Int ti : ’ .
n. egr.a roe “gf) BIO|OQIC& Aid
Bioscience =
Nexus
Article

Efficient Removal of Paraquat by Rhizobium sp. Strain HRI101-4:
A Combined Affirmation Through In Vitro and In Silico Studies

Jui Biswas?, Shirmin Islam?, Suvro Biswas!, Md. Ariful Islam!, Mohammad Abdullah Taher? Pranab Karmaker? Md.
Salah Uddin?, Shahriar Zaman!, Md. Abu Saleh!*

IMicrobiology Laboratory, Department of Genetic Engineering and Biotechnology,
University of Rajshahi, Rajshahi-6205, Bangladesh

2Bangladesh Reference Institute for Chemical Measurements (BRiCM), Dr. Qudrat-i-
Khuda Road, Dhaka-1205, Bangladesh

* Correspondence: Md. Abu Saleh (saleh@ru.ac.bd)

Abstract: Soil microorganisms can respond to herbicides after exposure, with certain
bacteria capable of breaking them down and using the energy for growth. Herbicides
like paraquat (C12H14CI2N2), which inhibit plant photosynthesis, pose significant
environmental and health risks. In this study, an herbicide-degrading Rhizobacterium
was isolated from agricultural soil treated with paraquat. The strain was identified
through morphological and molecular techniques, and its growth was optimized at
35°C over 72 hours, with pH levels of 7 and 7.5. Spectrophotometric and HPLC
analyses revealed 99% paraquat degradation, reducing the concentration to 8.82
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Hamuoda ug/ml, with optimal degradation occurring at pH 4 and 30°C. The strain also
demonstrated tolerance to certain heavy metals and resistance to various antibiotics.
16S rRNA sequencing confirmed a 98% similarity to Rhizobium sp. strain HRI101-4,

Received: 2 May 2026 emphasizing its potential in mitigating paraquat pollution. Molecular docking

Revised: 12 June 2026 analysis was conducted to explore the binding interactions between five enzymes

Accepted: 15 June 2026 from Rhizobium sp. The binding affinities, indicated by docking scores, ranged from

Published: 05 July 2026 -7.3 for dehydrogenase to -5.2 for malate dehydrogenase. The analysis showed that

enzymes from Rhizobium sp. interact with paraquat in distinct manners, suggesting
a variety of binding affinities and interaction sites. This indicates that these enzymes
may influence paraquat's functions, potentially affecting its degradation activity.
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1. Introduction

In the era of agriculture, soil is one of the most crucial components of the ecosystem

and is also susceptible to contamination because it can be easily contaminated through

herbicides or pesticides. The application of herbicides in agricultural field can change
Copyright: © 2026 by the authors. the normal conditions of microorganisms which may induce the fertility of soil [1].
Herbicides interact with soil microorganisms, when they are administered in
Licensee BiologicaAid, Bangladesh. agricultural settings. As agriculture's reliance on herbicides and pesticides grows, so

does the concern about their damaging effects on soil microorganisms, which play a
This article is an open access article  vital role in both our agricultural sector and our ecology. Herbicides should be tested
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exertion of herbicides in the agricultural field is responsible for increasing the amount
of herbicides in the top layer of soil, which may be toxic for the next year's growing
crops and also responsible for inducing new genotypes that are weed-resistant [2].
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Whereas herbicides may be useful for controlling unwanted plants in the crop field, the long-term use of herbicides is not
preferable [3].

Paraquat, whose trade name is paraquat, is widely used as a non-selective and broad-spectrum herbicide. It is also
known as a quaternary ammonium bipyridyl compound (1, 1'-dimethyl-4, 4' bipyridylium dichloride) [4]. Paraquat has
been described as a chemical flamegun that kills plant parts above the ground without harming the roots. These actions
mostly destroy annual weeds, but deeper-rooted and rhizomatous weeds will sprout. It is a hypersensitive herbicide that
operates inside the chloroplast, converting photosystem-I (PSI) into electrons. Paraquat receives a single electron to form a
stable reduced cation radical. It interacts quickly with dioxygen to produce superoxide and catalyzes the creation of
superoxide. Superoxide is derived from water through photosynthetic electron transport. Superoxide dismutase (SOD), a
chloroplast superoxide dismutase, reacts with superoxide ions and cycles between Fe?* and Fe* to create hydroxy radicals.
This is achieved through the intermediacy of free iron peroxide [5].

