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Abstract: We investigated the potential of Mucuna pruriens and Canavalia ensiformis as phytoremediation
candidates for Tebuthiuron (TBT)-contaminated soils. Crotalaria juncea was the bioindicator specie for
tebuthiuron and Lactuca sativa used in ecotoxicological bioassays, both analyses aim to verify the herbicide
presence in soil samples as TBT is persistent with environmental and health risks due to its tendency to
bioaccumulate. We conducted a 140-day greenhouse experiment associated with bioaugmentation by microbial
inoculants - solid or liquid. Both C. ensiformis (CE) and M. pruriens (MP) exhibited distinct growth patterns,
with MP demonstrating a faster growth rate than CE, evident from its higher growth apex (a = 84.52) and
specific growth rate (k =0.113). While soil samples with microbial inoculants demonstrated significant biomass
increase with tebuthiuron absence, the introduction this herbicide notably hindered phytomass production,
particularly in MP + TBT treatments. Liquid inoculant notably contributed to biomass accumulation in MP,
whereas microbial bioaugmentation did not substantially enhance phytomass in CE under tebuthiuron
presence. Furthermore, C. juncea exhibited initially slow development in the reference treatment but displayed
accelerated growth and greater height with liquid inoculant compared to solid inoculant. Despite the presence
of tebuthiuron, C. juncea in soil with TBT alone reached a maximum height exceeding 100 cm. However,
tebuthiuron significantly reduced biomass accumulation in C. junces, indicating its high sensitivity to this
herbicide. Liquid inoculant facilitated the highest dry biomass accumulation in C. juncea, yet the introduction
of tebuthiuron led to a considerable reduction in biomass, underscoring the plant's susceptibility to it. While
bioaugmentation showed potential in mitigating herbicide phytotoxicity, its efficacy varied among tested
inoculants. In bioassays with L. sativa, bioaugmentation with liquid inoculant resulted in a higher final
germination index (GI) compared to solid inoculant and the reference treatment. Conversely, soil samples
containing only tebuthiuron demonstrated a higher final GI and growth velocity compared to the reference
treatment, implying the natural attenuation of toxicity over time. Additionally, previous cultivation of Mucuna
pruriens positively influenced the development of test-organism, resulting in a higher GI and growth rate
compared to the reference treatment. These findings provide valuable insights for various stakeholders,
including the scientific community, industries, and bioengineers. They offer a strong incentive to develop
advanced bioremediation strategies to address persistent pesticide contamination, especially in intensive
agroecosystems like sugarcane-producing fields. Implementing our biological solution holds the potential to
usher in a cleaner and safer era in agriculture, thereby protecting both society and the environment.
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1. Introduction

Tebuthiuron is a widely used herbicide in sugarcane cultivation,!! and has raised significant
environmental concerns due to its high water-solubility (2.5 g L' at 25°C),[@ long-lasting soil
persistence (log KOW =1.8),[2 and potential contamination of terrestrial and aquatic ecosystems.?®l As
the detrimental impacts of tebuthiuron on the environment become increasingly evident, urgent
attention is directed towards innovative and sustainable remediation strategies to address its
persistent presence. Among these, phytoremediation has emerged as a highly promising approach,
harnessing the natural power of photosynthetic plant systems to detoxify environments
contaminated by pesticides.l* This innovative technique not only cleanses the affected areas but also
enhances their suitability for sustainable food production.

In the pursuit of effective tebuthiuron remediation, our study investigates the tolerance and
phytoremediation potential of remarkable legumes, namely velvet bean (Mucuna pruriens (L.) DC.
var. pruriens) and jack bean (Canavalia ensiformis L.) in combination with microbial inoculants in soil.
These species are leguminous plants with the ability to degrade tebuthiuron and biologically capture
atmospheric nitrogen, subsequently making it available in the soil. This process enhances the soil's
physical, chemical, and biological characteristics. According to diverse studies, these species have
demonstrated remarkable resilience to tebuthiuron making them promising candidates for tackling
tebuthiuron-contaminated environments. [5-10]

Phytoremediation, though a promising technology, is not without challenges.['] The success of
this approach is contingent on various factors such as soil characteristics, climate, and the presence
of co-contaminants.l'?l By gaining a comprehensive understanding of the complex interactions
between the selected plant species and tebuthiuron, we seek to optimize the application of
phytoremediation and propel its effectiveness in addressing herbicide contamination. Additionally,
to enhance the efficiency of tebuthiuron remediation, we incorporate bioaugmentation as a pivotal
strategy.¥l Through the introduction of selected microbial strains with remarkable pesticide
degradation capabilities, resilience, and adaptability to environmental conditions,!" we forge a
symbiotic alliance that expedites the pesticide degradation in soil. The integration of
phytoremediation and bioaugmentation offers a powerful synergy [2l with significant improvements
in tebuthiuron degradation efficiency and global remediation outcomes. Our approach places a
strong emphasis on safety and efficacy by conducting comprehensive evaluations of tebuthiuron's
environmental toxicity levels during the remediation process. Tests are designed to provide a realistic
prediction of the behavior of substances in the environment. To achieve this, we utilize some
bioindicator plants and ecotoxicology bioassays, such as Crotalaria Juncea and Lactuca sativa, to
confirm the presence of tebuthiuron in the soil.l3810.15-19]

Therefore, this research aims to contribute to the current knowledge by investigating the
tolerance and phytoremediation potential of M. pruriens and C. ensiformis, in conjunction with
microbial inoculants, for tebuthiuron-contaminated agricultural soil remediation. The findings will
advance our understanding of the viability and effectiveness of these techniques in addressing
tebuthiuron contamination, addressing ecological and environmental concerns associated with this
persistent herbicide. Innovative and sustainable approaches are crucial for the successful remediation
of tebuthiuron-contaminated agricultural soil.

2. Materials and Method

2.1. Soil, Tebuthiuron, and Microbial Inoculant

The soil employed in this study was a Dystrophic Red Yellow Oxisol, a prevalent soil type in
tropical regions. Dystrophic Oxisols are characterized by low natural fertility, acidic pH, and high
iron and aluminum oxide content, affecting nutrient and contaminant retention. 2% To represent real-
world scenarios in pesticide-contaminated agricultural settings, it was crucial to select a soil type
with these characteristics. Soil samples were collected before and after the experiment to determine
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their chemical composition (Table 1). The samples were dried, sieved through 2.0 mm, and stored in
sealed plastic containers for further analysis.

