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Biosurfactant-producing bacterial isolate can bioremediate heavy metals. The major objective was to understand the
role of Bacillus paramycoides NT001 and its biosurfactant to bioremediate copper (Cu). In silico, studies were also
performed to explore the role of the different genes responsible for the Cu remediation. The ability of biosurfactant
production was confirmed by analyzing surface tension and the emulsification index. Fourier transmission infrared
spectroscopy and liquid chromatography-tandem mass spectrometry analysis identified the extracted biomaterial as
surfactin type of biosurfactant. The in silico analysis revealed the close evolutionary relatedness of the thioesterase
domain protein, an integral component in the non-ribosomal peptide synthetase cluster amongst Bacillus species.
Furthermore, a similar closeness amongst Bacillus species was present when Cu-exporting P-Type ATPase protein,
responsible for Cu bioremediation, was phylogenetically analyzed. The atomic absorption spectroscopic and energy
dispersive X-ray spectroscopic studies confirmed that the surfactin biosurfactant could reduce the Cu from the
contaminated soil. Following treatment, the percentage of Cu reduction was roughly 51.72%. This synergistic activity

of the bacteria and the surfactin biosurfactant can be a future module for bioremediation of Cu -contaminated soil.

1. INTRODUCTION

Heavy metal contamination of soil, particularly Copper (Cu)
accumulation, represents a significant environmental concern due
to its persistence, toxicity and potential for bioaccumulation [1]. Cu
is the 25™ most prevalent metal in the crust of the Earth. This metal
is frequently found at high levels in textile effluent water, and this
poses significant ecological and health risks due to its toxicity [2].
It is considered a vital micronutrient necessary for the growth and
development of plants. Although Cu is an essential micronutrient
required for the plant and microbial metabolism, excessive Cu present
in the soil can be hazardous and extremely poisonous to humans,
animals, flora, and microbiota [3]. Industrial activities, including textile
processing, contribute substantially to Cu discharge into surrounding
environments, leading to long term soil contamination [4].

Conventional approaches, such as biological, chemical, and physical
techniques are often employed to remove Cu from wastewater, but
are often inadequate to decrease the toxicity in soil [5]. Consequently,
biological approaches, particularly microbial bioremediation, have
gained attention as sustainable and environmentally compatible
alternatives. Among them, using biosurfactants to remediate heavy
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metals is an eco-friendly and practical way to get clean soil [6].
Numerous microorganisms generate these biosurfactants that have
surface-active properties [7]. These amphiphilic biomolecules,
produced by a variety of bacteria such as Bacillus, Pseudomonas 8], and
Gordonia [9], reduce surface and interfacial tension, form micelles,
increase metal mobility, and aid in biodegradation processes [8-10].
These biosurfactants cause hydrocarbons to pseudo-solubilize by
forming micelles [9]. Toxic contaminants, including Cu, lead (Pb),
chromium (Cr), cadmium, and others, are broken down by these
biologically generated surfactants. The process of metal remediation
and the creation of the biosurfactant-metal complex are extensively
reported by microorganisms, and also by similar complexes [9].
These bioactive molecules are primarily characterized by low
toxicity, ecological acceptability, and high biodegradability, making
them viable substitutes for chemically manufactured surfactants and
active in metal reduction/removal. The biosurfactant [10] extracted
from the Bacillus cereus strain NWUABO1 formed a complex with
metal and reduced cadmium (Cd), Pb, and Cr [11] from polluted sites
contaminated with oil.

