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Abstract

Oil palm (Elaeis guineensis) is an important source of edible vegetable oil derived
from the fruit mesocarp; however, oil extraction commonly generates
wastewater and residues that may be discharged into the environment without
adequate  treatment. Because microorganisms can degrade organic
contaminants in palm oil mill effluent and oil-contaminated matrices, this study
aimed to evaluate the potential of Pseudomonas fluorescens for remediating palm
oil-contaminated soil. Palm oil and P. fluorescens isolates were obtained from
Fiditi Oil Mill and Ajayi Crowther University, respectively, in Oyo State,
Nigeria. Uncontaminated soil, oil mill soil, and purposefully contaminated soil
were used as experimental control samples, while four purposefully
contaminated soil samples and four oil mill soil samples were treated with P.
fluorescens under varying soil sterilization and tillage conditions. The isolate was
identified using 16S rRNA gene sequence analysis, and a 12-week field
bioremediation trial was conducted to assess microbial load and residual oil
content. The 16S rRNA sequencing confirmed the isolate as P. fluorescens
MNG607218.1. Residual oil in tilled sterile purposefully contaminated soil
decreased from 0.13 g on day 0 to 0.10 g by week 12, whereas the
corresponding non-sterile soil showed a greater reduction to 0.07 g by week 12.
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These findings indicate that P. fluorescens can effectively degrade palm oil in
contaminated soil, particularly under non-sterile conditions, and may serve as a
promising microbial agent for environmental cleanup of palm oil-contaminated
sites.

Keywords: Palm Oil; Pseudomonas fluorescens; Bioremediation; Contaminated
Soil; Oil Degradation

INTRODUCTION

Palm oil mill effluent (POME), according to Islam e 4/ (2018), is frequently
released straight from a mill, which is undesirable and can contaminate nearby streams,
rivers, and land. In addition to serious environmental problems, including acidification,
eutrophication, biodiversity loss, and climate change, POME has negative environmental
effects, such as contaminating aquatic and terrestrial ecosystems (Sabiani ez a/., 2023). In the
oil wastewater cleanup process, the microorganisms that produce the lipase are typically
employed (Enerijiofi e al, 2024). If microorganisms used have an enzymatic profile,

POME can undergo a more effective bioremediation process (Ganapathy ez a/., 2019).

Although several microbial species have been found to remediate POME, little is
known about the ability of environmental consortia, either native aerobic microbial
enrichments or microbial consortia from highly polluted wastes, to remediate these
wastewaters. However, the use of native microorganisms for POME remediation could
improve their adaptability, survival, and capacity to degrade effluents with high levels of
suspended organic solids, oil and grease, and elevated chemical and biochemical oxygen

demand (Agualimpia ez a/., 2016; Al-Kanany ez al., 2023).

The environmental challenges posed by POME have led to an intensive and
integrated search for an eco-friendly alternative technique for the remediation of its
pollutants. Microorganisms, including bacteria, molds, yeasts, and fungi, can completely
degrade oil-based wastewater (Ganapathy ez a/., 2019; Ndekhedehe ez a/., 2023). Considering
POME as the most environmentally harmful, the growing global consumption of palm oil
therefore calls for an immediate response to reduce the pollution generated during its
production. POME adversely affects the qualities of soil and water and has significant
concentrations of contaminants like oil and grease. The pH of the soil changes through the

release of POME into it, and this has an impact on the availability of nutrients for plants
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(Olufunmilayo ez al., 2023). POME also alters soil characteristics, including odor, color, and
texture, causing pore waterlogging and subsequent vegetation death, ultimately leaving the

environment bare.

Currently, POME and other oil processing waste treatments primarily use a single
microbial species. However, a single organism can find it difficult to metabolize all the
contaminating components to permissible discharge levels because most effluents have a
variety of properties. Although single microbial species are still being investigated, mixed
cultures offer several advantages in biodegradation research, including greater tolerance to
environmental perturbations such as fluctuations in nutrient availability, pH, temperature,
and pollutant concentrations (Patowary et al., 2023). It is of paramount importance to also
note that microorganisms play a critical role in the natural attenuation and bioremediation
of contaminated soils. Numerous studies have reported their ability to degrade
contaminants and restore polluted environments. For example, Popoola and Olanbiwoninu
(2019) demonstrated the potential of indigenous microorganisms to degrade Bonny crude
oil in both pilot-scale field studies and controlled soil-contamination experiments. Several
other studies have explored the microbial remediation of diverse soil contaminants,
including heavy metals, petroleum hydrocarbons, and agrochemical residues (Yu ez al,
2024; 1i et al, 2025; Han et al, 2025). These findings underscore the feasibility of
employing microbial communities as sustainable and cost-effective tools for restoring
polluted soils. However, relatively few studies have focused specifically on the microbial
remediation of palm oil mill effluent (POME)-contaminated soils, despite the significant
ecological impact of POME discharge on soil health and productivity. It is important to
investigate the potential of indigenous microorganisms, particularly P. fluorescens, for the
bioremediation of POME-contaminated environments. This study, therefore, aims to
evaluate the degradative capability of molecularly identified P. fluorescens on palm oil-

contaminated soil.

MATERIALS AND METHODS

Sample collection and preparation
The palm-oil-contaminated soil was aseptically collected from Fiditi Oil Mill
Centre, Oyo State, Nigeria, and uncontaminated soil samples were collected aseptically

from the front of the Faculty of Natural Sciences at Ajayi Crowther University, Oyo State,
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Nigeria. The palm oil was purchased from Ajegunle Market, Oyo, Oyo State, Nigeria. The
soil samples were weighed to 250 g each into 18 mm diameter bowls. For the purposely
contaminated samples, 20 mL of the palm oil was thoroughly mixed with 250 g of the soil

sample for each of the 18 mm diameter bowls.

