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Abstract

Polluted mangroves are ecologically sensitive habitats that provide ecosystem services.
In a selected polluted forest of Simaisma, viable aerobic, halophilic, and heterotrophic
hydrocarbon-degrading bacterial strains were isolated from both rhizosphere and non-
rhizosphere regions. The chemical composition of sediment showed a clear distinction
between the rhizosphere and non-rhizosphere sites, as well as coastal and non-coastal
sediments, as per Principal Component Analysis (PCA) clustering. Anthracene, an indi-
cator of oil pollution, was present along with vanadium, another marker of oil pollution.
Through selective enrichment cultures, a total of 25 hydrocarbon-degrading bacterial
strains were isolated, including Lysinibacillus xylanilyticus, Bacillus cereus, Lysinibacillus
sphaericus, Pseudomonas stutzeri, Acinetobacter calcoaceticus, and Staphylococcus warneri. To
link the adaptation of bacteria to sediment chemistry, nine B. cereus strains were investi-
gated using their MALDI-TOF MS protein profiles combined with their dendrogram. The
relationship between protein profiles of B. cereus strains with their biosurfactant production
capabilities was explained by a tanglogram. The tanglegram suggests that biosurfactant
production is an important functional trait in B. cereus, but it is not consistently reflected in
the overall protein profile. This suggests that bacterial adaptation in the polluted mangrove
sediments may involve changes at multiple cellular levels, including metabolic activity
and variation in protein expression profiles. These findings confirm the involvement of
mangrove-associated bacteria in the sustainability of mangrove forests by promoting biore-
mediation of oil pollution, thereby protecting coastal ecosystems and their environmental
and socio-economic aspects.

Keywords: mangroves; oil pollution; Qatar; rhizosphere; hydrocarbon-degrading bacteria

1. Introduction
Mangroves are shrubs that grow in intertidal zones, mainly found in tropical and sub-

tropical areas [1]. They can thrive in harsh conditions such as high salinity, direct sunlight,
extreme temperatures, flooding, and minimal rainfall [2]. They provide a large number of
ecosystem services, such as feeding and breeding grounds for marine animals [3], carbon
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sequestration [4], coastal protection by acting as flood barriers [5], climate regulation [6],
and nutrient cycling [7]. Despite their ecological and environmental importance, they are
under anthropogenic stress due to coastal development, oil extraction, refineries, industries,
and marine transportation in coastal areas, causing severe oil pollution [8].

Oil pollution is one of the main threats to mangrove forests, which can disappear if
not adapted to such pollution [8]. According to reports, nearly 238 major oil spills have
occurred in the past 60 years, resulting in the loss of approximately 126,000 ha of mangrove
swamps [8]. The Arabian Gulf is one of the most affected areas [9], especially as a result of
ship transportation [10], oil exploration [11], industrial discharges [12], and the Gulf War
oil spill [13]. Qatar, situated on the northeastern coast of the Arabian Peninsula, features an
extensive 550 km coastline. It is blessed with various coastal ecosystems, including man-
groves, seagrass, mudflats (also known as sabkhas), and coral reefs [14]. Sediments in the
mangrove rhizosphere represent the habitat for a large number of microbial communities,
with bacteria and fungi constituting 91% of mangrove microbial communities [15]. These
microbial communities shape the mangrove ecosystem by acting as principal degraders
of pollutants and recyclers of organics in the biogeochemical cycles [16]. In addition, the
interaction between the microbial communities and mangrove roots becomes crucial for the
adaptation of mangrove plants to oil pollution [17]. The rhizosphere is the zone extending
up to 4 mm around the plant roots. This region has unique physicochemical characteristics
shaped by the root exudate’s direct and indirect influence. Root exudates are organic
and inorganic compounds secreted by the roots, which modify the soil’s physicochemical
properties, in turn, supporting microbial growth and activities. The root exudates are
primarily confined to the rhizosphere region, which makes the rhizosphere region the
highest in microorganism activity compared to the non-rhizosphere areas [18]. This clearly
leads to higher microbial densities and activities in the rhizosphere, including those of
hydrocarbon-degrading bacteria, which help the plant to tolerate the pollution [19]. By
altering their metabolic pathways, hydrocarbon-degrading bacteria can effectively handle
pollutants at the metabolic level, which is frequently upregulated or evolved by these
bacteria in response to hydrocarbon exposure. This improves the efficiency of hydrocarbon
degradation or eventually expands their capacity to metabolize a wider variety of hydrocar-
bons by acquiring specialized catabolic genes through horizontal genes [20]. Although the
microbial communities of mangroves have been studied, knowledge about the cultivable
fraction of hydrocarbon-degrading ones that are highly tolerant to hydrocarbon toxicity,
and their functional traits in the mangrove rhizosphere is limited.

The interest towards hydrocarbon-degrading bacteria is related to their metabolism
highly adapted at the metabolic level. Hydrocarbon-degrading bacteria’s capacity to
produce biosurfactants may be affected by their adaptive responses to the surrounding
microenvironment, which encompasses alterations in community composition, shifting
metabolic interactions, and stress factors like variations in pH, temperature, or contaminant
exposure. These adaptive processes can influence biosurfactant production, structural
variety, and functional effectiveness, thus affecting the overall performance of hydrocarbon-
degrading bacteria in situ [21]. However, the role of the symbiosis between the rhizosphere
and associated hydrocarbon-degrading bacteria in their adaptation requires more inves-
tigations. Using genomic tools should be feasible, especially metagenomics, but it is
expensive and time-consuming. However, Matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF MS) is a mass spectrometry-based analysis
that differentiates between microorganisms in a quick and efficient way. It analyzes ions
from oligonucleotides, polymers, and proteins, which serve as a basis for organism identifi-
cation and differentiation. Due to its robustness and accuracy, it is widely used in clinical
applications but not extensively in environmental microbiology [22]. It enables the analysis
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of proteins and peptides, providing readable sequence information for protein synthesis
and processing [23]. This capability facilitates functional diversity studies through peptide
mass fingerprinting [24].

This research examines how the mangrove rhizosphere influences microbial and chemi-
cal processes in oil-polluted sediments of the Simaisma mangrove ecosystem. Three primary
hypotheses were investigated: (1) Rhizosphere sediments are distinct from non-rhizosphere
sediments regarding chemical composition and microbial diversity; (2) Hydrocarbon-
degrading bacteria linked to the rhizosphere show greater functional activity, especially
in biosurfactant production, compared to non-rhizosphere counterparts; and (3) Protein
expression profiles of these bacteria are associated with biosurfactant production and
sediment chemistry, indicating adaptations to hydrocarbons and environmental stressors.
This study investigates bacterial adaptation at structural and functional levels by inte-
grating chemical analyses, bacterial isolation, functional assays, and protein profiling,
emphasizing the rhizosphere’s role in facilitating bioremediation and tree survival in
contaminated sediments.

The study highlights the role of hydrocarbon-degrading bacteria in the mangrove rhi-
zosphere, which contributes to the survival and resilience of mangrove trees in oil-polluted
areas. The detection of hydrocarbons and oil-associated trace metals indicates the presence
of marine oil pollution and underscores the necessity to explore bacterial adaptation at
both structural (changes in community composition) and functional (degradation path-
ways, resistance mechanisms, and metabolic activity) levels. These results demonstrate the
ecological resilience and inherent bioremediation capacity of microbial communities within
mangrove ecosystems. In addition to the ecological aspect, this study also addresses wider
issues related to environmental sustainability and socio-economic resilience in coastal
areas that depend on mangrove ecosystems for fisheries, shoreline protection, and local
livelihoods. By integrating ecological, microbiological, and environmental monitoring
approaches, the research contributes to developing scientific and interdisciplinary frame-
works for sustainable coastal management. In this context, the study supports efforts to
define, quantify, and monitor sustainability through environmental indicators, pollution
tracking, and ecosystem health assessment. It also highlights the value of sustainability
tools, such as ecological risk evaluation, ecosystem service appraisal, and extended environ-
mental monitoring, to inform policy development, management strategies, and regulatory
frameworks aimed at protecting vulnerable coastal ecosystems.