The non-ribosomal peptide synthase (NRPS) gene involved in
the synthesis of a lipopeptide biosurfactant “surfactin,” showcase
the presence of thioesterase domain protein (SrfTE) and the Cu-
exporting P-type ATPase (CopA). CopA is reported responsible for
Cu metal bioremediation [12]. The SrfTE domain plays a crucial
role in biosurfactant activity by facilitating chain termination,
macrocyclization, and the release of surfactin. SrfTE domains are
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highly conserved and often used as representative markers in partial
cluster analyses [13,14]. Surfactin enhances metal desorption,
solubilization, and soil mobility [15,16]. The CopA performs vital
functions in the translocation of Cu [Cu(I)] ions across the cell either
for the biosynthesis of Cu proteins or detoxification of the Cu ions from
the surroundings [17]. Both proteins have distinct pathways within
bacterial cells [18]. Bacteria possessing these two genes can be used
for bioremediation of effluent sites by removing metal contamination
caused by various metals, such as Cu, zinc, and cadmium [19].
However, studies integrating the genomic identification of these
determinants with experimental validation of soil-level Cu reduction
are limited.

Therefore, the present study is aimed (i) to characterize the
biosurfactants produced from Bacillus paramycoides strain NT001
isolated from Cu contaminated soil, (ii) evaluate the Cu remediation
in soil, and (iii) investigate the presence of the gene NRPS associated
StfTE domain, and CopA ATPase, genes to establish the genetic
potential underlying biosurfactant production underlying biosurfactant
production and Cu tolerance.

2. MATERIALS AND METHODS
2.1. Chemicals

Chemicals, reagents, and solvents were purchased from Himedia
Laboratories Private Limited (Mumbai, Maharashtra, India) and Sisco
Research Laboratories Pvt Ltd. (SRL, Mumbai, Maharashtra, India).
Standard Surfactin (90% purity) and Dimethyl sulfoxide d6 were
procured from Sigma-Aldrich (St. Louis, MO, USA). Crude oil was
purchased from the fuel pump station. The chelating agent diethylene
triamine penta acetic acid (DTPA) (Sigma) was utilized exactly as
supplied. The study’s metal-containing soils were procured from the
contaminated location in Sanganer, which were air-dried for a month
before being sieved through a 2 mm screen. Typical studies were
carried out with a batch solution volume (V) of 100 mL in 125 mL
glass Erlenmeyer flasks.

2.2. Microorganism

The novel bacterial strain considered for this study was isolated from
the textile industry-contaminated soil from Sanganer (Latitude 26.7° N
and Longitude 75.7°E), Jaipur, Rajasthan [19,20].

2.3. Culture medium

The bacterial isolate was isolated [20], using serially diluted effluent
contaminated soil (1 g) using modified minimal salt media [MSM]
supplemented with 1% diesel as a carbon source. The media was
composed of 3.6 g/l of NaHPO,; 1 g/l of (NH,),SO,; 1 g/L of
KH,PO,; 1 g/L of MgSO,-7H,0; 0.01 g/L of Fe(NH,) citrate; 0.1 g/L of
CaCl,-2H,0; 0.1 g/L of yeast extract; and 20 g/L of glucose. Along with
0.1% of the trace element stock solution, it was added. The trace element
solutions consisted of g/l ZnSO,-7H,0; 3 ug/L MnCl-4H,0; 1 ug/L
CoCl,. 6H,0; 2 ug/LNiCl,-6H,0; 3 ug/L Na,MoO,-2H,0; 30 ug/H,BO;
and 1 pg/L CuCl,-2H,0. The pH of the medium was adjusted to 6.8 and
it was incubated at 37°C and 120 rpm in an incubator for 7 days. The
microorganism was streaked over nutrient agar media to isolate the pure
cultures, which were then cultured for 48 h at 37°C[21]. Later, the cultures
were maintained on nutrient agar. It was identified as B. paramycoides
strain NT0O1, with National Centre for Biotechnology Information
(NCBI) Accession number MK613839. This identification was based on
the similarity with B. paramycoides strain MCCC 1A04098 (Accession
number NR 157734.1), which served as the reference sequence for

performing basic local alignment search tool (BLAST) and phylogenetic
analysis using the consensus sequence generated from 16S ribosomal
ribonucleic sequencing [Figure S1][19,21].

