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ABSTRACT

Herbicides are phytotoxic substances ostensibly used in agriculture and responsible for significant impacts on
the soil, posing a risk to many organisms. This makes it urgent to find strategies to remove or deactivate these
compounds. The aim of this work was to verify the biodegrading potential of two wild Bacillus safensis strains,
recovered from sugarcane cultivation soil. After acclimation, the strains were inoculated into soils contaminated
with 50 mg.Kg™ of ametryn (AMT) or hexazinone (HZN) and left for 60 days. Bioaugmention and
biostimulation were associated by the addition of fertilizer and lipopeptide. Herbicide degradation was evaluated
by the determination of CO, concentration (mg.g™ of soil) and pH monitoring. Both strains presented similar
results. In reactors containing HZN, the maximum gas production reached about 1600 mg.g™, while in reactors
containing AMT, the production approached 800 mg.g™, suggesting a higher recalcitrance of the compound.
The best conditions were in the reactors to which lipopeptide and fertilizer had been added, compared to those
where only lipopeptide was present. The germination index in two plants demonstrated that the strain degraded

the herbicides, pointing to Cucumis anguria as the best indicator of toxicity.
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I. INTRODUCTION

Herbicides are phytotoxic substances used
to eliminate or inhibit the growth of unwanted
plants, especially in agriculture, where weeds
commonly hinder production [1]. Although there are
no reliable studies on global weed damage to
agriculture, it is estimated that weeds account for
more than 45% of crop loss, exceeding any group of
agricultural pests, including insects, diseases,
rodents, worms and other pests [2]. The
indiscriminate use of herbicides has led to soil and
water contamination, with toxic effects on the
trophic chain throughout different systems [3, 4].
Besides, there is the fact that these compounds have
carcinogenic potential or endocrine action [5, 6].

Herbicides are classified according to
target, application and mechanism of action [7].
Most herbicides act by blocking the synthesis of
aromatic amino acids [8], forming large quantities of
reactive oxygen species [9] as well as inhibiting
photosynthesis [10], to which triazines are classified.
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These compounds are employed in
sugarcane cultivation and act by blocking weed
photosystem |1 [11].

In Brazil, sugarcane cultivation is one of
the most important agribusinesses, making the
country the world's largest producer of sugar and
ethanol [12]. The Brazilian Northeast represents
30% of the country's sugarcane production and, in
this region the amount of triazine consumption
exceeded 10,000t in the first decade of the 21°
Century, making it the third class of most used
herbicides [13]. As a consequence of their wide-
spread use over decades, these compounds are
absorbed and accumulated in soil. Given their
chemical nature, they are resistant to biodegradation.
This causes high-grade impacts on the soil and also
contamination to groundwater and surface water
bodies as the compounds are carried by rainwater
[14].

Several methods have been proposed for
removing herbicides from the environment, but their
cost is high, such as ozonolysis and use of catalysers
[15-17]. Bioremediation stands out as one of the best
strategies for soil herbicide removal, especially for
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its low cost and greater public acceptance [18]. The
association of bioaugmentation to biostimulation is
one of the best options when the contaminants are
recalcitrant. The indigenous microbiota may be
enhanced by adding a myriad of compounds, from
fertilizers to cosubstrates [19].

Bacillus safensis is a Gram-positive,
aerobic, mesophilic, chemoheterotrophic and spore-
forming bacterium. Cells are 0.5-0.7 um in diameter,
1-1.2 pm wide. Optimum growth conditions are at
28°C [20]. The species was described in the early
21% Century and was isolated by NASA's Spacecraft
Assembly Facility (SAF). It is characterized by its
high adaptation to extreme conditions, including
ultra-clean rooms, saline deserts, oil contaminated
environments and industrial effluents. Additionally,
the microbe exhibits several enzymes of industrial
interest, such as amylases, cellulases, proteases,
lipases, xylanases, chitinases, inulinases and
keratinases [21].

The potential of B. safensis to degrade
recalcitrant compounds has been described in some
studies, for example, in insecticide assimilation as a
carbon source [22], for nickel removal [23] and in
bioremediation [20]. The present work aimed to
evaluate the biodegrading potential of two strains of
Bacillus safensis recovered from sugarcane
cultivation soil against two triazine herbicides.

Il. MATERIAL AND METHODS

2.1 Herbicides

Commercial preparations of herbicides,
ametryn AMT (ALTA, Curitiba, Brazil) and
hexazinone-D, HZN (Nortox, Arapongas, Brazil)
were purchased from commercial establishments and
handled according to the manufacturer’s
instructions.

