO, from the rhizospheric soil
sample (see Figure 4).

The non-metric multidimensional scaling showed a
stress value of less than 0.2. There was a strong grouping
of results for all tree species that were not treated with
herbicides. In addition, there was a tendency to group the
behavior of all species in the control treatment with that
of M. gardneriana, S. parahyba, and T. ciliata treated with
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Figure 1. Percentage of total dry mass in relation to the control
treatment of seedlings of forest trees species subjected to the
herbicides atrazine and sulfentrazone via sub-irrigation. Averages
followed by the same lowercase letter do not differ by Tukey’s test
at 5% significance for the herbicidal factor. Means followed by
the same capital letter do not differ according to the Scott-Knott
grouping criterion at 5% significance for the species. CV (Coefficient
of variation) = 18.3%.
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Figure 2. Percentage of rhizospheric colonization by mycorrhizae
in relation to the control treatment of seedlings of forest trees
species subjected to the herbicides atrazine and sulfentrazone via
sub-irrigation. Averages followed by the same lowercase letter do
not differ by Tukey’s test at 5% significance for the herbicidal factor.
Means followed by the same capital letter do not differ according
to the Scott-Knott grouping criterion at 5% significance for the
species. CV (Coefficient of variation) = 8.93%.
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Figure 3. Spore count percentage in relation to the control treatment
of seedlings of forest trees species subjected to the herbicides
atrazine and sulfentrazone via sub-irrigation. Averages followed
by the same lowercase letter do not differ by Tukey’s test at 5%
significance for the herbicidal factor. Means followed by the same
capital letter do not differ according to the Scott-Knott grouping
criterion at 5% significance for the species. CV (Coefficient of
variation) = 10.96%.
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Figure 4. Percentage of basal soil respiration in relation to the
control treatment of seedlings of forest tree species subjected
to the herbicides atrazine and sulfentrazone via sub-irrigation.
Averages followed by the same lowercase letter do not differ by
Tukey’s test at 5% significance for the herbicidal factor. Means
followed by the same capital letter do not differ according to the
Scott-Knott grouping criterion at 5% significance for the species.
CV (Coefficient of variation) = 11.63%.

atrazine and that of S. parahyba and T. ciliata treated with
sulfentrazone (see Figure 5).

In the bioassay, the average number of live cucumber
plants in soil with atrazine was lower in the area where
T. hirta was grown than in the area where T. ciliata was
grown. The cultivation of T. hirta and T. americana in soil
with sulfentrazone also promoted a decrease in the number
of cucumber plants (see Table 3).
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Figure 5. Non-metric multidimensional ordering (NMDS) of tree
species treated with herbicides and control was performed for all
analyzed variables of the tree species.

4. Discussion

Arbuscular mycorrhizal fungi (AMFs) are the primary
biotic components of the soil and mandatory symbionts of
plants. Carbohydrates and mineral nutrients are exchanged
within the roots through the plant and fungus interface
(Berruti et al., 2016). AMFs are directly related to the
colonization processes of many trees, as they reduce the
negative impact of the lack of nutrients (Nouri et al., 2014)
and contribute to the phytoremediation of pollutants (Joner
and Leyval, 2009). However, herbicides can cause negative
effects on the mycorrhizal fungi community, reducing spore
production and root colonization, for example (Druille et al.,
2013). The disturbances that occur in the soil cause changes
in baseline breathing, and the resilience of the group of
microorganisms is directly related to the plant species in
the area (Vosatka et al., 2006). In the present study, the
responses of microbiological indicators to herbicides were
related to the products and tree species used. Although
the variables mycorrhizal colonization and number of
spores are specific to mycorrhizal fungi, CO, emissions
result from the entire microbial community in the soil.

The greater accumulation of dry mass in T. hirta
treated with herbicides could be due to the hormone
effect, which is a differential response of some plants
to herbiside underdosing (Belz and Duke, 2014). The
applications were made fractionally and the herbicide’s
behavior was influenced by the physical and chemical
characteristics of the soil. Hormone behavior has been
reported for several herbicides such as tebuthiuron,
glyphosate, glufosinate ammonium, and 2,4-D in several
plant species (Dragicevi¢ et al., 2013; Ather Nadeem et al.,
2017; Faria et al., 2018).
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Table 3. Number of live cucumber (Cucumis sativus L.) plants grown on the rhizospheric soil of trees subjected to residual herbicides.