2.4. Bacterial growth assessment and biomaterial biosurfactant
production by B. paramycoides strain NT001

A loopful from a fresh culture of B. paramycoides NTO001
[Figure S2a] grown on nutrient agar was inoculated into nutrient broth
and incubated at 37°C and 150 rpm for 3 days. The bacterial growth
analysis was performed by the gravimetric method by measuring
the biomass of the bacterial culture. The cultures were retrieved
as pellets after every 24 h by centrifugation for 15 min. at 4°C and
10,000 rpm. This process was continued for 3 days. The pellets were
further dried in the oven and weighed for assessment of biomass. The
supernatant underwent acidification to pH 2 using 6 N HCI, followed
by overnight chilling treatment at 4°C for precipitation of the crude
biosurfactant [Figure S2b]. Chloroform and methanol were used in
the ratio 65:15 (v/v) and shaken vigorously in a separating funnel for
liquid-liquid separation [Figure S2c]. Finally, the partially purified
biosurfactant was dried at 40°C in a rotary evaporator and later
stored at 4°C. The net weight (g/L) was measured and subsequently
characterized to comprehend the key features of the biosurfactant [20].

2.5. Physico-chemical characterization of biosurfactant-
producing bacteria

2.5.1. Emulsification

The activity of emulsification of B. paramycoides NT001 was verified
using diesel. In this test, 2 mL cell-free supernatant was added to the
same amount of diesel and vortexed for 1 min, and allowed to stand
for 3 days. After every 24 h of the period, the height of the emulsion
and the total height were measured. The emulsification index (E,,) was
computed by multiplying the ratio of the emulsion layer height to the
overall height by 100 [21].

2.5.2. Surface tension
The surface tension of the cell-free supernatant of B. paramycoides
NTO001 grown for 24, 48, and 72 h was measured using a tensiometer
(Drop shape analyzer-DSA25, KRUSS) to verify its ability to reduce
the surface tension [22].

2.5.3. Critical micelle concentration (CMC) of biosurfactant
The CMC extracted biosurfactant of B. paramycoides NT001 was
analyzed by the pendant drop method using a Goniometer (Dataphysics
OCA 15EC). To measure the CMC, concentration variables of different
dilutions were prepared, and their interfacial tension was noted. The
breakpoint of interfacial tension and biosurfactant concentration was
used to analyze the CMC of the material [20].

2.5.4. Particle size and zeta potential estimation of biosurfactant
To measure the particle size and electrokinetic potential of the extracted
biosurfactant of B. paramycoides NT001, the crude biosurfactant
suspension was filtered through a 0.22 mm filter. An Anton Paar
Litesizer 500 was used to analyze the size and charge of the extracted
biosurfactant [20].

2.6. Characterization to understand the chemical nature and
type of biosurfactant

2.6.1. Fourier transmission infrared spectroscopy (FTIR)
The chemical composition of the recovered biosurfactant of
B. paramycoides NT001 through KBr pelleting was evaluated using
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FTIR spectroscopy. An FTIR spectroscope (Bruker Optics, Ettlinger,
Germany, Model Alpha-T with Eco ATR) was used to analyze a fine
dry powder made from 1 mg of the dried crude biosurfactant and
100 mg of KBr powder between 4,000 and 400 cm™' [20].

2.6.2. Triple quadrupole liquid chromatography-tandem mass
spectrometry (LC-MS/MS)

The LC-MS/MS analysis was performed using an Agilent 6470 triple
quadrupole system. Instrument parameters were set at 300°C gas
temperature, 10 L/min sheath gas flow, 3,500 V capillary voltage, 30
psi nebulizer pressure, and a mass range of 100—1,200 m/z in positive
ion mode. Eluent A (water) and Eluent B (methanol) were used in
a gradient program as described previously [21]. A primary stock
solution of surfactin standard (1 mg/mL) was prepared and serially
diluted to obtain a 7-point calibration curve within the linear range
of 5-500 ng/mL. All calibration standards were freshly prepared in
methanol. The reported concentrations represent back-calculated
values after applying dilution factors. Before LC-MS/MS analysis,
the biosurfactant sample extracted from strain NT001 was filtered and
diluted appropriately in methanol and sonicated for 30 min to ensure
complete solubilization. It was to ensure that measured biosurfactant
concentrations fell within this calibration range [22].

