Isolation of Indigenous Bacteria from Oil-Contaminated Soil and Evaluation

of Their Bioremediation Potential (Case Study: Kuwait Soil)

ABSTRACT

Soil contamination with petroleum hydrocarbons is a major environmental challenge in oil-
producing regions, including the Persian Gulf. Conventional remediation methods are costly and
may cause secondary pollution, highlighting the need for sustainable biological alternatives. This
study aimed to isolate indigenous hydrocarbon-degrading bacteria from oil-contaminated soil of
Kuwait (initial total petroleum hydrocarbons, TPH, 10%) and evaluate their bioremediation
potential. Enrichment in minimal salt medium with crude oil (2% v/v) as the sole carbon source
yielded 11 bacterial isolates (KK3, KK4, KK6, KK7, KK8, KK9, KK10, KK14, KK16, KK17,
KK19). Their performance was compared with two reference strains (Pseudomonas sp. S21-1 and
H712) in a 60-day microcosm experiment (completely randomized design, 14 treatments,
triplicate) using naturally contaminated soil. TPH reduction was measured gravimetrically after
Soxhlet extraction. Isolate KK17 achieved the highest degradation (38%), significantly
outperforming reference strains (e.g., S21-1: 21.5%). However, KK17 grew poorly at 50°C,
limiting its use in hot climates. In contrast, KK16 and KK14 showed lower degradation (29% and
28%, respectively) but grew well at 50°C, making them more suitable for field applications in the
Persian Gulf region. Qualitative observations (soil color lightening, reduced odor) supported the
quantitative findings. Although KK17 was the most effective degrader at moderate temperature,
KK16 and KK14 are better candidates for field-scale bioremediation due to their thermotolerance.
Future work should focus on molecular characterization, process optimization, and consortium

development.
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Introduction

Soil contamination with petroleum hydrocarbons is one of the most critical environmental
challenges of the present era, posing serious threats to ecosystem health, food security, and human
well-being (1, 2). This problem is particularly severe in oil-rich countries of the Persian Gulf
region, including Iran, Iraq, Saudi Arabia, and Kuwait, due to intense extraction, refining, and
transportation activities, as well as military conflicts such as the 1991 Gulf War. Large areas of
soil in this region are contaminated with various petroleum pollutants, including light and heavy
hydrocarbons and polycyclic aromatic hydrocarbons (PAHSs), with long-term negative impacts on

vegetation, groundwater, and biodiversity (3, 1).

The Persian Gulf region holds nearly half of the world's proven oil reserves and has been
continuously exposed to oil-related pollution. Wars, especially the 1991 Gulf War, resulted in the
release of millions of barrels of oil into the environment, causing widespread soil contamination
(1). Furthermore, routine industrial activities such as extraction, refining, and transport, along with
accidental leaks from pipelines and storage tanks, perpetuate and intensify this pollution. Kuwait,
as one of the epicenters of this contamination, has vast areas of crude oil-polluted soil, some of
which remain devoid of vegetation and active microbial life even decades later. These conditions

strongly demand efficient remediation strategies adapted to the local environment.

Among various methods for cleaning oil-contaminated soils, bioremediation has gained

attention as an environmentally friendly, cost-effective, and sustainable approach. This process



harnesses the metabolic capacity of microorganisms, especially bacteria that can use hydrocarbons
as carbon and energy sources, to convert pollutants into less harmful or harmless compounds (2,
4, 5). Compared to expensive and often secondary-polluting physical and chemical methods (e.g.,
soil washing, incineration, or chemical oxidation), microbial bioremediation is more compatible
with ecosystems and enables natural soil restoration (2, 6). Soil is a complex, dynamic ecosystem
hosting rich and diverse microbial communities. Hydrocarbon contamination can significantly
alter this community structure, reducing species diversity and abundance (7, 8). However, in
response to such disturbance, specialized microbial populations adapted to harsh conditions can
emerge. These microorganisms are capable of degrading and consuming hydrocarbons as carbon
and energy sources (2, 9). Using naturally contaminated soil (rather than artificially spiked soil)
has the advantage that the microbial community has already been subjected to natural selection
and may include strains specifically adapted to complex, real-world crude oil (7). This increases

the chance of finding efficient bacteria with high potential for field-scale bioremediation.

