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Abstract

The growing concern over environmental pollution caused by petroleum and oil spills, as well as the
accumulation of hydrocarbons in soil and aquatic bodies, has intensified sustainable bioremediation
strategies. Petroleum hydrocarbons pose a serious ecological and public health hazard due to their
toxic and bioaccumulative nature. In contrast to conventional physical and chemical methods,
bioremediation with hydrocarbon-degrading bacteria is eco-friendly and cost-effective in addressing
environmental pollution. In the current research, we isolated and characterized four bacterial species
from soil samples collected from salt lakes in Gujarat, evaluating their ability to degrade different
hydrocarbons under varying salt concentrations. All four isolates (T1, T2, T3, T4) were found to grow
in the presence of petrol-supplemented medium, and two of the isolates (T2 and T3) grew well in the
presence of other hydrocarbons such as benzene, toluene, naphthalene, phenol, and diesel. They
could tolerate up to 15% salt in the media and could degrade petrol and diesel into salt-supplemented
media. All four isolates demonstrated biofilm-forming ability in the presence of various hydrocarbons
in the media. The petrol degradation efficiency of the isolates, both in the presence and absence of
salt in the media, demonstrated high petrol-degrading efficiencies. These isolates showed motility and
endospore formation and were gram-positive rods belonging to the Bacillus and Paenibacillus genera.
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INTRODUCTION

Petroleum oil is a vital global resource
needed to meet energy demands; however,
its extensive use has resulted in a tremendous
increase in environmental pollution.* Some of
the main reasons for this are spills and discharges
that occur during the storage, transportation,
and processing of petroleum, blowout accidents,
leakage accidents, and during overhaul of
production equipment.? Although large spills
are eliminated, the inability to retrieve the
contaminants increases the risk of toxicity
to the surrounding ecosystem and biological
communities.? The studies carried out,** suggest
that petroleum contamination and oily sludge
in industrial settings are intensively studied and
treated using microbial consortia. Moreover, the
study by Ghorbannezhad et al.* demonstrates
persistence of HMW hydrocarbons (pyrene/
tetracosane) and the challenges of degrading them
under saline conditions.

The accumulation of hydrocarbons in
soil and water is a major environmental problem,
as they pose severe health hazards, including
carcinogenicity, to human life, marine life, plants
and other organisms. Several physical and chemical
methods, such as photo-oxidation, volatilization,
bioaccumulation, and chemical oxidation, have
been explored to combat this issue, but none of
these methods is economic, effective, or safe.”
However, a modern comparative perspective of
biosurfactant-assisted microbial remediation as
a cost-effective approach was suggested by Chen
etalt

Exposure to petroleum and related
hydrocarbons has facilitated the evolution of
hydrocarbon-degrading bacteria (HDB), as have
evolved specific pathways (genomic evidence)
and biosurfactant genes.® Many of these bacterial
species are isolated, identified, and used in different
sectors, such as agricultural, chemical production,
and food processing, for the degradation of
waste products. Their use in the degradation
of environmental pollutants is slowly gaining
prominence due to their eco-friendly design and
low cost.’*!! These bacteria form the foundation
of microbial remediation technology, that are
extensively employed to degrade petroleum
hydrocarbon pollutants.*

Two of the main approaches of
bioremediation include bio-stimulation and
bioaugmentation. During bio-stimulation, the
soil is nutritionally and physico-chemically
enriched through controlled nutrition, aeration,
temperature, and pH levels, and biosurfactants
enhance the proliferation of hydrocarbon-
degrading microbes, thereby improving
biodegradation efficiency in contaminated
sites. In contrast, bioaugmentation refers to
adding specialized microbes in soil that can
degrade hydrocarbons, thereby reinforcing
native degradation communities and enhancing
the biodegradation process of hydrocarbon
pollutants.®

For both above processes, it is extremely
important to have a working knowledge of
hydrocarbon-degrading bacterial species and the
conditions under which they thrive and degrade
hydrocarbons. Understanding environmental
factors, metabolic pathways, and key enzymes is
vital for the hydrocarbon degradation process*
and bacterial consortia have already been applied
effectively for the remediation of petroleum-
contaminated soils.™

A consortium-based approach utilizing
multiple bacterial species has been introduced
in petroleum hydrocarbon biodegradation. With
this newer method, enhanced degradation
efficiency by complementary enzymatic systems of
participating strains shows practical success in the
remediation of petroleum-hydrocarbon-polluted
soils.1415

A variety of hydrocarbon-degrading
bacteria have been isolated from soil samples.®
Among them, Staphylococcus,'” along with other
Gram-positive bacteria such as Rhodococci*® play
a significant role. Additionally,*® reported the
hydrocarbon-degrading abilities of Acinetobacter
baumannii, Pseudomonas aeruginosa, and
Klebsiella pneumoniae recovered from soils in
Delhi-NCR. Despite these findings, the diversity
of bacterial genera capable of degrading
hydrocarbons remains limited, highlighting the
need for further studies to isolate and characterize
such microorganisms.