Paraquat is mostly absorbed by soil for its ionic properties and for prolonging the chemical structure of the soil. The
presence of carboxylic and phenolic compounds in clay's organic matter enhances paraquat adsorption via cation exchange.
Furthermore, paraquat can be gradually dissolved by a variety of microorganisms or by breakdown mechanisms such as
hydrolysis, making it virtually invisible in both water and land environments [6]. Paraquat poisoning is a significant issue
for both the environment and public health in Asia [7]. Additionally, the use of herbicides contaminates soil and water,
which in turn contaminates agricultural products and food items, posing a risk to human health and having negative
consequences for the environment and public health [2]. Accepting the hazardous effects of paraquat residues on the
environment and humans, research on microorganisms that can digest paraquat is necessary. Microorganisms such as
fungi, bacteria, and yeast play an important role in the degradation of paraquat [4]. Bio-transformation of herbicides is
carried out by several microorganisms and herbicides that continue to exist or occur over a prolonged period can also be
broken down through herbicides-degrading microorganisms such as bacteria and fungi, which utilize them as a source of
nutrients and energy [8].

For the degradation of paraquat, a number of oxidoreductive enzymes have been investigated, including ferredoxin
reductase, dihydroxy acid dehydratase, and VirB8 [9,10]. In order to maximize the importance and interaction of protein
ligands, molecular docking and simulation are practical and affordable ways [11]. In Bangladesh, various pre- and post-
emergence herbicides like paraquat are widely used for controlling broadleaf weeds in leguminous crops. This herbicide
causes severe environmental pollution. The protection of the environment has become a major issue globally for the well-
being of the people and economic development. Herbicide biodegradation by existing nitrogen-fixing bacteria in root
nodules and the rhizosphere has gained attention among scientists. In the current work, Rhizobium sp., a type of bacteria
that breaks down herbicides, was isolated, recognized, and optimized from an agricultural area. After that, the commonly
used herbicide paraquat was subjected to bioremediation using enzymes from Rhizobium sp. for herbicide degradation. It
provides an innovative, economical approach for reducing herbicide toxicity by identifying and improving Rhizobium sp.
for paraquat breakdown and using molecular docking to investigate important oxidoreductive enzymes. This study, which
was carried out in Bangladesh, where paraquat use is common, emphasizes how Rhizobium sp. plays a dual role in
improving soil fertility and degrading herbicides, offering scalable alternatives for environmentally friendly farming
practices and sustainable agriculture.

The aim of the investigation was to establish a successful bioremediation plan for paraquat, with an emphasis on the
isolation and improvement of Rhizobium sp., a nitrogen-fixing bacteria that has the ability to both degrade herbicides and
improve soil fertility. Additionally, using molecular docking to investigate key oxidoreductive enzymes in order to unravel
the metabolic mechanisms underlying paraquat degradation.

2. Materials and Methods

In order to study nitrogen-fixing bacteria, soil samples were gathered on Jun 2, 2022, from the legume crop (Phaseolus
vulgaris L.) field located in Katakhali a district of Rajshahi (Latitude: 24.363685N, Longitute: 88.649201E). These samples
were carefully placed in polythene bags and subsequently transported to the laboratory. Additionally, the herbicide,
paraquat (Ci2H14CrN2: 1,1'-Dimethyl-4,4'-bipyridinium dichloride) was obtained from the local market and stored within
the laboratory.

