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Abstract

Microorganisms live in a wide range of environments, performing diverse roles either
independently or in association with other organisms forming consortia. This study is fo-
cused on those with the ability to bioremediate environments contaminated with petroleum
hydrocarbons (PHCs), that is, the case of bacteria, fungi, algae, and consortia. PHC contam-
ination constitutes a major global environmental issue, and presents a serious ecological
risk. This research was conducted in the coastal waters of Haina Port (Dominican Republic)
and the main objective was to characterise the bacterial communities with bioremediation
capacity by sequencing the 165 rRNA. The samples were collected in sterile conditions,
and physicochemical and molecular analyses were conducted. The results revealed the
composition and distribution of bacterial communities in the area. At the phylum level,
Proteobacteria is the dominant group, accounting for 70-90% of the community. At the class
level, Gammaproteobacteria is the predominant group, followed by Alphaproteobacteria which
ranks second in relative abundance. Bacillaceae appears as the most abundant family at most
points. This 16S rRNA survey provides a taxonomic baseline of the microbial community,
identifying taxa with documented degradative potential. Future functional analyses and
culture studies are required to quantify and confirm the active metabolic pathways of the
detected microorganisms.

Keywords: hydrocarbon degradation; bioremediation; marine pollution; rRNA sequencing;
bacterial communities; microorganism

1. Introduction

In nature, there is a wide variety of microorganisms, either in microbial associations
with different properties and functions or in symbiosis with other organisms, and they
have developed the ability to use organic molecules as a source of carbon and energy, thus
adapting to contaminated environments [1-5]. A wide range of microorganisms, including
bacteria, fungi, yeasts, and algae, can metabolise contaminating organic compounds and
produce water, carbon dioxide, and other, less toxic elements. Herein lies their importance in
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bioremediation processes in environments contaminated with hydrocarbons [6-10]. There-
fore, strategies using microorganisms for the remediation of contaminated environments
are a promising alternative. Indeed, they have significant efficiency in reducing pollution
levels, coupled with a versatility that allows them to be used with different contaminants
and in different environments [11]. Bioremediation is the most efficient, eco-friendly, and
cost-effective technology for the transformation of contaminants [12]. Some bioremediation
strategies include adding specific compounds to enhance the metabolic activity of the
autochthonous microorganisms (biostimulation) and/or adding specific microbial taxa
with high biodegradation capabilities (bioaugmentation) [13-16].

Regulatory ecosystem services, including soil and water purification, have a strong
correlation with microbial function. Bacterial diversity and metabolic versatility are essen-
tial for maintaining these services. Together, these qualities enable the biodegradation of a
wide and diverse spectrum of aliphatic and aromatic hydrocarbons [5].

Meanwhile, the strong global dependence on fossil fuels (derived from organic waste
rich in hydrocarbons) is essential for actions performed in the civil, industrial, and trans-
portation sectors [17]. However, activities such as the extraction, refining, or transportation
of these hydrocarbons routinely (in some cases accidentally) produce contamination on
what is considered a global level [4,18]. This contamination can affect broad areas (soils,
surface waters, and groundwaters) whose final destinations, due to natural biological and
physical processes, are seas and oceans [19]. The marine environment is considered the
ultimate and largest sump for petroleum hydrocarbon contaminants. Therefore, combating
this contamination problem is essential [20]. Petroleum hydrocarbons (PHCs) are one of the
most widespread and heterogeneous organic contaminants affecting marine ecosystems.
The contamination of coastal areas by PHCs represents a major challenge for both the
ecosystem and human health, requiring urgent, effective, and sustainable remediation
solutions [21].

Catastrophic events, such as the spillages from the Sanchi crude oil tanker on the
coast of Shanghai in 2018, the Exxon Valdez in 1989 on the coast of Alaska [20], and the
Prestige on the coast of A Corufia (Spain) in 2002, have highlighted the importance of
microorganisms as bioremediators in environments contaminated with hydrocarbons.