The present study aimed to isolate and
characterize bacterial species capable of degrading
different hydrocarbons in a saline environment
isolated from soil samples from the Wild Ass
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Sanctuary wetland and the salt lakes of the Little
Rann of Kachchh, Gujarat, India. This study also
investigated the biofilm formation capabilities of
these bacterial species in a saline environment.

MATERIALS AND METHODS

Study site and sample collection
Site

The Little Rann of Kachchh, constituting a
Biosphere Reserve, extends over about 6,500 km?
of low-saline desert with discontinuous patches of
uplands. Of this area, 4,841 km? has been declared
as the Indian Wild Ass Sanctuary, which is the
habitat of the critically endangered Indian Wild
Ass (Equus hemionus khur)® (Figure 1).

Soil samples were obtained from two
different locations (site 1 and 2) in the Wild Ass
Sanctuary of Little Rann of Kachchh, Gujarat.
Samples were obtained during April, the pre-
monsoon period to reduce the impact of rainfall
and surface runoff on microbial communities.
Soil was obtained from a depth of around 0-15
cm at each location by avoiding contamination
with sterile spatulas and then transferred to non-
reactive sterile plastic bottles immediately. Bottles
were filled up to two-thirds of capacity to provide
sufficient aeration during transportation. Bottles
were tightly capped and marked with all the site-
specific details, date, location, sample code, etc.
Sealed bottles were brought to the laboratory
aseptically.

Culture media and chemicals

The reagents used in this study were
of analytical grade. Nutrient agar media and
nutrient broth were used to grow bacteria.
BHM is a suitable medium for testing and
investigating the hydrocarbon degradation
potential of microorganisms. The compositions of
the different media prepared for the experiments
were as follows:

Bushnell Haas Agar (BHM Agar, g/L)

MgS0,-7H,0 (0.2), CaCl,-2H,0 (0.02),
KH,PO, (1.0), K,HPO, (1.0), NH,NO, (1.0), FeCl,
(0.05), and agar (20.0).*

Basal salt medium (BSM per 1000 ml distilled
water)

NaCl (15.0g), KH,PO, (0.8 g), K,HPO, (1.2
g), NH,NO, (1.0 g), MgSO,-7H,0 (0.2 g), FeCl, (50
mg), CaCl, (20 mg), MnSO, (1.0 mg), Na,MoO, (0.2
mg); pH adjusted to 7.2. For a solid medium, 1.5%
agar was incorporated.

Luria Bertani (LB) broth, per 1000 ml distilled
water

NacCl (10.0 g), peptone (10.0 g), yeast
extract (5.0 g); pH adjusted to 7.2.

Phosphate Buffered Saline (PBS, per 1000 ml
distilled water)

NaCl (8.0g), KCI (0.2 g), Na,HPO, (1.44 g),
KH,PO, (0.24 g); pH adjusted to 7.2.%

Quantification of heterotrophic bacteria in a soil

The viable heterotrophic bacterial
population present in the collected soil samples
was assessed by the serial dilution technique.
Ten grams of the soil sample were added to 90 ml
of nutrient broth, and serial dilutions were made
in 9 ml saline taken in sterile and labeled tubes.
From each dilution, 0.1 ml was inoculated onto
individual BHM agar plates and incubated at 37
°C for 24-48 hrs. After incubation, the bacterial
colonies formed were enumerated, and the result
is expressed as CFU/ml.%

Screening of Hydrocarbon-Utilizing Bacteria
(HUB)
Primary screening of hydrocarbon-utilizing
isolates from soil

To obtain pure hydrocarbon-degrading
colonies, soil samples were processed by
enrichment, which was carried out in 50 mL of
minimal salt medium (MSM) adjusted at pH 6.5
and containing 1% (v/v) of sterile petrol as a carbon
source and incubated at 30 °C, with shaking at
120 rpm for 7 days. The final enrichment culture
broth was plated on Bushnell Haas (BH) agar
plates supplemented with (1% v/v) petrol and
incubated at 30 °C for 24 h. BH agar is a selective
medium for monitoring microbial hydrocarbon
degradation. Distinct colonies were picked and
streaked on nutrient agar and maintained through
sub-culturing for subsequent experiments.
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Secondary screening of hydrocarbon-utilizing
isolates

Pure culture isolates from primary
screening were transferred into BHM broth and
incubated overnight at 37 °C and centrifuged
at 5000 RPM. The supernatant was discarded,
and the pellet was washed with PBS twice. The
washed pellets were resuspended in BHM broth
and incubated at 37 °C for 24 hours. 0.1 ml of
these fresh cultures is added to 9.9ml of BHM
broth supplemented with 0.5%, 1%, 2%, 5% and
10% petrol in separate sterile test tubes. Tubes
were incubated at 37 °C for 48 hrs, and bacterial
growth was monitored by taking OD at 600 nm to
evaluate the utilization of petroleum as a carbon
source by isolates. The culture with >0.4 OD was
chosen for further characterization.