The most important step for successful bioremediation is obtaining efficient microbial strains
capable of degrading a wide range of hydrocarbons. Numerous studies have shown that indigenous
bacteria isolated from contaminated soils, due to their adaptation to local climatic and
environmental conditions, have higher potential for pollutant degradation. Well-known genera
such as Pseudomonas, Bacillus, Rhodococcus, Acinetobacter, and Stenotrophomonas possess

powerful enzyme systems (oxygenases and dehydrogenases) that enable them to degrade both

Previous studies have extensively isolated oil-degrading bacteria from contaminated soils in

various regions. Sarikhani et al. (13) evaluated nine bacterial isolates and

identified Pseudomonas sp. S21-1 as the most effective, with 26% TPH degradation. Afsharnia et
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al. (4) isolated 60 strains from contaminated soils around the Tabriz refinery and identified four
promising genera: Stenotrophomonas, Pseudochrobactrum, Arthrobacter, and Shewanella.

Ebrahimi et al. (5) isolated 19 bacterial strains belonging to 12 different genera from the Bushehr

region (Iran) and confirmed their ability to degrade diesel oil.

Despite numerous studies on isolating oil-degrading bacteria from contaminated areas (14, 12),
few have specifically focused on Kuwait’s polluted soils while considering the region’s unique
climatic conditions (high temperature, salinity, and the heavy nature of local crude oil). Moreover,
many previous studies have only isolated and identified bacteria without providing a
comprehensive evaluation of their degradation efficiency under near-field conditions (i.e., using
the original contaminated soil). Successful field-scale bioremediation requires selecting strains
that not only have high degradation ability but also perform effectively in the complex soil matrix

in the presence of other microorganisms.

To address the knowledge gap regarding locally adapted oil-degrading bacteria and to develop
an effective cleanup strategy for the Persian Gulf region, this study aimed to isolate, purify, and
identify indigenous hydrocarbon-degrading bacteria from Kuwait's contaminated soils, which have
been naturally selected under extreme conditions of high temperature, salinity, and heavy crude
oil. The research quantitatively and qualitatively evaluated the selected isolates' ability to remove
petroleum hydrocarbons using original contaminated soil in laboratory microcosms, while also
screening for thermotolerance at 50°C to ensure survival during harsh regional summers (45—
50°C). A comparative analysis of degradation efficiency versus heat tolerance was conducted to
identify optimal candidates that balance high breakdown capacity with environmental adaptability.

The ultimate goal was to select and recommend the most robust, high-performing bacterial strains



for future field-scale bioremediation applications in Kuwait and other similarly hot, oil-polluted

environments.

Materials and methods

Collection of oil-contaminated soil and measurement of physicochemical properties

The soil used in this study was naturally contaminated with petroleum hydrocarbons and

originated from Kuwait. Before the experiment, soil samples were air-dried in the shade and passed

through a 2-mm sieve. Physical and chemical properties were measured according to standard

methods and are summarized in Table 1. Soil texture was determined by the hydrometer method

(15); pH was measured in a 1:2 soil:water suspension using a pH meter (AZ 86502) (16); electrical

conductivity (EC) was measured in a 1:2 suspension using an EC meter (AZ 8301) according to

(17); calcium carbonate equivalent (CCE) was determined by titration with HCI (18); organic

carbon was measured by the Walkley—Black oxidation method (19); available phosphorus was

determined by the Olsen method (20); and available potassium was extracted with ammonium

acetate (21). Soil properties are presented in Table 1.

Table 1. Selected physicochemical properties of the soil used in this study.

Soil ] Available Available
) Organic CCE EC (dS
texture Sand Silt Clay P (mg K (mg pH
C (%) (%) m™ 1)

(%) kg™ 1) kg™ 1)
Sandy 7.7

95.0 1.6 3.4 8.75 1.0 2.0 12.0 3.85
loam 2




Initial TPH concentration, measured by Soxhlet extraction (22), was approximately 10%
(w/w). After determining the initial contamination level, 20-g aliquots of soil were placed into
sterile glass Petri dishes without any further pretreatment. All treatments were performed in three

independent replicates.

Isolation and purification of bacteria from contaminated soil

For isolation and enrichment of indigenous oil-degrading bacteria, CFMM mineral medium
was used (5). The CFMM medium contained (per liter): KH, PO, 0.8 g, Na, HPO, 2.2 g,
NH, NO; 3.0 g, CaCl, -7H, O 0.005 g, MgSO, -7H, O 0.01 g. The pH was adjusted to 7.0—
7.5. First, 1 g of contaminated soil was aseptically added to a 250-mL Erlenmeyer flask containing

50 mL of CFMM medium and incubated for 24 h at 28°C on a rotary shaker at 150 rpm.