A concept that has gained particular relevance in recent years is ‘One Health’, pro-
moted by the World Health Organization, which highlights the interdependence between
human, animal, and environmental health [22,23]. From this perspective, the broad distri-
bution of hydrocarbons in the environment (whether in the air, water, or soil, or as deposits)
represents a significant threat to human and environmental health [24].

1.1. Hydrocarbons Present in the Environment and Their Toxicity

Hydrocarbons are chemically classified as aliphatic hydrocarbons (AHs) and aro-
matic hydrocarbons (monocyclic aromatic hydrocarbons (MAHSs) and polycyclic aro-
matic hydrocarbons (PAHs)). Figure 1 shows some of the structures of aliphatic and
aromatic hydrocarbons.

The toxicity of hydrocarbons affects humans, plants, animals, and microorganisms,
with consequences for ecosystem biodiversity and functioning [5], and is closely tied to their
availability, influenced by their physical and chemical properties. After they are absorbed,
bioavailable chemicals interact with cellular receptors, causing lethal or sub-lethal effects
that vary based on the concentration and duration of exposure [25].

The contamination of marine sediments and waters in coastal regions by petroleum
hydrocarbons is a widespread problem and represents a major concern due to the potential
detrimental consequences for ecosystem biodiversity, functioning, and health [26]. The
toxicity of hydrocarbons usually increases with the molecular weight [18,25]. This is the
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case for PAHs with high molecular weight and boiling point, and therefore low solubility in
aqueous solutions [24]. These PAHs are considered particularly dangerous for ecosystems,
since they are potentially mutagenic and carcinogenic [25,27,28].

(A) Aliphatic Hydrocarbons (AHs)
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(B) Monocyclic Aromatic Hydrocarbons (MAHSs) CH
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(C) Polycyclic Aromatic Hydrocarbons (PAHs)

Figure 1. Structures of some hydrocarbons: (A) aliphatic hydrocarbons (AHs); (B) monocyclic
aromatic hydrocarbons (MAHs); (C) polycyclic aromatic hydrocarbons (PAHs), subdivided into those
with low molecular weight and high molecular weight.

1.2. Mechanisms for Hydrocarbon Biodegradation

Bioremediation mechanisms can occur under aerobic or anaerobic conditions [29].
They facilitate the degradation of organic contaminants through aerobic or anaerobic
respiration and fermentative metabolism, while the transformation and sequestration of
heavy metals (which do not degrade) rely on bioaccumulation, biotransformation, and
bioleaching activities [30]. Numerous factors influence metabolic processes, such as pH
levels, temperature, the availability of oxygen and nutrients (N, P), and the salinity of
the medium [14,31-33]. These are all key factors for successfully performing bioreme-
diation. As so many variables must be controlled, it is a challenge to compare results
obtained in the laboratory with those obtained in situ. Figure 2 illustrates how hydrocarbon
molecules are degraded by microbial action, yielding compounds that are less dangerous
to the environment.
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Figure 2. Schematic diagram of bioremediation processes performed by microorganisms.

1.2.1. Aerobic Degradation

The aerobic hydrocarbon degradation processes described by Fritsche and
Hofrichter [34] initially require a metabolic strategy to enhance the contact with the
contaminant, often by producing biosurfactants (BS) that can solubilise non-polar com-
pounds [35,36]. After this, there is an initial attack of the organic compounds within the
cell (a key oxidative process facilitated by intracellular enzymes). This is followed by pe-
ripheral degradation, obtaining intermediate compounds, and the final phase involves the
biosynthesis of cellular biomass using precursor metabolites such as acetyl-CoA, pyruvate,
or succinate derived from the hydrocarbon degradation.