2.6.3. Nuclear magnetic resonance (NMR) of the biosurfactant
For structural characterization, the polymer samples were dissolved in
deuterated chloroform, and was analyzed using a 400 MHz '"H NMR
spectrometer (Bruker 400 MHz) [23].

2.7. Bioremediation of Cu present in textile effluent-

contaminated soil

2.7.1. Methodology

These biosurfactants form micelles and cause hydrocarbons to pseudo-
solubilize [9]. These naturally occurring surfactants facilitate the
degradation of harmful contaminants found in wastewater, including
Pb, Cu, Cr, Cd, and many more. A 24-h culture of B. paramycoides
NTO001 (optical density 0.8-1.0 and a colony-forming unit of 10%-
10'%) was added to the polluted soil (5 kg each for different sets),
appropriately mixed, and allowed to dry in the sun for 10 days. This
procedure was carried out twice. The same soil was further treated
using a crude biosurfactant derived from the bacterial isolate NT0O1.
Normal garden soil was also used in this experiment as a positive
control (pH 6.9-7.5 and organic matter 3—6%).

2.7.2. Elemental profiling and quantification of Cu

The dehydrated samples were also analyzed using energy-dispersive
X-ray spectroscopy (EDX), AMTEX, USA, and the EDX APEXTM
V1.3.1 algorithm at 20 kV. The samples were placed on carbon
tapes and given a gold coating for 30 s before being studied by a
field emission scanning electron microscope, JEOL manufacturer
JSM-7610FPlus, Japan, working at 5 kV. Using EDX, the elemental
composition of the soil was ascertained.

Quantification of Cu in contaminated and treated soil was initiated by
pretreatment as per the protocol of the DTPA extraction method [24].
A total of 5 kg of soil from both sets was separately combined with
DTPA, agitated for 2 h, and filtered. To estimate the amount of Cu
present in the soil samples, the filtered soil samples from both sets
were digested and diluted for further use during quantification.
They were measured using a Photon K lamp and a Flame Atomic
Absorption Spectrometer (AAS-ECIL manufacturing company).
Before the commencement of the experiment, all calibrations using
standard solutions were completed [20]. The initial concentration of

Cu in the contaminated soil, as well as the remediated soil sample after
treatment with bacteria NT001 and its biosurfactant, was calculated
after calculating the Cu mass balance [13,14]. The mass of the soil
multiplied by the original concentration of the Cu yielded the initial
mass of Cu. Using the final concentration, the remaining mass of Cu
following treatment was further computed. The amount of Cu liberated
(removed) into the DTPA extracts was indicated by the difference
between the initial and residual mass. The original mass is equal to
the sum of the released and remaining mass, according to the mass
balance. Finally, the percentage of Cu reduction relative to the starting
mass of Cu in the contaminated soil was computed [25].

2.7.3. Bioinformatic study of NRPS and CopA in B. paramycoides
NTO001

Phylogenetic analysis was performed to determine the evolutionary
placement of the strain NTO01 within the genus and assess the
relatedness to reference B. cereus complex. To elucidate the
phylogenetic relatedness and homology of the thioesterase domain
(SrfTE) within the NRPS cluster of closely related Bacillus species,
an in silico analysis was conducted for the biosurfactant-producing
bacterial strain B. paramycoides NT001 [15,26]. The isolate studied
for the present investigation, B. paramycoides NTO001, lacks the
availability of an assembled or annotated whole genome. Therefore,
full operon-level analysis (srfA-A, srfA-B, stfA-C, srfA-D) could not
be performed. The SrfTE domain was chosen for this study as it is
essential for producing mature surfactin [16,17] and also helps predict
biosurfactant-mediated remediation potential [27].