2.1. Chemicals used

The paraquat used was a commercial paraquat (containing 276 g active ingredient/L of paraquat), bought from a
local store in Katakhali, Rajshahi. To evaluate the tolerance or resistance of bacterial strains by the use of paraquat as a sole
source of carbon, a YEMA without a carbon source is used. The composition of the medium (pH 7.0-7.2) was as follows:
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Manitol (10 g/L), KH2POx (.5 g/L), MgSO4 7H20 (0.2 g/L), Yeast extracts (0.5 g/L), NaCl (0.10 g/L), Agar (10 g/L). The media
was supplemented with paraquat and were used to test the tolerance or resistance of the one strain to Paraquat.
2.2, Bacteria strains

A single bacterial strain was selected to test its tolerance and degrading ability to paraquat. The strain was originally
isolated from legume crop cultivated in an agricultural field situated in Katakhali, Rajshahi. The selection was based on the
strain's nitrogen-fixing ability, which is a characteristic of rhizobia. To isolate the strain, soil samples were collected from
the root zone of leguminous plants, and serial dilutions of the soil were plated onto Yeast Extract Mannitol Agar (YEMA)
medium. The plates were incubated at 28°C for 48-72 hours. Nitrogen-fixing colonies were identified by their characteristic
growth and ability to form nodules on leguminous plants. The selection of the strain was based on its ability to fix nitrogen.
The selected strain is Rhizobium sp.

2.3 Preparation of inoculum

For preparing the inoculum, soil was collected from the legume crops field in Katakhali, Rajshahi. After collecting
the soil, we filtered it through filter paper and then inoculated it in LB liquid media containing 5.52 mg/ml of paraquat.
Finally, it was incubated for 16-18 hours at a temperature of 37 °C to prepare a mixed bacterial culture.

2.4 Enrichment and isolation of paraquat-degrading bacterium

A paraquat-degrading bacterium was isolated from the soil sample (which had likely been treated with paraquat for
almost 5 years to control unwanted plants) using LB agar media with various concentrations of paraquat. Paraquat was
used as a source of nutrients and energy for bacterial growth. After 36 hours of shaking, bacterial growth was observed in
the media containing paraquat, indicating that the bacteria present in the collected soil sample were capable of metabolizing
the herbicide. The isolation process was carried out as follows: one gram of paraquat-treated soil sample was suspended in
250 ml Erlenmeyer flasks containing 100 ml of LB liquid media. Control flasks without an inoculum were also prepared to
account for any abiotic disappearance of paraquat. The primary enrichment was shaken at 120 rpm for up to 3 days on an
orbital shaker. When the cultures reached adequate turbidity, they were used as a source of inoculum in subsequent
experiments. After that, the enrichment culture was streaked onto LB agar media supplemented with various
concentrations (2.76 pug/ml, 5.52 pg/ml, and 8.82ug/ml) of paraquat and incubated at 37 °C for 36 hours. Colonies were then
isolated and sub cultured for the present work.

2.5 Biochemical, and physiological characterization of the isolate

The biochemical characterization of the isolate was performed to check the purity of the nitrogen-fixing bacteria by
adding Congo red to the YEMA media. Physiological characterization of the isolate was conducted by measuring the
absorbance at 290 nm OD in an enriched medium with paraquat to determine the optimum temperature and pH at which
the isolate can effectively degrade paraquat. The isolated bacteria were grown at different pH levels (4-7) and temperatures
(25°C, 30°C, 37°C, and 40°C) to identify the most favorable growth conditions.

2.5.1 Antibiotic sensitivity tests of the isolates

Mueller-Hinton agar plates were used to assess the isolated bacterium's sensitivity to antibiotics using the disc
diffusion method. Antibiotic discs containing penicillin, amoxicillin, gentamicin, ciprofloxacin, ampicillin, kanamycin,
chloramphenicol, doxycycline, and erythromycin were prepared by spreading a bacterial suspension (0.5 McFarland
standard) on the agar. The plates were incubated for 18 to 24 hours at 37°C. The sensitivity or resistance of the bacterium
was then evaluated by measuring and comparing the inhibition zones surrounding the discs to CLSI criteria, which revealed
information about its antimicrobial profile [12].