2. Materials and Methods
2.1. Study Area

Simaisma mangrove forests are situated in the Al Daayen municipality, the eastern
region of Qatar (GPS coordinates 25◦34′42.0′′ N 51◦29′22.1′′ E). They are an afforested
mangrove forest in Qatar [19]. A regional study revealed that surface sediments from the
Simaisma beach contained total petroleum hydrocarbons (TPHs) at an average concentra-
tion of approximately 51.9 ± 84.1 µg/L [25].

2.2. Sediment Sampling

Sediment samples were collected using sterile 50 mL FalconTM conical centrifuge tubes.
These samples were collected from a depth of 10 cm beneath two representative mangrove
trees, labelled as S1 (tree 1) and S2 (tree 2). Around each tree, 6 root areas were selected, and
at each area, sediments and rhizosphere samples were sampled from a depth of 10 cm to
account for spatial heterogeneity and microbial diversity. The six samples were rigorously
mixed to be representative of the tree. Therefore, S1 and S2 are considered independent
in biological sampling. However, in analytical procedures, technical replicates were used
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to ensure precision. For rhizosphere sampling, roots were visibly present in the sampling
area. The presence of roots stabilizes the sediments, so it minimizes the disturbance caused
by thermodynamic movement in mangroves. In addition, sampling was performed from a
non-rhizospheric area situated 5 m away from Tree 1 (S1F) and 10 m away from Tree 2 (S2F).
Two sediment controls were collected: one from a coastal region, designated as the coastal
control, and another from a non-coastal area located 1 km away from both mangrove and
coastal zones. The purpose of including these controls was to assess variations in the
chemical composition among mangrove sediments, coastal sediments, and non-coastal
sediments. The samples were transported to the laboratory at 4 ◦C, and the stones, roots,
and straws were removed from the samples. The information about sampling sites and
sampling IDs is provided in Table 1.

Table 1. Sampling sites and sample IDs are given in Table 1.

Sampling Site Sample IDs Sample Type

Tree 1 S1R Rhizosphere
Tree 2 S2R

5 m away from tree S1NR Non-Rhizosphere
10 m away from tree S2NR

Non-Coastal control CNC
ControlsCoastal control CC

2.3. Chemical Analysis of Sediments
2.3.1. Determination of Total Organic Carbon and Total Inorganic Carbon (TIC)

The total carbon (TC), total organic carbon (TOC), total inorganic carbon (TIC), and
total nitrogen (TN) contents were quantified using a TOC analyzer (Skalar Primacs MCS-
Formacs CA16, Breda, The Netherlands), providing insights into the organic and inorganic
fractions of the sediments. Samples were first dried at 40 ◦C for 72 h.

2.3.2. Determination of Total Petroleum Hydrocarbons (PAH) and Diesel Range
Organics (DRO)

Petroleum hydrocarbons, specifically polycyclic aromatic hydrocarbons (PAHs), were
identified and quantified using Gas Chromatography–Mass Spectrometry (GC–MS) (Shi-
madzu, Kyoto, Japan). Samples were first dried at 40 ◦C for 72 h.

2.3.3. Determination of Elemental Composition of Sediments

Heavy elements were determined using 24 h dried samples at 103 ◦C by Inductively
Coupled Plasma Optical Emission Spectrometer (Perkin-Elmer, Optima 7300DV, Waltham,
MA, USA) fitted with an autosampler. The samples were dried and ground prior to acid
digestion. Potassium (K), Arsenic (As), Vanadium (V), Antimony (Sb), Calcium (Ca),
Barium (Ba), Beryllium (Be), Boron (B), Cadmium (Cd), Cobalt (Co), Chromium (Cr),
Copper (Cu), Aluminum (Al), Magnesium (Mg), Iron (Fe), Manganese (Mn), Lithium (Li),
Molybdenum (Mo), Nickel (Ni), Lead (Pb), Strontium (Sr), Phosphorus (P), Sodium (Na),
and Zinc (Zn) were quantified in the sediments.

2.3.4. Fourier Transform Infrared Spectroscopy (FTIR)

The chemical structure of the dried samples (sediments was further analyzed by
FTIR Fourier Transform Infrared Spectroscopy (FTIR) (SHIMADZU-IRSpirit, Kyoto, Japan).
Samples were first dried for 72 h at 40 ◦C. FTIR spectra between 400 and 4000 cm−1 were
used to identify functional groups in the sediments. This detailed chemical analysis of
sediments gives insights into the chemical composition of the sediments. These analyses are
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crucial for detecting spatial differences in sediment composition and for understanding the
environmental factors that influence the distribution of cultivable hydrocarbon-degrading
bacterial isolates. which are highly tolerant to hydrocarbon toxicity.

2.4. Culture Medium and Isolation of Hydrocarbon-Degrading Bacteria by Enrichment Culture

The enrichment culture technique is a commonly referenced method in the literature
for isolating hydrocarbon-degrading bacteria that can use hydrocarbons as their only source
of carbon and energy. Sediments were introduced into a minimal salt medium (MSM),
enriched with a hydrocarbon source (5% diesel, corresponding to 37.5 g/L hydrocarbons).
Diesel stock solution contained 750 g/L hydrocarbons, as kindly provided by a local oil
refinery Unit (personal communication). MSM medium contains (g/L): 4, NH4NO3; 2,
Na2HPO4; 0.53, KH2PO4; 0.17, K2SO4, and 0.1, MgSO4, H2O. 1 mL of sterile trace element
solution was added to MSM before sterilization. The trace elements solution is composed
of (g/L): 0.1, EDTA; 0.042, ZnSO4; 0.199, MnSO4, H2O; 0.05, H3BO3 and 0.1 NiCl2 [26].

The 30 mL medium was inoculated with 1 g of sediment and maintained under
shaking conditions (30 ◦C, 200 rpm) for 4 days, during which only the bacteria able to
metabolize the hydrocarbons will grow. This step was repeated three more times with
inoculation using 1 mL of the previous culture. Bacterial strains were grown and purified
using Luria Broth (LB, liquid) and LB agar (solid). Strains were selected based on their
ability to grow on MSM containing 5% diesel as the sole carbon source.

2.5. Evaluation of Growth of the Isolates Using Diesel as Sole Carbon Source

Growth of the isolates was evaluated in MSM liquid medium supplemented with 5%
(v/v) diesel, equivalent to 37.5 g/L of hydrocarbons. The 20 mL culture was inoculated
with the pure strain’s suspension in MSM to start with an initial OD of 0.15. Indeed,
overnight pure cultures in LB medium were centrifuged, washed twice, and the cells were
resuspended in MSM. The cultures were tightly sealed with parafilm and then incubated
at 30 ◦C in darkness for 7 d in a shaker set at 200 rpm. The growth was evaluated by
determining the Colony Forming Units (CFU) by spreading 100 µL of serial dilutions on
LB solid medium and incubating for 2 d at 30 ◦C.

2.6. Determination of Diesel Solubilization and Emulsification Activities of Isolates

Bacterial isolates were assessed for biosurfactant activity, including diesel solubiliza-
tion and emulsification, after an incubation period of 7 days as described in Section 2.5.
Emulsification and solubilization assays were performed following the protocols described
by [27]. After incubation, 15 mL of each culture was centrifuged at 10,000 rpm for 15 min.
Then, 1 mL of the supernatant was mixed with 0.15 mL of diesel. An individual culture
control was performed for each strain by using 0.15 mL of MSM instead of diesel (biotic
control). The abiotic test was performed by mixing 1.15 mL of distilled water with 1 mL
of diesel. The tubes were vigorously vortexed for 2 min and placed for 1 h to separate
diesel from the aqueous phase. The O.D of the aqueous phase was measured at 400 nm.
The emulsification activity was measured as EU units/volume, where 0.01 absorbance
corresponds to one activity unit.