2.2 Microorganisms and acclimation to herbicides

Two strains of Bacillus safensis,
C1lAC5507-1 and C1C5502-1, isolated from
sugarcane cultivation soil in a rural region of Santa
Rita, state of Paraiba, Brazil, were used. The strains
are registered in the National System of Genetic
Heritage Management and Associated Traditional
Knowledge (SisGen) under #A06A1E6.

The acclimation was carried out by
transferring 0.5 mL of freshly grown nutrient broth
into flasks containing a minimal mineral medium
consisting of: K,HPO, (0.5 g.L™%), (NH,),SO, (0.5
g,L"), MgSO, (0.5 g.L'), FeCl, (10 mg.L™), CaCl,
(10 mg.L™"), MnCl, (0.1 mg.L™") and ZnSO, (0.01
mg.L™") [24], added to 0.1 mL of the diluted
herbicide solution (AMT 1% v/v or HZN 0.5 g.L™).
The concentration of herbicides was gradually
increased up to 20 mg.L™. All flasks were incubated
at 30°C for 5 days. Cell viability of the strains in the
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presence of herbicides was identified by the visual
inspection of the turbidity [25].

2.3 Soil

A sandy soil without fertilizer and herbicide
contamination was used, the characteristics of which
are summarized in Table 1.

Table 1 — Physical and chemical characteristics of
the soil

Analysis Result References
Texture

Clay 0.99%

Silt 1.29% [26]

Sand 95.86%

Gravel 1.86%

Total Organic Carbon 0.74 mg.kg? [[27]
Total nitrogen 31.80 mg.kg" |[28]
Total phosphorus 3.04 mg.kg" |[29]
oH 7.35:0.01 _ |[30]

Humidity 0.30+0.01% |[30]

2.4 Biodegradation test

The test was carried out for 60 days in
sealed polyethylene reactors with 500 mL capacity,
filled with 250 g of sterile soil which was
contaminated with AMT or HZN (50 mg of active
ingredient per kg of soil). After homogenization, a
vessel containing 25 mL of 0.5 mol.L NaOH
solution was laid on the soil surface in the reactor.
The degradation of AMT and HZN was evaluated
under an association of bioaugmentation (addition of
B. safensis) and biostimulation, i.e., by adding 100
mg.Kg™ of soil fertilizer NPK 10:10:10 (Vitaplan,
Captain Lebdnidas Marques, Brazil), associated with
the addition of 0.1 g.L™ lipopeptide. There were two
control reactors: soil without the association of
biostimulation and the abiotic control, prepared by
adding a 10% (w/v) AgNO;[31].

The inoculum suspension in a minimum
mineral medium was prepared from acclimatized
strains, corresponding to 10% of the soil mass in the
reactors [19]. Soil pH was monitored using method
2.1.1 [26] in soil samples suspended in distilled
water at a ratio of 2:5 after homogenization and 30-
minute rest.

2.5 Substrate-Induced Respiration test (SIR)
Herbicide degradation was indirectly
identified by determining the CO, concentration
every 10 days of the bioprocesses. The vials
containing 0.5 mol.L™ NaOH were removed and
replaced with new ones. Immediately, the solution
was treated with 2 mL of 0.5 mol.L™? BaCl, solution
and drops of 2% phenol red. The mixture was then
titrated with 0.5 mol.L™™ HCI until it became
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colourless. The CO, concentration in mg.g” was
calculated by applying the equation:

CO, = (44 X Vo'Vl) -m
Where V= volume of acid spent in control soil, V,=
volume of acid spent during treatment, and m= mass
in kg of reactor soil [32].

2.6 Phytotoxicity test

Soil samples taken at the beginning and the
end of treatment were evaluated to determine the
germination index (GI) of Lactuca sativa and
Cucumis anguria seeds. The seeds were washed with
distilled water and dried on filter paper. A total of
ten seeds per plant were placed on filter paper in
petri dishes. Then the filter paper was soaked with 8
mL of the filtered soil sample extract, prepared with
10 g of soil and 90 mL of distilled water. The control
of the test was performed with distilled water. The
plates were incubated at 22°C for five days. After,
the GI was calculated using the equation:

Gl= [(Sl X Rl) - (82 X Rz)] x 100

Where S; and S,= number of seeds
germinating in treatment and control, respectively
and R; and R,= average root lengths in treatment
and control [33].