Inoculum Preparation and Addition

The isolate (P. fluorescens) (Isolate A) was used for the bioremediation experiment.
The isolate was obtained from the Microbiology Laboratory, Ajayi Crowther University,
Oyo State. The isolate was previously subjected to standard morphological and biochemical
tests for its identification. The isolate was subsequently inoculated into nutrient broth and
incubated for 24 h; thereafter, the cell count was determined using a hemocytometer
(Marienfeld Superior, Germany) and standardized to obtain an inoculum size of 2 X 10" per
mL. One milliliter (1 mL) of the isolate was dispersed in 9 mL of sterile distilled water and
added to the soil in the different treatment bowls. The inoculated soil was then thoroughly
mixed to ensure uniform distribution of the added microbial cells (Onajobi ez al., 2020).
Tilling

Soils with the “mixing” treatment option were tilled twice a week throughout the
12-week experimental study to improve soil aeration and enhance biodegradation. The soil

without “mixing” was left undisturbed in the bowls throughout the study period.

Physico-chemical Analysis
The physico-chemical properties of the collected soil samples were determined for

the following parameters using the procedure in the method of soil analysis (AOAC, 1980).
i. pH in Water

The soil samples were air-dried, and 10 g of each sample was placed in a beaker.
The suspension was stirred several times over a 30-min interval, and the pH of the soil in

each beaker was thereafter measured using the glass electrode of a pH meter.
ii. Moisture content (%)

The soil sample was air-dried for three days; thereafter, 50 g of the soil was placed
in a pre-weighed aluminum tray. The aluminum tray containing the soil sample was placed

in an oven and dried at 110 °C for 48 h. The tray and oven-dried soil were thereafter kept
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in a desiccator for 1 h to cool. The weight of the tray and the oven-dried soil was then

taken. The following formula was used to calculate the water activity in the soil.

Weight of soil before oven—drying

Moisture content = X 100 %

Weight of oven—dried soil

iii. Percentage of Organic Carbon:

The soil sample was ground to pass through a 60 mm mesh sieve, and 1 g of the
sieved sample was measured in duplicates into two 250 ml. conical flasks. 10 mL of 1N
K,Cr,O7 solution was pipetted into each flask and swirled gently to disperse the soil. 20 mL
of concentrated HoSO4 was promptly added directly to the suspension and gently swirled
immediately until the soil and the reagents had mixed. It was thereafter shaken vigorously
for 60 s. The flask was rotated again and allowed to stand on the bench for 30 min. 100
mL of distilled water was then added, followed by 3—4 drops of ferroin indicator. The
mixture was titrated with 0.5 N FeSOy solution using a burette. Greenish cast coloration in

the solution, which changed to dark green, marked the end point of the titration.

The FeSO, solution was then added drop by drop until the color changed rapidly
from blue to red. The blank titration (without soil) was carried out in the same manner to
standardize the dichromate. The percentage of organic carbon in the soil sample was

calculated as follows:

me.K,Cr,0,=me.FeS0,X0.003
Weight of oven—dried soils

Percentage of Organic Carbon = X 100 (F)

Correction factor, F = 1.33
[Where meq. = Normality of solution X mL of solution used)]
iv. Total Nitrogen

Five grams of an air-dried soil sample were ground and transferred to an 11 cm?
Whatman No. 2 filter paper, wrapped, and dropped into a 500 mL Kjedahl flask. One
heaped teaspoon (~11 g) of the digestion mixture was added to the flask through a long,
wide, stern funnel; 25 mL of concentrated H,SO4 was added and switled gently until the
sample and acid were thoroughly mixed. The flask was then placed in the Kjeldahl
digestion apparatus, and the fume aspirator was turned on. The mixture was heated at low
temperatures until the organic matter was destroyed, as evidenced by the light grey or
straw-colored mixture. The heat was turned off, the flask was then removed, and capped

immediately. The whole unit was cooled until distilled water could be added without an
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explosive result. 250 ml. of distilled water was carefully added and mixed thoroughly.
While holding the flask at a 45° angle, 75 mL of 40% NaOH was carefully added down the
inner wall of the flask, allowing it to flow to the bottom without mixing. Three pieces of
mossy zinc (Zn) were added, and the flask was attached immediately to the distillation unit
at the receiving end, with a 500 mL flask containing 25 mL of 4 % boric acid (plus
indicator) and 250 mL of water. The Kjeldahl flask was gently swirled to mix the contents

at low heat.

About 200 mL of the mixture was collected in the receiving flask. The distillate was
then titrated with a standard 1 M H,SOy4 until the blue color disappeared. The endpoint
was indicated as the solution turns pink. The volume of the acid required to titrate the
blank (set up as a parallel) was subtracted from the amount used to titrate the sample. This

gave the amount of nitrogen in the sample.
v. Available Phosphorus:

Five grams of the soil samples and a scoop of refined charcoal were placed in a 250
mL conical flask. 100 mL of the extracted solution containing 0.5 M NaHCOj3, adjusted to
pH 8.5 with 0.1 N NaOH, was added and shaken for 30 min. The soil suspension was then
filtered through a No. 40 filter paper, and 5 mL of the filtrate was pipetted into a 25 mL
conical flask. 5 mL of 0.5 M ammonium molybdate solution was slowly added. The flask
was shaken gently to mix the contents, and the neck of the flask was subsequently washed
down, diluting the contents simultaneously with 22 ml. of distilled water. 0.1 mL of dilute
SnCl; solution was added and mixed. The transmittance of the solution was measured in
the colorimeter at 660 nm, 10 min after adding the SnCl, solution, considering the value of

available phosphorus (P) in the soil.
vi. Exchangeable Cations (Na and Mg)

