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Although the production of the crude oil sector holds immense importance in India’s industrial economy, it also
contributes significantly to environmental degradation by contaminating the air, water, and land. As a significant
portion of the naturally occurring aliphatic and aromatic hydrocarbons found in crude oil are recalcitrant complex
to degrade, surfactants and emulsifiers are applied to oil-contaminated areas to minimize interfacial and surface
tension and facilitate hydrocarbon uptake and emulsification. These agents create micelles at the interface between
two immiscible fluids, such as water and oil. However, microbial surfactants are now in the spotlight due to high
manufacturing costs, toxicity, and lack of biodegradability of chemical surfactants. Biosurfactants (BS) are produced
by various microorganisms, but compared to their synthetic equivalents, their commercial success has been hindered
by factors such as low yield, higher production costs, low recovery, and high purifying costs. In the present study, 21
isolates from contaminated air, water, and soil were subjected to tests for BS production. Four isolates were affirmed
as efficient BS-producing strains and they were identified as Pseudomonas aeruginosa, Enterobacter mori, Bacillus
siamensis, and Aspergillus niger by 16STRNA and 18sRNA sequencing. Crude BS extracted from the isolates were
identified as phospholipid, rhamnolipid, and lipopeptide based on qualitative analysis and thin layer chromatography.
The maximum percentage of emulsification index (%E24) by the isolates was found for BS/diesel emulsion (73 +
1.40). There was an efficient reduction in surface tension with a lower critical micelle concentration by the crude
BS of all the isolates. Fourier transform infrared analysis of the crude BS of the isolates exhibited prominent bands
corresponding to amine (NH group), carbonyl (C=0) stretching, and amine (NH) bending, thereby indicating the
presence of proteins. Gas chromatography-mass spectrometry analysis of the crude BS produced by B. siamensis
and A. niger revealed hexadecanoic acid as a major fatty acid in the samples. Our study has reported E. mori and
B. siamensis as BS producers for the 1% time. This represents a significant addition to the known microbial sources
for BS production in a commercial-level processing and large-scale production for consumer usage.

1. INTRODUCTION

the potential to leak oil into the surrounding atmosphere and pose
a health risk to the general public. These volatile compounds are

Crude oil, being an indicator of ever-increasing demand for global
industry [1,2], has been recognized as one of the primary sources
of pollutants found in the terrestrial [3], atmospheric [4], and ocean
ecosystems [5]. Since 2020, there were an average of 1.3 thousand
metric tons of significant oil leaks caused by tanker events annually.
Over 700 metric tons of oil were spilled in one of the reported oil
disasters in 2023 [6]. As crude oil contains both aromatic and aliphatic
hydrocarbons (HCs), it has a substantial negative influence on the
quality of the air, water, and soil in India [7]. Since some of the HCs
in crude oil mass are categorized as volatile chemicals, the negative
impacts of crude oil pollution are not restricted to the impacted
areas. Due to their low boiling temperatures, these chemicals have
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a subset of more general gaseous molecules known as volatile
organic compounds, which are known to have harmful effects on
the environment and human health [8]. More than 8 million people
died in 2018 as a result of fossil fuel pollution, according to new
research from Harvard University in partnership with the University
of Birmingham, the University of Leicester, and University College
London. This is significantly higher than previous research indicating
that air pollution from burning fossil fuels like coal and diesel was
responsible for roughly 1 in 5 deaths globally [9]. The quality of
the hydrocarbon content in the crude oil affects the degradability of
the various hydrocarbon components. Due to the complexity of their
structure, oil containing significant levels of high-molecular-weight
compounds is challenging to be broken down biologically [10].
Surfactants are amphiphilic molecules, either synthetic or biological,
that are essential for lowering the surface tension between immiscible
fluids, such as water and oil, thereby facilitating the absorption of
HCs and the emulsification process. But disadvantages of chemical
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surfactants, such as high cost, toxicity, and lack of biodegradability
have brought attention to biosurfactants (BS) (derived from
microbes) that can offer a more environmentally friendly option
[11]. BS improve the breakdown of crude oil, are environmentally
safe and can be utilized in bioremediation procedures. Even at low
concentrations, they are effective, biodegradable, and non-toxic
[12]. Emulsification activity, surface tension-reducing, and foaming
qualities of BS finds their widespread uses in food, cosmetics,
and pharmaceutical products, etc. Surface and interfacial activity,
tolerance to physical factors such as pH, temperature and chemical
factors such as ionic strength, biodegradability, low toxicity on
metabolism, specificity to targets, biocompatibility, and digestibility,
capacity to produce or disrupt emulsions are all exhibited by BS
[13]. Various bacterial genera such as Acinetobacter, Arthrobacter,
Bacillus, Enterobacter, Halomonas, Pseudomonas, Rhodococcus
and numerous fungal genera, including Cephalosporium, Rhizopus,
Paecilomyces, Alternaria, Mucor, Talaromyces, Gliocladium,
Aspergillus, Fusarium, Rhodotolura, Cladosporium, Geotrichum,
Penicillium, Torulopsis, and Pleurotus, have been uncovered
through various research to be able to utilize crude oil as a source
of carbon [14]. Although there has been an upsurge in research into
the production of BS, industrial-scale production has not yet been
accomplished because of the low yield and high production costs
[15]. This makes it necessary to isolate new, high-yielding microbes
that produce BS. Therefore, the screening and characterization of
microorganisms with increased production of BS was the main focus
of the current work. The objective of the present research was to find
a unique and promising strain that may produce BS, which may be
investigated further in the context of oil-contaminated environments
and bioremediation.