Then, 5 mL of this primary microbial suspension was transferred to 50 mL of fresh CFMM
medium containing 2% (v/v) crude oil as the carbon source. Enrichment continued for one week
under the same conditions (28°C, 150 rpm) (Figure 1). After visible turbidity (microbial growth),
serial dilutions of the enriched suspension were prepared. From 10~ * to 10~ 7 dilutions, 100 pL
aliquots were spread onto Petri dishes containing solid CFMM medium (amended with crude oil)
or nutrient agar (NA). Plates were incubated at 28°C for 24-48 h (Figure 2). Selected colonies
were re-streaked on NA and then on CFMM medium; isolates that grew well on CFMM were

chosen for purification and further tests.

Colonies were examined for morphological characteristics (shape, margin, texture, color, size).
Bacteria were purified by successive streaking on NA (Figure 3). For preliminary identification,
standard biochemical tests including Gram staining, endospore staining, catalase test, and oxidase

test were performed on each isolate (23) (Table 2).
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Figure 3. Purification of bacteria obtained after the initial enrichment phase on NA medium.

Bacterial cultivation and preparation of inoculum



Eleven bacterial isolates obtained in this study (KK3, KK4, KK6, KK7, KK8, KK9, KK10,
KK14, KK16, KK17, KK19), along with two reference strains (H712 and Pseudomonas sp. S21-1)
from the microbial bank (13), were used for the bioremediation experiment. Overnight cultures
were prepared in NB medium. After reaching the desired population (OD = 1, equivalent to
approximately 1 x 10° CFU/mL), the cultures were stored at 4°C. Prior to inoculation, they were

diluted 10-fold and added to the soil.

Comparison of bacterial growth at 28°C and 50°C

Given the high ambient temperatures in the Persian Gulf region, the ability of isolates to grow
at elevated temperature was assessed. Bacterial growth on NA solid medium was evaluated at 50°C
(24). Streak cultures were prepared on plates and incubated at both 28°C and 50°C (Figure 4, Table
2). For quantitative assessment, spot cultures were used, and colony diameter was measured at

regular intervals (Figure 5).

Figure 4. Evaluation of bacterial growth ability at 50°C. Streak culture of the studied bacteria at two
different temperatures: 50°C (right) and 28°C (left).
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Figure 5. Comparison of bacterial colony growth in spot culture on NA medium at two different incubation
temperatures after one week.

Bioremediation treatment

A microcosm experiment was conducted in sterile glass Petri dishes (Figure 6). Each Petri dish
contained 20 g of contaminated soil. The experiment followed a completely randomized design
with three replicates per treatment and lasted 60 days. The bioremediation protocol was as follows

(13):

Surfactant addition: Tween 80 (1% v/v, 5 mL per 20 g soil) was added once at the beginning

of the experiment, mixed thoroughly, and left for 24 h before microbial inoculation.

Nutrient supplementation: A nutrient solution containing 1.1 gL~ 1P, 1.1 gL 'K, and 6.6
g L™ ! N was prepared by dissolving 5.5 g of 20:20:20 NPK fertilizer and 12 g of urea in 1 L of

water.

Microbial inoculation: Bacterial inoculum (OD = 1) was diluted 1:10 with distilled water or
NPK solution. Then, 4 mL of the diluted suspension was added to each soil sample and mixed

uniformly. Inoculation was performed twice per week (every 3—4 days) throughout the experiment.



The initial inoculum had approximately 1 x 10° CFU/mL; after 10-fold dilution and one week of
storage at room temperature, the population was ~0.5 x 108 CFU/mL, still suitable for inoculation.
The final bacterial concentration in soil was higher than typical field conditions (often 1:1000
dilution) but was chosen to accelerate degradation detection at the laboratory scale. In the control
treatment (contaminated soil without microbial inoculation), surfactant was added, and periodic

watering and mixing were performed, but no bacterial inoculation or NPK solution was added.

Maintenance: Aeration was provided by daily manual stirring of the soil. Soil moisture was
adjusted every two days by adding 4 mL of distilled water per Petri dish. On days without
inoculation, only water was added if needed. All samples were maintained at room temperature

(28-30°C) throughout the experiment.