10 g of the soil sample was weighed into a 250 mL conical flask. 1 mL of 1 N
ammonium acetate was added, and the flask was stoppered. The suspension was
intermittently agitated by manual shaking for 30 min, after which it was filtered through
Whatman No. 1 filter paper. The first 10-20 mL of the obtained filtrate was discarded, and
then 25 mL of the suspension was collected in a 50 mL conical flask. A flame photometer
was used to determine the concentrations of Na and Mg cations in ppm, present in the soil

sample. This was calculated as follows:
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ppm cation in solution X vol. of extractant
Weight of soil

(X any further dil)

ppm cation in soil =

ppm cation in soil

mg/100g of soil =

10 X mg wt. of cation

Finally, the soil color was merely determined visually.

Bioremediation Setup and Treatment

The bioremediation setup and design are shown in Table 1 and Figure 1,
respectively. Soil samples were taken in duplicates bi—weekly for 12 weeks from each bowl
(18 mm diameter) of each treatment option by scooping the soil at the top, middle, and
bottom with a sterile spoon, ensuring that the sample taken was a true representation of the
treated soil. Soil sterilization of both polluted and unpolluted soil samples was sterilized at
121 °C for 3 consecutive days to eliminate all viable microorganisms present. This was
done to ensure that only the inoculated bacterial isolate degrades the contaminants
present in the soil. The biodegradation process was determined using the following

methods:

1. Total Viable Count (Enumeration)

The total viable microbial count of the soil sample was determined over 12 weeks
to enumerate the microorganisms present in the polluted soil based on their growth and
metabolic activity. The pour plate technique was used, incubation at room temperature for
24 — 48 h. Colonies that developed were counted and recorded from the 2™ to the 12"

week (Popoola ez al., 2022; Onajobi ez al., 2023).

1. Spectrophotometric Analysis

The residual oil present in each soil during the bioremediation experiment was
determined according to the method highlighted by Cheesebrough (2006). 5 g of each soil
sample was extracted with 10 mL n-Hexane for residual oil and allowed to stand for a few
minutes. The optical density of the supernatant containing the extracted oil was determined

with a UV/VIS spectrophotometer at 420 nm.
1ii. Gravimetric Analysis
The modified method of Cheesebrough (2006) was used to determine the residual

oil present in the soil during the bioremediation experiment. The residual oil present in the
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soil after week 4 of bio-treatment was extracted as described above. The n-hexane was used

as the extracting solvent at 50 °C, the residual oil obtained was then quantified in grams.

Molecular Characterization of Isolated Bacteria (DINA Extraction Procedure using
the Zymo Kit)
Molecular characterization of isolated bacteria, focusing on DNA extraction,

amplification, sequencing, and phylogenetic analysis, was conducted.

i. DNA Extraction and DNA Amplification (PCR)

Bacterial template DNA was extracted at the International Institute of Tropical
Agriculture (IITA) in Ibadan using the Zymo Kit. The extraction was carried out by lysing
the bacterial cells, purifying DNA, and eluting it for downstream applications. The
extracted DNA underwent polymerase chain reaction (PCR) amplification. PCR
amplification was performed in a 25 pl reaction mixture containing 1X PCR buffer
(Thermo Fisher Scientific, USA), 2.0 mM MgCl,, 0.2 mM of each dNTP, 0.5 uM of
universal bacterial primers 27F (5-AGAGTTTGATCMTGGCTCAG-3"), and 1525R (5'-
AAGGAGGTGATCCAGCC-3'), 1 U of Taq DNA polymerase (Thermo Fisher Scientific,
USA), and approximately 50 ng of template DNA (Ilesanmi ez a/., 2020). PCR cycling was
carried out in a Veriti 96-Well Thermal Cycler (Applied Biosystems, USA) with the
following conditions: initial denaturation at 95 °C for 3 min, followed by 30 cycles of
denaturation at 95 °C for 30 s, annealing at 55 °C for 30 s, and extension at 72 °C for 1

min, with a final elongation step at 72 °C for 10 min.

Amplified products were analyzed by electrophoresis on a 1.5% (w/v) agarose gel
(Invitrogen UltraPure™ Agarose) prepared in 1X TAE buffer, stained with ethidium
bromide (0.5 pg/mL), and visualized under UV illumination using a Gel Doc XR+ System
(Bio-Rad, USA).

ii. PCR Product Purification and DNA Sequencing

PCR products were purified using ethanol precipitation. Ethanol was added to the
PCR product, followed by centrifugation, washing with ethanol, and air drying. Purified
amplicons were reconstituted in water and checked on agarose gel. Purified PCR products
were sequenced at Ingaba Biotechnology Industrial (Pty) Ltd, Pretoria, South Africa, using
the dideoxy chain termination method. Sequencing was performed on an ABI PRISM®
3500 XL DNA Sequencer (Ilesanmi ez a/., 2020).
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iii. Sequence Analysis and BLAST search analysis of 16S rRNA gene sequence

The 16S rRNA gene sequence was analyzed using the Basic Local Alignment
Search Tool (BLAST) from the National Center for Biotechnology Information (NCBI),
employing default parameters for homology identification. The hypervariable regions,
specifically V3—V4 (positions ~341-800), of the 16S tRNA gene were sequenced for the

molecular identification of the isolate.

iv. Molecular Phylogenetic Analysis

Molecular Evolutionary Genetics Analysis (MEGA) was used to generate a
phylogenetic tree based on 16S rRNA gene sequences. The Maximum Likelihood method,
based on the Tamura-Nei model, was employed to infer the evolutionary history of
isolates. The final dataset comprised 511 positions. MEGA was utilized for evolutionary

analyses and tree construction (Tamura ef a/. 2021).