Search phrases and the Boolean operator “NRPS AND bacillus” were
used to extract protein sequences from the NCBI database. Multiple
sequence alignment and UniProt were used to gather amino acid
sequences using CLUSTAL-W Omega software [28]. Representative
NRPS protein sequences were retrieved from the NCBI database based
on the highest similarity to the NTO01 NRPS cluster and functional
annotation. Redundant and partial sequences were excluded to ensure
accurate phylogenetic comparison. The analysis involved 11 amino
acid sequences for the thioesterase domain, respectively.

MEGA 11 software version 11.0.13 was used to perform multiple
sequence alignment for these proteins [29]. An evolutionary
cladogram [Figure 1a] for the thioesterase domain of NRPS and the
CopA was created. The method for alignment was performed using
CLUSTAL-W Omega software [28]. Furthermore, a phylogenetic
analysis was conducted where rectangular cladograms were inferred
using the Maximum Likelihood method for thioesterase [28] based on
the JTT matrix-based model [30]. The frequency of clustered taxa is
shown in red on branches.

Similarly, in silico studies for the detection of CopA for the same
isolate B. paramycoides were performed to assess the potential of the
bacteria to bioremediate Cu. Protein sequences were extracted from
the NCBI database by employing search terms and using the Boolean
operator “Copper P-type ATPase,” “Heavy metal P-type ATPase,”
AND bacillus.” The method for alignment and the phylogenetic
analysis for CopA was performed in the same manner as mentioned
for NRPS. CopA homologs were selected based on protein-BLAST
similarity search against NCBI databases. Only full length functionally
annotated P type ATPase Cu efflux proteins from representative
Bacillus species were included. After removal of redundant entire, the
major impressions study involved seven amino acid sequences for the
CopA domain, for 7 sequences for phylogenetic analysis.
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Figure 1: Phylogenetic tree constructed using MEGA 11 software for amino acid sequences. The tree was generated by the Neighbor-Joining method with 1000

bootstrap replicates to show evolutionary relationships among homologous proteins. The sequences corresponded to (a) thioesterase domain present in non

ribosomal peptide synthetase -(Accession No. WP 342720090.1) gene cluster, responsible for surfactin biosynthesis, and (b) Copper-exporting P-type ATPase in

Bacillus paramycoides (AOA1J9URV 1) and similar Bacillus species.

3. RESULTS

3.1. Characterization of

B. paramycoides NT001

biosurfactant-producing

The preserved bacterial strain, B. paramycoides strain NTO001,
revived on modified MSM media, showed similarities as described
in our earlier report [20]. When cultures were streaked on nutrient
agar medium, their morphological presence was noted after 24 h
of incubation. They appeared as white colored colonies, irregular,
with an undulated margin, raised elevation, moist texture, shiny
appearance, with translucent optical property [Figure Sla]. Using an
acid precipitation method, biosurfactant is extracted from the isolated
strain NT0O1 [Figure S1 b and c].

The temporal dynamics show the changes in surface tension,
emulsification, biomass accumulation, and yield of biosurfactant
from the supernatant over time. The maximum biomass of 2.62 g/L
was observed after 72 h. The rise in growth of B. paramycoides strain
NTO001, and the biosurfactant yield, suggested a relationship between
bacterial biomass growth and biosurfactant production. With the
increase in time, the surface tension decreases after 72 h. The surface
tension of the extracted biosurfactant reduced from 72 mN/m to
45.37 mN/m. It also formed emulsions with diesel. The emulsification

index [E24] with diesel was checked and found to range from 33.33%
to 42.02%, as shown in Figure S3. All these tests confirmed that our
novel isolate NT001 is a potential biosurfactant producer.

3.2. Physicochemical characteristics of the extracted

biosurfactant

3.2.1. CMC of biosurfactant

The surface tension measurements at different concentrations
resulted in the lowest concentration required to form the micelle,
the CMC of the biosurfactant. The surface tension of a novel
biosurfactant extracted from the B. paramycoides strain NT001
decreased from 72 to 47.88 mN/m at a concentration of 4 mg/mL,
as shown in Figure 2a, and remained constant even after increasing
the concentration to 10 mg/mL. Thus, the CMC of the biosurfactant
extracted was 6 mg/mL. It is understood that from the point of CMC,
biosurfactants initiate self-aggregation. For bioremediation, surfactants
with lower CMC values are recommended since solubilization only
works at surfactant concentrations higher than the CMC [31].