Wild Ass
Sanctuary

Screening salt tolerance in hydrocarbon-utilizing
isolates

The isolates selected from secondary
screening were tested for their salt tolerance.
These were also grown on nutrient agar plates
supplemented with various concentrations of NaCl
(0.5%-30%). The isolates that were growing on the
highest concentration of salt-supplemented plates
were selected for further screening.

Screening of hydrocarbon-utilizing ability in the
presence of salt

Salt-tolerant isolates were selected and
grown on BHM agar plates containing 5% salt and
15% petrol. The plates were placed in an incubator
for 48 hours at 37 °C. The growth of cultures on
these plates was recorded.
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Figure 1. Sampling site from Indian Wild Ass Sanctuary of Little Rann of Kachchh (Source: https://en.wikipedia.org/

wiki/Indian_Wild_Ass_Sanctuary)
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Determination of the multiple hydrocarbon-
utilizing ability of isolates

100 pl of selected microbes from 2.4.2
and 2.4.4 were added to BHM agar plates that were
supplemented with 1% of various hydrocarbons
(diesel, benzene, toluene, naphthalene, and
phenol) as carbon sources. Plates were placed at
37 °C for 48 hours and subsequently monitored
for growth. Growth curve response of these
isolates for utilizing these hydrocarbons was also
monitored for seven days. Fresh overnight culture
of the selected isolates was added to labelled
flasks containing BHM supplemented with 1% of
petrol, diesel, benzene, toluene, naphthalene, and
phenol each as carbon sources. Flasks were kept at
37°Cat 160 rpm. The aliquots were taken, and OD
was recorded spectrophotometrically (Shimadzu).

Biofilm formation

The glass tube assay?* was used to
assess biofilm formation. The overnight bacterial
cultures in LB broth (1 ml) were added to glass
tubes and incubated at 37 °C for 48 hrs. After
the incubation medium was removed, the tubes
were gently washed with PBS to eliminate non-

Growth of T1 in different Hydrocarbons a
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adherent cells. Biofilms were identified by staining
with 0.2% crystal violet and later destained with
95% ethanol. The presence of a crystal violet ring
representing cell mass was considered positive for
biofilm formation. Biofilm growth was quantified
by microtiter plate assay. Briefly, 200 pl of bacterial
culture was inoculated in triplicate into a 96-well
plate in triplicate and incubated at 37 °C for 48
hours. After incubation, the culture was discarded,
and the wells were washed twice with PBS, air
dried, and stained with 200 pl of 0.2% crystal
violet for 5 min. The excess stain was removed
by washing with distilled water, and then the
plate was air-dried. 200 pl of 95% ethanol was
added to solubilize the bound dye for 30 min,
and absorbance was measured at 595 nm using
an ELISA plate reader (Shimadzu). The extent
of Biofilm formation was quantified in terms of
the absorbance of ethanol solution containing
solubilized crystal violet.

Quantitative estimation of petrol degradation
The petrol-degrading ability of the

isolates is determined by the DCPIP method.?*%

Isolates are grown to mid-exponential phase,

Growth of T 2 in different Hydrocarbon

1 2 3 4 5 6 7
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Figure 2. Growth characteristics of isolated strains (T1, T2, T3, T4) on different hydrocarbon (diesel, petrol, benzene,
toluene, naphthalene, phenol) supplemented media growing on salt-supplemented media. (a) Growth pattern of
T1; (b) Growth pattern of T2; (c): Growth pattern of T3; (d) Growth pattern of T4
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adjusted to an OD,, of 0.01, and inoculated
into sterile LB media in a 96-well microtiter
plate. 50 ul of 1% (v/v) aqueous solution of
2,6-dichlorophenolindophenol (DCPIP), a redox
indicator, was dispensed to each well. After
inoculation plates were maintained at 30 °C for
72 hrs. Cultures from the microtiter plate were
removed, and wells were rinsed thoroughly with
phosphate-buffered saline. The adherent cells
were stained for 15 min with crystal violet (1%
w/v) and then washed with PBS three times. The
stain was solubilised with an acetone-alcohol
mixture (1:4). The absorbance of the solubilized
dye was determined at 595 nm. Negative controls
were set in parallel wells, one with no culture,
one with no hydrocarbon, and one with no DCPIP.
The assay is considered positive for hydrocarbon
degradation when the colour of the medium
becomes colourless and negative when no change
in colour, i.e., remains blue, is observed.