Statistical Analysis

Data were expressed as mean * standard error of the mean (SEM). One-way
analysis of variance (ANOVA) was performed to assess differences among treatments, and
significant differences between group means were determined using Duncan’s Multiple

Range Test (DMRT). A probability value of p < 0.05 was considered statistically significant.

RESULTS AND DISCUSSION

Assessment of physico-chemical alterations in palm oil mill effluent-contaminated
soil and the effect of bioremediation

Long-term pollution may be the cause of the distinctive black coloration seen in the
soil affected by POME. The physical and chemical characteristics of the soil have been
significantly impacted by the ongoing exposure to waste discharge at this location, which
has historically been utilized for the processing of palm oil. High concentrations of organic
matter are suggested to be linked to black coloration, which is likely the result of organic
residues and partial decomposition over time. This finding is corroborated by the data in
Table 2, which shows that the polluted soil had higher values for physiochemical
parameters, such as nitrogen, organic carbon, and phosphate, than the unpolluted soil. The

increase in nutrient content demonstrates the long-lasting effects of improper palm oil
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waste disposal practices on the ecosystem. This offers a clear indication of the level of

contamination.

With reference to pH readings taken throughout the investigation, the polluted soil
from the oil mill had a pH of 6.22, which is close to neutral. This result is consistent with
research carried out by Okwute and Isu (2007), who found a higher value of 6.59. It's
interesting to note that the uncontaminated soil had a pH of 6.5, which is very close to
neutral. These results imply that both soils fall within a pH range that is suitable for plant
growth and microbial activity. But by the end of the 12-week treatment period, the pH of

the bioremediated and tilled soil sample had significantly changed, rising to 7.04.

The inoculation of P. fluorescens, a bacterium renowned for its effectiveness in
biodegradation, is probably what caused this surge in microbial activity. Regular tilling also
contributed to aeration, further enhancing microbial performance. The alkaline shift
observed may have been the result of neutralization of acidic intermediates as
biodegradation proceeded. The pattern corroborates the studies of Okwute and Isu (2007);
Ohimain et al. (2012). Newly released POME typically has an acidic pH; however, pH
levels gradually return to neutrality or even a modest alkalinity due to microbial activity and
the timing. Notably, the measured pH levels remained below the effluent limitations set by
the Federal Environmental Protection Agency (FEPA) (6-9), demonstrating

bioremediation’s ability to preserve environmentally acceptable soil conditions.

Nutrient analysis showed significant variations in nitrogen content across the soil
samples. A moderate nitrogen level of 52.9 mg/kg was found in the biotreated and tilled
contaminated soil, which was much higher than the 12.0 mg/kg found in the
uncontaminated soil. These numbers imply a buildup of nitrogen in the polluted soils,
possibly due to the organic content of palm oil waste, which contains nitrogen-rich residues
from the oil extraction process. The total nitrogen and organic carbon levels were
considerably increased in the contaminated soils compared to the unpolluted samples. The
findings of other researchers who have recorded comparable increases in nutrient levels in
soils affected by POME are consistent with this observation. The delayed decomposition
of organic matter in saturated or anaerobic conditions, which are frequently present in
POME-dumped sites, could account for the high organic carbon content. Such
environments hinder rapid decomposition, causing the gradual accumulation of

undecomposed organic material. This process can be further hindered in cooler or less
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aerated soils, resulting in higher residual levels of organic carbon. This affects the fertility

and microbial ecology of the soil in addition to changing its structure.

Analysis revealed a significantly greater concentration of total nitrogen and organic
carbon in the oil mill-polluted soil relative to the unpolluted soil. This result aligns with
previous studies on similar hydrocarbon-contaminated sites (Adesodun and Mbagwu, 2008;
Okwute and Isu, 2007; Okwute ez al., 2015), suggesting a common impact of such pollution
on soil chemical properties. The higher organic carbon value of the oil mill polluted soil
can be attributed to the constituents of the raw and inadequate treatment of palm kernel
effluent released into the soil. It is possible that a slow decomposition of organic matter in
POME under water-saturated conditions, particularly when mean soil temperatures are
low, contributed significantly to the higher organic carbon of the POME soil (Goveas ef al.,
2024).

Phosphorus, an essential macronutrient for plant growth, was also significantly
higher in contaminated soils. The highest phosphate level, 42.2 mg/kg, was recorded in the
purposely contaminated and biotreated soil sample, followed by 39.5 mg/kg in the
untreated contaminated control. In contrast, the uncontaminated soil had a substantially
lower phosphate concentration of 16.2 mg/kg, which supports the findings of Zulkhifili e
al. (2023). Substantial evidence indicates that phosphorus is the primary element regulating
carbon and nitrogen immobilization. The increase in available phosphorus in the palm oil
polluted soil suggests high absorption in the soil or precipitation of phosphate (Okwute
and Isu, 2007). This may be due to the gradual biodegradation of the oil mill polluted soil,
which leads to a delayed effect on the soil. The results could also imply that phosphorus
availability rises with degradation, possibly due to mineralization or the release of
phosphate molecules from decaying organic matter. High absorption capacity or
precipitation processes within the soil matrix during the restoration of organic-rich polluted

settings could be the cause of the increase in phosphorus (Nwachukwu ez 4/, 2018).