Table 1. Soil chemical analysis before and after pre-cultivation of C. ensiformis and M. pruriens.

Attributes Unit Before After Indication
pH - 40 7.5 Increased
Organic matter g dm= 4,0 10 Increased
Potassium 0,3 1,6 Increased
Calcium 6 51 Increased
Magnesium mmol dm?3 2 23 Increased
Hydrogen + Aluminum 33 8 Decreased
Aluminums3+ 13 0 Decreased
Phosphor 1 6 Increased
Sulfur 7 - Not detected
Boron 0,10 0,02 Decreased
Copper 0,1 0,2 Increased
Iron dms 4 2 Decreased
Manganese mg dm 1,8 1,2 Increased
Zinc 0,1 0,3 Increased
Sum-of-bases 8 75,6 Increased
Catlon. Exchange 41 83,6 Increased
Capacity

Base saturation % 20 920 Increased
Aluminum saturation 61 0 Decreased

The tebuthiuron (TBT) is an herbicide commonly used in sugarcane cultivation, and it raised
concerns about soil and water contamination. For this study, we used Dow AgroSciences Industrial
Ltd.'s Combine® 500SC (Batch: 041-14-2000), a commercially available formulation. The soil had no
recorded evidence of recent pesticide use, ensuring a pristine environment for studying tebuthiuron
contamination and phytoremediation interventions.

To enhance phytoremediation, microbial inoculants were used to augment the native microbial
community. We sourced the inoculants from MICROGREEN® Ltd., a company specializing in soil
microbial reclamation. We utilized two types of inoculants: a liquid inoculant (Liq), rich in bacterial
species, and a solid inoculant (Sol), rich in fungal species. This selection was based on thoughtful
consideration to optimize microbial contributions to the remediation process.

2.2. Plant Species

We selected Mucuna pruriens (MP) and Canavalia ensiformis (CE) based on their well-documented
phytoremediation capabilities, particularly in tebuthiuron-contaminated soils.>-81 These
leguminous species establish symbiotic relationships with nitrogen-fixing bacteria, enhancing
nutrient availability and soil fertility.

As a bioindicator for residual pesticide, we chose sunn hemp (Crotalaria juncea) due to its
sensitivity to tebuthiuron.[%2!l Sunn hemp acts as a sentinel plant, indicating soil contamination levels
and aiding in the evaluation of phytoremediation efficacy. BR SEEDS® provided the seeds of C. juncea,
C. ensiformis and M. pruriens, ensuring uniformity and reliability of the experimental material.

Additionally, we obtained commercially available seeds of lettuce (Lactuca sativa L.) from Feltrin
Sementes® (Brazil) for ecotoxicological bioassays, whose application is generally present in recent
studies with soil decontamination with pesticides. Bioassays offer an indirect approach to confirm
the presence of tebuthiuron in soil samples.

2.3. Experimental Design
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Experiments were conducted using a completely randomized design, coupled with a2 x 3 x 3
factorial scheme, with seven replicates. The factors included tebuthiuron concentration (presence or
absence), microbial inoculant type (liquid, solid, or absence), and plant species (C. ensiformis, M.
pruriens, or absence).

This comprehensive approach allowed for a thorough investigation of the independent and
combined effects of these variables on the study parameters. Randomization minimized bias and
ensured equal representation of treatment groups across experimental units.

Experimental Units

Before conducting the experiment, the soil underwent a preparatory phase to adjust its acidity
and fertility, following the procedures outlined in 8l and [1%. For every 504 kg of soil, the following
amendments were meticulously applied: 454 g of limestone to regulate pH, 10 g of urea as a nitrogen
source, 56 g of single superphosphate for phosphorus supplementation, and 13 g of potassium
chloride to ensure sufficient potassium levels for optimal plant growth. These amendments were
introduced to guarantee the soil's nutrient content reached ideal levels. After their addition, the soil
was thoroughly mixed, and then it was used to fill pots, each with a capacity of approximately 4.0 L.

Both liquid (Liq) and solid (Sol) microbial inoculants were incorporated into the soil. The solid
inoculant was introduced at a rate of 0.36 g per pot, while the liquid counterpart was applied at a
volume of 50 mL per pot. These inoculants were directly administered to the pots according to their
respective treatment groups. Three days after integrating the inoculants into the soil, we applied the
herbicide Combine® 500 SC at a rate of 2 L per hectare (equivalent to 1000 g of active ingredient per
hectare). This application rate is recommended for sandy textured soils in sugarcane crops. We
carried out the spraying using a medium-sized laboratory sprayer. Throughout the application
process, we diligently monitored environmental conditions, and the recorded temperature and
moisture levels were 27.2 °C and 63%, respectively.

Seven days after applying the herbicide, we sowed three seeds each of C. ensiformis (CE) and M.
pruriens (MP) in every pot. These species are renowned for their phytoremediation potential, and we
continued their cultivation for a period of 70 days after sowing (referred to as DAS). Three days after
harvesting these plants, we sowed three sunn hemp seeds in each pot. Sunn hemp was also cultivated
for 70 days. To ensure optimal growth and development conditions for all cultivated plants, we water
daily. By adhering to this comprehensive methodology, our experimental setup created an ideal
environment for investigating the tolerance and phytoremediation capabilities of C. ensiformis and M.
pruriens, in addition to assessing the influence of microbial inoculants, all in the presence of
tebuthiuron-contaminated soil.

2.4. Plant Growth and Development Evaluation

Throughout the duration of the experiment, we closely monitored the growth of all plants on a
weekly basis, meticulously recording their height measurements in centimeters. Upon reaching the
70-day mark (referred to as 70 DAS), we carefully extracted the plants from each treatment group in
our experimental units. These plants underwent a thorough cleaning process to eliminate any soil
clinging to their roots and were subsequently placed in an oven equipped with forced air circulation,
maintained at a temperature of 65 °C, for a duration of 72 hours. This meticulous drying procedure
ensured the complete elimination of moisture from the plant material.