2.5.2 Heavy metal resistance profile

The selected strain was tested for its resistance to various heavy metals, including lead nitrate (Pb(NOj3).), cadmium
chloride (CdCly), copper chloride (CuCly), sodium arsenite (NaAsO.), and mercury iodide (Hgl»). Stock solutions of these
heavy metals were prepared at concentrations of 2, 4, 6, 8, and 10 nM. The bacterium was exposed to these concentrations
to assess its tolerance and resistance capabilities. This method helps evaluate the strain’s ability to withstand and potentially
detoxify harmful heavy metal ions, providing insight into its resilience in polluted environments.

2.5.3 Salt tolerance test

The test was performed using 2% NaCl in YEMA basal medium to evaluate the growth of the isolate. Certain
rhizobial isolates are sensitive to high salt concentrations, and the presence of 2% NaCl helps assess their growth inhibition,
which is valuable for identifying the antioxidant capacity of intact cells. This method is also effective for isolating salt-
tolerant bacteria, as those capable of surviving and growing in this saline environment are classified as salt-tolerant strains.
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The ability to thrive in high-salt conditions indicates the bacterium's resilience and potential for applications in saline
environments.
2.5.4 Antioxidant capacity of intact cells

Intact cells were prepared by centrifuging a freshly prepared broth culture at 10,000 rpm for 10 minutes after
incubating for 24 hours. The resulting cell pellet was resuspended, and the cell density was adjusted to 108 CFU/ml using a
0.85% saline solution and the McFarland 0.5 standard. The optical density (OD) of the cell suspension was then measured
using a GENSYS 10S UV-VIS Thermo Scientific spectrophotometer. To determine the antioxidant activity, an equation was
applied to calculate the percentage of antioxidant scavenging. The scavenging rate of SNKUII was calculated using the
following formula: Scavenging rate of SNKUII (%) = [1-(0.396-0)/0.282]X100%.
2.5.5 Screening of hemolytic activity

Rhizobium bacterial cultures were grown overnight in appropriate liquid medium and then streaked onto Nutrient
Agar (NA) plates supplemented with 4% sheep blood agar base (HiMedia Laboratories, Mumbai, India). The plates were
incubated at 37°C for 48 hours. After incubation, the presence or absence of hydrolysis zones around the bacterial colonies
was observed and recorded. The results were classified into three types of haemolysis: a-haemolysis, characterized by
partial hydrolysis and the formation of green zones around the colonies; -haemolysis, which showed complete hydrolysis
with clear zones around the colonies; and y-haemolysis, where no change in the medium occurred, indicating no hydrolysis.
2.6 Molecular analysis

The genomic DNA of the pure bacterial isolate was extracted. A single colony of the bacteria was suspended in 20
pL of TE buffer (Tris EDTA) and processed in a thermo cycler at 95 °C for 10 min. At 6000 rpm for (2-3 min), the sample
was centrifuged, and the resulting supernatant was used as a DNA template. The 165 rRNA present in the extracted
template DNA was then amplified. Polymerase chain reaction (PCR) was carried out by using universal reverse and
forward primers, namely, 1492R (50- GGCTACCTTGTTACGA-30) and 27F (50 -GAGTTTGATCCTGGCTCAG-30).
Conditions for PCR were set as follows: Initial denaturation at 94 °C for 2 min followed by thirty cycles of denaturation at
94 °C for 1 min, annealing at 50 °C for 1 min, followed by extension at 72 °C for 1.5 min and the final extension at 72 °C for
5 min. After the completion of PCR, the amplified PCR products were sent for 165 rRNA sequencing through a commercial
sequencing service of Invent Dhaka, Bangladesh. The homology of the 16S rRNA gene sequences was checked with the 165
rRNA gene sequences of other organisms using the BLASTN (http://www.ncbi.nih.gov/BLAST) algorithm. The

phylogenetic tree was constructed through NCBI BLAST.
2.7 Determination of paraquat degradation using HPLC