Identification of selected HUB
The chosen bacterial isolates were
determined morphologically by staining, and by

their biochemical properties according to the
standard procedures outlined in Bergey’s Manual
of Determinative Bacteriology.?”” Molecular
identification was done by 16S rRNA gene
sequencing.®The 16SrRNA gene was amplified from
the bacteria using universal primers: forward primer
27F (5'-AGAGTTTGATCMTGGCTCAG-3') and reverse
primer 1492R (5'-GTATTACCGCGGCTGCTGG-3').
PCR parameters consisted of an initial denaturation
for 5 min at 95 °C, after which there were 30 cycles
of denaturation for 30 s at 95 °C, annealing for 30 s
at 55 °C, and extension for 90 s at 72 °C, followed
by a final extension for 10 min at 72 °C. Amplicons
were sequenced on an ABI 3500 Genetic Analyzer.
These resulting sequences were compared
using the Basic Local Alignment Search Tool
(BLAST; http://www.ncbi.nlm.nih.gov/blast) at
the National Center for Biotechnology Information
(NCBI) to establish sequence homology. Consensus
sequences were aligned against stored 16S rDNA

Table 2. Growth patterns of isolates on BHM plates
supplemented with varying concentrations of petrol

(v/v)

Table 1. CFU/ml from sampling site 1 and site 2 Isolate 0.5% 1% 2% 5%
Petrol Petrol Petrol Petrol
Sampling Total heterotrophic
Site bacteria (CFU/ml) T1 +++ ++ ++ ++
T2 +++ ++ ++ ++
1 4.5 x 10° T3 ++ ++ ++ ++
2 5x10° T4 ++ ++ ++ ++
Biofilm
09
0.8
0.7
£ 0.6
5 05
A
o 04
O 03
0.2
0.1
0
T T2 T3 T4
Isolates

Figure 3. Quantification of biofilm formation by the isolates using microtiter plate method
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sequences of GenBank using BLASTN. Phylogenetic
analysis was performed in MEGA X?* using the
neighbor-joining DNA distance algorithm, and
trees were built. Partial 16S rRNA gene sequences
of the four isolates were deposited in GenBank
(NCBI), and accession numbers were acquired.

Petrol Degradation

1
09

Isolate

mDayl mDay2 mDay3 mDay4

Statistical analysis

Statistical analysis of data on petrol
degradation by the isolates was conducted
using one-way ANOVA with post hoc multiple
comparisons carried out by Tukey’s HSD test in
SPSS v.18.0 (SPSS Inc., IBM Corp., Chicago, IL,

08
07

E 06
@ 05
% 0.
o 0.4
03
02
01

0

! n 3 T4

Petrol Degradation in Salt Supplmented Medium

1
: 08
wn 06
2

204
002

[solates

0 IIII IIII IIII IIII
Tl T2 T3 T4

mDayl mDay2 mDay3 mDay4

Figure 4. (a) Quantification of hydrocarbon (Petrol) degrading ability of the strains using the DCPIP assay method; (b):
Quantification of hydrocarbon degrading ability of the isolates in the presence of salt using the DCPIP assay method
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USA). Results were statistically significant at p <
0.05 and are given as mean * standard deviation
of triplicates (n = 3).

RESULTS

Soil Sample enrichment, quantitative enumeration
of heterotrophic bacteria in soil samples, and
primary screening of soil samples

The total culturable bacteria count in
the soil was determined by plating the serial
dilutions of the Soil enriched in the nutrient agar.
Qualitatively count is represented as colony-

E.coli K12

0.05

forming units (CFU/ml). Site 1 and site 2 showed
4.5 x 10° CFU/ml and 5 x 10°CFU/m, respectively
(Table 1).

Secondary screening of selected isolates
Soil-derived bacterial isolates were
screened using the selective enrichment with
Bushnell-Haas medium containing 1% petrol. The
aliquots of culture from this BHM supplemented
with 1% v/v petrol were spread on plates
containing 0.5%, 1%, 2% and 5% and 10% petrol.
Morphologically distinct colonies growing on the
plates with the highest petrol concentration (5%)

— MH684904.1 Bacillus cereus strain sample 1.95 16S ribosomal RNA gene partial sequence
— NR 157736.1:55-1023 Bacillus tropicus strain MCCC 1A01406 16S ribosomal RNA partial sequence

— NR 157732.1:487-1412 Bacillus nitratireducens strain MCCC 1A00732 16S ribosomal RNA partial sequence
— NR 180213.1:494-1419 Bacillus clarus strain ATCC 21929 16S ribosomal RNA complete sequence

— NR 115526.1:35-1003 Bacillus cereus strain IAM 12605 16S ribosomal RNA partial sequence

[~ NR 157734.1:487-1412 Bacillus paramycoides strain MCCC 1A04098 16S ribosomal RNA partial sequence
— NR 157736.1:487-1412 Bacillus tropicus strain MCCC 1A01406 16S ribosomal RNA partial sequence

— NR 157730.1:487-1412 Bacillus luti strain MCCC 1A00359 16S ribosomal RNA partial sequence

— NR 157732.1:55-1023 Bacillus nitratireducens strain MCCC 1A00732 16S ribosomal RNA partial sequence
— NR 157730.1:55-1023 Bacillus luti strain MCCC 1A00359 16S ribosomal RNA partial sequence

— NR 157729.1:55-1023 Bacillus albus strain MCCC 1A02146 16S ribosomal RNA partial sequence