For diesel solubilization, 0.9 mL of supernatant was mixed with 10 mL of Tris-HCl
20 mM (pH 7). Then, 0.2 mL of diesel, representing 2% (v/v) of the total volume, was
added. In control 1, 0.2 mL of Tris-HCl buffer replaced diesel, in order to subtract the
residual quantity of hydrocarbons in the supernatant. In control 2, the supernatant was
replaced with 0.9 mL of HCl buffer in order to subtract the quantity of hydrocarbons that
may solubilize from diesel, without biosurfactant activity. All the glass tubes were sealed
with parafilm and incubated vertically in the dark, in a shaker set at 30 ◦C and 300 rpm.
After 24 h of incubation, tubes were placed for 30 min for the separation of the diesel layer
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from the aqueous layer. Then, 4 mL of the aqueous layer was mixed with 4 mL of pure
hexane, vortexed vigorously for 2 min, and centrifuged for 15 min at 4500 rpm. The OD
of the hexane phase was measured at 295 nm, with hexane used as a blank. A calibration
curve was plotted between diesel concentrations in hexane ranging from 0.3 to 1.25 µL of
diesel per mL of hexane. The calibration curve was used to calculate diesel concentration
in the samples. The initial diesel concentration was 18.347 µL/mL.

2.7. Identification of Isolates by MALDI-TOF (Matrix-Assisted Laser Desorption/Ionization
Time-of-Flight)

MALDI-TOF MS (Bruker Daltonics, Bremen, Germany) with MALDI Biotarget-48 sam-
ple spots was used to identify the isolates of hydrocarbon-degrading bacteria, following the
protocol described in the published literature [28]. For this purpose, overnight cultures on
solid LB medium were used. The analysis generates a mass spectrum specific to each strain,
which is compared with a database of known bacteria. Bacterial strains were identified
based on the mass peaks with m/z ranging from 2000 to 20,000. Biotyper software 3.1 was
used to generate log scores based on conserved ribosomal proteins. A log score between
0.000 and 3.000 was attained for each strain. Identification is considered accurate, with
high confidence at the probable species level when the MALDI score ranges from 2.3 to 3.0.
Scores between 2.000 and 2.299 indicate a probable correct species-level identification with
high accuracy at the genus level. Scores from 1.700 to 1.999 provide probable genus-level
identification. Scores below 1.700 are not considered for identification because of the lack
of accuracy, or the ribosomal proteins do not match the database entry. MALDI-TOF MS
generates distinct protein mass spectra (fingerprints) from whole microbial cells, primarily
consisting of highly abundant proteins like ribosomal proteins. It is, in fact, the most com-
monly utilized technique for the rapid identification of bacteria. These spectra, however,
offer consistent molecular patterns that vary across species, strains, and physiological con-
ditions, allowing for the differentiation of microorganisms and identification of phenotypic
variability. Recent studies have also demonstrated its value in environmental microbiology
for exploring microbial diversity and ecological adaptations. For example, Ashfaq et al.
(2022) combined MALDI-TOF MS with principal component analysis (PCA) to rapidly
identify environmental isolates and distinguish microbial communities based on their
proteomic fingerprints, thus validating its application in ecological and environmental
research [29]. Likewise, research conducted in coastal and hypersaline settings in Qatar
showed that MALDI-TOF MS paired with multivariate analyses can differentiate bacte-
rial isolates and cluster strains according to ecological or functional traits. AlDisi et al.
employed MALDI-TOF MS along with PCA to discriminate closely related Bacillus and
Virgibacillus isolates and to associate spectral clustering with ecological functions within
mineral-forming microbial communities [30]. Furthermore, Yousefi et al. (2025) applied
MALDI-TOF MS protein profiling to hydrocarbon-degrading bacteria isolated from the
mangrove rhizospheres in Qatar, revealing high diversity among isolates and suggesting
adaptation to local micro-environmental conditions [31].

2.8. Data Analysis of Protein Profiles Obtained from MALDI-TOF

The protein profiles obtained from MALDI-TOF were preprocessed in R (version 4.5.1,
R Core Team, 2025) prior to statistical analysis. The preprocessing includes processing of
Mass spectrometry data using the MALDIquant package in R. MALDIquant is a robust
R package, which is designed for a complete analysis pipeline of mass spectrometry
data [32]. Raw spectra were first smoothed using the Savitzky–Golay algorithm to reduce
noise, followed by baseline correction using the SNIP method. Total ion current (TIC)
normalization was then applied to standardize signal intensity across samples. Peaks
were detected based on a signal-to-noise ratio threshold. A unified reference m/z list was
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generated from the aligned peaks, and an intensity matrix was constructed for downstream
comparative and statistical analyses. The matrix obtained from preprocessing in R was
further run in MATLAB (Version 2025b; MathWorks, Natick, MA, USA) to generate high-
quality dendrograms.

2.9. Statistical Analysis

Normality of the variables was evaluated using both the Kolmogorov–Smirnov and
Shapiro–Wilk tests. Variables with p > 0.05 were considered approximately normally
distributed, whereas those with p < 0.05 were treated as non-normal. The sediment com-
positional differences among the sampling sites were assessed by General Linear Model
(GLM). PCA was performed on the sediment chemical data and bacterial activity variables
to explore multivariate relationships among sampling sites and environmental parame-
ters. In this study, PCA was applied as an exploratory multivariate technique to visualize
relationships among sampling sites and environmental variables. PCA is a powerful ap-
proach to explain data by combining several variables into lesser variables called principal
components [33]. Prior to PCA, variables were centered and scaled to unit variance to
ensure comparability among parameters measured in different units. An independent
t-test was performed at a 95% confidence interval to compare the differences in growth,
diesel emulsification, and solubilization of bacterial isolates from the rhizosphere and
non-rhizosphere regions. Statistical significance was evaluated at a threshold of p < 0.05.
Given the limited number of comparisons and the exploratory nature of the analyses, no
additional p-value correction was applied. All the statistical analyses were conducted using
SPSS software (version 31.0.1.0, IBM Corp., Armonk, NY, USA). All the experiments were
performed in triplicate, and results are reported as mean ± standard error (SE).

3. Results and Discussions
3.1. Chemical Characterization of Mangrove Sediments

Performing chemical analysis of sediments is important because this information
offers important insights into the geochemical characteristics of mangrove sediments and is
crucial for understanding the underlying factors that explain the differences seen between
chosen sites. Results are shown in Table 2.

Table 2. Chemical composition of the sediments: total nitrogen (TN), total carbon (TC), total organic
carbon (TOC), total inorganic carbon (TIC), and diesel-range organics (DRO) in the analyzed sample.
The sample codes refer to those presented in Table 1.

Sample ID TN (% w/w) TC (% w/w) TOC (% w/w) TIC (% w/w) DRO (ppm) Phenanthrene
(ppm)

Anthracene
(ppm)

LOD – – – – 0.0047 0.059 0.066
S1R 0.07 ± 0.01 11.2 ± 0.6 1.60 ± 0.03 9.70 ± 0.53 0.74 ± 0.04 0.30 ± 0.01 0.50 ± 0.02
S2R 0.14 ± 0.01 11.1 ± 0.5 1.42 ± 0.02 9.70 ± 0.54 0.60 ± 0.03 0.21 ± 0.01 0.42 ± 0.02

S1NR 0.20 ± 0.01 11.2 ± 0.5 0.41 ± 0.02 10.80 ± 0.5 0.40 ± 0.01 0.30 ± 0.01 0 ± 0
S2NR 0.20 ± 0.01 11.3 ± 0.5 0.50 ± 0.02 10.80 ± 0.5 0.45 ± 0.02 0.30 ± 0.01 0 ± 0
CNC 0.02 ± 0.001 11.0 ± 0.5 0 ± 0 10.90 ± 0.5 0 ± 0 0 ± 0 0 ± 0
CC 0.13 ± 0.01 11.0 ± 0.5 1.70 ± 0.08 9.20 ± 0.5 0.41 ± 0.02 0 ± 0 0 ± 0
CC 0.13 ± 0.01 11.0 ± 0.5 1.70 ± 0.08 9.20 ± 0.5 0.41 ± 0.02 0 ± 0 0 ± 0

3.1.1. Analysis of Total Organic Carbon (TOC) in the Sediments

TOC serves as an indicator of organic pollution and microbial biomass abundance. Rhi-
zosphere samples show elevated TOC levels, whereas non-rhizosphere and CNC controls
display significantly lower values (0–0.5%). Elevated TOC in S1R, S2R, and CC indicates
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organic contributions, potentially from hydrocarbons or biogenic pollutants. Low CNC
values suggest minimal organic contamination.