2. MATERIALS AND METHODS

2.1. Enrichment of Collected Contaminated Soil and Water
Samples

Crude oil-contaminated soil and water samples were obtained from
petrol bunks in Bengaluru, India in airtight zip lock covers and were
immediately processed in the microbiology laboratory of Kristu
Jayanti College, Bengaluru, India. Air samples were directly taken by
plate exposure method in polluted air environment such as parking
lot and garage. Enrichment of soil and water samples was carried out
in Bushnell Haas broth (BHB) medium by Nnamchi et al. [16] with
1% (v/v) naphthalene added as a carbon source before sterilization
to promote the growth of naphthalene-degrading microorganisms.
Soil and water sample (1%) was added into the medium and kept in a
shaking incubator at 28°C for 7 days at 120 rpm.

2.2. Isolation and Identification of Naphthalene Degraders

Enriched samples were serially diluted and spread-plated on the
Bushnell Hass agar (BHA) medium containing 1% (v/v) naphthalene.
The plates were incubated at 28°C for 48 h. A zone of clearance around
the colonies was indicative of efficient naphthalene degradation [16].
Isolates were tentatively identified up to the generic level based on
colony morphology, staining reactions, and biochemical tests.

2.3. Qualitative Screening for BS Production

Primary screening for BS production was conducted in cetyl trimethyl
ammonium bromide (CTAB) agar plate method and blood agar
hemolysis [17]. Secondary screening tests for BS production, namely,
oil spread method (OSM), drop collapse method, emulsification index

(EI-24), and surface tension (ST) measurement were conducted [17].
Sodium dodecyl sulfate (SDS) was used as a control surfactant for
secondary screening methods. Distilled water was used as a negative
control.

2.4. Growth Studies of BS Producing Naphthalene Degraders

Each isolate was inoculated in a BHB medium with 1% (v/v)
naphthalene as a carbon source. The inoculated tubes were incubated
at 28°C for 48 h. Growth was measured by turbidometry at 600 nm and
the growth curve was plotted [16]. Estimation of residual naphthalene
by gravitimetric assay was carried as per the modified method by
Pavithra et al. [18] Naphthalene degradation (%) was calculated using
the formula:

Wi-Ww2

W1

w = weight of naphthalene added in the medium and w, = weight of
residual naphthalene

% degradation = x100 | where

2.5. Molecular Analysis of Selected Isolates by 16Sr-DNA
Sequencing

Pure cultures of selected isolates were sent to Barcode Biosciences,
Bengaluru for 16Sr-RNA and 18SrRNA sequencing and identification
of the isolates to species level.