— MH684905.1 Bacillus sp. (in: firmicutes) strain sample 2.93 16S ribosomal RNA gene partial sequence
NR 040890.1:25-1467 Paenibacillus apiarius strain DSM 5581 16S ribosomal RNA partial sequence

NR 132304.1:26-1455 Paenibacillus profundus strain SI 79 16S ribosomal RNA partial sequence

NR 040890.1:34-1469 Paenibacillus apiarius strain DSM 5581 16S ribosomal RNA partial sequence

NR 113577.1:12-1454 Paenibacillus alvei strain NBRC 3343 16S ribosomal RNA partial sequence
MH660379.1 Paenibacillus dendritiformis strain sample 1 16S ribosomal RNA gene partial sequence
MH660380.1 Paenibacillus sp. strain sample 2 16S ribosomal RNA gene partial sequence

NR 113795.1:21-1457 Paenibacillus thiaminolyticus strain NBRC 15656 16S ribosomal RNA partial sequence
NR 042861.1:17-1451 Paenibacillus dendritiformis strain T168 16S ribosomal RNA partial sequence

NR 040888.1:19-1456 Paenibacillus popilliae ATCC 14706 16S ribosomal RNA partial sequence

NR 040888.1:10-1454 Paenibacillus popilliae ATCC 14706 16S ribosomal RNA partial sequence

NR 114457.1:4-1450 Paenibacillus lentimorbus strain ATCC 14707 16S ribosomal RNA partial sequence

NR 114457.1:2-1448 Paenibacillus lentimorbus strain ATCC 14707 16S ribosomal RNA partial sequence

NR 114124.1 Mesorhizobium plurifarium strain NBRC 102498 16S ribosomal RNA partial sequence

Figure 5. Phylogenetic tree showing the relationship of isolates T1, T2, T3, T4 with other bacteria as obtained
by MEGAX: Phylogenetic tree of four isolates is based on 16S rRNA gene sequence analysis. Numbers at nodes
are bootstrap values (%) based on neighbor-joining analysis. The scale bar indicates the number of nucleotide

substitutions per site
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were selected, inoculated, and grown overnight  concentrations in the media are shown in Table
at 37 °Cin BHM broth. 3. Out of 12 isolates, only four isolates had

The growth patterns of each of the 4  considerable growth in the presence of 5% and
isolates on BHM supplemented with different  10% salt in the media whereas moderate growth
concentrations of petrol are represented in Table2.  was observed in media supplemented with 15%
All 4 isolates showed growth on all concentrations  salt. However, none of the isolate’s growth was
of petrol. Therefore, all these isolates were  observed in the presence of 20% salt in the media
selected for further characterization. These (Table 3).
isolates were named as T1, T2, T3, and T4.

Screening of growth on salt and hydrocarbon-

Screening of growth on salt-supplemented plates  supplemented media

Allisolates obtained from the secondary The four isolates, named T1, T2, T3, and
screening process were assessed for their growth T4, were found to grow on all salt concentrations
in nutrient broth supplemented with varying except 20%. These isolates exhibiting different
concentrations of salt. The growth patterns of  colony morphologies were selected and further
the 4 isolates on 5%, 10%, 15%, and 20% salt screened for hydrocarbon-utilizing ability
under salt stress by inoculating them on plates
enriched with 1% of petrol and diesel and 5%
salt concentration. It was seen that all 4 isolates
showed considerable growth in the presence

Table 3. Growth patterns of isolates on BHM
supplemented with 5%, 10%, 15%, and 20% salt

concentrations
of 5% salt + 1% petrol, as well as 5% salt +
Isolate 5% 10% 15% 20% 1% diesel, indicating that these isolates were
NaCl NaCl Nacl Nacl capable of metabolizing hydrocarbons in a saline
environment (Table 4). Therefore, these 4 isolates
T1 it H+ +H - were selected for further characterization.
T2 +H++ ++++ ++ -
s S SRR i ) Multiple hydrocarbons utilization potential
T4 ++++ ++++ ++ -

The overnight cultures (100 pl) of
T1, T2, T3, and T4 were added to BHM agar
plates that were supplemented with different
hydrocarbons (1%), namely diesel, benzene,
toluene, naphthalene, and phenol as sole carbon

Table 4. Growth patterns of isolates on media
supplemented with salt and hydrocarbon

Isolate 5% Salt + 5% Salt + sources to assess their utilization capacity over

1% Petrol 1% Diesel a period of 24 and 48 hrs. The growth results of

each of the 4 isolates selected in primary screening

1 +H+ +++ on BHM supplemented with 1% of different

T2 +t et hydrocarbons are shown in Table 5. From this

13 i AR table, isolates T1, T2, T3, and T4 exhibited growth
T4 +++ +++

in the presence of petrol, diesel, benzene, and

Table 5. Growth of isolates on BHM supplemented with 1% hydrocarbons (petrol, diesel, benzene, toluene,
naphthalene and phenol) recorded at 24 h and 48 h