Following the drying process, we weighed the plants and collected data on their dry biomass in
grams. This information on dry biomass serves as a dataset, offering profound insights into the
growth and productivity of the plants under various treatment conditions. It allows for a
comprehensive analysis of their phytoremediation potential and their response to tebuthiuron
contamination, thus contributing significantly to the overall understanding of their performance.

Ecotoxicological Bioassays
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In the study, the ecotoxicological potential of the treatments was assessed at specific time points:
0 (at the start of M. pruriens and C. ensiformis cultivation), 20, 40, 60, 70 (at the end of M. pruriens and
C. ensiformis cultivation), and 140 DAS (at the end of C. juncea cultivation). The bioassays were
conducted following the methodologies described in NBR 10006 22 and 3. L. sativa seeds were used
as the test organism. During the bioassays, data were collected on seed germination, hypocotyl
(shoot) elongation, and root elongation. These parameters were used to calculate the total
germination index of the lettuce seeds, as described in Equation 1 by. 24

_ (G% x R%)

GI
100

(Eq. 1)

In this equation:

Gl represents the germination index,

G% denotes the percentage of seed germination, and

R% indicates the percentage of root elongation.

The germination index provides a comprehensive measure of seed germination and root
elongation, considering both parameters. By calculating the germination index using the percentages
of seed germination and root elongation, a combined indicator of overall seedling performance can
be obtained. This approach allows for a holistic assessment of the ecotoxicological effects of the
treatments on L. sativa, considering both germination and root development as indicators of plant
health and response to potential contaminants.

2.5. Statistical Data Analysis

Before conducting the statistical analysis, data were tested for homoscedasticity (equality of
variances) and normality. The Bartlett test was used to assess variance equality, while the Shapiro-
Wilk test determined data normality. Once these assumptions were met, analysis of variance
(ANOVA) was applied at a significance level of 5% to determine significant differences between
treatment groups. Post-hoc tests (Tukey test, p<0,05) were employed for pairwise comparisons. Plant
height and germination index data were analyzed using the Gompertz sigmoid function (Eq. 2) to
estimate growth dynamics and inflection points over time. A mixed linear model (Eq. 3) was used to
account for individual variability within the experiment. Statistical software (R, GraphPad Prism,
and Microsoft Excel® 2019) facilitated data analysis, model estimation, hypothesis testing, and
generation of statistical summaries for interpretation.

f, = ae P (Eq.2)

In this equation:

fx represents the plant height in centimeters or the germination index,

x denotes the time in days after sowing (DAS),

a represents the upper asymptote or the maximum height development and germination index
that the plants can reach,

[ indicates the inflection point, which corresponds to the time when the growth rate starts to
decrease,

k represents the exponential decay of the specific growth rate, indicating how quickly the growth
rate decreases over time, and

e represents Euler's constant, a mathematical constant approximately equal to 2.71828.

Y=ok B ) (X i) + (6 X ) + & (Eq.3)

In this equation:

Y represents the dependent variable (e.g., plant height or germination index),
a denotes the global intercept of the model,

[3 represents the random effect (tebuthiuron),

ti indicates the time in days after sowing (DAS),
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fii represents the fixed effect 1 (green manure),
fi2 represents the fixed effect 2 (inoculant), and
€ represents the residual term.

3. Results and Discussion

3.1. Soil’s Properties: Enhancing Fertility through Green Manure

Significant improvements in the soil's chemical attributes due to soil chemical correction and the
cultivation of M. pruriens and C. ensiformis were demonstrated in Table 1. Various nutritional
parameters exhibited numerical increases, indicating enhanced soil fertility. Importantly, the
concentration of Al** did not increase, which is advantageous as high levels of this element can inhibit
root growth. (]

Implementing appropriate agricultural practices, such as soil chemical correction and green
manure planting, can have multiple positive effects. One of these effects is the promotion of
microorganism populations capable of atmospheric nitrogen fixation.[?s! Biological nitrogen fixation
contributes to increased soil fertility and plant nutrition. Additionally, the presence of plants and
soil microorganisms in agrosystems can lead to the release of organic acids. These organic acids aid
in the solubilization of essential nutrients such as phosphorus and potassium, rendering them more
available for plant uptake. Moreover, they contribute to an increase in the soil's cation exchange
capacity, which helps reduce toxic levels of aluminum, benefiting plant growth and development.[?”]

3.2. Production of Green Manure with Microbial Inoculation: Unveiling the Biocatalytic Phytoremediation

3.2.1. Growth Dynamics

Canavalia ensiformis e Mucuna pruriens growth dynamics revealed distinct patterns (Figure 1),
with MP exhibiting a faster growth rate as evidenced by its steeper growth curve compared to CE.
Table 2 shows all the parameters of the growth curve for each plant, such as the apex of growth (a),
the inflection point of the curve () and, the specific growth rate (k). A higher specific growth rate
value, closer to 1, indicates faster plant growth, which was observed in both MP (k = 0.113) and CE
(k = 0.075). Notably, the presence of microbial inoculants did not significantly alter the curve
behavior, as MP treatments consistently outperformed CE in growth rate. However, within the MP
group, the solid inoculant application (MP + Sol) demonstrated even faster growth than the liquid
inoculant (MP + Liq) and MP alone. Similarly, to CE, the addition of liquid inoculant (CE + Liq)
exhibited faster growth compared to the solid inoculant treatment (CE + Sol) and CE alone.
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Figure 1. Kinetic development of M. pruriens (MP) and C. ensiformis (CE) as potential phytoremediators of the herbicide tebuthiuron (TBT) in soil with solid (Sol) or liquid (Liq) inoculants
from the Gompertz model. The western and eastern hemispheres represent the different plants, respectively, MP and CE. The northern and southern hemispheres demonstrated the

effect of adding inoculants and/or the herbicide tebuthiuron, respectively.
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Table 2. Parameters of Gompertz kinetic models for the height of M. pruriens (MP) and C. ensiformis
(CE) as potential phytoremediators of tebuthiuron (TBT) in soil with solid (Sol) or liquid (Liq)