TOC content varied between 0.41% (w/w) and 1.60% (w/w) among sediments, as
shown in Table 2. This indicates the presence of organic matter, which may be generated
from plant debris, microbial activity, and pollution [34]. In addition, this would involve
the role of root exudates and organic contributions from plants, enhancing the rhizosphere
with greater quantities of bioavailable organic matter. The CNC has no TOC, whereas
the coastal control shows the highest TOC (1.7), indicating high pollution affecting all the
coastal sediments. Based on GLM analysis, TOC (%w) and TIC (%w) show statistically
significant differences among sampling sites. While N (%w) and TC (%w) do not show
significant differences, suggesting that their distribution is not varying among sites.

3.1.2. Analysis of Total Inorganic Carbon (TIC) in the Sediments

TIC is lower in rhizosphere samples (9.7% w/w) than in non-rhizosphere soils (10.8%
w/w). This difference may indicate that microbial activity in the rhizosphere leads to organic
acid production, which can dissolve carbonates and reduce inorganic carbon levels [35].
CNC shows a similar high TIC (10.9), while the CC has a slightly lower value (9.2).

3.1.3. Analysis of Nitrogen in the Sediments

Nitrogen is lower in rhizosphere soils (S1R = 0.07, S2R = 0.14) compared to non-
rhizosphere soils (S1NR = 0.20, S2NR = 0.20). This suggests that plants and rhizosphere
microorganisms consume more nitrogen, likely due to root exudates stimulating microbial
activity. The CNC has negligible nitrogen (0.02), while the coastal control (CC = 0.13) shows
a moderate background level.

3.1.4. Analysis of Polycyclic Aromatic Hydrocarbons (PAHs)

Polycyclic aromatic hydrocarbon (PAH) analysis revealed the presence of phenan-
threne and anthracene in rhizosphere and non-rhizosphere sediments, as shown in Table 2.
The presence of phenanthrene and anthracene in sediments indicates the contribution
of petrogenic sources, as a result of some anthropogenic activities [36]. The presence of
anthracene in the rhizosphere may arise from various factors, such as microbial trans-
formation, varying degradation rates, and sorption to organic matter linked with roots.
In this research, degradation was deduced indirectly from hydrocarbon levels and the
activity of bacteria, instead of being measured directly. Thus, the buildup of anthracene
probably indicates a mix of biological and physicochemical processes instead of solely
microbial activity.

Phenanthrene is found at minimal concentrations in both rhizosphere and non-
rhizosphere soils (0.20–0.30 ppm) but is not detected in either control. However, reduced
S2R values (0.20) might indicate increased degradation in that rhizosphere relative to oth-
ers. Anthracene showed considerable differences among all sampling locations, signifying
site-specific factors affecting its distribution, whereas phenanthrene levels were relatively
consistent across sites, implying a more uniform environmental presence or stable sources
throughout the study area. These varying patterns might indicate dissimilarities in the
physicochemical characteristics, decay rates, or origins of these polycyclic aromatic hy-
drocarbons in mangrove sediments. Most likely, this indicated the continuous feeding
of sediments with oil-polluting compounds. Anthracene is detected only in rhizosphere
samples (S1R = 0.50, S2R = 0.42), while non-rhizosphere soils and controls contain none.
This may indicate that anthracene is either a byproduct of hydrocarbon transformation
under rhizosphere microbial activity or is mobilized more readily in root-influenced soils.
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3.1.5. Analysis of Diesel Range Organics (DROs)

Sediments in the rhizosphere exhibit elevated DRO levels (S1R = 0.74, S2R = 0.6) in
relation to sediments outside the rhizosphere (S1NR = 0.40, S2NR = 0.40). This might
indicate that hydrocarbons are held longer in the rhizosphere, potentially because root
exudates are mobilizing them, or that degradation is occurring but not fully achieved. The
CNC lacks a DRO, and the CC contains 0.40. Highest DRO concentrations were found in
coastal control, as indicated in Table 2. The presence of DROs in the sediments further
confirms the contamination of sediments with petroleum hydrocarbons. For DRO, the
GLM shows an F-value of 18.45 and p = 0.052, indicating a non-significant trend toward
differences among the groups.

3.1.6. Analysis of the Elemental Composition

The rhizosphere (S1R, S2R) and non-rhizosphere (S1NR, S2NR) samples exhibit largely
comparable levels of primary elements (Ca, Na, Mg, K, Sr), typically aligning with the
natural sediments’ makeup. The relative abundance of major and minor elements in the
sediments followed the order: Ca > Na > Mg > B > Al > Sr > K > Fe > P > Cu > As > Mn >
Ba > Ni > V > Cr > Li > Zn > Co > Mo > Sb > Cd. The dominance of Ca, Na, and Mg reflects
a strong marine influence and tidal exchange [37]. Fe, Ca, Mg, Na, K, Sr, B, Li, Mo, and P
are mostly major elements and have no standard “permissible limits”. Trace elements are
considered toxic and have standard “permissible limits” in sediments.

The behavior of trace metals exhibits more distinct variations. Key nutrients such as Fe,
P, Mn, and Zn are more prevalent in control samples (CNC, CC) than in the other samples,
indicating a depletion under field conditions, likely resulting from plant absorption [38].
The sediments in the rhizosphere typically show elevated micronutrient concentrations (Cu,
As, Mn, Zn) compared to non-rhizosphere, indicating potential root-mediated mobilization.
The findings indicate that although the main sediment chemistry (macro-elements) remains
stable and similar in both rhizosphere and non-rhizosphere areas, harmful trace elements,
particularly As and Cu, are notably higher, regardless of rhizosphere impact.

The primary ecological concern arises from arsenic and copper. Arsenic ranged from
49.1 to 59 mg/kg across all the sediments, which is higher than the permissible limit
(<3.8) [34], indicating contamination by arsenic in these sites. Copper concentrations
exceeded the permissible range at all sampling sites, indicating potential ecological risk.
Numerous studies have reported that elevated Cu levels are toxic to bacterial communities,
inhibiting growth and disrupting microbial metabolic activities [39]. Interactions in the
rhizosphere seem to boost the mobilization of specific micronutrients, yet they do not
change the basic pattern of contamination [40]. Trace elements are considered toxic and
have very standard “permissible limits” in sediments. Ba and nickel contamination are only
observed in non-coastal control, as their concentration is slightly higher than permissible
limits. The presence of vanadium and nickel in the soil is an indication of petroleum activity,
as vanadium is an important metal in heavy petroleum feedstock (HPF) [41]. Based on the
GLM results, significant differences among the groups were observed for Al, As, Ba, Co, Cr,
Fe, Li, Mg, Mn, Mo, Ni, P, Sb, and V, indicating that the concentrations of these elements
and compounds varied depending on the site and group. While Ca, Cd, Cu, Na, Sr, and Zn
are not statistically different among sites. The concentration of heavy metals is provided in
Table 3.
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Table 3. Analysis of the elemental components in the sediments.

Heavy
Metals
(mg/kg)

LOD
(mg/kg) S1R S2R S1NR S2NR CNC CC Permissible

Range References

Ca 0.005 240,049 ± 12,002 251,579 ± 12,579 246,572 ±
12,328

249,290 ±
12,464

266,846 ±
13,342 239,446 ± 11,972

No specific
limits

established
Na – 16,913 ± 845 18,072 ± 903 12,458 ± 623 13,203 ± 660 13,136 ± 656 20,907 ± 1045
Mg 0.0011 14,322 ± 716 14,851 ± 742 15,214 ± 760 15,376 ± 768 23,572 ± 1178 12,456 ± 622
B – 7526 ± 376 7937 ± 396 8207 ± 410 8332 ± 416 9564 ± 478 8141 ± 407

Al 0.0038 6030 ± 302 6527 ± 326 4890 ± 244.6 4979 ± 249 9680 ± 484 6028 ± 301 44,000–
51,000 [42]

Sr 0.005 3499 ± 175 3492 ± 174 2675 ± 133 2876 ± 143 2874 ± 143 3533 ± 176
No specific

limits
established

K – 2488 ± 124 2651 ± 132 3066 ± 153 3445 ± 172 4015 ± 200 2524 ± 126
Fe 0.0008 2317 ± 115 2434 ± 121 1067 ± 53 1185 ± 59 4966 ± 248 1961 ± 98
P – 186 ± 9 193 ± 9 167 ± 8 160 ± 8 284 ± 14 156 ± 8