Isolate 1% 1% 1% 1% 1% 1%
Petrol Diesel Benzene Toluene Naphthalene Phenol

24 h 48 h 24 h 48 h 24 h 48 h 24 h 48 h 24 h 48 h 24 h 48 h

T1 ++ ++ ++ ++ ++ ++ + + ++ ++ - -
T2 ++ ++ ++ ++ ++ ++ + + ++ ++ - -
T3 ++ ++ ++ ++ ++ ++ + + ++ ++ - -
T4 ++ ++ ++ ++ ++ ++ + + ++ ++ - -
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Table 6. Morphological profiling of the isolates

Isolate Colony Characteristics Gram Motility Endospore
Staining Formation
Colour Surface  Shape and size
T1 Whitish Smooth - Gram-positive rods Motile +
T2 White/Translucent Smooth  Dendron Tree-shaped  Gram-positive Motile +
T3 Whitish Smooth  Irregular Gram-positive rods Motile +
T4 Grey, White Smooth  Granular Gram-positive rods Motile +

Table 7. Biochemical profiling of the isolates

Biochemical Test T1 T2 73 T4
Indole Test - + + -
Methyl Red Test - + + -
Voges Proskauer Test + - - +
Citrate Test + - - +
Catalase Test + + + +
Starch Hydrolysis - + - -
Glucose Utilization + + + +
Sucrose Utilization + - + +/-
Mannitol Utilization + - + -
Nitrate Reduction + - + +
Sulphur Reduction - - - -
Urease Production - - - -
Oxidase Test + + + +

naphthalene as carbon sources in the medium.
They showed mild growth in the presence of
toluene at 24 hrs and showed no growth in the
presence of phenol in the media plates (Figure
2(a-d)).

Biofilm formation ability

The four selected hydrocarbon-utilizing
isolates were evaluated for their biofilm-forming
ability using the crystal violet staining assay. Each
isolate was cultured in nutrient agar enriched
with petrol, diesel, naphthalene, benzene, and
toluene in separate tubes for 7 days, after which
the culture media were removed and the cells

Table 8. Sequencing results of 16S rRNA of the isolates and their identification

Isolate Accession Number of  Alignment  Identity Nearest
Number Nucleotides Phylogenetic
Neighbour
T1 MH684905.1 1467 100% 97% Bacillus sp.
T2 MH660379 1459 100% 99% Paenibacillus dendritiformis strain ANSKO5
T3 MH660380 1409 100% 99% Paenibacillus sp.
T4 MH684904.1 1492 100% 100% Bacillus cereus strain IARI-BC-1

and exopolysaccharide films on the test tube walls
were stained with crystal violet. All the isolates
exhibited growth with OD,, greater than 0.2 and
demonstrated biofilm formation in the presence
of petrol in the media. The biofilm formation, as
seen by OD,, greater than 0.65 for all isolates,
represents good biofilm-forming ability of the
isolates. Out of the 4 isolates, the maximum
biofilm formation ability was seen in T4. The OD, .

values of the biofilms formed by the 4 isolates are
shown in Figure 3.

Petrol degradation assay

Petrol degradation efficiencies by DCPIP method
The hydrocarbon degradation ability of

the selected isolates was quantified using the

DCPIP assay. DCPIP, a redox indicator, is blue in

the oxidized state and colourless when reduced,
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and the colour change of this indicator can be
quantified by measuring OD_ . To perform this
assay, the selected isolates were cultured on BHM
supplemented with 1% petrol and incubated at
37 °C on a shaker incubator set at 180 rpm for
4 days. The time taken for decolourization was
monitored at regular intervals during incubation
at 24 hrs, 48 hours, and 72 hours, and 0D, was
measured at each time point. The colour changes
of DCPIP, demonstrated by the disintegration
of the oil layer, were observed within 24 hrs. In
case of T3 and T4, the time for decolourization,
represented by the reduction of DCPIP due to
petrol-degrading activity of bacteria, was 48 hrs.
The results of this assay are represented in Figure
4a, with OD,, values taken at 24 hr intervals. T1
and T2 also showed considerable degradation in
48 hours (Figure 4a).

Petrol degradation in salt-supplemented media

The hydrocarbon-degrading potential
of the selected isolates under salt stress was
evaluated by inoculating and incubating them in
BHM supplemented with 1% petrol and 5% salt
for 3 days at 37 °C. T1 and T4 show better levels
of petrol-degrading ability, and the presence of a
saline environment did not alter the hydrocarbon-
degrading ability of the isolates. T3 and T4 show
a similar level of hydrocarbon degradation. DCPIP
was added to this medium also, and the time taken
for decolourization was monitored by measuring
0D, at regular time points. The hydrocarbon-
degrading capability of the isolates in the presence
of salt, quantified by the DCPIP method, is given
in Figure 4b. All four isolates were able to degrade
50% petrol in 48 hours (Figure 4b).