inoculants.
Complexity Adequacy

Treatments « B K ” AIC BIC

MP 72,72 15,49 0,113 0,72 6396 65,17
MP + TBT 51,69 4,76 0,109 0,94 63,96 65,17
MP + Liq 77,66 32,71 0,170 0,97 69,10 70,31
MP + Sol 80,31 38,14 0,143 0,99 56,33 57,54
MP + Liq +TBT 61,58 144,19 0,227 0,89 78,80 80,01
MP + Sol + TBT 76,63 9,15 0,100 0,93 75,82 77,04
CE 31,64 2,72 0,075 0,97 46,29 47,50
CE + TBT 20,27 2,13 0,069 0,93 44,71 45,92
CE + Liq 43,10 2,73 0,075 0,97 53,67 54,88
CE + Sol 40,90 2,62 0,068 0,97 50,41 51,62
CE + Liq + TBT 34,26 2,51 0,071  0,96" 49,03 50,24
CE + Sol + TBT 84,52 2,81 0,022 0,94 60,08 61,29

Parameters a, 3, and k denote the superior asymmetry, the inflection point, and the exponential decay of the
specific growth rate, respectively; p = 1 keeps the relative decrease with time constant; > 1 accelerates the
relative decrease with time; 3 < 1 slows the relative decrease with time; r2, coefficient of determination; AIC,
Akaike Information Criterion; BIC, Bayesian Information Criterion; Significant code: * p-value < 0.05; ** p value
<0.01; ns p-value > 0.05.

Regarding the tebuthiuron's impact, it is evident that its introduction led to a reduction in the
plant’s height compared to the reference plants (MP e CE). It can be seen in Table 2 that the MP +
TBT soil sample showed a greater reduction compared to CE + TBT in several height-related
parameters, including rapid establishment, growth apex (a) and specific growth rate (k) (51.69 >
20.27; 0.109 > 0.069). Previous studies by 8] and 2! have also reported C. ensiformis' sensitivity to
tebuthiuron, suggesting that this plant may not be well-suited for phytoremediation of soil
contaminated with this herbicide. However, it is worth noting that other studies by ¥l and, "l have
highlighted C. ensiformis' capability to tolerate and even degrade tebuthiuron due to specific
microorganisms present in its rhizosphere. This underscores the significance of considering specific
plant-microbe interactions when selecting phytoremediators for contaminated soil.

About M. pruriens, 1% demonstrated a 15% decrease in height when exposed to tebuthiuron.
However, the phytotoxicity of tebuthiuron was mitigated by the addition of an industrial by-product
(vinasse 150 m? ha™), allowing the development of its architectural structures even in the presence of
a high tebuthiuron concentration (2 L ha). Our research outcomes may vary from previous studies
due to diverse factors, including experimental location, soil type, moisture levels, environmental
temperature, and luminosity frequency. These variables can directly influence the efficiency of
phytoremediation of contaminants and should be carefully considered when selecting potential
phytoremediators for pesticide-contaminated soil. Understanding the complex interactions between
pesticides, plants, and environmental factors is critical to make informed decisions in this context.[’]

A noteworthy finding was the mitigating effect of inoculants on sensitivity in plant species in
tebuthiuron-contaminating soil, which resulted in rapid growth and increased height. This
phenomenon was particularly pronounced in C. ensiformis, where the CE + TBT treatment exhibited
lower results compared to the others involving this species. It is essential to mention that inoculants
effects varied among plants. MP + Sol + TBT interaction showed a higher curving slope than MP +
Liq + TBT, but the latter association displayed a higher growth rate (k =0.227) compared to the former
(k=0.100). However, MP + Sol + TBT achieved a higher maximum height (a = 76.63). Conversely for


https://doi.org/10.20944/preprints202409.1124.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 September 2024 d0i:10.20944/preprints202409.1124.v1

C. ensiformis, the association CE + Liq + TBT exhibited a higher specific growth rate (k = 0.071), but
only CE + Sol + TBT achieved the maximum height (a = 84.52).

To summarize, these results highlight the promising outcomes of combining plants and
microorganisms for remediation purposes. Previous studies have demonstrated the efficacy of such
combinations. % demonstrated the remediation of soils contaminated with the fungicide
pentachloronitrobenzene with solid bacterial inoculum Cupriavidus sp. YNS-85 in association with
Panax notoginseng. Similarly, ¥l observed a substantial removal of atrazine from soil within 40 days
with the combination of Trichoderma sp. and Phaseolus vulgaris.

3.2.2. Phytomass Accumulation

Soil samples with microbial inoculants without tebuthiuron led to a significant increase in
biomass compared to the control (Figure 2). This positive impact underscored the efficacy of
microbial inoculants in promoting plant growth and enhancing phytomass production. Such result
is pivotal for the plants' capacity to tolerate and effectively remediate contaminated soils. In contrast,
the introduction of the herbicide had an adverse effect on the system and reduced phytomass
production in both species, with MP + TBT displaying the most pronounced reduction. TBT negative
influence on photosynthesis during plant development can impair biomass production and
compromise the overall efficiency of phytoremediation processes,1 although the evaluated species
(CE and MP) are not listed as target-plants of the commercial product used in agroecosystems. It is
well-established that efficient biomass production is crucial for facilitating the transformation of
pollutants into less toxic substances, a process that thrives when plants grow without facing intense
stresses.3l

20
16 ]
12

Dry mass (g)

MP+TBT 1 =
MP+Lig —3 =
MP+Sol 18
) — -1
CE+TBT [ =
CE+Lig 2 =

MP+Sol+TBT [ 1o
CE+Sol [ 1=

CE+Lig+TBT 1 =
CE+Sol+TBT 1 &

MP + Liq + TBT

Figure 2. Production of dry biomass of M. pruriens (MP) and C. ensiformis (CE) in soil associated or
not with tebuthiuron (TBT) and/or solid (Sol) or liquid (Liq) inoculants after 70 DAS.. Legend:
different lowercase letters indicate statistical difference by Tukey test at 5% compared among the
same plant species.