Cu 0.00027 73.1 ± 3.7 92.1 ± 4.7 65 ± 3.3 56 ± 2 107 ± 5 111 ± 6 <25 [43]
As 0.0029 59 ± 3 58 ± 3 50.1 ± 2.5 50.2 ± 2.6 49.1 ± 2.5 50.1 ± 2.5 <3.8
Mn 0.00006 42 ± 2 45.1 ± 2.3 32.2 ± 1.6 38.2 ± 1.9 95.3 ± 4.8 33.2 ± 1.7 <300
Ba – 38 ± 2 40.3 ± 2.1 59 ± 3 53.6 ± 2.7 63.1 ± 3.2 44.5 ± 2.3 <60 [44]
Ni 0.0059 11.0 ± 0.6 11.3 ± 0.6 5.1 ± 0.3 6.2 ± 0.3 42.3 ± 2.1 17.2 ± 0.9 <20 [43]
V 0.00028 7.2 ± 0.4 8.2 ± 0.4 6.2 ± 0.3 7.2 ± 0.4 14.1 ± 0.8 8.2 ± 0.5 59–73 [44]
Cr 0.00106 9.1 ± 0.5 9.2 ± 0.5 7.3 ± 0.4 6.1 ± 0.4 24.2 ± 1.3 10.1 ± 0.5 <25 [43]

Li – 5.3 ± 0.3 5.7 ± 0.3 5.4 ± 0.3 5.6 ± 0.3 8.2 ± 0.5 5.1 ± 0.3
No specific

limits
established

Zn 0.00114 0.8 ± 0.1 7.2 ± 0.4 0 ± 0 0 ± 0 21.2 ± 1.1 10.3 ± 0.5 <90 [43]
Co 0.00027 2.3 ± 0.1 2.5 ± 0.1 2.2 ± 0.1 2.2 ± 0.1 3.6 ± 0.1 2.1 ± 0.1 – –

Mo 0.0021 0.20 ± 0.01 0.23 ± 0.01 1.00 ± 0.05 1.31 ± 0.07 7.3 ± 0.3 2.28 ± 0.11
No specific

limits
established

Sb 0.0013 0.01 ± 0.00 0.02 ± 0.00 0.59 ± 0.03 0.51 ± 0.03 0 ± 0 0.80 ± 0.03 – –
Cd 0.00017 0.20 ± 0.01 0.30 ± 0.01 0.30 ± 0.01 0.30 ± 0.02 0.20 ± 0.01 0.170 ± 0.001 <6 [43]

To accurately depict results when vanadium (V) and nickel (Ni) are treated as oil
tracers at moderate concentrations, normalization to a stable lithogenic element like Al or Fe
was carried out to differentiate natural background from anthropogenic/oil contributions
(Table 4).

Table 4. Normalization of Ni and V concentrations to Fe and Al.

Heavy Metals
(mg/kg) S1R S2R S1NR S2NR CNC CC

Ni/Fe 0.0048 0.0047 0.0048 0.0053 0.0086 0.0088
Ni/Al 0.0019 0.0018 0.0011 0.0013 0.0044 0.0029
V/Fe 0.0032 0.0034 0.0059 0.0061 0.0029 0.0042
V/Al 0.0012 0.0013 0.0013 0.0015 0.0015 0.0014

Vanadium is a recognized indicator of petroleum pollution because of its prevalence in
crude oil. This research shows that similar V/Al ratios at all sampling locations, including
the nominal control sites (CNC and CC), suggest that all areas have experienced some level
of oil contamination, likely from diffuse or historical origins. Normalizing conservative
elements like Al and Fe helps correct the natural variability in sediments, yet the consistent
V/Al ratios imply that even the control sites lack pristine conditions. In comparison, nickel
demonstrates more variability and seems to be primarily influenced by natural lithogenic
sources instead of enrichment from petroleum. These findings indicate that although Ni
might indicate sediment composition, V verifies the extensive impact of petroleum in the
examined mangrove sediments.
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3.2. PCA of Chemical Composition of Sediments

PCA is a statistical method employed to decrease the dimensionality of extensive
datasets by converting a group of potentially correlated variables into a reduced group
of uncorrelated variables known as principal components, all while preserving as much
variability from the original data as feasible [45]. PCA accomplishes this by identifying
the directions (principal components) that optimize variance within the data, where the
first component accounts for the highest variation, the second (orthogonal to the first)
accounts for the next highest, and so forth [33]. The sediments from various locations
show a geochemical imprint of marine oil contamination, marked by hydrocarbons (DRO,
PAHs) and oil-tracer metals (Ni, V, As, Cu). The pollution pattern identified connects the
observed chemical signatures straight to petroleum sources that come from the marine
environment. Although the rhizosphere affects the spread and behavior of these pollutants
via mechanisms like organic matter enrichment or microbial activity, it does not serve
as the pollution source, suggesting that the hydrocarbons are externally introduced and
later altered by root zone dynamics. To illustrate the differences in sediment chemical
composition among the selected mangrove sites, PCA was conducted on the chemical
dataset, including major and minor elements, TOC content, PAH, and DRO.

In this study, PCA was utilized as an exploratory multivariate technique to visualize
relationships among sampling sites and measured geochemical variables. The first two
principal components explained 76.6% of the total variance, with PC1 accounting for 59.7%
and PC2 for 16.9% (Figure 1A). The score plot shows a separation between coastal and non-
coastal sediments as well as differences between rhizosphere and non-rhizosphere samples.
The coastal control (CNC) is clearly separated along the positive side of PC1, indicating
a distinct chemical composition compared to other sediments, while CC is differentiated
mainly along PC2. Rhizosphere (SR1, SR2) and non-rhizosphere (SNR1, SNR2) samples
cluster on the negative side of the PC1 axis, although some separation between these groups
is observed. Soil composition may vary considerably in terms of organic matter content,
microbial activity, and abundance, as well as organic carbon turnover in areas closer to
tree roots compared to more distant regions [46]. The PCA biplot (Figure 1B) illustrates
the contribution of geochemical variables to sample distribution. Several metals, including
Al, As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, P, Sb, Sr, V, and Zn, show
strong positive loading on PC1, suggesting their association with the chemical variability
observed among sediments. Organic carbon fractions and hydrocarbon indicators (TOC,
DROs, Anthracene, and phenanthrene) contribute mainly to variation along PC2. The
loading plots (Figure 1C,D) further highlight that PC1 is largely associated with metal
distribution, whereas PC2 reflects variability in carbon fractions and organic contaminants.
As reported in previous studies, soil organic matter influences the mobility of antimony and
arsenic by acting as an electron donor in waterlogged environments [47]. In mangroves,
high organic carbon content may also influence mobility of heavy metals [48]. TIC and
TC are negatively loaded on PC2. These loadings indicate that PC1 represents variation
in metal distribution and DRO presence, while PC2 indicates the distribution of carbon
fractions and trace elements. Overall, PCA suggests that metals, carbon fractions and
contaminants collectively contribute to the observed variability in sediment chemistry
among the sampled sites.
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Figure 1. (A) PCA plot showing the distribution of sampling sites along PC1 (59.7%) and PC2 (16.9%),
(B) PCA plot illustrating the clustering of metals (blue) and organic contaminants (red) influencing
the distribution of samples, (C) Bar plot of PC1 loadings showing the variables that contribute to the
variation explained by PC1 (59.7%), (D) Bar plot of PC2 loadings showing the variables contributing
to the second principal component (16.8%).