Number of live plants after 14 days of cultivation

Species

atrazine no herbicide sulfentrazone
Inga edulis 2.00 +0.82 ABa 2.50 £ 1.00 Aa 2.25 +0.50 Aa
Myrsine gardneriana 1.75 + 0.96 ABa 2.50 £0.58 Aa 1.75 £ 0.50 Aa
Schizolobium parahyba 2.00 +0.82 ABa 2.00+0.82 Aa 2.00+0.82 Aa
Toona ciliata 2.50+0.58 Aa 1.50 £0.58 Aa 1.75 £ 0.96 ABa
Trichilia hirta 1.00 £ 0.01 Bb 2.25+0.50 Aa 0.50 + 0.58 BCb
Triplaris americana 1.50 + 0.58 ABa 2.00+0.02 Aa 0.25+0.50 Cb
No plant 2.00+0.82 ABa 2.00+0.82 Aa 1.75 £ 0.96 ABa
CV (%) 373

Averages followed by the same lowercase letter do not differ by Tukey’s test at 5% significance for the herbicidal factor. Means followed by the
same capital letter do not differ according to the Scott-Knott grouping criterion at 5% significance for the species. CV: Coefficient of variation.

In some cases, there may be benefits to the accumulation
of biomass in host plants if there is a harmful effect of the
herbicide on microorganisms in the rhizosphere (Kalia and
Gosal, 2011). Some microorganisms immobilize nutrients
and may temporarily impair plant growth (Hobbie, 2015).
In this study, less mycorrhizal colonization was observed
in roots under the effect of herbicides (see Figure 2). In
this manner, the herbicide would contribute to a greater
availability of nutrients in the soil solution, thereby
increasing the nutrient supply to plants.

On the other hand, T. americana was sensitive to both
herbicides, showing a decrease in the total biomass
accumulation. The lower biomass of the trees in soil
containing atrazine could probably be attributed to
the harmful effect of the herbicide after inhibiting the
electron flow of photosystem II (Nakka et al., 2017). This
inhibition generates a high energetic state that promotes
the formation of reactive oxygen species (Triantaphylidés
and Havaux, 2009), resulting in chlorosis and necrosis of
the leaf tissue. Sulfentrazone promotes the accumulation
of protoporphyrinogen in the chloroplast, leading to the
disruption of the lipid cell membrane (Dayan and Watson,
2011), causing damage to leaf tissues, and biomass reduction
in sensitive plants.

With respect to differences among species, the
anatomical conditions of plants influence the movement
of herbicides in tissues, and there is enormous variability
among them (Bailey et al.,, 2003). Consequently, differences
were observed between forest species treated with
atrazine and sulfentrazone. Finally, it is worth noting that
atrazine and sulfentrazone, in their commercial doses, are
herbicides recommended for the control of pre-emergence
herbaceous plants or seedlings, which are different from
the tree species seedlings used in the experiment.

The greater rhizospheric colonization by mycorrhizal
fungi in I edulis can be explained by the ability of this
species to tolerate the herbicide and the phytoremediation
of soils with sulfentrazone residues (Santos et al., 2020).
Some microorganisms can use the compounds of this
degradation as an energy source for their growth and,
consequently, increase colonization. Faced with a xenobiotic
in the rhizosphere, some plants release exudates capable
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of encouraging microbial growth in the area. On the other
hand, M. gardneriana, T. ciliata, and T. hirta are not referred
toin the literature as sulfentrazone degraders. Herbicides
can be toxic and inhibit the growth of microorganisms
(Botelho et al., 2012), as observed in the colonization of
soy by mycorrhizal fungi (Vieira et al., 2007).

Rhizospheric colonization by AMFs is greatly influenced
by the presence of atrazine or sulfentrazone in the soil
and by the plant species. AMFs are stimulated in the
presence of the contaminant, and the stimulus is related
to the herbicide dose. At high concentrations of atrazine
in the soil, the establishment of AMFs may overlap with
rhizospheric bacterial growth. Additionally, contamination
by atrazine in the rhizosphere may favor the synthesis
of phosphate-solubilizing enzymes and dehydrogenases
(Huang et al., 2009). Sulfentrazone impairs the mycorrhizal
colonization process in some tree species (Silva et al., 2014).
The lower mycorrhizal colonization observed in T. hirta
was inversely related to the higher biomass of this plant
growing in soil with atrazine (see Figure 1). Thus, it is
likely that the herbicide harmed the group of rhizospheric
microorganisms, thus, consequently, partially favoring the
accumulation of biomass by T. hirta.

The number of AMF spores in rhizospheric soil was
more related to the tree species than to the herbicide.
However, it was observed that atrazine decreased the
number of spores in the rhizosphere of S. parahyba and M.
gardneriana, in relation to other plants. On the other hand,
sulfentrazone did not influence the number of spores. Spore
production by AMFs is closely associated with the group of
plants to which they belong (Aguilar-Trigueros et al., 2019).
The observation of the effect of atrazine on the number
of spores can also be associated with the amount of this
herbicide in the solution. The dose of atrazine applied was
6.6 times higher than that of sulfentrazone.