A closer examination of inoculants effect on MP biomass accumulation revealed that the liquid
inoculant contributed more significantly to TBT presence, offering better support to the plant
compared to the solid inoculant, which was adversely affected by this herbicide. However,
concerning C. ensiformis, microbial inoculation did not yield a substantial increase in phytomass when
tebuthiuron was presented, despite contributing to the plants' increased height. These observations
emphasized the limitations of relying solely on variables such as height and biomass accumulation
for evaluating phytoremediation efficiency. Multiple uncontrolled factors can influence the
bioavailability and environmental behavior of the herbicide.l? As such, the further cultivation of
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bioindicator plants and the implementation of ecotoxicological bioassays are complementary and
indispensable approaches in comprehensively assessing environmental reclamation.*

Therefore, we shed light on the critical aspect of biomass accumulation in the context of our
potential phytoremediators, highlighting the favorable impact of microbial inoculants in TBT absence
and conversely the detrimental herbicide effect on phytomass production. We underscore the
significance of considering multiple parameters and complementary approaches in assessing the
efficiency of phytoremediation, which allow sustainable and effective soil remediation practices.

3.3. Production of C. juncea: Evaluating Ecotoxicity and Phytoremediation Efficiency

3.3.1. Growth Dynamics

The reference treatment (Ref) without prior plant cultivation (CE or MP), inoculants (Liq or Sol)
and herbicide (TBT) exhibited slow development for the bioindicator species (Figure 3). However,
the soil with Liq showed faster growth (k=0.0582) and greater height (a=324.99) at around 60 DAS in
Table 3. In contrast, Sol had minimal contribution to C. juncea's development as indicated by the
prolonged growth period (k=0.0302) and lower maximum height (a=69.95).

350 |
300
------- Ref
20 — - —TBT
T 200 Liq
g 1 Sol
T
100 ——— Lig + TBT
Sol + TBT
50
0

0 30 60 90 120 150 180 210 240 270 300 330 360

Time [DAS]

Figure 3. Kinetic development of C. juncea height as bioindicator species in soil with tebuthiuron
(TBT) and solid (Sol) or liquid (Liq) inoculants from the Gompertz model. Ref - reference control soil
without green manure and inoculants.

Table 3. Parameters of the Gompertz kinematic models for the height of C. juncea as bioindicator
species in tebuthiuron (TBT) soil with M. pruriens (MP) and C. ensiformis (CE) and liquid (Liq) or solid
(Sol) inoculants.

Complexity Adequacy
Treatments o 8 ” 2 AIC BIC
MP 156,35 594 0,0106 0,98** 49,51 50,30
MP + TBT 86,91 3,29 0,0330 0,98** 45,17 45,96
MP + Liq 181,96 3,76 00,0174 0,98** 4539 46,18
MP + Sol 42,01 3,23  0,0529 0,98** 41,15 41,94
MP + Liq +TBT 147,18 3,75 0,0202 0,99** 41,67 42,46

MP + Sol + TBT 248,45 8,52  0,0659 0,98** 54,98 5577
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CE 178,13 3,82 0,0149 0,96* 47,42 48,20
CE + TBT 115,67 3,34 0,0214 0,98** 46,18 45,39
CE +Liq 78,74 3,00 0,0250 0,97* 45,81 45,02
CE + Sol 66,01 291 0,0267 0,96* 47,20 47,98
CE + Liq + TBT 115,76 560  0,0930 0,97* 47,70 48,49
CE + Sol + TBT 199,88 4,11 0,0160 0,98** 43,88 44,67
Ref 172,93 3,78  0,0190 0,98** 44,72 45,51
Liq 324,99 8,91  0,0582 0,98** 51,98 52,77
Sol 69,95 2,95 0,0302 0,97* 48,00 47,21
TBT 127,47 576  0,0115 0,99** 44,82 45,61
Liq+TBT 70,50 3,08 0,0299 0,98 42,20 42,99
Sol + TBT 163,15 3,47 0,0173 0,97* 50,26 51,05

Legend: The parameters a, 3, and k denote the upper asymmetry, the inflection point, and the exponential decay
of the specific growth rate, respectively; 3 = 1 keeps the relative decrease with time constant; 3 > 1 accelerates
the relative decrease with time; 3 <1 slows down the relative decrease with time; r2, coefficient of determination;
AIC, Akaike Information Criterion; BIC, Bayesian Information Criterion; Significant code: * p value < 0.05; ** p
value < 0.01; ns p value > 0.05.

Thereby, TBT presence promoted a lower specific growth rate (k=0.0115) to the bioindicator.
However, despite slow growth, C. juncea in soil with TBT alone reached a maximum height exceeding
100 cm, higher than Sol and Liq + TBT, which exhibited similar growth curves. Additionally, the
phytotoxic effect of tebuthiuron was mitigated solid inoculant and suggested the involvement of
microorganisms in bioremediation. While specific microorganisms responsible for tebuthiuron
degradation were not identified, previous studies have associated Methylobacterium, Microbacterium,
Paenibacillus, and Streptomyces with tebuthiuron degradation. 12631

The previous cultivation of M. pruriens and C. ensiformis (Figure 4) significantly influenced the
development of the bioindicator plant. CE had a more positive effect on C. juncea's growth compared
to MP, where the parameters a and k for CE were greater than for MP (78.13>156.35; 0.0149>0.0106)
in Table 3. M. pruriens, while beneficial for soil health due to nitrogen fixation and nutrient cycling,
also exhibited allelopathic effects that can inhibit nearby plant growth through the production of
various chemicals.8! Interactions between green manure species and microbial inoculants yielded
distinct results in C. juncea's development. The negative effect of M. pruriens was absent when
associated with the liquid inoculant (MP + Liq), with a higher specific growth rate (k=0.0174) and
maximum height (181.96 cm) compared to MP alone. However, the association of C. ensiformis with
the liquid inoculant (CE + Liq) had an antagonistic effect on the bioindicator plant's development
with a smaller growth curve compared to the soil with CE alone. Similarly, the association of solid
inoculants with any of the phytoremediation species was detrimental to C. junceas, particularly in MP
+ 5o0l, whose the maximum height value (42.01 cm) was the lowest, although the growth rate showed
a higher value (k=0.0529).
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and eastern hemispheres represent the different plants, respectively M. pruriens (MP) and C. ensiformis (CE). Ref - reference control soil without green manure and inoculants.
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Analyzing Figure 4 and Table 3, soil samples with TBT and CE or MP exhibited high
phytotoxicity and severe growth limitation to C. juncea compared to the control treatment with these
plants. Nevertheless, the growth rate along the curve after the prior cultivation with herbicide
remained higher than that of the control tests, ranging from 0.0330 for MP + TBT to 0.0214 for CE +
TBT. The high concentration of phytoharmful compounds in soil and the natural senescence of
potential phytoremediators and sentinel species contribute to these adversities.!®!