I11. RESULTS

Fig. 1 and 2 show the average accumulated CO,
production over 60 days of bioprocess.
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Fig. 1. Average cumulative CO, production by
Bacillus safensis strains in AMT-contaminated
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reactors: lipopeptide (black), fertilizer (red) and
lipopeptide associated with fertilizer (green)

Both strains emitted significant quantities
of gas. Comparatively, a higher CO, production was
observed in the reactors whose soil was
contaminated by HZN, with maximum production of
CO, ranging from 1000 to 1600 mg.g™ of soil. Gas
emissions were about 50% lower in reactors whose
soil was contaminated with AMT. Maximum CO,
concentrations ranged from approximately 400 to
800 mg.g™* of soil under all experimental conditions,
suggesting a greater recalcitrance from AMT.
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Fig. 2. Average cumulative CO, production by
Bacillus safensis strains in HZN-contaminated
reactors: Lipopeptide (black), fertilizer (red) and
lipopeptide associated with fertilizer (green)

The results also revealed that there were
differences between the treatments isolated with
fertilizer and lipopeptide, compared to that obtained
with the combination of the two treatments. Among
all, the gas production in the reactors with fertilizer
addition had the lowest values. However, in reactors
whose soil was contaminated with AMT, the
difference was less evident for the fertilizer variable.

The highest values of gas emission were
obtained in the reactors with lipopeptide addition.
However, the combination of this treatment with the
fertilizer guaranteed similar results between the
C1C5502-1 and C1AC5507-1 strains, respectively,
against AMT and HZN.
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During the test the pH varied on average in
7.20.1 in the reactors containing lipopeptide and in
5.0+0.1 in reactors containing fertilizers. With
respect to ecotoxicity tests, Table 2 summarizes the
results.

Table 2. Seed germination index in soil extracts

Contaminant Plants
Strain and L.sativa | C.anguria
treatments
AMT
No  treated | 80.3+0.1 | 81.3%0,8
soil
Addition of | 125.8+0.1 | 117.0£0,8
lipopeptide
Addition of | 98.6£0.1 | 143.2+0,8
— fertilizer
s | Lipopeptide + | 112.940.1 | 131.4%0,8
8 fertilizer
$ [HzN
O No  treated | 84.2+0.1 | 83.7+0,8
soil
Addition of | 71.5£0.1 | 125.7£0,8
lipopeptide
Addition of | 87.7£0.1 | 107.3%0,8
fertilizer
Lipopeptide + | 111.7+0.1 | 106.1+0,8
fertilizer
AMT
No treated | 80.3+0.1 | 81.3+0,8
soil
Addition of | 121.0+0.1 | 77.0£0,8
lipopeptide
Addition of | 128.0+0.1 | 133.0+0,8
fertilizer
iy Lipopeptide + | 105.0+0.1 | 102.0+0,8
e fertilizer
¢ [ HzN
5) No  treated | 84.2+0.1 | 83.7+0,8
soil
Addition of | 87.5+0.1 | 84.2+0,8
lipopeptide
Addition of | 105.1+0.1 | 85.9+0,8
fertilizer
Lipopeptide + | 102.0+0.1 | 99.7+0,8
fertilizer

According to the classification proposed by
literature [34], Gl can be subjectively classified as
high (GI <50%), moderate (50% <Gl <80%), or null
(GI> 80%). Both herbicides at the initial
concentration of 50 mg of the active principle per kg
of soil, were not toxic, even though they were close
to moderate toxicity. After treatment, the rates
increased significantly.

For Lactuca sativa and Cucumis anguria,
the latter proved to be more sensitive in the test,
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especially when analysing the GI obtained from the
CIC5502-1 treatment in HZN-contaminated soils. In
contrast, Gl after treatment in AMT-contaminated
soils were mostly above 100%, corroborating with
SIR test data, even with lower gas emissions than
those obtained in reactors containing HZN as a
contaminant.

IV. DISCUSSION

Herbicidal photosystem Il blockers have
been the most commonly used crop protection
products since simazine was first introduced to the
market in 1956 [35]. The triazines belong to this
class of herbicides and their action occurs when they
irreversibly bind to the D1 subunit of photosystem
I1, blocking the binding of plastoquinone, preventing
electron transport as well as the photosynthesis
process, resulting in the death of weeds [36].