2.6. BS Production by the Selected Isolates

BHB medium with 1.0% (v/v) naphthalene was used for BS
production. BS extraction was performed using chloroform: methanol
(2:1) extraction [19]. Dry weight of BS was determined as per Arora
etal [19].

2.7. Characterization of Crude BS

CTAB/Methylene-blue agar test for Rhamnolipid, Biuret test for
Lipopeptide, and Phosphate test for Phospholipid [20-23] was
performed to determine the type of BS obtained in crude form.
Crude BS from cell-free supernatant were analyzed by thin layer
chromatography (TLC) [24]. Chloroform: Methanol: Water (65:15:2,
v/v) was used as a solvent system. Color developing reagents, namely,
spraying of 0.2% ethanolic solution of ninhydrin (for lipopeptide
with red-pinkish spots), heating at 110°C for 20 min after spray of
1% sulphuric acid (H,SO,) (for glycolipids with brown spots) and
spraying of iodine vapors (for lipids), was used to visualize the type
of BS. Phospholipids detection was carried out by the phospholipid-
specific spray method of Goswami and Frey [25] and Paul et al.
[26]. The EI-24 and surface tension of the crude BS were estimated
against different substrates such as petrol, diesel, and kerosene [19].
Critical micelle concentration (CMC) is defined as the concentration
of an amphiphilic component at which the formation of micelles is
initiated in the solution at constant surface tension [27-28]. Different
concentrations of the crude BS (10 mg/L to 100 mg/L) were prepared
and surface tension was measured. The CMC was determined for each
crude BS by plotting surface tension as a function of BS concentration
and expressed as mg/mL. All the measurements were recorded in
triplicates. SDS was used as the control surfactant in all experiments.

2.8. Structural Characterization of the Crude BS

The concentration of protein in crude BS was determined by
Lowry’s method [29] with bovine serum albumin (BSA) as standard.
Carbohydrate was estimated by the phenol-sulfuric acid procedure
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of Dubois [30] with D-glucose as a standard whereas lipid content
was estimated by the method of Folch ez al. [31]. Fourier transform
infrared (FTIR) spectra of the BS were carried out at VIT University,
Vellore, India. The wavelength used was in the range of 490 cm™ with
2 mm/s scan speed on an FTIR system to determine the functional
groups dominant in the samples.

Two of the most efficient crude BS samples were analyzed for fatty acid
composition using gas chromatograph-mass spectroscopy [24]. The
Clarus 680 GC was utilized for the analysis using a fused silica column
loaded with Elite-5MS (5% biphenyl 95% dimethylpolysiloxane, 30 m
x 0.25 mm ID x 250 um df), and Helium as a carrier gas to separate
the components at a steady flow rate of 1 mL/min. Throughout the
chromatographic run, the injector temperature was maintained
at 260°C. The oven temperature was as follows when the 1 uL BS
extract sample was fed into the device: 60°C for 2 min; then 300°C
at a rate of 10°C min'; finally, 300°C, where it was maintained for
6 min. Conditions for the mass detector were as follows: Ion source
temperature of 240°C, transfer line temperature of 240°C, ionization
mode electron impact at 70 eV, scan period of 0.2 s, and scan interval
of 0.1 s. The fragments were obtained from 40 to 600 Da. The
spectrums of the components were compared with the database of the
spectrum of known components stored in the Gas chromatography-
mass spectrometry (GC-MS) NIST library [32].

2.9. Statistical Analysis

SPSS for Windows, Version 20 was used for the statistical evaluation.
All analysis was represented as mean or mean + standard deviation.

Table 1: Screening methods for biosurfactant production.