Remarkably, the presence of the solid inoculant reduced the phytotoxic effect of tebuthiuron,
which was evident in MP + Sol + TBT, where C. juncea exhibited rapid growth (k=0.0659), a nearly
vertical growth curve, and an impressive height (a=248.45). This indicated the Sol potential in
mitigating the tebuthiuron toxicity. Similar results were observed in CE + Sol + TBT treatment, where
the height value was higher (¢=199.88) compared to the other treatments with the same species.
Therefore, the long-term presence of the solid inoculant could contribute to tebuthiuron dissipation.
Furthermore, the liquid inoculant also exhibited a mitigating effect, but lower than Sol. C. juncea's
growth rate was higher only in CE + Liq + TBT (k=0.0930), and the height variable exhibited medium-
high values for MP + Liq + TBT (a=147.18) compared to the other treatments with the same species,
which indicated that Liq can aid in tebuthiuron remediation in soil, albeit with some limitations (Melo
et al., 2019).

To summarize, these findings offer a detailed assessment of plant height and the cultivation of
the bioindicator C. juncea. The results elucidate the impact of microbial inoculants and the herbicide
tebuthiuron on the growth and development of the bioindicator plant, underscoring the potential of
certain inoculants in mitigating the herbicide's phytotoxic effects. These findings contribute pertinent
toa the realm of phytoremediation and its efficiency in addressing pesticide-contaminated soils.

3.3.2. Phytomass Accumulation

The microbial inoculation in uncultivated soil showed that liquid inoculant promoted highest
dry biomass accumulation in C. juncea (Figure 5). However, tebuthiuron introduction significantly
reduced the biomass, which indicated the high sensitivity of C. juncea to residual TBT concentrations
even after a 70-day period in soil. The herbicide persistence could be attributed to the substantial
organic matter content in the agrosystems (Table 1) and enhanced TBT sorption. Bioaugmentation,
although yielding limited results in reducing herbicide phytotoxicity across different inoculants,
exhibited similar efficiencies among the tested inoculants. Absence of tebuthiuron in treatments
where M. pruriens and C. ensiformis were pre-cultivated, with or without microbial inoculation, did
not significantly impact the dry biomass accumulation in C. juncea plants (Figure 5).
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Figure 5. Production of fresh and dry biomass of C. juncea in soil associated or not with tebuthiuron
(TBT), solid (Sol), or liquid (Liq) inoculants and/or the different plants M. pruriens (MP) and C.
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ensiformis (CE) after 70 DAS. Ref - reference control soil without green manure and inoculants..
Legend: different lowercase letters indicate statistical difference by Tukey test at 5% compared among
the same plant species.

Importantly, pre-cultivation with C. ensiformis did not lead to substantial biomass accumulation
in the sentinel plant, aligning with previous observations that C. ensiformis has limited ability to
reduce tebuthiuron and its metabolite concentrations in the soil (Ferreira et al., 2021). Contrasting
results have been reported in studies by 5 and 3, where C. ensiformis pre-cultivation reduced the
phytotoxic effect of the herbicide sulfentrazone on the bioindicator plant. Interestingly, in the absence
of tebuthiuron, natural attenuation (TBT) resulted in significantly positive biomass accumulation in
the sentinel plant, likely due to environmental biostimulation. Prior fertilization of the soil enriched
the system with nutrients available in the soil solution, potentially enhancing the ability of the native
microbiota to dissipate the herbicide.

Furthermore, bioaugmentation contributed to the reduction of herbicide sensitivity in C. juncea
plants. Treatments without plant pre-cultivation, such as Sol + TBT (5.25 g) and Liq + TBT (4.78 g),
exhibited higher dry biomass values compared to TBT alone (4.36 g). Similar results were observed
in a study by ¥, where a bacterial consortium pre-cultivated in sulfentrazone-contaminated soil
resulted in increased sorghum dry matter. The association between plants and inoculants in
tebuthiuron-contaminated soil was more effective in treatments involving C. ensiformis, indicating a
greater contribution and dependence of C. ensiformis on the association with microbial inoculants.
However, the effectiveness of bioaugmentation in pre-cultured treatments with M. pruriens was not
significant. M. pruriens alone successfully mitigated the phytotoxic effects of tebuthiuron on the
sentinel plant, as supported by Figure 5, where the MP + TBT treatment (3.52 g) displayed a higher
dry biomass value compared to MP + Sol + TBT (3.31 g) and MP + Liq + TBT (2.77 g).

Several factors may account for the limited impact of bioaugmentation in M. pruriens treatments,
such as the presence of residual pesticides and their interactions with plants and soil microbiota,
which can vary depending on the experimental conditions, soil properties, environmental factors,
and specific plant-microbe interactions.*! These factors can influence the phytoremediation
efficiency and the ability of plants to tolerate and degrade pesticides.*!]

To summarize, these findings purvey a comprehensive perspective of biomass accumulation in
the bioindicator plant C. juncea under various treatments. The results shed light on the efficacy of
different inoculants and the herbicide tebuthiuron in phytoremediation processes. Understanding
the complex interactions between plants, microorganisms, and pesticides is essential for enhancing
the efficiency of phytoremediation and ensuring successful environmental reclamation.