AMT (triazine) and HZN (triazinone) are
classified by the Brazilian regulatory council as
moderately toxic in the case of acute exposure. For
chronic exposure, both herbicides may promote
biomagnification with consequences not yet fully
understood [37-39]. Both compounds were the most
used triazines, over the 14 years prior to the isolation
of strains in the sugarcane soil used in this study.

Removal of persistent and/or recalcitrant
compounds may require the use of a cosubstrate, i.e.,
a better assimilated secondary source of carbon,
which, along with its uptake, consumes fewer
biodegradable compounds and may be consumed as
a carbon and energy source by the microbes [40]. A
previous study by our research group on the use of
Pseudomonas aeruginosa to remove hydrocarbons
from petroleum in soil [19] reported a value closer to
the accumulated gas concentration over 30 days of
processing, in comparison to this study. On the other
hand, it was reported a maximum value of 35
mg.Kg™ over the same period during organic waste
mineralization, 5 times lower than that observed
with B. safensis [32].

This underscores the potential of the two B.
safensis strains evaluated, especially since there was
no addition of cosubstrates. However, it is
noteworthy that from the 30" day, the CO,
production reduced and, graphically, the curve was
similar to that observed in a regular microbial
stationary phase. This suggests an inhibition of cells,
especially by the accumulation of toxic metabolites
[41, 42]. This caused us to think that, regarding the
addition of a cosubstrate, the maximum accumulated
CO, might have been higher than recorded.

An interesting fact was observed in the
herbicide biodegradation test. The maximum
concentration of CO, obtained in the reactors with
AMT-contaminated soil was about half of that
reached by the two strains in the reactors containing
HZN-contaminated soil. In these reactors, this level,
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about 800 mg.g*, was reached around the 10" day of
the bioprocess, in the reactors where the association
of lipopeptide and fertilizer was used, suggesting
greater bioaccessibility to HZN compared to AMT.

The degrading potential of microorganisms
can be reproducibly determined by SIR. Introduced
by Anderson and Domsch [43], the methodology can
estimate cell biomass in a sealed container by
measuring CO, inside and the results compared to
CO, obtained abiotically. The correlation of CO,
over abiotic levels and cell mass is also helpful in
confirming and monitoring cell activity.

The variation in pH in a bioprocess is also
an important indication of the use of xenobiotics by
microbial agents. An acidic environment is not
suitable for some B. safensis strains [20], which is
possibly the reason for the lower CO, production in
soil treatments with fertilizer. In addition, reactors
enriched with chemical fertilizer may suffer a
significant change in the C:N ratio in the medium.
The concentration of nitrogen, however, was not
inhibitory, considering that the soil already
contained a significant amount of nitrogen and an
initial C:N ratio about 10:3.

The increase of Gl after treatments may
help in the understanding that the herbicides were
consumed by the B. safensis strains. In this test, C.
anguria was the plant most sensitive to the
metabolites. Similar results have been also reported
in the literature [44, 45]. The increase in Gl suggests
the presence of less toxic metabolites than the initial
contaminant, and corroborate with the values
obtained from the CO, concentration, as well as the
pH reduction in the reactors. The higher plant
toxicity does not appear to be due to lipopeptide,
since in the reactors in which it was present, the Gl
were higher than those determined at the beginning
of the test. Additionally, the lipopeptide was
produced by the strain itself. This is similar to
surfactin, a bioactive molecule produced by Bacillus
safencis [46] and other species of Bacillus [47].

It is important to say that since AMT
appeared to be more recalcitrant or even less
available to B. safensis strains, we expected a greater
amount of less toxic metabolites to be produced
during HZN consumption, thus justifying the results
obtained in GIl. On the other hand, the 60-day
bioprocess may not have been sufficient for AMT
degradation, considering that both strains were
perfectly acclimated to both compounds.

V. CONCLUSION
SIR test contributed to indicate the potential
use of AMT and HZN as a carbon and energy source
by the Bacillus safensis CLAC5507-1 and C1C5502-
1 strains, especially when the association between
bioaugmentation and biostimulation was used. The
treatment resulted in high CO, concentrations,
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especially in the HZN-contaminated soils,
posteriorly reflected in the germination of L. sativa
and C. anguria. The latter proved to be the most
sensitive plant in the ecotoxicity test. The results
indicated that both strains showed potential for use
in future studies, in the elaboration of
bioremediation protocols of soils contaminated with
AMT or HZN, as well as to possible other herbicides
of similar chemical classes.
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