Further, statistical correlations were calculated using Pearson’s
correlation coefficient and Spearman rank correlation coefficient
(P=0.01, 2-tailed).

3. RESULTS

3.1. Enrichment, Isolation, and Identification of Naphthalene
Degraders

Soil and water samples contaminated with oil were enriched with
oil-degrading microorganisms in BHB medium. The air settling
technique was used to isolate and enumerate microbes from the air.
The enrichment was based on the ability of the microbes to utilize
naphthalene as the sole carbon source. Aliquots of enriched samples
were further plated on BHA medium yielding twenty-one isolates with
halo zone formation on the agar medium marking them as naphthalene
degraders. These isolates were given isolate codes and pure cultures
were maintained in Nutrient Agar and sabouraud dextrose agar slants.
All the isolates were studied for their colony morphology and staining
reactions [Table 1]. Gram-positive rods were predominant followed by
Gram-negative rods and fungi.

3.2. Qualitative Screening for BS Production

Primary and Secondary screening for BS production was carried
out. It was observed that many isolates able to degrade naphthalene
did not yield positive results during the screening method [Table 1].
Primary screening comprised hemolytic activity and the CTAB
agar method. Only few isolates namely, S1, S2, S5, W1, W3, W4
and W5 exhibited hemolytic activity whereas few isolates (S1, S2,

SL. no. Source Isolate Group Gram morphology LPCB?® staining Primary screening Secondary screening
code Haemolysis CTAB method Drop Oil spread
collapse method
l. Soil S1 Bacteria Gram positive rods NA® o ++ (9.8 mm) - +
2. Soil S2 Bacteria Gram positive rods NA o +++ (10 mm) + +
3. Soil S3 Bacteria Gram negative rods NA - - - -
4. Soil S4 Bacteria Gram negative rods NA - - - -
S. Soil S5 Bacteria Gram negative rods NA B +++++ (12 mm) + +
6. Water Wil Bacteria Gram positive rods NA o - - +
7. Water W2 Bacteria Gram positive rods NA - ++ (9.7 mm) + +
8. Water W3 Bacteria Gram negative rods NA § - - -
9. Water w4 Bacteria Gram negative rods NA B - - +
10. Water W5 Bacteria Gram positive rods NA o - - -
11. Water w6 Bacteria Gram negative rods NA - - - -
12. Water W7 Bacteria Gram positive rods NA - + (5 mm) + +
13. Air Al Fungi NA Penicillium sp. - - - -
14. Air A2 Bacteria Gram positive cocci NA - - + +
15. Air A3 Bacteria Gram positive cocci NA - - - -
16. Air A4 Fungi NA Mucor - - - -
17. Air AS Bacteria Gram negative rods NA - - - +
18. Air A6 Bacteria Gram negative rods NA - - - -
19. Air A7 Fungi NA Trichoderma sp. - - - +
20. Air A8 Bacteria Gram positive cocci NA - - - -
21. Air A9 Fungi NA Aspergillus niger - + (5.1 mm) + +

“LPCB: Lactophenol cotton blue, ®"NA: Not applicable.
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S5, W2, W7, and A9) produced blue halo zones in CTAB method.
Isolate S5 showed the highest CTAB zone diameter (12 mm),
followed by S2 (10 mm). Secondary screening focused on the
OSM, drop collapse test, emulsification index, and surface tension
determination to quantify the viscosity of the particular culture
after the incubation period reaches the maximum growth [Table 1].
Only 9 isolates showed efficient results in the secondary screening
process. Comparative methods were performed to distinguish the
BS producing bacteria and four isolates (S5, W2, W7, and A9) were
affirmed as efficient BS producing colonies using emulsification
index data obtained [Figure 1]. EI-24 of SDS was determined as
76%. The efficacy of a BS is evaluated based on its capacity to
reduce the surface tension (ST) value of the medium. In the present
study, isolates S5, W2, W7, and A9 exhibited efficient surface
tension-reducing ability. SDS reduces the surface tension to 75.2
mNm! [Figure 2].