TPH measurement and degradation percentage

TPH concentration was determined according to the UNEP/IOC/IAEA method (22). Briefly,
10 g of air-dried soil was wrapped in extraction thimbles and placed in a Soxhlet apparatus.
Extraction was performed with 300 mL of diethyl ether for 4 h. After extraction, the residue was
dried in an oven at 70°C for 48 h to constant weight. TPH concentration (as % of dry soil) was

calculated as:
(1) TPH (%) = [(W; —W_d) / W_d] x 100

where W; = initial weight of soil sample before extraction (10 g), and W_d = weight of soil

after extraction and drying.
TPH degradation percentage was calculated as:
(2) Degradation (%) = [(W;—W_f) / Wi] x 100
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where W; = initial TPH in control soil (time zero), and W_f = final TPH in treated soil after 60

days.

Note: The Soxhlet gravimetric method is relatively old and may have limitations (it cannot
distinguish between residual oil and metabolites or native soil organic matter). However, it remains

a simple, widely used screening method.

Experimental Design and Statistical Analysis

The experiment was arranged as a completely randomized design (CRD) with three replicates.
Treatments included 13 bacterial isolates (11 novel + 2 reference) and one uninoculated control.
Data were analyzed using SPSS software. Means were compared using Duncan’s multiple range

test at p < 0.05. Figures were prepared using Microsoft Excel.

Results and Discussion

Bacterial Screening

Given the target climate for bioremediation applications (hot regions of southern Iran and the
Persian Gulf coast), the screening process was designed to select strains adapted to high
temperatures. Isolation vyielded several bacterial isolates capable of growing in crude
oil-containing medium. Preliminary phenotypic observations confirmed that these isolates
belonged to the indigenous microbial community of the contaminated soil and, due to long-term
selective pressure from hydrocarbons, possessed inherent potential for hydrocarbon degradation.
Such indigenous strains, having adapted to similar climatic conditions, are promising for

field-scale bioremediation in warm regions (2).
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According to Figures 4 and 5, only five isolates (KK3, KK7, KK14, KK16, KK19) could grow
at 50°C. Among these, some (e.g., KK19) not only survived but grew well at this temperature,
while others (e.g., KK17) showed weak growth. This suggests an inverse relationship between
degradation efficiency at moderate temperature and thermotolerance, possibly due to metabolic
costs associated with maintaining degrading enzymes against thermal denaturation. Given the
importance of high-temperature tolerance (especially 50°C) for selecting strains suitable for field
applications in hot climates, this test served as an initial screening step. Thermophilic or
thermotolerant characteristics are important criteria for selecting bacteria for use in warm

environments such as the study area (25, 24).

In this study, from naturally crude oil-contaminated soils of Kuwait, 11 bacterial isolates (KK3,
KK4, KK6, KK7, KK8, KK9, KK10, KK14, KK16, KK17, KK19) were isolated. Enrichment was
performed in minimal medium containing crude oil as the sole carbon source. The diversity in
colony morphology (size, color, margin, texture) indicated a diverse microbial community shaped
by long-term oil contamination (2). Gram staining and biochemical test results (catalase, oxidase,
spore formation) divided the isolates into two main phenotypic groups: Gram-positive
spore-formers (KK3, KK14, KK16, KK19) and Gram-negative non-spore-formers (KK4, KKB6,
KK7, KK8, KK9, KK10, KK17). This pattern is consistent with known oil-degrading genera such

as Bacillus (spore-former) and Pseudomonas (non-spore-former) (11).

Numerous studies in contaminated areas of Iran have aimed to identify effective oil-degrading

microorganisms. Nadalian et al. (26) isolated Pseudomonas aeruginosa BN2 from sediments of

the Arvandkenar region and reported >80% crude oil degradation within five days after

optimization (0.25g L~ * NH, CI, 0.024 g L™ ! K, HPO, ). Hosseini-Boldaji et al. (27) sampled

around the Tehran refinery and identified three bacterial isolates (Nocardia, Bacillus subtilis,
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and Acinetobacter baumannii) capable of reducing or eliminating aromatic compounds in culture

medium containing 2% kerosene. Heydaritabar and Moghimi (28) isolated a fungal

strain Gliomastix sp. (ADH-02) from contaminated soils of the Shazand refinery, which degraded
75% of TPH and 91% of aliphatic compounds and reduced anthracene by 67% within 14 days.