To ascertain the amount of paraquat in the bacterial culture, a needed amount of (276 g/L) paraquat was added to
100 mL of the bacterial culture. Before placing the bacterial culture with paraquat into the shaker to promote bacterial
growth, 3 mL of culture was removed from the conical flask for OD measurement at 0 hours, with the specified wavelength
being 290 nm. This sample was preserved in the refrigerator. Similarly, a 3 ml sample was extracted after 24 hours and 48
hours of incubation. The samples from various shaking hours were then prepared for HPLC analysis. A 10 uL aliquot
sample was injected into the XTerraP18 chromatography column (150 mm x 4.6 mm). Triethylamine-phosphate buffer
solution (approximately pH 2) and sodium heptane-acetonitrile-water (1.82 g/50 mL/450 mL) were used as the mobile
phase. The flow rate was set at 1 ml/min with a column temperature of 25 °C (room temperature). The peak was detected
at 290 nm. The sample ran completely for 20 minutes, but the separation was completed within 7.5 minutes.
2.8 In-silico analysis
2.8.1 Preparation of ligand and proteins

The PubChem database was used to retrieve the three-dimensional structure of paraquat [13]. The three-dimensional
structures of enzymes involved in the degradation of the herbicide paraquat by Rhizobium sp. were retrieved from the
Protein Data Bank [14]. Five enzymes-Dehydrogenase, Nitrogenase, Nitrate Reductase, Glutamate Dehydrogenase, and
Malate Dehydrogenase were chosen for their close association with the paraquat degradation pathway. Using Pymol, the
structure's water and heteroatoms were cleansed. In order to create images of biomolecular structures, PyMOL is frequently
utilized [15].
2.8.2 Molecular docking

Molecular docking of all identified compounds in the bacteria was performed using the AutoDock Vina software.
The ligands were converted into PDBQT format, and the grid box center and size were set to (X: 50.33 A, Y:67.27 A, Z: 59.25
A) and (X: 26.29 A, Y: 12.60 A, Z: 58.94 A), respectively [16-18]. The exhaustiveness was set to 8, with the total number of
steps, update steps, and energy difference for the ligands adjusted to 200, 1, and 0.1, respectively, using the universal force
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field and conjugate gradient algorithms. Docking was performed with PyRx (version 0.8), while Discovery Studio (version
3.0) [19] and PyMOL (version 2.3) [20] were used for analyzing binding interactions.
3. Results
3.1 Physiological characterization

To determine the optimum temperature and pH at which bacteria could degrade paraquat effectively, different
temperatures (25°C, 30°C, 37°C, and 40°C) and pH levels (2, 3, 4, 6, 7) were used. From the study, we found that the isolate
Rhizobium sp. can effectively degrade paraquat at pH 4 and a temperature of 30°C (Table 1). The goal of the optimization

was to establish the most favorable conditions for degradation through the isolated bacterium.

Table 1: Role of pH on degradation of paraquat by isolated bacterium. Data was recorded at 290nm.

pH 0 hour 24 hours 48 hours 72 hours
2 0.803+0.006 0.780+0.004 0.774+0.001 0.651+0.007
3 0.794+0.005 0.747+0.002 0.739 +0.004 0.597+0.002
4 0.78+0.002 0.710+0.005 0.656+0.030 0.539+0.001
5 0.844+0.003 0.787+0.003 0.731 +0.001 0.573+0.003
6 0.858+0.002 0.806+0.011 0.741x0.002 0.68 +0.005
7 0.890+0.003 0.806+0.011 0.759+ 0.004 0.694+0.005

3.2 Biochemical characterization
3.2.1 Congo red test
Biochemical tests of the isolate were done using Congo red test, and the result was positive.
3.2.2 Heavy metal resistant profile
In the heavy metal resistance test, the isolated bacterium showed resistance to Cd, Pb, Cu, As, and it showed
susceptibility to Hg (Table 2).
Table 2: Heavy metal resistant profile of isolated bacterium.