3.2.2. Particle size and zeta potential estimation of biosurfactant
The dynamic light scattering technique was used to measure particle
size of the biosurfactant, and the hydrodynamic diameter was
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Figure 2: Physicochemical and functional characterization of the crude biosurfactant produced by Bacillus paramycoides strain NT001 isolated from the Sanganer

area in Jaipur. (a) Critical micelle concentration; (b) Dynamic light scattering; (c) Zeta potential; (d) Fourier transmission infrared spectroscopy showed similarity

with standard surfactin.

observed at 1081.40 nm [Figure 2b]. The biosurfactant extracted
from B. paramycoides strain NT001 was diluted, ensuring high
transmittance (76.3%). Polydispersity index and diffusion coefficient
were observed to be 32.7% and 0.5 um?/s, respectively. Transmittance
from the solution was 59.0% while conductivity was 0.173 mS/cm.
Overall charges on biosurfactant surface were observed as (—) 34.27 +
0.5 mV [Figure 2c]. Due to its negatively charged hydrophilic group,
the biosurfactant is categorized as an anionic surfactant.

3.3. Functional characterization of the biosurfactant

3.3.1. Fourier transform infrared spectroscopy

A distinct similarity between the functional groups of the biosurfactant
extracted from the isolate NT001 and those of the commercial standard
surfactin was observed. In [Figure 2d], the peaks correspond to the
stretching vibrations of the hydroxyl (OH) group at 3,311 cm’,
aliphatic (C-H) at 2,943 cm™, and nitrile (C = N) at 2,203 cm’,
respectively. At 1,654 cm™, a strong absorption band of the CO-N
group symbolizes the presence of the stretching vibrations and peptide
bonds characteristic of surfactin. The CH group of the bending/
stretching of the aliphatic chain was noted at 1,430 cm™'. The ester
carbonyl group, or O-C-O of stretching vibrations, was detected at
1,019 cm™, and the bending vibration of C=C noted at 643 cm™!, which
predicts the alkene group [32]. On comparison of the peaks, it was
noted that this extracted biosurfactant may be surfactin.

3.3.2. Chemical characterization of a biosurfactant by
LC-MS/MS

Biosurfactant extracted from B. paramycoides strain NT001 was
further identified by LC-MS/MS. The MS scan of the standard
surfactant type of biosurfactant “surfactin” was compared with
the extracted biosurfactant NT001 according to MS peak [M + H]
profiles. The conventional total on chromatogram of multiple reaction
monitoring scan of the precursors was observed at 1036.70 (9.79 min)
in [Figure 3a]. When collision-induced dissociation occurred, the
standard surfactin fragmented and produced a daughter ion with an
m/z of 685 [Figure 3d]. It was found in both the extracted biosurfactant
from B. paramycoides strain NTOO1 and standard surfactin surfactant
[Figure 3b and c]. A linear curve with a correlation coefficient of 0.994

was seen between 5 and 500 ng/mL [22]. The quantity of surfactin-
type lipopeptide biosurfactant extracted from B. paramycoides strain
NTO001 was quantified and found to be 162.37 ng/mL.

3.3.3. NMR of the biosurfactant

The 1H NMR spectra [Figure 3e] are consistent with surfactin [23,33].
Prominent signals are observed in the aliphatic region, especially
between & 0.7 and 1.5 ppm, corresponding to methyl and methylene
protons, probably within the lipid tail. Near the peptide ring structure, &
3.5 and 4.0 ppm, characteristic protons were noted. Additional signals
near the carbonyl group, 8 2.0 and 2.5, may be due to methylene and
methine groups.