3.3. Growth Studies of BS Producing Naphthalene Degraders

Isolate S5 and Isolate W2 showed the optimum growth and stability
to produce the BS in the lab. In the gravimetric assay, the maximum
percentage of naphthalene degradation was exhibited by Isolate W7 as
60% whereas the least amount of degradation was observed in Isolate
W2 as 20% [Figure 3].

3.4. Molecular Analysis of the Selected Isolates

Four of the best BS producers were identified by 16SrRNA
and 18SrRNA sequencing and phylogenetic tree analysis as
Pseudomonas aeruginosa (Isolate S5), Enterobacter mori (Isolate
W2), Bacillus siamensis (Isolate W7), and Aspergillus niger (Isolate
A9) [Table 2].

3.5. BS Production and Characterization

The highest crude BS yield was observed in P. aeruginosa (Isolate
S5), with a production of 2.8 g/L, compared to 2.3 g/L by B. siamensis
(Isolate W7), 2.1g/L by E. mori (Isolate W2), and 1.8 g/L by and
A. niger (Isolate A9) [Table 3]. Qualitative analysis and TLC of the
crude BS identified BS as phospholipid, rhamnolipid. lipopeptide
and glycolipoprotein [Table 3]. Protein content was estimated to be
highest in crude BS of 4. niger (250 ug/mL) whereas carbohydrate
content was highest in BS produced by E. mori and B. siamensis

(64 nwg/mL). Lipid content was highest in BS produced by 4. niger
[Table 4]. The crude BS produced was tested for emulsification
efficiency against diesel, kerosene, and petrol. S5 recorded the
highest EI-24 value of 73 + 1.40% for diesel, followed by 65 +
1.20% for kerosene and 45 + 1.10% for petrol in comparison with
the control surfactant [Figure 4]. Significant reduction in surface
tension was observed in crude oil treated with BS produced by
selected strains in comparison with the control surfactant [Figure 5].
The CMC of the extracted BS was also determined [Figure 6]. It
was observed that the surface tension diminished with the increase
in the concentration of the BS. Crude BS of B. siamensis reduced the
surface tension to the least at 28.1 mNm™" at 30 mg/L concentration,
beyond which no decrease in surface tension was observed with
increasing concentration of the BS. Therefore, the CMC of the crude
BS of B. siamensis was determined as 30 mg/L. Similarly, CMS of
the crude BS produced by P. aeruginosa, E. mori and A. niger was
estimated as 50 mg/L, 60 mg/L and 40 mg/L respectively. The CMC
of the SDS was determined as 30 mg/L that reduced the surface
tension to 26.1 mNm™. The result revealed that the crude BS by all
the isolates possesses exquisite surface tension-reducing property
with a lower CMC.

Molecular characterizations of the BS produced by the isolates were
carried out by FTIR spectroscopy [Figures 7 and 8]. In FTIR spectra,
detected peaks showed the presence of specific bonds characteristic
of BS produced by many microorganisms. Peaks at 1,075 cm™
indicated the amide groups of proteins. Strong bands between
3,000-3,600 cm™' and 1,640-1,700 cm™', as well as 1,500-1,620
cm™!, corresponded to NH group, C=O stretching in protein and
NH bending in proteins, respectively, indicating proteins in the BS
samples [Table 5].

GC-MS analysis of the crude BS produced by B. siamensis and
A. niger revealed peaks characteristic of the BS [Figures 9 and
10]. Intense peaks were observed at a retention time 20.50 min
for the crude BS produced by B. siamensis (W7) corresponding
to hydroxyl octadecanoic acid showing successful incorporation
of fatty acids into the sophorolipid side chain. For BS produced
by A. niger, major peak compounds were identified at a retention
time of 12.61, 20.25, and 27.54 min by comparing the data with the
standard library as octacosane, 9-hydroxy-octadecanoic acid, and
methyl linoleate.
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Figure 1: Emulsification index (EI-24) of the isolates. SDS: Sodium dodecyl sulfate, DW: Distilled water.
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Figure 6: Critical micelle concentration of the crude biosurfactant produced

by the isolates (P>0.05).