Another critical parameter examined in this study is the soil's cation exchange
capacity (CEC), particularly with respect to sodium and magnesium levels. The data
indicate significantly higher CEC values in the polluted soil than in the unpolluted samples.
CEC is an essential indicator of soil fertility, which refers to the soil’s ability to retain and
exchange positively charged ions (cations) such as calcium, magnesium, potassium, and

sodium, neutralizing negative charges in the soil (Tugiman ez a/., 2024). Soils with high CEC
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generally have greater capacity to hold nutrients and improved fertility. In the context of
palm oil pollution, increased CEC may result from the abundance of organic residues and
the high microbial activity promoted by the presence of degradable substrates. The study's
findings are consistent with previous research, which documented increased CEC near
sources of effluent discharge (Okwute and Isu, 2007). This enhancement in CEC not only
signifies better nutrient retention but also indicates the soil’s potential to recover its

agricultural value through effective bioremediation.

Moisture content (%), which is the amount of water available for biological and
chemical reactions, was also affected by pollution and treatment processes. Moisture
content (%) represents the availability of moisture in the soil, a crucial factor for microbial
growth and the enzymatic process. After 12 weeks of treatment, the bioremediated and
tilled soil sample showed a much lower moisture content (5.77%) compared to the
untreated contaminated control (28.4%). The decline in moisture availability suggests that
microbial communities in the bioremediated soil actively utilized water for metabolic and
degradation activities, since water availability is a key regulator of ecosystem functioning,

directly controlling soil microbial activity (Engelhardt, 2018).

Periodic tilling may have enhanced evaporation and aeration, which could account
for the decline. Given that water is a key regulator of microbial function and ecosystem
productivity, the observed trend is consistent with ecological principles. Noteworthy is the
fact that as moisture rises, microbial deterioration proceeds because metabolic activities use
water. Therefore, increased biological activity may be the cause of the treated soil's

decreased water activity, demonstrating the efficacy of the bioremediation technique used.

Heterotrophic Count of Soil Samples

The total viable heterotrophic counts in all soil samples (with different treatments)
over 12 weeks are presented in Table 3. The microbial counts followed a similar pattern for
almost all the samples, as shown in the Table, the counts decreased over the 12 Weeks of
bioremediation. For instance, sterile oil mill soil + P. fluorescens with tilling (SCPT), was
11.500 *+ 1.12 logio CFU/g in Week 2, decreased to 9.350 £ 1.02 logiy CFU/g by Week 12,
while sterile purposely contaminated soil + P. fluorescens (SPP) had a count of 11.239+1.72
logio CFU/g in Week 2, by the 12 Week the count was 8.000%1.51 logi, CFU/g. Although
oil mill soil + P. fluorescens and oil mill soil + P. fluorescens with tilling (CP and CPT; with a
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standard deviation of 0.35 and 0.88, respectively) had a close range of microbial counts
through the petiod of bioremediation, with CPT having 11.628+0.67 logio CFU/g in Week
2 and 10.60210.35 logio CFU/g by Week 12.

It is worth noting, however, that the values for the sterile oil mill soil + P. fluorescens
with tilling (SCPT) sample are consistently higher than those of the sterile oil mill soil + P.
Sfluorescens (SCP) sample, suggesting that tilling may have contributed to a higher microbial
count. The standard deviation for the SCPT row is 1.08, which is slightly lower than that of
the SCP row, indicating less variability in the measurements. SCP, purposely contaminated
soil + P. fluorescens (PCS), and purposely contaminated soil + P. fluorescens with tilling (PPT)

were all significantly lower by the 12" week at p < 0.05.

In this study, the total viable bacterial counts in the sterile and non-sterile samples
from the oil mill for both tilled and untilled conditions generally increased from day 0 to
the 4™ week and then 6™ week, and there was an eventual decline in the cell number at the
12th week. The increase in the first four weeks indicated that the organism (P. fluorescens)
was able to utilize the substrate present in the palm oil polluted soil; however, the reduction
as the week progressed could be a result of the continued degradation of palm oil in the
soil. The decrease in the number of organisms could be attributed to nutrient limitation
over time, and the bacterial load of the palm oil polluted soil was higher than that of the
non-polluted soil. This may be attributed to the higher organic matter content in the

POME and a more favorable pH, as also affirmed by Olufunmilayo (2023).

Spectrophotometric Analysis of Samples

The results of a spectrophotometric analysis conducted on soil samples over 12
weeks are shown in Table 4. The analyses aimed to assess the presence of a specific analyte
potentially related to hydrocarbon contamination in various soil samples. The
uncontaminated soil (US) consistently showed no detectable levels of the analyte
throughout the study. The fluctuations in analyte levels over time and across different
sample types suggest that various factors, such as the presence of isolates, tilling, and the
initial level of contamination, may have influenced the degradation or transformation of the

target contaminant in the soil samples.

At day 0, US and the oil mill contaminated soil (CS) showed non-zero absorbance

values, indicating the presence of the analyte in the contaminated soil sample. The
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purposely contaminated soil samples (PCS) also exhibited a significant absorbance value at
day 0. As the experiment progressed, the absorbance values for most of the treated soil
samples increased at Week 4, suggesting an initial increase in the concentration of the
analyte. This could be due to microbial degradation of the oil present in the soil, as well as
metabolic release. This is evident in the reduced quantity of residual oil obtained in the
gravimetric analysis in the 4" week (Table 5). The degradation of the vegetable oil into fatty
acid and other simple inorganic chemical compounds may also be responsible for the

reduction in the turbidity of the solvent by the 8" week (Mahmoud ez 4/, 2023).

However, by Week 8 and Week 12, the absorbance values for most of the treated
soil samples decreased, indicating a reduction in the concentration of the analyte over time.
This supports the findings of Zulkhifli ez a/. (2023), suggesting that the various treatments
applied to the contaminated soil samples, such as the addition of bacterial isolates and
tilling, potentially aided in the remediation or degradation of the contaminant present in the

soil.