Heavy metal Cd Pb Cu As Hg
2 2 2 2 2
4 4 4 4 4
Concentration (mM) 6 6 6 6 6
8 8 8 8 8
10 10 10 10 10
Result R R R R S

3.2.3 Salt tolerance
The isolated bacterium showed a positive result in the salt tolerance test. It was capable of growing in the 2% salt-

enriched agar media (Figure 1).

Figure 1: Salt tolerance test of isolated | Figure 2: Hemolytic test of

bacterium isolated bacterium.
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3.2.4 Antioxidant capacity of intact cells
The result of the antioxidant test shows a positive result. The isolated bacterium can produce antioxidants at nearly

50%. Calculations for each strain and the equation are shown below. Scavenging rate (%) = [1-(Asample-Ablank)/Acontrol]
x100% 1. Scavenging rate of SNKUII (%) = [1-(0.396-0)/0.282]X100% = -40.4% 2. Scavenging rate of SNKUI (%) = [1-(0.143-
0)/0.282]X100% = 49.3%.

3.2.5 Blood agar test
In the blood agar test, it indicated that gamma hemolysis occurred. Gamma hemolysis is the third type of hemolytic

reaction. It refers to the non-destruction of red blood cells, which is due to the absence of hemolysin. Organisms do not
produce hemolysin enzymes that are essential for the breakdown of red blood cells (Figure 2).

3.2.5 Antibiotic sensitivity test
In this research, nine antibiotic discs (penicillin, amoxicillin, gentamicin, ciprofloxacin, ampicillin, kanamycin,

chloramphenicol, doxycycline, and erythromycin) were used to test the antibiotic sensitivity of the isolated bacterium. The
result showed that the bacterium was susceptible to gentamicin, ciprofloxacin, chloramphenicol, and doxycycline, and
resistant to penicillin, amoxicillin, ampicillin, kanamycin, and erythromycin.
3.3 Molecular identification

To identify the isolated paraquat-degrading bacterium, the 16S rRNA gene of the strain was amplified by PCR and
sequenced. After gene sequencing and editing of the sequence, it was checked against16S rRNA gene of other organisms
that had already been submitted to the NCBI GenBank database. Several sequences were found for the isolate and it showed

98% similarity with Rhizobium sp. strain HRI101-4.
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Figure 3: Quantification of the degradation rate of paraquat using reverse-phase high performance liquid chromatography
(RP-HPLC). Chromatogram of RP-HPLC for the detection of paraquat absorbance at 0 hour to 48 hours compared with the
Standard Tech Grade. The x-axis shows the time and y-axis shows the absorbance intensity at 290nm. Here, A indicates
standard, B indicates 0-hour, C indicates 24 hours and D indicates 48 hours sample.

3.4 HPLC quantification of the degradation rate by the isolated bacteria
Several chromatographic methods have been used worldwide to detect the pesticide degradation efficiency of

bacteria. Here HPLC has been used to determine the quantity of paraquat. For this reason, standard paraquat (99% pure)
was run in the RP-HPLC and the peak of the herbicide was detected at 7.5 min, indicating that it indicated that the retention
time is 7.5 min. Later, a preserved sample from Day 0 to Day 3 shaking was run through a column in an RP-HPLC. Three
different samples (0 hours, 24 hours and 48 hours) were compared to the standard sample. The standard sample gave the
highest peak at 7.5 min, and gradually the peak became lower with the increasing time of incubation (Figure 3) indicating
the regular degradation of paraquat by the isolated bacterium.
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3.5 Molecular docking study