3.3. Investigation of the Functional Group of Sediments Using FTIR Analysis

The FTIR spectra of the sediment samples indicated the dominance of functional
groups associated with aromatic hydrocarbons, ethers, and carboxylic compounds. All
the samples exhibited a peak at 714 cm−1, corresponding to C-H aromatic groups that
undergo out-of-plane deformation stretching as shown in Figure 2. Peaks between 756
and 877 cm−1 might be an indication of C–H bending vibrations of the benzene ring [49].
The presence of these peaks highlights the predominance of aromatic structures, which
may originate from petroleum-derived hydrocarbons or root-associated organic residues
commonly present in mangrove environments. A distinct peak at 860 cm−1 found in all
the sediments is possibly a characteristic of aromatic hydrocarbons [50]. The relatively
stronger intensity of this band in rhizosphere samples suggests an enrichment of aromatic
and microbial metabolites near the root zone compared to the non-rhizosphere, indicating
enhanced biological activity and organic accumulation. The band observed between
911 and 1150 cm−1 can be attributed to C–O–C stretching, a likely indication of ether
linkage [51]. The distinct peak at 1080 cm−1 has appeared in all the sediment samples, which
could be an indication of aromatic ether [52]. This region may also include Si–O stretching
of silicate minerals, reflecting the coexistence of organic and inorganic components in the
sediments. Such mineral–organic interactions often stabilize organic matter by adsorption
onto mineral surfaces, contributing to carbon preservation in mangrove soils [53]. The
absorption at 1400 cm−1 corresponds to C=C bending vibrations, potentially indicating the
presence of aromatic compounds [54]. A weak band at 1636 cm−1 represents C=C stretching,
possibly suggesting the presence of either aromatic or aliphatic hydrocarbons [55]. These
unsaturated groups are typically linked to partially oxidized hydrocarbons and microbial
metabolites, further confirming the biogenic and petrogenic contributions to sediment
organic matter. A strong peak at 1787 cm−1 might be C=O stretching vibrations, indicative
of carbonyl functional groups [56]. Such carbonyl and carboxylic features often arise from
oxidative degradation of organic material, suggesting active microbial and photochemical
transformation processes occurring in surface sediments. The broad absorption band
between 2500 and 2600 cm−1 is assigned to O–H stretching of carboxylic acids, particularly
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when hydrogen-bonded [57]. The peak at 2534 cm−1 was only observed in coastal control; it
disappears in all the other samples. Its presence may reflect stronger hydrogen bonding and
higher salinity-related interactions within coastal sediments compared to the mangrove-
associated sites. Finally, the peak at 3409 cm−1, observed exclusively in the coastal control
sample, corresponds to O–H stretching vibrations, which may be associated with higher
water content in the coastal sediment [58]. The presence of this peak suggests a higher
moisture content or hydrogen-bonded OH groups in the coastal sediment compared to the
mangrove rhizosphere and non-rhizosphere samples.

Figure 2. FTIR spectra of sediment samples collected from rhizosphere, non-rhizosphere, coastal, and
non-coastal sediments.

The FTIR confirms the presence of carbonyl functional groups (C=O stretching), and
ether linkages (C–O–C), and aromatic compounds (C–H bending vibrations) in the sedi-
ments. The higher organic signatures detected in rhizosphere sediments are consistent with
previous observations from TOC analyses, where elevated organic content was observed in
plant-associated sediments. This further supports the role of plant–microbe interactions in
promoting the accumulation and transformation of organic matter.

Apart from trace metal patterns, FTIR analysis indicated the existence of functional
groups typical of aromatic hydrocarbons, carbonyls, and ether linkages, such as C–H bend-
ing vibrations of benzene rings (714–877 cm−1), aromatic ether (1080 cm−1), and carbonyl
C=O stretching (1787 cm−1). The prevalence of these aromatic and unsaturated groups
in all sediment samples suggests contributions from petroleum-derived hydrocarbons,
reinforcing the idea that the mangrove sediments.

3.4. Isolation and Identification of Hydrocarbon-Degrading Bacterial Strains

The rhizosphere-associated isolates include Acinetobacter calcoaceticus, Lysinibacillus
xylanilyticus, B. cereus, and Lysinibacillus sphaericus. While the non-rhizosphere-associated
isolates include B. cereus, Acinetobacter calcoaceticus, Staphylococcus warneri, and Pseudomonas
stutzeri, as shown in Table 5. The bacterial isolates obtained from rhizosphere and non-
rhizosphere sediments exhibited distinct taxonomic diversity. Most of them have been
mentioned in the literature for their role in oil bioremediation. Lysinibacillus sphaericus has
been shown to exhibit high efficiency in degrading aromatic hydrocarbons (phenanthrene,
toluene, and naphthalene), diesel oil, and oily sludge, with removal efficiencies of up to
95% for C10–C28 hydrocarbons [59]. In a recent study, Staphylococcus warneri has been
isolated from the bottom of oil tank sludge and has demonstrated high tolerance to oil [60].
Pseudomonas stutzeri was isolated from coal mine soil, and it demonstrated high capability
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to degrade polyaromatic hydrocarbons [61]. B. cereus and Pseudomonas aeruginosa were
isolated from oil-contaminated workshops in North Central, Nigeria. Lipase produced by
these bacteria showed promising results in the biodegradation of crude oil [62].

Table 5. List of sampling sites, isolate IDs, identified species, and their MALDI scores from the
rhizosphere region and the non-rhizosphere region. MALDI score values ≥ 2.0 indicate reliable
species-level identification, while scores between 1.7 and 1.99 indicate probable genus-level identifi-
cation. Total isolates analyzed: n = 25 (Rhizosphere n = 13; non-rhizosphere n = 12). The lowercase
letters (a, b, c, d) represent different bacterial strains isolated from the same sample.

Zone Isolate ID Identified Species MALDI Score

Rhizosphere SD100a Acinetobacter calcoaceticus 2.49
Rhizosphere SD100b Lysinibacillus xylanilyticus 1.78
Rhizosphere SD100c Bacillus cereus 1.78
Rhizosphere SD105a Unidentified 1.58
Rhizosphere SD105b Unidentified 1.48
Rhizosphere SD110 Lysinibacillus sphaericus 2.01
Rhizosphere SD200a Lysinibacillus sphaericus 2.12
Rhizosphere SD200b Unidentified 1.29
Rhizosphere SD200c Bacillus cereus 2.02
Rhizosphere SD205a Bacillus cereus 2.24
Rhizosphere SD205b Bacillus pseudomycoides 2.12
Rhizosphere SD205c Bacillus cereus 2.21
Rhizosphere SD210 Lysinibacillus sphaericus 1.90

Non-rhizosphere SDIF100a Unidentified 1.48
Non-rhizosphere SDIF100b Bacillus cereus 1.72
Non-rhizosphere SDIF100c Bacillus cereus 1.98
Non-rhizosphere SDIF105a Pseudomonas stutzeri 2.28
Non-rhizosphere SDIF110a Bacillus cereus 1.86
Non-rhizosphere SD2F100a Acinetobacter calcoaceticus 1.97
Non-rhizosphere SD2F100b Bacillus cereus 1.80
Non-rhizosphere SD2F100c Unidentified 1.48
Non-rhizosphere SD2F100d Staphylococcus warneri 1.86
Non-rhizosphere SD2F105a Pseudomonas stutzeri 2.41
Non-rhizosphere SD2F110a Bacillus cereus 1.78
Non-rhizosphere SD2F110b Bacillus cereus 2.02

In this study, nine different B. cereus strains have been isolated, four from the rhizo-
sphere region and five from the non-rhizosphere region. Acinetobacter calcoaceticus has
been shown as hydrocarbon degrader, isolated from the roots of canola oil from Canadian
soil [63]. Lysinibacillus fusiformis is known for its ability to degrade polyaromatic hydrocar-
bons [64]. Lysinibacillus xylanilyticus is an efficient plant growth stimulator [65] and known
for the degradation of low concentrations of polyethylene [66]. Bacillus pseudomycoides
was reported as an efficient dye degrader, and for use in the bioremediation of mixed
dyes [67]. In a recent study, Bacillus pseudomycoides was shown to exhibit a 23.43% removal
of petroleum hydrocarbons [68].