Identification and Characterization
Morphological characterization

The various morphological characteristics
of the four isolates, namely T1, T2, T3, and T4, were
studied as per standard methods. All the isolates
showed motility and could form endospores. The
colony characteristics and other morphological
features of the isolates are given in Table 6.

Biochemical characterization

The four isolates were biochemically
characterized by performing various biochemical
tests, as shown in Table 7. All isolates tested

positive for catalase and positive and were able to
utilize glucose as a carbon source in the medium.
Isolates T2 and T3 were found to be indole and
methyl red positive, and isolates T1 and T4 were
found to be Voges-Proskauer and citrate positive.
Only T2 was capable of starch hydrolysis, whereas
T1 and T3 were capable of sucrose and mannitol
utilization. Except for T2, all isolates showed
positive for nitrate reduction. However, none of
the isolates showed the capability for sulphur
reduction or urease production (Table 7).

16S rRNA sequencing

To characterize the bacterial isolates, 16S
rRNA gene sequencing was performed for the four
strains, and the findings are tabulated in Table 8.
Based on partial 16S rRNA sequences and BLAST
analysis, isolate T1 was found to be Bacillus sp., T2
to be Paenibacillus dendritiformis strain ANSKO5,
T3 to be Paenibacillus sp., and T4 to be Bacillus
cereus strain 1ARI-BC-1. Sequences have been
deposited at the NCBI GenBank under accession
numbers MH684905.1, MH660379, MH660380,
and MH684904.1 (Table 7). The phylogenetic
tree was created with MEGA X and is presented
in Figure 5.

DISCUSSION

The present investigation was undertaken
to evaluate hydrocarbon-degrading and biofilm-
forming bacteria in soil samples from the Wild
Ass Sanctuary in Gujarat. We were able to isolate
four distinct bacterial species that demonstrated
degradation of different hydrocarbons such as
petrol, diesel, benzene, toluene, and naphthalene,
to varying extents, and could also tolerate salt up
to 15% in the medium. Furthermore, these four
isolates demonstrated hydrocarbon degradation
even in the salt-supplemented growth media.
Salinity-tolerant Hydrocarbon degradation is
a critical ecological attribute of soil bacteria,
as it enables the soil bacteria to survive and
bioremediate hydrocarbon-contaminated saline
habitats. Petrol and diesel degrading bacteria
are gaining importance in both environmental
microbiology as well as agricultural microbiology
due to their ability to clear the environment of
toxic pollutants and to maintain soil health.
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Research has documented that soil often
harbors bacteria with promising potential of
breaking down hydrocarbons.? isolated Bacillus
cereus, Bacillus subtilis, and Pseudomonas
aeruginosa, from soil collected from Mansehra,
Pakistan, that could degrade diesel. Similarly,
Rehman et al.*° reported that biosurfactants
producing B. cereus exhibited significant oil
degradation properties in hydrocarbon-polluted
soils. In early studies,?! isolated the DNA of
Pseudomonas sp. from contaminated soil and
identified the enzymes present which were able to
break down naphthalene, suggesting the potential
use in remediation of naphthalene-contaminated
environments. Later, Shen et al.3? identified that
Paenibacillus ehimensis could efficiently degrade
oils with different viscosities.

The applications of Paenibacillus sp. have
also been described by Shibulal et al.,* in the
degradation of naphthalene and phenanthrene.
Biosurfactants released by Paenibacillus
dendritiformis have been reported to be capable
of motor oil sludge degradation.?* The present
investigation highlights the presence of B. cereus
and P. dendritiformis in soil samples from high
salinity environments in Gujarat, along with other
Bacillus and Paenibacillus sp., and demonstrates
their capability to degrade different hydrocarbons.
However, the production of biosurfactants from
these strains, as reported in other studies, is yet
to be investigated.

The abilities of hydrocarbon-degrading
bacteria to thrive in a high-salinity environment
are important plant growth-promoting attributes,
as excess salt has adverse effects on plants. In
such high salinity conditions, microbes like algae
and cyanobacteria demonstrate high biological
productivity, which leads to the accumulation
of hydrocarbons in the soil.?® Additionally, an
increase in industrial production has led to an
overabundance of oil, brine, and petroleum in
the soil, affecting both soil fertility as well as plant
growth.? As a result, it has become increasingly
important to identify bacterial species that are
capable of degrading different hydrocarbons in a
saline environment, so that these can be used to
maintain soil health and promote plant growth.

Biofilm formation is an additional
important attribute of hydrocarbon-degrading
bacteria in an environment exposed to saline

stress, as it protects and facilitates adaptation in
stressed habitats.?” In vitro tests demonstrated
that biofilm formation enhances the effectiveness
of these microbes in oil degradation by forming
biofilms on surfaces like glass slides and gravel
particles.?® Al-awadhi et al.,** have reported
enhanced biofilm-mediated bioremediation of
hydrocarbon mixtures, monoaromatic compounds,
and cyclic compounds by 3 different Pseudomonas
sp. Most studies focus on biofilm formation and
hydrocarbon degradation in bacteria collected
from water samples, and there are limited studies
that report hydrocarbon degradation efficiency by
biofilm-forming soil bacteria.*>** have suggested
haloarchaea mechanisms and biosurfactant
production under saline conditions. This research
assessed the biofilm-forming potential of soil
isolates when exposed to diverse hydrocarbons,
including petrol, and exhibited pronounced
biofilm development. This implies that the
efficiency of isolates in developing biofilms may
play an important role in enhancing hydrocarbon-
degradation efficiency in saline soils.