A molecular docking analysis was performed to examine the binding interactions between paraquat and five
enzymes from Rhizobium sp. The docking score for paraquat with dehydrogenase was -7.3, where paraquat established
seven hydrophobic interactions at THR:17, ASP:32, VAL:163, LYS:33, VAL:133, and ASP:176 (twice) positions [ Table 3 and
Figure 4 (A, B, C)]. For nitrogenase, the docking score was -6.5, with paraquat forming eight hydrophobic bonds at ALA:
460 (three times), ALA: 457, TYR: 464, ARG: 425, ILE: 421, and GLU: 463 positions [Table 3 and Figure 4 (D, E, F)]. In the
case of glutamate dehydrogenase, the docking score was -6.0, and paraquat created seven hydrophobic bonds at ASP:355,
LEU:356, THR:166, VAL:167 (twice), and PRO:136 (twice) positions [Table 3 and Figure 4 (G, H, I)]. The docking score for
nitrate reductase was -5.9, where paraquat formed six hydrophobic bonds at ALA: 452, GLU: 68, LEU: 71, VAL: 451 (twice),
and PRO: 70 positions [Table 3 and Figure 4 (J, K, L)]. Lastly, for malate dehydrogenase, the docking score was -5.2, with
paraquat forming five hydrophobic interactions at THR: 77, VAL: 13 (twice), HIS: 175, and ASN:120 positions [Table 3 and
Figure 4 (M, N, O)].
Table 3: Non-covalent connections of paraquat and enzymes of Rhizobium sp. as well as their binding connections by
hydrophobic bond. The relationship distance was calculated in A.

Ligand Protein Amino acid Bond types Distance (A) Docking score
residues (Kcal/mole)
THR:171 Hydrophobic 3.14
ASP:32 Hydrophobic 3.41
VAL:163 Hydrophobic 3.57
Paraquat Dehydrogenase LYS:33 Hydrophobic 4.43 -7.3
(CID_15939) VAL:133 Hydrophobic 3.55
ASP:176 Hydrophobic 3.76
ASP:176 Hydrophobic 3.47
ALA:460 Hydrophobic 4.85
ALA:457 Hydrophobic 3.83
ALA:460 Hydrophobic 4.51
Paraquat Nitrogenase ALA:460 Hydrophobic 5.03 -6.5
(CID_15939) TYR:464 Hydrophobic 4.39
ARG:425 Hydrophobic 4.48
ILE:421 Hydrophobic 3.68
GLU:463 Hydrophobic 3.03
ASP:355 Hydrophobic 3.50
LEU:356 Hydrophobic 3.69
Paraquat Glutamate THR:166 Hydrophobic 3.54
(CID_15939) dehydrogenase VAL:167 Hydrophobic 4.60 -6.0
VAL:167 Hydrophobic 4.99
PRO:136 Hydrophobic 5.28
PRO:136 Hydrophobic 4.14
ALA:452 Hydrophobic 5.18
GLU:68 Hydrophobic 3.73
Paraquat Nitrate reductase LEU:71 Hydrophobic 4.59
(CID_15939) VAL:451 Hydrophobic 3.96 -5.9
VAL:451 Hydrophobic 3.90
PRO:70 Hydrophobic 5.47
THR:77 Hydrophobic 3.33
Paraquat Malate VAL:13 Hydrophobic 3.70 -5.2
(CID_15939) dehydrogenase VAL:13 Hydrophobic 5.33
HIS:175 Hydrophobic 3.57
ASN:120 Hydrophobic 3.51
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Figure 4: The molecular docking analysis of paraquat with enzymes from Rhizobium sp. is presented. Here, A, B, and C
illustrate the Cartoon view, 2D view, and surface view of paraquat interacting with the dehydrogenase enzyme,
respectively. Similarly, D, E, and F show the Cartoon view, 2D view, and surface view of paraquat with the nitrogenase
enzyme. G, H, and I depict the Cartoon, 2D, and surface views of paraquat binding with the glutamate dehydrogenase
enzyme. K, and L correspond to the Cartoon, 2D, and surface views of paraquat docking with the nitrate reductase enzyme.
Finally, M, N, and O show the Cartoon, 2D, and surface views for paraquat's interaction with the malate dehydrogenase
enzyme.