Ebrahimpour et al. (29) isolated a highly halophilic biosurfactant-producing bacterium from the

salt lake of Qeshm Island that showed excellent crude oil emulsification and growth in the presence

of glycerol.

Collectively, these studies confirm the high biodiversity and potential of indigenous
microorganisms in the region. However, most were conducted in liquid culture media with light
or refined oils, whereas the present study used real soil with heavy crude oil under near-field

conditions.

Distribution of Thermotolerant vs. Mesophilic Isolates and Their Ecological Significance

Among the 11 isolates obtained, 5 isolates (45.4%) were capable of growth at 50°C
(thermotolerant), while 6 isolates (54.6%) were mesophiles (grew only at 28°C but not at 50°C).
Therefore, mesophiles were more common, but thermotolerant strains still constituted a significant
proportion. There will be some reasoning for this distribution: 1) Initial isolation temperature: The
primary isolation and enrichment were performed at 28°C, which inherently favors mesophilic
bacteria. This temperature was chosen to maximize the diversity of isolates obtained, as
thermophiles would still grow at 28°C (though slower), but mesophiles would not grow at 50°C.
2) Natural selection pressure: The soil originated from Kuwait, where surface temperatures can
reach 50°C during summer. This has created selective pressure favoring thermotolerant strains;

however, soil temperatures fluctuate diurnally and seasonally, providing niches for both
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mesophiles and thermotolerants. 3) Crude oil composition: The heavy crude oil (C12+ >40%) may
have favored slower-growing, metabolically versatile mesophiles that can degrade complex

hydrocarbons more efficiently, whereas thermotolerance may come at a metabolic cost.

Ecological Strategy: We observed an inverse relationship between degradation efficiency at
moderate temperature and thermotolerance, suggesting a trade-off mechanism. Specifically, strain
KK17, a mesophile, achieved the highest degradation rate (38%) but failed to grow at 50°C,
whereas the thermotolerant strains KK16 and KK14 exhibited lower degradation efficiencies (29%
and 28%, respectively) while demonstrating robust growth at 50°C. This pattern indicates that
thermotolerant bacteria likely invest significant energy in producing heat-shock proteins and
stabilizing enzymes to survive extreme heat, thereby reducing the energy available for

hydrocarbon degradation systems.

Bioremediation of contaminated soil

As shown in Figure 6, noticeable visual changes occurred in the oil-contaminated soil during
bioremediation. The initial darkness gradually decreased, and soil color turned to light brown.
Additionally, soil structure improved, becoming more porous and spongy, indicating better
aeration. A marked reduction in petroleum odor was also observed in treated samples compared to
the control. However, it must be emphasized that these qualitative observations are only supportive
and cannot replace quantitative measurements; soil structure was not quantitatively measured, and
odor was not assessed with any instrument. Nevertheless, the qualitative observations clearly

indicated improved physical characteristics of the soil as a result of bioremediation.
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Figure 6. Comparison of bioremediation treatments after bacterial inoculation vs. control. Dark sample
(top right) is contaminated soil without microbial inoculation (control).

Figure 7 presents TPH degradation percentages after 60 days. The control treatment (no
microbial inoculation) showed the lowest degradation, which was significantly different from
bacterial treatments (Duncan’s test, p < 0.05). The highest degradation (38%) was observed for
isolate KK17, while the reference strain S21-1 achieved approximately 21.5% degradation.
Notably, isolate KK19 showed low degradation despite being highly thermotolerant (Figures 4 and
5). This significant difference indicates that high-temperature tolerance alone is insufficient for