3.4. Bioassays with L. sativa: Validating Ecotoxicity and Phytoremediation Efficiency

Ecotoxicity testing with lettuce seeds emerges as a pivotal tool for evaluating soil quality,
particularly in environments potentially affected by herbicides like tebuthiuron. This indirect method
not only underscores the herbicide's presence but also verifies a reduction in soil toxicity.
Additionally, ecotoxicity tests using L. sativa were conducted by multiple researchers following
biological pesticide remediation experiments [381015-19],

The germination index (GI) of L. sativa seeds is commonly used in ecotoxicological bioassays to
assess the effectiveness of soil bioremediation due to the test-organism's sensitivity to disturbed
environments. In uncultivated soil samples (Figure 6), the reference treatment (Ref) initially showed
significantly higher GI compared to others without tebuthiuron (0 to 40 DAS). However,
bioaugmentation with the liquid inoculant (Liq) resulted in a higher final GI than Ref and the solid
inoculant (Sol) (0.95 > 0.92 > 0.89). The growth rate (k value) was also higher for Liq and indicated its
action as a growth promoter for lettuce seeds. Over time, soil samples containing only TBT
demonstrated a higher final germination index (0.96) and growth velocity (k = 0.0314) compared to
Ref. Such informations can be shows in Figure 6 and Table 4. These findings suggested the possible
action of natural attenuation in reducing the toxicity of lettuce seeds.
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Figure 6. Kinetic development of the germination index of L. sativa in ecotoxicity bioassays in soil
samples with tebuthiuron (TBT) and solid (Sol) or liquid (Liq) inoculants from the Gompertz model.
Ref - reference control soil without green manure and inoculants.

Table 4. Parameters of the Gompertz kinetic models for the germination index of L. sativa in
ecotoxicity bioassays in soil samples with tebuthiuron (TBT) and solid (Sol) or liquid (Liq) inoculants
associated or not with different plants for both M. pruriens (MP) and C. ensiformis (CE).

Complexity Adequacy

Treatments o B K ” AIC BIC
MP 0,99 6,98 0,0477  0,98** -11,64 -12,47
MP + TBT 0,97 10,09  0,0632  0,98** -13,20 -14,04
MP + Liq 0,99 7,06 0,0466  0,98** -13,15 -13,99
MP + Sol 0,97 10,09  0,0632  0,98** -13,20 -14,04
MP + Liq +TBT 0,99 6,81 0,0462  0,98** -11,94 -12,77
MP + Sol + TBT 0,99 7,49 0,0509  0,98** -11,67 -12,51
CE 0,98 5,94 0,0400  0,98** -11,13 -11,97
CE + TBT 0,97 7,25 0,0386  0,99** -21,18 -22,02
CE + Liq 0,99 6,96 0,0486  0,98** -10,72 -11,56
CE + Sol 0,99 7,03 0,0488  0,98** -10,94 -11,77
CE + Liq + TBT 0,98 6,46 0,0422  0,98** -12,94 -13,77
CE + Sol + TBT 0,99 7,06 0,0480  0,98** -11,94 -12,77
Ref 0,92 3,27 0,0264  0,99** -19,10 -19,93
Liq 0,95 3,65 0,0305  0,99** -24,09 -24,92
Sol 0,89 2,84 0,0225  0,96* -8,90 -9,73
TBT 0,96 3,01 0,0314  0,99** -15,20 -16,03
Liq + TBT 0,98 3,28 0,0350  0,99** -18,46 -19,29
Sol + TBT 0,92 3,33 0,0264  0,99** -19,68 -20,51

The parameters a, {3, and k denote the upper asymmetry, the inflection point, and the exponential decay of the
specific growth rate, respectively; § = 1 keeps the relative decrease with time constant; § > 1 accelerates the
relative decrease with time; (3 < 1 slows down the relative decrease with time; r2, coefficient of determination;
AIC, Akaike Information Criterion; BIC, Bayesian Information Criterion; Significant code: * p value < 0.05; ** p
value < 0.01; ns p value > 0.05.

Recent studies support that natural attenuation efficiency in TBT-contaminated soil is time-
dependent.1019424] The native microbiota can gradually dissipate the herbicide and reduce
environmental toxicity for L. sativa. Moreover, the impact of microbial inoculants in soil with TBT
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was found to be divergent. The germination index and growth rate were higher in soil with Liq
compared to Sol (a = 0.98 > 0.92; k = 0.0350 > 0.0264) in Table 4. Furthermore, in soil samples with
tebuthiuron, the initial GI was low but increased over time, particularly with Sol that suggested its
contribution to ecotoxicity decrease.

The previous cultivation of M. pruriens followed by the subsequent cultivation of crotalaria
positively influenced the development of lettuce (Figure 7). GI was initially lower than Ref between
0 and 40 DAS but gradually increased until reaching 0.99 in Table 4. The growth rate (k) of the M.
pruriens treatment was also higher compared to Ref (0.0477 > 0.0264) in Table 4. Thus, the previous
cultivation of M. pruriens and C. ensiformis may have improved the soil's chemical, physical, and
biological attributes, which benefited the development of L. sativa seedlings. Furthermore, the
association between microbial inoculants and M. pruriens resulted in a higher growth rate (k = 0.0632)
in soil samples without tebuthiuron compared to M. pruriens alone (k = 0.0477). However, GI showed
the opposite pattern (ME = 0.99 > ME + TBT = 0.97), suggesting that microbial inoculation may reduce
the negative ecotoxicological impact of tebuthiuron.

To summarize, the germination index of L. sativa furnished significant information on the soil
ecotoxicity and the efficiency of phytoremediation processes. Herbicides like tebuthiuron can hinder
seed germination and seedling growth, but natural attenuation and microbial inoculation
(bioaugmentation) can mitigate these effects over time. The association of legume species, such as M.
pruriens and C. ensiformis, with microbial inoculants demonstrated positive effects in reducing
ecotoxicity in soil samples, which indicated the potential for effective phytoremediation strategies.
However, the complexity of interactions between plant species, microorganisms, and pesticides
warrants careful consideration in designing successful phytoremediation approaches for
contaminated soils.
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Figure 7. Kinetic development of the germination index of L. sativa in ecotoxicity bioassays in soil samples with tebuthiuron (TBT) and solid (Sol) or liquid (Liq) inoculants associated
or not with different plants, for both M. pruriens (MP) and C. ensiformis. (CE) from the Gompertz model.. Legend: The western and eastern hemispheres represent the different plants,
respectively, M. pruriens (MP) and C. ensiformis (CE). Ref - reference control soil without green manure and inoculants.
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The Impact of Soil-Herbicide-Plant-Microbe Nexus on Lettuce’s GI: A Deeper Understanding of
Bioremediation

The multivariate response analysis (Figure 8) conducted from 0 to 140 DAS supplies valuable
insights into the combined effects of tebuthiuron, green manure, and microbial inoculants on the L.
sativa germination index. The ecotoxicity bioassays indicated the influence by these three factors and
their interactions as a crucial role in determining the seed germination rate and seedling

development.
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Figure 8. Dynamics of random (tebuthiuron) and fixed (green manures - M. pruriens and C. ensiformis;
and microbial inoculants - liquid and solid) effects on the specific rate of germination index (GI) of L.
sativa in ecotoxicity bioassays on soil samples.