Table 2: Molecular characterization of selected isolates.

1
2
3.
4

S5 Pseudomonas aeruginosa
w2 Enterobacter mori
w7 Bacillus siamensis

A9 Aspergillus niger
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Table 3: Preliminary screening for types of biosurfactants.

1. S5 Pseudomonas aeruginosa 2.8+0.9¢ + (Rhamnolipid) 0.75
2. w2 Enterobacter mori 2.140.5° + (Sophorolipids) 0.12
3. w7 Bacillus siamensis 2.340.4¢ + (Lipopeptides) 0.81
4. A9 Aspergillus niger 1.8+0.2%* + (Glycolipoprotein) 0.51

*Means sharing a common letter in the same column with soil types are not significantly different at P=0.05% level. TLC: Thin layer chromatography.

Table 4: Protein and carbohydrate content of the crude biosurfactant.

1 Pseudomonas aeruginosa (S5) 50£1.20% 62+0.9° 33+0.9°
2 Enterobacter mori (W2) 150+1.5° 64+0.7°* 36+0.7¢
3. Bacillus siamensis (W7) 200+1.2¢ 64+0.6¢ 26+0.5%*
4 Aspergillus niger (A9) 250+1.14 44+0.5° 60+0.7¢

*Means sharing a common letter in the same column with soil types are not significantly different at P=0.05% level.

Table 5: Fourier transform infrared analysis of crude biosurfactant produced by the isolates.

1. Pseudomonas aeruginosa 3335.35 O-H Stretch Cellulose
(85) 1640.36 C=0 and C=N Stretch Peptide bond
1020.18 C-OH, C-0-C, C-C, Asymmetric Polysaccharides,
stretching of P=0O Phosphodiesters
2. Enterobacter mori (W2) 333535 O-H Stretch Cellulose
1635.42 C=0 and C=N Stretch Peptide bond
1012.77 C-OH, C-0-C, C-C, Asymmetric Polysaccharides
stretching of P=0O Phosphodiesters
3. Bacillus subtilis (W7) 3325.46 O-H Stretching Cellulose
1637.89 C=0 and C=N Stretching Peptide bond
1064.65 C-OH, C-0-C, C-C, Asymmetric Polysaccharides
stretching of P=0O Phosphodiesters
4. Aspergillus niger (A9) 3332.88 O-H Stretching Phenol
1640.36 C=0 Stretching Carbonyl/carboxyl group
1020.18 C-H Bending Substituted Benzene
™
| '
T B e T R T R
E Wavenumbers (cm-1) m Wavenumbers (cm-1)

Figure 7: Fourier transform infra red absorption spectra of biosurfactant produced by (a) Pseudomonas aeruginosa (Isolate S5) and
(b) Enterobacter mori (Isolate W2).
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Figure 8: Fourier transform infrared absorption spectra of biosurfactant generated by (a) Bacillus siamensis (Isolate W7) (b) Aspergillus niger (Isolate A9)
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Figure 9: Gas chromatography-mass spectrometry of biosurfactant produced
by Bacillus siamensis (Isolate W7).

4. DISCUSSION

The study identified several microbial species capable of degrading
pollutants into simpler, less toxic compounds. These microbes
were sourced from contaminated environments and cultured in
laboratory conditions. The findings from this study are consistent
with several previous research works, supporting the capability of
specific microbial strains to degrade a wide array of environmental
pollutants. The microbial species identified in this study, particularly
those from Pseudomonas, Bacillus, and Streptomyces, align with
ecarlier reports by Bosch e al. [33], Subramanian and Menon [34]
and Ferraro et al. [35] who also observed the degradation of HCs
and heavy metals by these genera. Our study supports the idea that
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Figure 10: Gas chromatography-mass spectrometry of biosurfactant produced
by Aspergillus niger (Isolate A9).

microbial communities with diverse enzymatic activities are essential
for the effective bioremediation of polluted environments. The high
petrol degradation efficiency of B. siamensis (60%) corresponds with
observations by Li et al. [36], highlighting Bacillus species’ capacity
for effective hydrocarbon breakdown.