3.4. Bioremediation of textile effluent-contaminated soil with
biosurfactant for the reduction of Cu from contaminated soil

3.4.1. Functional genomic analysis of metal resistance and
biosurfactant synthesis genes

The phylogenetic cladogram demonstrated that the strain NT001
clusters with members of B. cereus group, supporting taxonomic
placement within this complex. This clustering aids in providing
an evolutionary context for the presence of primary P-type ATPase
(CopA) responsible for active efflux from the cytoplasm in Gram-
positive bacteria. Thus is widely recognized as the central determinant
of the bacterial Cu tolerance [34]. Similarly, the surfactin biosurfactant-
producing genes (NRPS gene systems), are widely conserved among
members of this clade. In our in silico analysis, it was revealed by
the evolutionary relatedness of both the thioesterase domain of NRPS
and the CopA in B. paramycoides using arbitrary sequences extracted
from NCBI and UniProt databases. During this analysis, multiple
sequence alignments revealed identity between the query protein
sequence and that is the StfTE present in the NRPS of B. paramycoides
(Accession No. WP 342720090.1) and other subject sequences
[Figure S3 and 4]. From Figure 1a, the cladogram shows that the StfTE
domain of B. paramycoides (Accession No. WP 342720090.1) has the
least evolutionary distance (0.008) with Bacillus albus (Accession No.
WP 166689791.1), as they share the same clade. In contrast, Bacillus
wiedmannii has the maximum divergence (branch length 1.311) and is
distantly placed from B. paramycoides. In Figure 1b, the cladograms
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Figure 3: Identification of surfactin in the partially purified biosurfactant extracted from Bacillus paramycoides strain NT001 using a triple quadrupole liquid
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Figure 4: Bacillus paramycoides NT001 and its biosurfactant-assisted bioremediation of copper in contaminated soil, based on investigations using energy

dispersive X-ray spectroscopy of (a) Control, (b) Contaminated, (c) Treated, (d) Quantification of copper using atomic absorption spectrometer. (¢) The Cop

operon and NRPS cluster are schematic and conceptual models rather than experimentally demonstrated in this strain. The copper metal efflux mechanism in the

bacterial cell involves the (a) Cu'? ions uptake from the extracellular environment, (b) binding of CsoR to Cu*?, inducing CopZ expression, (¢) CopZ binds to Cu*

ions and attaches to (d) CopA. (e) Surfactin, produced by (f) NRPS gene cluster, solubilize Cu*? ions, facilitating (g) bioremediation through disintegration, (h)

biodegradation, or (i) biosorption mechanisms

showed a similarity among the species. B. albus and Bacillus luti
showed the least evolutionary distance (0.005) from the root sequence
B. paramycoides. In contrast, Bacillus mobilis shows the maximum
branch length of 0.012.

3.4.2. EDX and AAS analysis of soil

Analysis using EDX of textile effluent-contaminated soil, both
before and after treatment with B. paramycoides strain NTOO01
and its surfactin biosurfactant, showed a differential pattern of
distribution and concentration of the elemental composition, including
carbon, oxygen, and Cu. It indicates changes in the soil’s chemical

composition [Figure 4a-c]. Using EDX analysis, it was found
that there was an increase in oxygen from 27% to 35% in weight
percentage and 28-37.6% in atomic elemental percentage [Figure 4d].
As seen in Table 1, the decrease in carbon content from 45% to 31%
in weight % and the similar decrease in atomic percentage from 63%
to 45% are indicative of the degradation/breakdown of the carbon-
rich compounds, leading to a decline in carbon content. According to
a Cu mass balance measurement, the 5 kg soil sample had 3.935 mg
of Cu before the treatment. After treatment, 2.035 mg of Cu was
released into the DTPA extracts, while 1.900 mg of Cu remained in
the soil samples. Thus, a 51.7% decrease in Cu content was noted
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Table 1: Elemental composition of textile effluent-contaminated soil
obtained from EDX data.