Efficient petroleum degradation by
bacteria, especially in saline soils, is an essential
ecological mechanism for combating environmental
pollution associated with petroleum and its
derivatives.*? The salinity and nutrient effects for
the biofilm formation under saline conditions and
improved degradation rates by the halophiles.***3
Findings from Fatima et al.* reported alleviation of
the adverse effects of salinity and enhancement of
petroleum degradation after inoculation of saline
soils with biosurfactant-producing Pseudomonas
sp. It was observed that there was a considerable
increase in the activity of the dehydrogenase
enzyme and a reduction in soil toxicity by up to
30%. Research following this type of approach are
important for enhancing the current perspective
of microbial interventions for the remediation of
hydrocarbon-contaminated saline soils. A study
conducted by Ebadi et al.*® reported the effects
of salinity on hydrocarbon-degrading abilities
of soil bacteria, stating that moderate salinity
enhanced hydrocarbon degradation of bacteria,
while higher salt content led to a decrease in
microbial load, thereby affecting biodegradation.
Therefore, it isimportant to identify hydrocarbon-
degrading bacteria that demonstrate resilience
and metabolic functionality in salt-stressed soil.
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In the present investigation, we used the
DCPIP method to evaluate the petrol degradation
efficiency of the isolates in an environment with or
without salinity stress. Our results demonstrated
petrol degradation that could be observed in
the culture tubes, and it was quantitatively
determined by measuring absorbance readings
at regular time-points, which decreased with an
increase in incubation period, signifying a decrease
in DCPIP in the medium. Further, when comparing
petrol degradation efficiencies of bacteria in
media with and without salt supplementation,
the results show similar trends, suggesting that
even in the presence of a saline environment,
the isolates were capable of degrading petrol to
a similar extent as in the absence of salinity. This
result is significant for the identification of suitable
microbes for the process of in situ bioremediation
at contaminated sites such as oil refineries for the
microbial-mediated degradation of heterogeneous
hydrocarbon compounds in the soil.*

An advantage of our study is that it tested
the biodegradation abilities of the isolates on
not only petrol, but also its constituents such as
benzene, toluene, and naphthalene. The ability
of bacteria to metabolize multiple hydrocarbons
enhances their suitability for petrol remediation, as
they are superior to bacteria with restricted ability
to degrade petrol alone. Additionally, bacteria
capable of degrading multiple hydrocarbons also
have the advantage of not needing the application
of a bacterial consortium or exploiting the
phenomenon of catabolism in the soil.

Globally, petroleum and petroleum
products are considered dangerous pollutantsin the
environment, with several adverse consequences
for living organisms. Use of microorganisms
for bioremediation of hydrocarbons is an eco-
sustainable and cost-efficient approach that
is currently being explored by the scientific
community. Multiple bacterial species involved
in degrading hydrocarbons have already been
described in scientific studies; however, the
search is still on for finding other bacterial
species with enhanced abilities for hydrocarbon
degradation. In this work, we aimed to investigate
bacterial isolates with multiple hydrocarbon
degradation abilities from soil samples of salt fields
in Gujarat. Two of these isolates were identified
as Paenibacillus sp. and B. cereus by 16S rRNA

sequencing. Preliminary results showed that both
isolates are promising candidates for hydrocarbon
degradation and biofilm formation in a hypersaline
environment. The presence of dual properties
suggests that these isolates are good candidates
for hydrocarbon remediation in contaminated sites
and merit further detailed characterization. Also,
soils from other regions can be sampled to discover
other bacterial species capable of hydrocarbon
degradation that can be used for the process of
bioremediation.

CONCLUSION

Research shows that salt-tolerant and
biofilm-forming bacteria, which can degrade
petroleum and its constituents such as benzene,
toluene, and naphthalene, can survive in saline soils
in the Wild Ass Sanctuary, Gujarat. Hydrocarbon
degradation abilities of isolates in both salty
(saline) and non-salty environments, indicating
high adaptability to salt stress. Identified isolates,
Bacillus cereus and Paenibacillus sp. are promising
in their possible application in the bioremediation
of hydrocarbons.

The synergistic characteristics of multi-
hydrocarbon degradation, salinity tolerance, and
biofilm formation indicate that the bacteria would
be good candidates for the in situ remediation of
the hydrocarbon-contaminated saline soils. Future
research must be aimed at further explaining the
degradation pathways, evaluating the production
of biosurfactants, and authenticating field-level to
boost the sustainable bioremediation approach.
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