successful bioremediation; an efficient hydrocarbon-degrading enzyme system is also essential.
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Figure 7. Percentage of oil (TPH) degradation in bacterial treatments after 60 days.
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Although direct measurement of hydrocarbon-degrading enzymes (e.g., laccase, peroxidase,
monooxygenase) or microbial surfactants was not performed in this study, the significant
differences in oil degradation percentages among isolates can be reasonably attributed to
differential expression or efficiency of these factors, based on growth patterns, physicochemical
changes, and literature evidence. For example, the higher efficiency of KK17 (38% degradation)
compared to reference strains (21.5%) likely results from greater production of extracellular
enzymes effective against long-chain and aromatic hydrocarbons. The faster reduction in viscosity
and earlier color change from dark to light brown in KK17-treated soil (Figure 6) may indirectly
indicate biosurfactant production, which enhances oil bioavailability. Conversely, KK16 and
KK14, despite lower degradation (29% and 28%, respectively), exhibited good growth at 50°C,
possibly due to thermal stability of their enzyme systems or production of heat-resistant
biosurfactants — a trait in which KK17 was deficient. Even though direct measurement of
biosurfactant production was beyond the scope of this initial screening study, several qualitative
observations suggest their involvement. The faster reduction in oil viscosity and earlier soil color
lightening in treatments with higher degradation efficiency may indicate biosurfactant-mediated
oil emulsification. Moreover, the presence of >40% C12+ hydrocarbons in the crude oil, which
are highly hydrophobic and require biosurfactants for bioavailability, suggests that the observed
degradation likely involved biosurfactant production. However, definitive confirmation requires
future studies focusing on biosurfactant characterization, including surface tension measurement,

emulsification index determination, and molecular screening for biosurfactant biosynthesis genes.

Since previous studies have shown that indigenous bacteria in Persian Gulf contaminated soils
often act through combined mechanisms including biosurfactant production and oxidative

enzymes, it is reasonable to assume that differences in degradation percentages in the present
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isolates are largely due to variations in expression or efficiency of these factors. Although
confirming these hypotheses requires additional experiments (e.g., enzyme activity assays, surface
tension measurement, GC-MS), the indirect evidence from this study provides a clear pattern
linking bioremediation efficiency to the metabolic potential of isolates. In other words, KK17
likely possesses a stronger enzyme system for hydrocarbon degradation, while KK16 and KK14,
due to their better thermal adaptation, are more practical candidates for bioremediation in Kuwait’s

hot climate.

Complete removal of petroleum compounds likely requires more time. In field studies of
heavily contaminated sites, the goal is often to reduce TPH to below 1%. Bioremediation progress
depends not only on initial pollutant concentration but also on pollutant type (aliphatic vs. aromatic
ratio), microbial type, environmental conditions (temperature, moisture, aeration, nutrients), and
other factors. The relatively low degradation rate (<40%) of KK17 can be attributed to: (1) Crude
oil type: GC-MS analysis of the initial sample showed it was heavy crude with a predominance of
C12+ hydrocarbons (>40%), which are inherently more resistant to biodegradation due to their
complex molecular structure and lower bioavailability. (2) Experimental duration: 60 days is short
for complete mineralization of heavy crude oil in soil; meaningful TPH reduction in field studies
often requires 6-12 months. (3) Realistic conditions: Unlike studies in liquid culture with fresh
(spiked) oil that achieve >80% degradation, the present study used naturally contaminated, aged

soil, which is more challenging and realistic.

While the Soxhlet gravimetric method effectively demonstrated significant TPH reduction
across treatments, it cannot distinguish between the degradation of different hydrocarbon fractions
or identify degradation intermediates. Although GC-MS analysis of the initial crude oil confirmed

its heavy nature (>40% C12+ hydrocarbons), post-experiment GC analysis would have provided
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valuable information on the degradation patterns of specific compounds. Future work should
employ GC-FID or GC-MS to analyze residual oil fractions, allowing identification of preferential
degradation of aliphatic vs. aromatic compounds and detection of metabolic intermediates.
Nevertheless, the gravimetric method remains a validated and widely used screening tool for

comparing biodegradation efficiencies among multiple treatments (30, 31).

In bioremediation, monitoring physical, chemical, and biological soil indicators is key to
evaluating success (13, 32). Although the main focus of this study was quantitative TPH
measurement by Soxhlet extraction, complementary qualitative observations (color and odor
changes) were recorded as supportive evidence. It is emphasized that these observations do not
replace quantitative analyses but are reported as visual status. For example, in the KK17 treatment
(highest degradation, 38%), a gradual reduction in oil odor and lightening of soil color compared
to the control were observed. This qualitative correlation supports the gravimetric findings but
lacks independent analytical value. Although GC-FID analysis for distinguishing aliphatic and
aromatic fractions was not performed at this stage, detailed GC-MS analysis of the crude oil sample
(see supplementary file) confirmed that it was a heavy, sour crude oil with average molecular
weight 156.67 g mol™ %, dominated by heavy C12+ hydrocarbons (>40%). The distribution of
normal alkanes from C6 to C20+ and the high specific gravity (0.861) clearly indicate the heavy
nature of the sample. This specific chemical composition, with high concentrations of
high-molecular-weight, long-chain hydrocarbons, is the primary reason for the oil’s high
recalcitrance and resistance to biodegradation, as heavier compounds are less accessible to
microorganisms. Another reason for the relatively low removal efficiency is the experimental

duration; it appears that the tested bacteria required more time for significant hydrocarbon
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removal. Obtaining efficient, environmentally adapted microbial strains is a key success factor in

bioremediation projects, and the main goal of this study was to select and introduce such strains.