Primary screening revealed hemolytic activity in 67% of the isolates.
However, only 28.6% of these hemolytic isolates were confirmed as
BS producers based on CTAB agar method results. Previous studies
by Walter et al. [37] revealed BS producers with hemolytic activity,
but all hemolytic species were not BS producers. The hemolysis
test cannot be considered a reliable method since not all BSs have
hemolytic activity and other compounds without surface activity may
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also cause hemolysis [38,39]. Despite this, the hemolysis test was used
as the screening test of BS producers by Amiriyan et al. [40], Bicca
et al. [41], and Tabatabaee et al. [42]. Hence, it is essential to regard
hemolytic activity as an initial assessment and an unreliable indicator
for detecting the presence of BS in a microbial culture.

In the present study, all the isolates did not exhibit positive results for
all the tests. The drop collapse test was performed to check for BS
production because most of the microorganisms produce extracellular
or membrane-bound surface-active compounds essential to their
survival [43]. These compounds can aid in nutrient transport, provide
microbe-host interaction, or act as biocides. In emulsification tests,
effective BSs are required to substantially decrease the oil-water
interfacial tension to form an emulsion. Additionally, BSs should
swiftly diffuse toward new interface.

Joshi et al. [44] reported that isolates capable of reducing the ST of the
medium to >35 mN m™' can be considered to be strong BS-producing
microbes. Ghasemi et al. [45] reported that the measurement of surface
tension (ST) is the most reliable method to screen BS-producing strains.
In this study, we employed various screening methods to identify
the most efficient BS producer. Numerous studies have established
that the ability of a molecule to establish a stable emulsion doesn’t
necessarily correlate with its effectiveness in reducing surface tension
(ST). Thus, employing a combination of various screening methods
might aid in selecting a BS that displays a range of characteristics,
such as superior emulsification and wetting properties. Evaluating the
results of screening tests can pose challenges, especially when dealing
with a considerable number of strains being examined.

Biosurfactants can be produced within the cells as well as externally
to act with the HCs in the environment so the growth might hinder
in the process if the HCs are not available in the surroundings of the
particular colonies. There was a clear correlation was noted between
the production of BS (evidenced by a decline in the surface tension)
and cell growth. This indicates that BS biosynthesis is linked to growth
and is consistent with previous findings [19,46]. Residual naphthalene
concentration measured was directly during the logarithmic phase of
the cell cultures by Abalos et al. [47].

The characterization of BSs as phospholipids and lipopeptides in the
present study is consistent with studies by Jamal e al. [48] and Ghasemi
et al. [45], which documented similar BS classes in hydrocarbon-
degrading microbes. Similar results were obtained previously for
other LAB-derived BSs [49,50]. L. pentosus produced BS that was
a blend of carbohydrate, lipid, and protein with a proportionate ratio
of 1:3:6 [45]. TLC is established as one of the reliable techniques to
detect BS [S1]. In the present study, TLC analysis revealed the nature
of BS that were consistent with studies by Marcelino et al. [52]
and Sen et al. [53]. The observed EI-24 values for diesel, kerosene,
and petrol align with Anuraj et al. [50], who demonstrated superior
emulsification properties of BS against similar substrates. BS produced
by L. plantarum CFR 2194 emulsified coconut oil (37.9%) and
sunflower oil (19.43%) [31]. Significant reduction in surface tension
by P. aeruginosa mirrors findings by Rashmi et al. [54], who reported
a reduction in surface tension to 31 dyne/cm using similar substrates.
BS produced by P. aeruginosa CGA1 reduced the surface tension of
water from 72.1 mN/m to 35.0 £ 0.0 mN/m [55], whereas BS produced
by Pseudomonas putida MTCC 2467 reduced surface tension of
liquid to 35 mN/m [56]. Interestingly, much lower surface tension
reduction of 28.8 mN/m was obtained by BS produced by Rhizopus
arrhizus UCP1607 in low-cost culture medium [57]. The ability of
a surfactant to reduce surface tension mainly depends on the CMC.