This research focused on culturable bacteria that break down hydrocarbons, tolerate
elevated diesel levels, and demonstrate significant degradation abilities. While 5% diesel
enrichment may promote rapid-growing or opportunistic taxa, this method enables the
discovery of bacterial strains that are highly adapted to oil-contaminated settings and
can effectively break down petroleum hydrocarbons, serving as vital players in bioreme-
diation. The approach also underscores the importance of the mangrove rhizosphere in
sustaining these unique communities, stressing its role in natural attenuation processes
within mangrove sediments. Further studies will focus on evaluating the total abundance
or community structure in situ, but instead on examining the adaptation and activity of
resilient, functionally active strains fostered by the mangrove rhizosphere.
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3.5. Evaluation of the Growth of the Isolate Strain in Liquid MSM Supplemented with 5%
(v/v) Diesel

The study was performed to evaluate the potential of the isolated strains to produce
biomass by growth at a high concentration of hydrocarbons from diesel (37.5 g/L). The
growth potential of the 25 isolates was evaluated through their CFU after 7 d growth
(Figure 3). Bacterial isolates from the rhizosphere areas exhibited significantly higher toler-
ance to diesel compared to those from the non-rhizosphere areas. Their produced biomass
ranged from 1.70 ± 0.05 CFU × 108/mL to 2.50 ± 0.02 CFU × 108/mL. The highest biomass
was obtained with the isolates SD110, later identified as Lysinibacillus sphaericus. The lowest
biomass was produced by the isolate SD205b (Bacillus pseudomycoides) in the rhizosphere
region. Conversely, the isolates from the non-rhizosphere areas demonstrated compar-
atively lower growth, with strain SD1F100c (B. cereus) producing the highest biomass
(1.2 ± 0.09 108/mL) and strain SD2F100d (Staphylococcus warneri) with the lowest biomass
(0.40 ± 0.01 CFU × 108/mL). Bacterial isolates obtained from 5 m away from the tree
showed comparatively higher growth than those isolated from 10 m away. This difference
may be attributed to the dense root network of mangroves, which likely enriches the
surrounding microenvironment through the activity of root exudates [19].

Figure 3. Growth potential of the isolates in 5% diesel-MSM, evaluated as CFU after 7 d incubation.
Isolates from SD100a to SD210 are from the rhizosphere region (black), while isolates from SD1F100a
to SD1F110a are 5 m away from the tree (gray), and SD2F100a to SD2F110b are 10 m away from the
tree (red), in the non-rhizosphere region.

The statistical analysis of the CFUs indicates that the growth of the rhizosphere-
isolates in 5% (v/v) diesel is significantly higher (p-value = 0.001 at 95% confidence interval)
than that of the non-rhizosphere isolates (Figure 3). These findings align with previous
speculations, which suggest that higher plants in general would promote the adaptation
of diverse soil microbial communities [69]. Here, it may be concluded that the secretions
from the mangrove roots in the rhizosphere area would provide the rhizosphere-associated
hydrocarbon-degrading bacteria with nutrients that help in tolerating hydrocarbon toxicity
and gradually acquire tolerance traits. This is enhanced due to the fact that the carbon and
nutrient content of bulk sediments is relatively low [70], which is favorable for acquiring
new degradative ways based on polluting hydrocarbons as substrate.

3.6. Evaluation of Biosurfactant Production as a Result of Adaptation in the Rhizosphere

The capability of producing biosurfactants as active biomolecules by rhizosphere- and
non-rhizosphere-associated bacteria was evaluated. Bacteria produce biosurfactants to
increase the bioavailability of hydrocarbons either by their emulsification or by solubiliza-
tion. These biomolecules enable bacteria to utilize nonpolar organic hydrocarbons through
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combined activities to survive. In addition, their activities are adaptive and depend on
the harsh conditions [71]. Both activities in the cultures of 25 isolates, as performed in
Section 2.7, are shown (Figure 4A,B).

 

Figure 4. (A) A two-way graph indicating diesel solubilization and emulsification values of the
isolates of the rhizosphere region, (B) isolates of the non-rhizosphere region, (C) a conceptual model
of microbial growth-investment in rhizosphere and non-rhizosphere sediments.

Lower SA and EA values were obtained with the non-rhizosphere isolates (Figure 4B)
compared to those of the rhizosphere isolates (Figure 4A). This can be attributed to their
lower growth (Figure 3). Student t-test confirms these differences (EA p-value = 0.001
and SA p-value = 0.009 at 95% confidence interval). However, the capability of each
isolate to synthesize these two biosurfactants is evaluated by the determination of their
specific activities.

The specific activity per cell of each isolate was calculated based on their growth in
MSM medium supplemented with 5% diesel. For clarity, Table 6 provides the information
about growth, biosurfactant activity (EA, SA), and specific activity per cell (EA/CFU,
SA/CFU).

Although rhizosphere-associated isolates exhibited higher overall biosurfactant activ-
ity and biomass, their specific activity per cell (EA/CFU, SA/CFU) was lower than that of
the non-rhizosphere isolates, as indicated in Table 6. While the specific activity (SA/CFU
and EA/CFU) reflects the capability and provides insight into cellular-level, it just provides
an insight into the cultivable fraction of hydrocarbon degraders among the rhizosphere
and the non-rhizosphere-associated strains with high tolerance to hydrocarbon toxicity.

In addition, this may be due to a different adaptation of the rhizosphere-associated
strains, due to the expected higher density of bacteria, their growth rates, and the cumula-
tive biosurfactant activities. This suggests that the non-rhizosphere isolates are adapted to
synthesize higher specific activity due to their lower cell density.
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Table 6. Bacterial growth, biosurfactant production and specific activity of isolates after one week of
incubation within one week of incubation. Bold values in the table indicates significant high values.
The lowercase letters (a, b, c, d) represent different bacterial strains isolated from the same sample.

Strain ID CFU × 108/mL SA DS/CFU × 107 EA EA/CFU × 107

SD100a 2.0 ± 0.1 15.1 ± 0.3 7.50 ± 0.01 44 ± 2 22.1 ± 0.1
SD100b 2.1 ± 0.1 13.2 ± 0.5 6.10 ± 0.03 52 ± 1 25.2 ± 0.1
SD100c 2.4 ± 0.1 13.1 ± 0.1 5.40 ± 0.01 42 ± 1 18.1 ± 0.1
SD105a 2.2 ± 0.1 3.1 ± 0.1 1.50 ± 0.01 41 ± 2 18.2 ± 0.1
SD105b 2.2 ± 0.1 12.1 ± 0.6 5.40 ± 0.04 38 ± 1 17.3 ± 0.1
SD110 2.50 ± 0.02 0 ± 0 0 ± 0 72 ± 1 29.2 ± 0.2
SD200a 2.00 ± 0.03 3.1 ± 0.1 1.60 ± 0.01 100 ± 4 50.1 ± 0.2
SD200b 2.40 ± 0.04 10.1 ± 0.4 4.30 ± 0.02 96 ± 3 41.2 ± 0.4
SD200c 1.90 ± 0.05 15.2 ± 0.5 8.10 ± 0.06 85 ± 2 45.1 ± 0.2
SD205a 1.80 ± 0.07 0 ± 0 0 ± 0 84.1 ± 0.5 47.21 ± 0.04
SD205b 1.70 ± 0.1 6 ± 0.2 3.80 ± 0.02 93 ± 5 55.2 ± 0.2
SD205c 1.72 ± 0.05 0 ± 0 0 ± 0 45 ± 1 26.3 ± 0.1
SD210 1.80 ± 0.05 15 ± 1 8.60 ± 0.04 47 ± 1 26.2 ± 0.1

SDIF100a 1.0 ± 0.1 9.3 ± 0.4 8.96 ± 0.04 45 ± 1 43.3 ± 0.2
SDIF100b 1.1 ± 0.1 6 ± 0.29 5.60 ± 0.02 29 ± 4 27.2 ± 0.3
SD1F100c 1.2 ± 0.1 0 ± 0 0 ± 0 36.2 ± 2.2 31.3 ± 0.3
SD1F105a 1.1 ± 0.1 0 ± 0 0 ± 0 31 ± 1 29.1 ± 0.2
SD1F110a 1.11 ± 0.04 0 ± 0 0 ± 0 32 ± 1 29.3 ± 0.3
SD2F100a 0.50 ± 0.02 0.29 ± 0.01 0.58 ± 0.01 30 ± 2 60.2 ± 0.5
SD2F100b 0.50 ± 0.02 3.10 ± 0.13 7.42 ± 0.12 38 ± 2 75.2 ± 0.4
SD2F100c 0.70 ± 0.04 4.7 ± 0.1 6.72 ± 0.02 26 ± 3 37.1 ± 0.6
SD2F100d 0.40 ± 0.01 0 ± 0 0 ± 0.01 23 ± 3 63.1 ± 0.1
SD2F105a 0.50 ± 0.1 0 ± 0 0 ± 0 34.1 ± 3.1 67.2 ± 0.3
SD2F110a 0.60 ± 0.03 0 ± 0 0 ± 0 30.2 ± 4.5 51.2 ± 0.9
SD2F110b 0.50 ± 0.02 3 ± 0.1 6.30 ± 0.03 25 ± 3 50.4 ± 0.03