In association with green manure and inoculant, soil samples showed a less steep slope that
could be interpreted as a strong dependence between these factors. Thus, when green manure and
inoculant are combined, a synergistic contribution was presented in higher germination rates even
with herbicide presence (random effect). This association seems to have a positive impact, which
potentially mitigated the phytotoxic effects of tebuthiuron.

On the other hand, individual effects of each factor (green manure or inoculant) showed steeper
slopes. Hence, a lower dependence of them in influencing GI was demonstrated when compared to
the combined effect of green manure and inoculant. This result suggested that microbial inoculants
alone might not be sufficient to effectively reduce the phytotoxicity of tebuthiuron on L. sativa.
Similarly, the cultivation of green manure species alone might have a limited impact on mitigating
these negative effects of tebuthiuron.

However, the combination of potential phytoremediators and bioaugmentation provided a
more effective approach in reducing tebuthiuron damages in terrestrial ecosystems. The previous
cultivation of potential phytoremediators contributed to improving soil health and nutrient.
Additionally, the presence of microbial inoculants might have further enhanced the degradation or
dissipation of tebuthiuron, leading to improved ecotoxicity decrease.

Therefore, the multivariate response analysis highlights the importance of considering the
interactions between distinct factors in phytoremediation strategies. A comprehensive approach
combines potential phytoremediators and microbial inoculants, whose association lead to more
successful and efficient bioremediation outcomes. However, further research and field trials are
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necessary to validate and optimize these findings for real-world applications. Given the complexity
of soil ecology and the interactions between plants, microorganisms, and contaminants, careful
consideration is required in designing effective and sustainable bioremediation approaches.

3.5. Limitations and Directions to Improve the Credibility and Practicality of Phytoremediation

According to our results, it is essential to strengthen the credibility and practicality of
phytoremediation as a sustainable soil management technique. Therefore, future research should
consider the following aspects to develop new perspectives and supply a more comprehensive
understanding,

According to our results, it is essential to strengthen the credibility and practicality of
phytoremediation as a sustainable soil management technique. Therefore, future research should
consider the following aspects to develop new perspectives and provide a more comprehensive
understanding.

Firstly, field trials are essential to evaluate the effectiveness of these methods under real
conditions, considering soil variability and environmental factors. Long-term monitoring is crucial
to assess the sustainability and persistence of contaminants. Several plant species must be examined
to identify those that are best suited to specific pollutants and soil conditions, considering their
physiological characteristics and potential allelopathic effects. Furthermore, investigations into
multiple contaminants and realistic soil heterogeneity are needed to develop tailored remediation
approaches. Economic analyzes are vital to assess the cost-effectiveness of phytoremediation
compared to traditional methods. Lastly, a comprehensive microbial analysis is essential to
understand microbial community dynamics and identify the key taxa that drive contaminant
degradation, aiding in the design of efficient bioremediation strategies.

In this way, we can advance our understanding of the potential of phytoremediation as a more
practical and effective tool for the remediation of agricultural soils. Ultimately, this knowledge will
contribute to sustainable land management practices, minimize environmental impacts, and promote
healthier agricultural ecosystems.

Accordingly, we can advance our understanding of phytoremediation's potential as a more
practical and effective tool for remediating agricultural soils. Ultimately, this knowledge will
contribute to sustainable soil management practices, minimize environmental impacts, and promote
healthier agricultural ecosystems.

3.6. Future Perspectives

Advancements in research are expected to uncover new plant-microbe interactions that enhance
phytoremediation efficiency, offering possibilities for tailoring remediation approaches to specific
contaminants and environments. Genetic engineering shows potential for creating transgenic plants
with enhanced capabilities, though ecological risks and regulatory considerations must be carefully
evaluated. As global environmental concerns escalate, the practical application of phytoremediation
on a larger scale gains significance, necessitating consideration of regional variations and integration
with other remediation techniques. Urban and aquatic environments also stand to benefit from
phytoremediation, albeit with unique challenges and opportunities. Effective implementation will
require clear policies, collaborative efforts, public engagement, and trust-building initiatives to
ensure safe and successful adoption of this eco-friendly remediation method.

4. Conclusions

The study on biocatalytic phytoremediation of tebuthiuron-contaminated agricultural soil
highlighted promising findings regarding the potential of Mucuna pruriens and Canavalia ensiformis
for remediation. M. pruriens exhibited faster growth than C. ensiformis, indicating differences in their
phytoremediation capabilities. However, both plants were hindered in development by the presence
of the herbicide Tebuthiuron, although this phytotoxicity was mitigated and plant growth enhanced


https://doi.org/10.20944/preprints202409.1124.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 September 2024 d0i:10.20944/preprints202409.1124.v1

20

by microbial inoculants. Interestingly, solid inoculants proved more effective than liquid ones in
reducing phytotoxic effects and improving plant performance. Moreover, C. ensiformis showed a
greater reliance on bioaugmentation compared to M. pruriens, suggesting differing responses to
biodegradation enhancement strategies. Bioassays confirmed the adverse effects of tebuthiuron, but
these were alleviated through natural attenuation and bioaugmentation methods. Combining green
manure planting with microbial inoculants synergistically improved the decrease in ecotoxicity,
emphasizing the importance of comprehensive strategies for effective phytoremediation of pesticide-
contaminated soils. These findings underscore the significance of understanding plant-microbe
interactions and developing holistic approaches for successful remediation efforts, though further
research and field trials are warranted for practical application in real-world scenarios.
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