The basal respiration rate of the soil is related to the
CO, emitted from the respiration processes by the aerobic
microorganisms present, predominantly in the rhizospheric
region. Changes in values, such as those observed being
higher in I. edulis, M. gardneriana, and T. americana, under
the effect of sulfentrazone do not necessarily suggest a
positive effect. In situations where the microbial biomass
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decreases with an increase in the basal respiration rate,
it can be suggested that there is unsustainability in the
activity that led to such occurrence, which, in this case, are
sulfentrazone residues. On the other hand, if the biomass
has not changed, or even increased, it could be suggested
that the herbicide promoted greater carbon allocation
through the degradation of this compound, which is
positive. This same effect can be observed if the CO, rate
has decreased, as observed for S. parahyba, T. ciliata, and
T. hirta, under the effect of sulfentrazone, as long as the
microbial biomass does not change or increase.

A stress value less than 0.2 of the non-metric
multidimensional scaling means that the representation
obtained is strong and easily interpretable (Blaud et al.,
2015), and that the two dimensions are sufficient to
accurately reflect the differences (Schiitte et al., 2008).
The multivariate analysis allowed us to group the species
that were not treated with herbicides with M. gardneriana,
S. parahyba, and T. ciliata treated with atrazine and
S. parahyba and T. ciliata treated with sulfentrazone, which
indicates the existence of a similar behavior even under
stress caused by herbicides. This demonstrates greater
tolerance for these species and a less intense effect on
the functionality of their microbiological indicators. The
effect of herbicides is also evidenced by the absence of
plants without herbicides outside the group.

The use of plant species as herbicide indicators is
common (Batista et al., 2018). Cucumis sativus (cucumber) is
used as a bioindicator plant for atrazine and sulfentrazone
residues because it is highly sensitive to these herbicides
(Dourado Junior et al., 2017; Aratjo et al., 2019). The higher
the concentrations of herbicides in the soil, the lower the
count of live plants that explore the soil with their roots
and perform photosynthetic processes. In the present study,
the number of live cucumber plants was lower in the pots
where T. hirta was grown with atrazine and sulfentrazone.
The biomass of T. hirta increased when it was intoxicated
by herbicides. Possibly, this greater biomass enabled the
release of allelopathic compounds in the soil, as plants of
this genus are allelopathic.

The number of live cucumber plants after cultivation
in T. americana rhizosphere soil was also lower. Triplaris
americana plants were damaged by sulfentrazone and
accumulated little biomass. This result could probably
be attributed to the herbicides that remained in the soil
and intoxicated the cucumber plants, owing to their great
residual power (Shaner, 2014).

The number of cucumber plants in pots with herbicides
where trees were not grown was equivalent to that in
pots where the trees were grown, except for T. americana
grown in soil with sulfentrazone. As the pots without
plants remained as such for 120 days, with the soil at 70%
of the field capacity and with good physical and chemical
conditions (see Table 2), it is likely that the residual
herbicides were reduced by processes independent of
the plants, especially the degradation by microorganisms
favored by soil fertility (Parte et al., 2017). The process of
the natural attenuation of sulfentrazone in the soil may be
more important than phytoremediation, which depends
on the plant and the soil (Santos et al., 2019).
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Another possible justification is the movement of
the herbicide in the soil; when present via the subsoil,
the herbicide is distributed evenly owing to its physical
characteristics and the processes of water movement
(Honeycutt, 2018). With regard to pots with plants, the
water absorption process by the seedlings, concentrates the
herbicide in the rhizosphere region (place of soil removal
for the bioassay). Additionally, as the phytoremediation
process depends on plant species and other variables, it is
possible that T. americana seedlings absorb the herbicide
and return part of it to the rhizospheric soil through root
exudation (Ghanizadeh and Harrington, 2017).

Finally, the ability of I. edulis to tolerate pollutants in
the soil was demonstrated. This species showed greater
mycorrhizal colonization after being treated with
sulfentrazone, however, none of its other characteristics
was affected by the herbicides. This species is strongly
recommended for populating riparian forest areas and
downstream agricultural fields. The results of this study
verified that AMFs may be related to the remedial capacity
of this and other tree species. Therefore, this association
should be considered in the selection of species for
phytoremediation programs.

This work shows that the activity indicators of the
arbuscular mycorrhizal fungi of trees subjected to atrazine
and sulfentrazone treatments were affected and the effects
were dependent on both the product and the species.
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