Soil Element Weight %  Atomic % of elements
Soil CK 3.6 6.3

OK 45.7 60.3

CuK 0.7 0.2
Contaminated CK 45 63.3

OK 27 28

CuK 11 3.1
Treated CK 314 45

OK 35 37.6

Cuk 8.8 11.6

EDX: Energy-dispersive X-ray spectroscopy

in the soil after bioremediation. One-way analysis of variance and
mean comparison tests regarding the Cu content across the samples
showed that the treatment had a significant effect on the Cu content in
the soil (F = 94.57, P < 0.001). Contaminated soil shows the highest
Cu concentration and is statistically different from normal soil and
treated soil. Subsequent comparisons revealed that the treated soils
grouped with the normal soils (both labeled “b”), confirming the
effective Cu reduction by NT001, and on the contrary the degraded
soils formed a separate group (“a”), indicating significantly higher
Cu concentrations. These results demonstrate that NT001 treatment
decreased Cu accumulation effectively [Figure 4c and Table S2].

4. DISCUSSION

The biosurfactant produced by strain NT001 exhibited surfactant
capabilities, including foaming, detergency, and emulsification, and
exhibited anionic nature [35]. It was characterized as lipopeptide using
FTIR, LC-MS/MS, and 'H NMR [25,36] and found to be similar to
“Surfactin” [37-39]. Previous studies using Bacillus species that
produced surfactin or pure biosurfactants in lab settings have found Cu
removal efficiencies ranging from 5% to 40% removal [35], depending
on matrix complexity and experimental design [36,40]. In contrast, the
Cu reduction found in our present investigation using strain NT001 and
its biosurfactant treatments falls beyond this range, suggesting better
remediation under soil circumstances. Due to its “anionic” nature,
this surfactin could interact with positively charged metal matrices,
including Cu* though chelation and electrostatic attraction. This
facilitates the reduction of Cu present in contaminated soil by increase
in could interact and bioavailability of Cu present in soil [35]. This
increases carbon intake during growth and metabolism, as well as the
biodegradation of carbon compounds during decomposition. Thereby
implies that adding bacteria that produce biosurfactants to a polluted
soil will result in an improvement in the biodegradation. These bacteria
also have enzymes that metabolize and produce carbon dioxide and
water [38]. This may be related to the oxidation reactions occurring
during the active biodegradation process at the site of treatment by
the microorganism [39]. In this present investigation, the efflux of
metal by exporters and bio-removal of metals by biosurfactant can be
hypothetically proposed as methods of removal. A genomic approach
involving CopA and SrfTE, present in the NRPS, can be responsible
for Cu metal bioremediation [41]. Genomic analysis further revealed
the presence of CopA gene, which is known to provide intracellular Cu
tolerance by exporting excess Cu?" from the cytoplasm.

The role of CopA in remediation deals with the export of excess Cu**
from the cytoplasm to the periplasm, enabling bacterial survival in metal-

rich soil [12,16]. The basic process of translocating Cu ions outside the
cells is depicted in Figure 4e [42-47]. Thus, we believe that the combined
evidence and experimental reduction data support the potential strain
NTOO01 as a candidate for Cu bioremediation, while recognizing that
detailed mechanistic studies remain a scope for further investigation.

5. CONCLUSION

This is the first report of the novel bacteria, B. paramycoides strain
NTO0O01, isolated from the textile effluent-contaminated site, that has
been extensively characterised to produce biosurfactant “surfactin.”
This surfactin aided in the formation of a micelle by self-aggregation.
The low particle size of biosurfactants and their anionic charges assisted
in the bioremediation of Cu from contaminated soil. The processes
enabling Cu detoxification in this strain NT001 were clarified by the
involvement of thioesterase and CopA in the molecular pathways. In
the future, gene knockout studies or transcriptional analysis (reverse
transcription polymerase chain reaction) can offer more immediate
functional validation. Thus, the dual presence of both the bacteria
and the biosurfactant portrayed the facilitated bioremediation of the
Cu from the contaminated soil. A combinatorial use of the surfactin-
producing organism and surfactin can pave the way to lower the
concentration of pollutants that are hazardous to the ecosystem.
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