Table 2. Gram reaction, endospore staining, catalase, oxidase, and growth at 28°C and 50°C for the
isolates used in this experiment.

Isolate Gran? Catalase Oxidase Endospores Growth at Growth at
reaction 28°C 50°C
KK3 Positive Positive Positive Present + +
KK4 Negative Positive Positive Absent + -
KK6 Negative Positive Positive Absent + —
KK7 Negative Positive Positive Absent + +
KK8 Negative Positive Positive Absent + —
KK9 Negative Positive Positive Absent + -
KK10 Negative Positive Positive Absent + -
KK14 Positive Positive Negative Present + +
KK16 Positive Positive Negative Present + +
KK17 Negative Positive Positive Absent + -
KK19 Positive Positive Negative Present + +

Note: (+) = growth; (=) = no growth.

A significant limitation of this study is the lack of molecular identification (16S rRNA gene
sequencing) of the isolated strains. While phenotypic characterization suggests that the isolates

belong to known oil-degrading genera (e.g., Bacillus, Pseudomonas, Acinetobacter), definitive
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taxonomic assignment requires molecular analysis. Future studies should employ 16S rRNA gene
sequencing to precisely identify these strains and to screen for functional genes involved in
hydrocarbon degradation pathways. Despite this limitation, the phenotypic screening approach
successfully identified promising candidates for bioremediation based on degradation efficiency

and thermotolerance, which were the primary objectives of this study.

Conclusion

This study aimed to isolate and screen indigenous oil-degrading bacteria from contaminated
soils of Kuwait and evaluate their efficiency in reducing TPH. From soil containing 10% TPH, 11
bacterial isolates were obtained, of which five were capable of growth at 50°C. Based on the
60-day bioremediation test at 28-30°C, isolate KK17 showed the highest TPH reduction (38%),
followed by KK16 (29%) and KK14 (28%). However, isolates KK16 and KK14, due to their
resistance to 50°C, are more suitable candidates for field applications in hot regions (e.g., the
Persian Gulf), even though their TPH reduction percentages were lower. This finding emphasizes
the necessity of multi-criteria screening, where both maximum degradation and stability under
realistic environmental conditions are considered. GC-MS analysis of the initial crude oil revealed
it was heavy crude with >40% C12+ hydrocarbons, inherently more resistant to biodegradation —

a likely primary reason for the relatively low TPH reduction (<40%) across all treatments.

Although this study confirmed the ability of several indigenous isolates to reduce TPH, the
achieved degradation percentages (below 40%) indicate that the search for even more efficient
strains for field applications remains essential. The gap between laboratory results and field
expectations can only be bridged through deeper molecular and biochemical studies. Therefore,

future work should focus on: (1) identifying genes involved in alkane and aromatic compound
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degradation pathways; (2) quantitative measurement of key enzyme activities (e.g., oxygenases,
dehydrogenases); (3) quantitative assessment of biosurfactant production using standard methods
and identification of responsible genes; and (4) designing bacterial consortia with complementary
capabilities. These steps will pave the way from initial laboratory observations toward practical,

effective bioremediation applications in contaminated areas.

Based on the findings of this study, we recommend the following for field-scale bioremediation
in Kuwait and similar hot regions: for strain selection, KK16 and KK14 are recommended over
KK17 despite their lower degradation rates, due to their thermotolerance and ability to survive at
50°C; however, a consortium approach combining these thermotolerant strains with the mesophilic
but highly degradative KK17 could provide high degradation activity during cooler periods while
maintaining viability during heat extremes. Additionally, nutrient supplementation (NPK
fertilizer) should be optimized to support bacterial growth, as used in this study, and the use of
Tween 80 or other surfactants may be necessary to enhance oil bioavailability, particularly given
the heavy nature of the crude oil. Finally, field bioremediation should be planned over longer
timeframes (months rather than weeks), with regular monitoring of TPH reduction at regular

intervals to assess progress.
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