The data suggest that the treatments were effective in reducing the concentration of
the analyte over the 12-week experiment. It is noteworthy that the interpretation of the
results may require additional information about the specific contaminant being analyzed,
the nature of the bacterial isolates used, and the experimental conditions under which the
analysis was performed. However, the overall trend observed in the data suggests that the
applied treatments had a positive impact on the remediation of the contaminated soil

samples over time (Onajobi ez al., 2023).

Gravimetric Analysis of Soil Samples

The residual oil present in each soil (remediation bowl) was extracted using n-
hexane during the remediation process. Table 5 presents the different quantities of residual
oil from each bowl, measured in grams. The gravimetric analysis of soil samples from day 0
to Week 12 provides valuable insights into the dynamics of soil contaminants and the
potential effects of various treatments. At the outset, it is of great importance to note that
samples, such as the US, had no recorded values throughout the 12 weeks. This serves as a
baseline or control for comparison with the other soil samples that underwent various
treatments. One notable observation is the relatively high initial weight of the purposely

contaminated soil plus P. fluorescens (PCS) sample, 0.130 g at day 0. This value gradually
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decreased over time, reaching 0.080 g by the 12" Week. This reduction in weight could be
attributed to the degradation or removal of the oil contaminant from the soil, likely due to

the introduction of the isolate or other bioremediation processes.

Interestingly, SCP and the sterile purposely contaminated soil with the isolate and
tilling (SPPT) exhibited residual oil weight increase from Week 4 to Week 8, before
decreasing by Week 12. This suggests that the initial stages of bioremediation may have
involved the growth or accumulation of components such as microbial biomass or

metabolic byproducts, resulting in an initial weight gain (Popoola ez al., 2022).

However, the subsequent decrease in weight by Week 12 could indicate the
successful degradation or removal of the oil contaminant from the soil. The oil mill soil
samples (CS and CP) displayed relatively low weights of residual oil throughout the
experimental period, with some fluctuations. This could be due to varying levels of
degradation in these samples. The introduction of tilling, as seen in the SCPT, SPPT, CPT,
and PPT samples, appears to have had an impact on the soil weights. While some samples
exhibited either increases or decreases in residual oil weight, the overall pattern suggests
that tilling influenced the dynamics of the bioremediation process, possibly by enhancing
aeration, nutrient availability, and microbial activity. This shows that P. fluorescens can be
employed in the bioremediation of an oil mill polluted site with the use of tilling, which

also “corroborates” the work of Fanaei e7 al. (2020).

This release could be due to the acclimatization of the inoculated organism, which
degrades most complex products into alcohol and acids. It was observed that at the end of
the 12" week, there was a decrease in both the turbidity and the residual oil weight in the
samples, which indicated that the organism helped to break down the POME into less
toxic forms, which is consistent with the work of Okwute and Isu (2007) and Nwuche ez a/.

(2014).

It is worth noting that gravimetric analysis alone does not provide a complete
picture of the bioremediation process. Additional analyses, such as chemical
characterization of the contaminants, microbial population studies, and plant growth
assessments, would be necessary to gain a more comprehensive understanding of the
efficacy of the treatments and the mechanisms involved. The observed patterns suggest the
potential impact of treatments like isolate introduction, tilling, and the presence of

contaminants on the dynamics of soil contaminants and bioremediation processes. Further
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analyses and interpretation in conjunction with other data would be necessary to draw
more comprehensive conclusions and develop effective bioremediation strategies for

contaminated soils.

Molecular Characterization, sequencing, and evolutionary relationships of taxa

The bacterial isolate was molecularly characterized using 16S rRNA gene
sequencing, and the resulting sequences were compared with those in the National Center
for Biotechnology Information (NCBI) database using the Basic Local Alignment Search
Tool (BLAST). The regions of the 16S rRNA gene that were sequenced are the
hypervariable regions, specifically V3-V4 (positions ~341-8006), because they contain
enough variation to distinguish between genera (and sometimes species), while still being
flanked by conserved regions that allow for universal primer binding, this was also in
agreement with the study by Hiergeist ez a/ (2023), who also sequenced around similar
region. The result provided critical insights into the identity of the isolated bacteria, the

genetic similarity to known strains, and their evolutionary relationships.

NCBI BLAST was used to identify and analyze the sequences of the bacterial
isolate. Table 6, which contains the organism name, strain identities, percentage identity
scores, and the accession number from the NCBI database, provides a summary of the
comprehensive results. P. fluorescens, strain OYB-2, was successfully identified as Isolate A
and utilized in the bioremediation experiment. A remarkable 100.00% identity was found in
the BLAST output with the reference sequence, which had the accession number

MNG607218.1.

The strength and reliability of 16S rRNA gene sequencing as a molecular
identification tool were evident in the results obtained for the bacterial isolates. Isolate A
showed a 100% sequence identity with a well-characterized P. fluorescens strain in the NCBI
database, confirming its genetic stability and close similarity to previously reported strains.
This perfect match indicates that the isolate belongs to a highly conserved lineage, with no

detectable genetic deviation from its reference sequence.

To better understand the evolutionary relationships of this isolate, a phylogenetic
tree was constructed using the Neighbour-Joining (NJ) method, as described by Tamura e#
al. (2021) (Figure 2). The tree topology revealed that both isolates clustered within the P.

fluorescens clade, with branch lengths reflecting evolutionary distances calculated via the
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Poisson correction method. These distances represent the number of amino acid
substitutions per site, thereby providing a quantitative measure of genetic divergence
among sequences (Chato et al., 2022). The robustness of the clustering was confirmed by
high bootstrap values at the internal nodes, indicating strong confidence in the branching
pattern. Such phylogenetic visualization is instrumental in elucidating the evolutionary

history and genetic relatedness of the isolates to their nearest ancestors.