3.7. Insights on the Adaptation of the Isolated Strains from the Mangrove Forest Through
Biosurfactants Production and Protein Profiles

The data obtained from growth by 5% diesel tolerance, biosurfactant production, and
specific activity of isolates were utilized to perform PCA analysis (Figure 5A). This PCA
analysis reflects adaptations of these bacterial isolates toward pollution and environmental
stress. The first two principal components explained 99% of the total variance, with PC1
contributing 85% and PC2 contributing 14%. The PCA plot revealed three distinct clusters,
indicating significant differences in the enzymatic activity among the bacterial isolates.
Group 1 comprises isolates of the rhizosphere region, group II indicates isolates of the
non-rhizosphere region (5 m away from the tree), and group III indicates isolates of the
non-rhizosphere region (10 m away from the tree). These patterns indicate that the isolates
have developed adaptive responses to environmental pollutants and stress, with distinct
enzymatic activities shaped by proximity to the rhizosphere.

To further explore the relationship between enzymatic activity and protein expression
patterns of the isolates, a tanglegram was constructed. Tanglegram compares hierarchical
clustering of B. cereus by combining a dendrogram created from two distinct datasets,
biosurfactant production (left dendrogram) and protein profiles (right dendrogram)
(Figure 5B). The dotted lines connecting the labels in the center represent the one-to-
one correspondence between the same isolates in both trees. The degree of tangles or
crossing of these lines indicates the extent of incongruence between the two datasets [72].
In G1, SD205a, SD2F110a, and SD200c are present, sharing the same clade; SD200c is
showing incongruence, while falling in the same group. The specific sub-clade grouping
appears similar but is not identical for all three strains. In G2 and G3, there is a high level
of incongruence, except for strain SD100c, which showed congruence between the two
dendrograms by dotted lines. In G4, SD2F100b showed strong congruence, indicating that
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the protein profiles data correlate strongly with the biosurfactant production. The protein
profile dendrogram indicates variation among the isolates, which aligns with previous
findings that B. cereus exhibits high protein profile variability in response to environmental
stress [73]. The tangling in G1, G2, and G3 indicates that the genes and cellular machinery
responsible for biosurfactant production are likely regulated independently of the overall
protein expression patterns used for the protein profile clustering. The two traits do not
co-segregate reliably. Based on the tanglegram analysis, the rhizosphere does not appear
to exert a significant influence on the protein profile or biosurfactant production capacity
of the B. cereus strain. However, these results contrast with observations reported for
Pseudomonas aeruginosa, which exhibits a high degree of adaptive variation among isolates
from different sampling sites. As a Gram-negative bacterium, its protein expression profile
is strongly influenced by environmental conditions [74]. According to previous studies,
certain gene expression indicates a high level of phenotypic and genetic adaptability in
P. aeruginosa [75]. As reported in literature, B. cereus, a Gram-positive bacterium are highly
resistant to environmental changes due to its thick cell wall and more conserved stress
responses such as sporulation [76]. Gram-positive bacteria can resist extreme conditions
by activating the general stress response (GSR), which is controlled by SigB (sigma factor).
SigB plays a key role in regulating the expression of over 200 genes that maintain cellular
functions under various stress conditions [77]. In contrast, the limited adaptive divergence
observed in B. cereus in this study is consistent with the lack of statistically significant
variation in TC, DROs, phenanthrene, and metals such as Ca, Cd, Cu, Na, Sr, and Zn
across sampling sites. The relatively uniform distribution of organic contaminants likely
contributes to the similar physiological and functional responses exhibited by the strains,
regardless of their origin within the rhizosphere or non-rhizosphere zone. These findings
suggest that sediment geochemistry shapes the functional behavior of B. cereus, but its adap-
tive routes are largely conserved, reflecting a stable response to environmental pressures
in the Simaisma mangrove ecosystem. Overall, the combination of analytical approaches
such as tanglegram, PCA clustering, and functional assays explains the heterogeneity of
B. cereus populations in mangrove sediments.

Figure 5. (A) PCA clustering of isolates activity, blue dots represent bacterial isolates, red labels
illustrate the groups, blue circle indicates the clusters formed by bacterial isolates, (B) A tanglegram
representing the relationships between the dendrogram of biosurfactant production and the dendro-
gram of protein profiles of B. cereus. The isolates (green) are B. cereus that belong to the rhizosphere
region, while the isolates (red) are B. cereus that belong to the non-rhizosphere region. G1, G2, G3,
and G4 are the groups that are created based on patterns of isolates on the leaves. The dashed lines
connect the same bacterial strain across the two analyses.
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4. Conclusions
This study investigated the influence of the mangrove rhizosphere on the functional

traits of cultivable hydrocarbon-degrading bacteria and their role in sustainable bioremedi-
ation strategies. Initially, bacterial isolates exhibiting high tolerance to 5% (v/v) diesel were
obtained through selective enrichment cultures and subsequently identified at the genus
and species levels using MALDI-TOF MS. To gain insights into the adaptive strategies of
Bacillus cereus, their protein expression profiles were analyzed using advanced statistical
tools. Tanglegram analysis revealed that while some strains exhibited congruence between
protein profiles and biosurfactant production, a majority showed significant incongruence,
indicating that these two traits are largely regulated independently. These findings suggest
that the rhizosphere exerts only a limited influence on the protein expression of B. cereus.
Furthermore, the relatively uniform distribution of organic contaminants, such as DROs
and phenanthrene, as well as metals including Ca, Cd, Cu, Na, Sr, and Zn across the
sampling sites likely contributes to the comparable physiological and functional responses
observed among strains. Overall, this study highlights the conserved adaptive strategies of
B. cereus in mangrove sediments, demonstrating how sediment geochemistry influences
bacterial functional behavior while maintaining a stable response across rhizosphere and
non-rhizosphere zones.

Our findings suggest that the mangrove rhizosphere is crucial in influencing the
functional diversity of bacteria that degrade hydrocarbons. Isolates associated with the rhi-
zosphere showed greater overall biosurfactant activity and biomass, indicating improved
adaptation to hydrocarbon-rich environments and the beneficial effect of organic matter
linked to roots. Multivariate analyses, such as PCA and tanglegram comparisons, showed
unique clustering of isolates according to their proximity to the rhizosphere, indicating
that bacterial enzymatic activities and adaptive responses are shaped by the conditions in
the rhizosphere. Although the protein profiles of B. cereus stayed mostly stable, probably
because of their natural resistance to stress, the overall findings indicate that the rhizo-
sphere encourages the selection and preservation of bacterial strains that can endure oil
contamination and engage in natural bioremediation activities within mangrove sediments.

It is important to highlight that the sample size used in the PCA analysis is somewhat
restricted. The PCA served mainly as an exploratory instrument to illustrate possible
connections between bacterial functional traits and sampling areas. The classification of
isolates based on their closeness to the rhizosphere indicates a potential effect of root-
related environments on bacterial functional reactions, but some of the variation could also
represent inherent differences among samples. Thus, these findings suggest possible trends
instead of conclusive proof of rhizosphere-driven adaptation.

This research examined how the mangrove rhizosphere affects the functional charac-
teristics of cultivable hydrocarbon-degrading bacteria and their contribution to sustainable
bioremediation approaches. It emphasizes the significance of mangrove ecosystems for
environmental sustainability and socio-economic resilience, advocating for comprehensive
scientific methods for sustainable development and aiding in the definition, quantification,
monitoring, and management of sustainability via environmental indicators, assessment
tools, and well-informed policies and regulations.
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