CMC is the concentration at which the micelles start to form and the
surface tension reaches its minimum value. An increase in surfactant
concentration beyond CMC does not reduce the surface tension of
the liquid any further. This is due to the fact that at CMC, surfactant
molecules aggregate and form micelles in the polar or aqueous
environment. Anaukwu et al. [55] observed the CMC at 60 mg/L for
their strain P. aeruginosa CGAl. FTIR analysis confirmed the BS
as phospholipids, rhamnolipids, lipopeptides, and glycolipoproteins.
Strong absorption spectrum at 2,924.9593 cm! and 2,854.93 cm!
indicates -CH, and -CH, bonds of hydrocarbon chains whereas a sharp
peak at 1,709.48 cm™! represented carbonyl groups of lipid moiety. The
stretched peak at 1,215.10 cm™ indicated C-O-C bond. Similar results
were observed by Anaukwu ef al. [55] and Jadhav ef al. [58].

In our present study, octadecenoic acid, octasiloxane, and methyl
linoleate were present with octadecanoic acid occurring majorily. The
GC-MS analysis on BS by Anaukwu et al. [55] revealed the presence
of fatty acid in the BS produced by CGA1 such as octadecanoic acid,
cyclotetrasiloxane, cyclododecanol, methyl stearate, and tert-butyl
isopropyl disulfide. Octadecanoic acid also known as stearic acid is
a surfactant derived from natural fatty acids that possesses excellent
surfactant properties and is biodegradable [59-61]. BS obtained from
the isolate WG1 was identified as a glycolipid with long-chain fatty
acids and polysaccharides fractions [62]. GC-MS data revealed the
rhamnolipid nature of the BS produced by the P. aeruginosa SMVIT1
strain [63] and Pseudomonas spp. LM19 [64]. Sharma et al. [65]
identified the fatty acid in biosurfactnat produced by Enterobacter
faecium as hexadecanoic acid.

5. CONCLUSION

Microorganisms present in oil-polluted environments produce various
bioactive compounds. Because of the diversity of their structures
and functions, BS have garnered a lot of interest and attention.
Bacillus and Pseudomonas species are among the common bacterial
species that produce BS in these types of environments. Criteria for
achieving the desired quantities and qualities of BS include enhanced
purification processes and effective screening methodologies. With
these concerns, twenty-one potential BS-producing isolates were
obtained from petroleum-contaminated sites, and seven screening
methods were employed for BS production. A strong negative
correlation between SFT measurement and emulsification index
in all the four isolates were that justifies the measurement as a BS
producers’ screening tool. Once growing conditions for culture
growth and BS production have been optimized, these isolates may be
utilized for field studies in bioremediation and enhanced oil recovery.
To speed up the bioremediation process, further research is required
to isolate and identify different types of microorganisms in this area
that can use long-chain HCs in a brief time. This study contributes
to the growing body of evidence supporting the utility of microbial
BS in environmental detoxification. Future work should focus on
optimizing production conditions, scaling up processes, and exploring
cost-effective substrates to improve commercial viability. The NMR
technique is also used widely by researchers for identifying chemical
structures found in BS. This spectroscopic technique determines the
BS’ structure and establishes its purity and composition. The present
research can be further directed to identify each component of the
BS through NMR analysis of crude BS. BS could act as indicators in
determining the germination index, which includes developing seeds
and roots to assess BS’ toxic effects. Studies on BS application’ aspects
of assessing its ecotoxicity on environments need to be investigated
systematically.
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