Collectively, the results confirm the identity of the isolate as Pseudomonas fluorescens
and highlight notable differences in genetic similarity. Isolate A represents a genetically
stable strain. These findings further validate the use of 16S rRNA gene sequencing as a
reliable tool for bacterial identification and provide insights into the evolutionary dynamics
of bacterial populations involved in the bioremediation of palm oil mill effluent—

contaminated soils.

Table 1: Soil samples and treatment employed

S/N ‘ SOIL SAMPLES AND TREATMENT CODES

Uncontaminated soil us

1. |Oil mill soil CS

2. |Oil mill soil + P. fluorescens Cp

3. |Oil mill soil + P. fluorescens with tilling CPT

4. |Sterile oil mill soil + P. fluorescens SCP

5. |Sterile oil mill soil + P. fluorescens with tilling SCPT

6. |Purposely contaminated soil PC

7. |Purposely contaminated soil + P. fluorescens PCS

8. |Purposely contaminated soil + P. fluorescens with tilling PPT

9. |Sterile purposely contaminated soil + P. fluorescens SPP

10. |Sterile purposely contaminated soil + P. fluorescens with tilling| SPPT

Table 2: The Physico-chemical analysis of soil samples

Purbosel Purposely
P . y Contaminated Soil | Uncontaminated | Contaminated
S\N | Parameters | Contaminated . . .
Soil (Control + Organism + Soil (Control) Soil (Control)
oil (Control) | yping (week 12)
pH 6.981+0.0872 7.0410.1262 6.5010.034b 6.2210.216b
2 |Moisture 28.411.084a 5.77+1.71¢ 12.2%1.65b 3.2211.42¢
content (%)
3 | Otganic 6.8514.804 6.21+2.40a 1.41£0.12¢ 4.17£0.24b
carbon (%)
4 |Nitrogen 83.714.212 52.945.12b 12.01£4.87¢ 66.414.02ab
(mg/kg)
5 |Phosphate |39.5£2.822 42.2+3.12a 16.20+5.12¢ 32.5+5.21b
Volume 4, Issue 2, 2026 1409




Bukola Margaret Popoola, Ayooluwa Afelumo, Oyindamola John Samson

Purposely Purposely
. Contaminated Soil | Uncontaminated | Contaminated
S\N | Parameters | Contaminated . . .
Soil (Control) + Qrganlsm + Soil (Control) Soil (Control)
Tilling (week 12)
(mg/kg)
6 |Sodium 126.0+12.23a 36.8%5.54¢ 120.01+9.81a 124.0+10.872
(mg/kg)
7 |Magnesium [12.41+0.13¢ 16.910.26b 21.50%0.322 15.31+0.42b
(mg/kg)
8 |Color Blackish Blackish Dark-brown Blackish

Key: SCP: Sterile oil mill soil + isolate; SCPT: Sterile oil mill soil + isolate with
tilling; CPT: Oil mill soil + isolate with tilling; CP: Oil mill soil + isolate; SPP: Sterile
purposely contaminated soil + isolate; SPPT: Sterile purposely contaminated soil + isolate
with tilling; PCS: Purposely contaminated soil + isolate; PPT: Purposely contaminated soil
+ isolate with tilling; Data are presented as mean * standard error of the mean (SEM).
Means followed by different superscript letters within the same column (or row) are
significantly different according to Duncan’s Multiple Range Test (DMRT) at p < 0.05. SD:

Standard Deviation.

Table 3: Total viable bacterial counts in soil samples over 12 weeks (logiwCFU/g)

Sample| Week 2 Week 4 Week 6 Week 8 ‘ Week 10 Week 12 | SD
SCP 11.150+2.122(11.451+£2.422|9.801+0.77° |7.650£1.37¢ |7.128+1.89¢ |6.952%2.07¢ |1.86
SCPT  |11.500£1.12*11.923+1.55*|10.801£0.42°9.321+1.05> |9.340£1.03¢ |9.350£+1.02¢ | 1.08
CpP 11.302+0.58%10.861+0.14| 10.801£0.08" | 10.772£0.05* |10.362%0.35"|10.224£0.49° 0.35
CPT  |11.628%0.67*11.239£0.28> 10.939+0.01%|10.8114+0.14* |10.494+0.45"10.602£0.35" 0.88
SPP 11.239£1.72211.588+2.07# |9.27810.23% |8.651£0.86* |8.327+1.18¢ |8.000+1.51¢ | 1.40
SPPT 11.573+1.05*|11.690+1.172|9.418+1.09% 110.278+0.23%*| 11.08810.572 |9.040£1.47¢ |1.02
PCS 11.150£1.17%|11.451+1.47# | 11.907£1.93% | 10.128+0.15%|8.253+1.72¢ |6.952+3.02¢ |1.79
PPT 11.255+0.572|11.750£1.07* | 12.600£1.922 | 11.000£0.322 |10.23410.44°|7.240£3.40¢ | 1.69

Key: SCP: Sterile oil mill soil + isolate; SCPT: Sterile oil mill soil + isolate with
tilling; CPT: Oil mill soil + isolate with tilling; CP: Oil mill soil + isolate; SPP: Sterile
purposely contaminated soil + isolate; SPPT: Sterile purposely contaminated soil + isolate
with tilling; PCS: Purposely contaminated soil + isolate; PPT: Purposely contaminated soil
+ isolate with tilling; Data are presented as mean * standard error of the mean (SEM).
Means followed by different superscript letters within the same column (or row) are
significantly different according to Duncan’s Multiple Range Test (DMRT) at p < 0.05. SD:

Standard Deviation.
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Table 4: Spectrophotometric analysis of residual oil in soil samples from Day 0 to the 12t

week (AU)
S\N|Samples Day 0 ’Week 4| Week 8| Week 12
us 0.000 | 0.000 | 0.000 | 0.000
CS 0.089 | 0.360 | 0.247 | 0.085
PC 0.312| 0.800 | 0.150 | 0.045

PCS 0.312| 0.228 | 0.155 | 0.007
PPT 0.312| 0.610 | 0.277 | 0.042
SPP 0312} 0.172 | 0.171 | 0.026
SPPT 0.312 | 0.260 | 0.165 | 0.019
Cp 0.089 | 0.826 | 0.220 | 0.050
CPT 0.089 | 0.210 | 0.191 | 0.030

10 |SCP 0.089 | 0.900 | 0.165 | 0.050
11 |SCPT 0.089 | 0.210 | 0.191 | 0.030

O 0 NN |UT AW N

Keys: US: Uncontaminated soil; CS: Oil mill soil; SCP: Sterile oil mill soil + isolate
; SPP: Sterile purposely contaminated soil + isolate; PC: Purposely contaminated soil; PCS:
Purposely contaminated soil + isolate; CP: Oil mill soil + isolate; SCPT: Sterile oil mill soil
+ isolate with tilling; SPPT: Sterile purposely contaminated soil + isolate with tilling ; CPT:
Oil mill soil + isolate with tilling; PPT: Purposely contaminated soil + isolate with tilling;

CPT= contaminated soil + isolate + Tilling; Isolate = Pseudomonas flnorescens.

Table 5: Total recoverable residual oil of soil sample (g) from Day 0 to the 12t week in (g)

S/N Sample Day 0| Week 4 Week 8 Week 12
1 |US - - - -

2 |cs 0.020 | 0.010 | 0.030 = 0.020
3 [PC 0130 0.087 @ 0.128 | 0.124
4 [PCS 0130 0.080 | 0.090 = 0.080
5 SCP 0020 0020 0080 0010
6 SPP 0130 0110 0190 = 0.100
7 CP 0020 0010 0050 0000
8 |SCPT |0.020 0.060 | 0080  0.020
9 'SPPT | 0.130 0070 0170 = 0.100
10 |CPT | 0.020| 0.020 | 0.080 = 0.010
11 PPT | 0.130| 0.070 | 0.050  0.070

Keys: US: Uncontaminated soil; CS: Oil mill soil; SCP: Sterile oil mill soil + isolate;
SPP: Sterile purposely contaminated soil + isolate; PC: Purposely contaminated soil; PCS:
Purposely contaminated soil + isolate; CP: Oil mill soil + isolate; SCPT: Sterile oil mill soil
+ isolate with tilling; SPPT: Sterile purposely contaminated soil + isolate with tilling; CPT:

Oil mill soil + isolate with tilling; PPT: Purposely contaminated soil + isolate with tilling;
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CPT= contaminated soil + isolate + Tilling; - Nil; g — gram; Isolate = Pseudomonas

flunorescens.

Table 6: NCBI Sequence blasting of Bacterial isolate using 16s fRNA

Isolates code

Identified organism | Strain

Percentage identity (%) | Accession number

A

P. fluorescens

OYB-2

100.00% MN607218.1

BULK SOIL

STERILE

Purposely Contaminated Soil

Oil Mill Soil

Purposely Contaminated soil

Oil Mill Soil

NON-STERILE

Uncontaminated soil

Purposely Contaminated Soil

Purposely Contaminated
Soil

Oil Mill Soil

+ TILLING

Where PO is Pseudomonas fluorescens

Oil Mill Soil

Figure 1: Experimental Design
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Pseudomonas fluorescens strain Masoodi!

100%

Pseudomonas fluorescens stran KUBOTC2
100%

0% Pseudomonas fluorescens strain F1-G43

0% Pseudomonas fluorescens strain PPA42

2% - Psewdomonas sp. strain ME2020

Pseudomonas fluorescens stan OYB2

Pseudomonas antarctica stran PAMC 27494

0.3

Figure 2: Phylogenetic tree of bacterial isolates constructed using Neighbor-Joining
method (MEGA 11)

CONCLUSION

The study demonstrates the effectiveness of bioremediation in treating palm oil-
contaminated soil using the bacterial species P. fluorescens. Significant remediation was
achieved within 2-12 weeks, indicating the potential application in areas affected by palm
oil pollution. The success of the bioremediation process is attributed to the balanced
combination of microbial seeding and tilling/non-tilling techniques, which created
favorable conditions for bacterial growth and efficient pollutant degradation. The ability of
P. fluorescens (Isolate A) to effectively remediate palm oil-contaminated soil positions this
bacterial species as a promising candidate for the development of microbial
bioaugmentation products. These products could provide a targeted and efficient solution
for treating palm oil pollution across various settings. Nevertheless, further research is

necessary to elucidate the mechanisms underlying the remediation capabilities of P.
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Sfluorescens and to optimize its application under diverse environmental conditions. The
promising potential of P. fluorescens as an effective bioremediation agent for palm oil-
contaminated soil warrants continued investigation. The development of microbial
bioaugmentation products based on this bacterial species could provide a promising
solution for addressing the growing concerns associated with palm oil pollution. Further
research and development in this area could help establish sustainable and efficient

bioremediation strategies aimed towards protecting both the environment and human

health.
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