4. Discussion

The widespread application of herbicides paraquat in agriculture has raised significant environmental concerns due
to its persistence in soil and potential toxicity to living organisms [21,22]. This study explores the capability of Rhizobium
sp. strain HRI101-4 to degrade paraquat through in vitro and in silico analyses, providing insights into its potential for
sustainable agricultural practices.

The isolation and identification of Rhizobium sp. HRI101-4 from Aroxan-treated soils underline the adaptive
responses of soil microorganisms to agrochemical stress. The strain demonstrated efficient paraquat degradation, reducing
the concentration by 99% under optimized conditions (pH 4, 30°C), as quantified through HPLC analysis. This aligns with
previous studies where bacterial strains such as Pseudomonas putida and Enterobacter cloacae exhibited significant herbicide-
degrading capabilities [22,23]. The optimization of environmental parameters in this study corroborates the critical role of
pH and temperature in enhancing microbial degradation efficiency [24]. The enzymatic activity, along with the observed
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substrate specificity, strongly indicates the involvement of key metabolic pathways dedicated to the breakdown of complex
compounds. These findings align with previous studies that underscore the role of microbial enzymatic systems in
degrading structurally similar pollutants [25,26]. The observed degradation efficiency suggests that the strain harbors
enzymes capable of targeting specific bonds within the substrate, contributing to its rapid breakdown.

The physiological resilience of Rhizobium sp. HRI101-4, including its tolerance to salt, heavy metals (Pb, Cd, Cu, As), and
acidic conditions, positions it as a robust candidate for field applications in diverse agroecological zones. These findings
are consistent with earlier reports that highlight the importance of such traits in microbial bioremediation strategies [27].
The strain’s ability to produce antioxidants further supports its adaptation to oxidative stress induced by paraquat, as
documented in studies on antioxidant-producing bacteria in contaminated environments [7].

The molecular docking analysis provided mechanistic insights into the degradation process. Key enzymes,
including dehydrogenase and nitrogenase, exhibited strong binding affinities with paraquat, as evidenced by docking
scores ranging from -7.3 to -5.2 kcal/mol. These interactions involve hydrophobic bonding and stabilize the enzyme-
substrate complexes, suggesting specific pathways for paraquat degradation. Similar findings have been reported in
enzymatic studies on pollutant degradation, where oxidoreductive enzymes catalyze the breakdown of complex
compounds [26,28].

The dual role of Rhizobium sp. as a nitrogen-fixing bacterium and a herbicide degrader highlights its potential for
sustainable agriculture. By mitigating paraquat residues, this strain not only reduces environmental toxicity but also
supports soil fertility, which is crucial for crop productivity. This is particularly relevant in regions like Bangladesh, where
paraquat is extensively used, leading to severe environmental pollution [6]. Despite promising results, this study has
limitations. The degradation pathway of paraquat was inferred through molecular docking without direct experimental
validation of intermediate metabolites. Future studies should include metabolomic profiling to elucidate the complete
degradation pathway. Additionally, field trials are necessary to evaluate the strain’s performance under real-world
conditions and its impact on native soil microbiota.

5. Conclusion

To understand the plausible mRNA expression, prognosis, and mutational effects on the development of different
types of cancer regarding NF1, we combined multiple bioinformatics approaches to explore the role of NF1 in cancer
development. This study revealed that lower expressions of NF1 were observed specially in BRCA and KIRC. The lower
expression of NF1 may be responsible for the higher mutation trend in NF1. These expression patterns of the NF1 gene in
cancer cells impact cancer progression across different ethnicities, gender, and cancer stages along with methylation
patterns. Additionally, network pharmacology and NF1-related pathway analysis demonstrates it signaling role as well as
tumor progression due to the abnormal signaling of NF1. Therefore, the immune infiltrations in BRCA, LUAD, KIRC, and
LIHC were also explored for six different cell types. Overall, the findings of this study will further assist researchers to
assess invasive mechanisms, tumor development, and therapeutic drug discovery for cancer patients.
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