The key oxidative process under aerobic conditions relies on specific oxygenase en-
zymes that catalyse the incorporation of oxygen into organic compounds, thereby facili-
tating their cleavage and oxidation. There are two types of oxygenases: monooxygenases,
which catalyse the incorporation of only one oxygen atom from the O, molecule into the
substrate, with the simultaneous reduction of the other atom into water; and dioxygenases,
which catalyse the incorporation of both oxygen atoms into the organic compound [14,37].
Monooxygenases act on both aliphatic and aromatic hydrocarbons (Figure 3A), while
dioxygenases primarily target aromatic hydrocarbons and, secondarily, open rings, incor-
porating oxygen atoms into the substrate in both cases (Figure 3B). Regarding the catabolic
pathways, aliphatic hydrocarbons are initially oxidised into alcohols, then transformed into
fatty acids, and finally channelled into the Krebs cycle to be mineralised into CO, and H,O.
Aromatic hydrocarbons are activated via oxygen addition to form intermediate products,
which are subsequently degraded through alternative metabolic routes [14]. Oxidation
reactions can only happen inside a bacterial cell, because reduced NADH or NADPH is
required, and these degrade rapidly in the extracellular environment. This entails that
hydrocarbons must be transported into the cell to be metabolised [5].

1.2.2. Anaerobic Degradation

Oxygen availability is sometimes limited and the final acceptor of electrons under
anaerobic conditions can be nitrate (NO3 ™), sulphate (SO4%7), or iron (Fe®*). Under these
conditions, biodegradation is slower and often negligible when compared to degradation
under aerobic conditions [5]. In anaerobic metabolism, the bacteria lack oxygenase enzymes
and therefore use alternative mechanisms, with the most widely studied including fumarate
addition, carboxylation, anaerobic hydroxylation, dehydrogenation, and methanogenesis.
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Figure 3. Examples of aerobic mechanisms. (A) monooxygenases insert one oxygen atom in aliphatic
or aromatic hydrocarbons; (B) dioxygenases insert two oxygen atoms into aromatic compounds.

The rate of degradation is significantly higher under aerobic conditions, where oxygen
acts as the ultimate electron acceptor, compared to anaerobic environments [18,25,38]. When
there is not enough oxygen in the medium to support microbial metabolism, hydrocarbon
degradation in a state of anaerobiosis can gain significant importance, although it is usually
a slower process [39].

While research efforts have traditionally focused on bacteria, the use of fungi (my-
coremediation) is gaining increasing relevance because of their ability to produce enzymes
capable of transforming several toxic chemicals [40—42]. One of the species that stands out
is Phanerochaete chysosporium [43]. For example, the effectiveness of fungi has been demon-
strated by quantifying the changes in the total mass of crude petroleum in the Mediterranean
Sea [44] or by studying some fungi species isolated in the Gulf of Mexico capable of de-
grading alkanes and PAHs [45]. In some cases, fungi synthesise BS, which enhances the
bioavailability of hydrocarbons for other microbial communities like bacteria [46].

1.3. Microorganisms Used as Bioremediation Agents in the Marine Environment

The efficiency of microorganisms in biodegradation processes in coastal waters is
closely tied to their ability to function in extremely saline environments [47,48]. Tripathi
et al. in 2023 demonstrated that bacterial consortia in marine water were able to reduce
aliphatic and aromatic hydrocarbons by approximately 93% and 85%, respectively [49].

Researchers have identified over 79 bacterial genera capable of degrading petroleum
hydrocarbons [50]. Moreover, fungi are believed to be the most diversified group of uni-
cellular eukaryotes on Earth with more than 5 million species, and just 5% have been
studied [51-53]. Therefore, marine ecosystems may serve as vast sources of novel fungal
species, offering great potential for bioremediation. The most significant role of microalgae
as bioremediation agents is their synergy with other organisms. Due to the complexity of
the bioremediation processes, the removal of hydrocarbons from the environment requires
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bacterial consortia and not just a single species [5]. For example, the formation of microbial
consortia with bacteria such as Pseudomonas, Rhodococcus, or Actinobacter is common and
highly effective in hydrocarbon degradation [54,55]. Some of the microorganisms identified
in bioremediation processes are shown in Table 1.

Table 1. Summary of some of the main genera of bacteria, fungi, and microalgae involved
in bioremediation.

Type of Organism Genus References
Alcaligenes [56]
Alcanivorax [1,55]
Bacillus [57-59]
Brevibacterium [60,61]
Cycloclasticus [62]
Enterobacter [63]
Flavobacterium [64]
Bacteria Halomonas [29,65,66]
Marinobacter [55,67,68]
Oleispira [69]
Pseudomonas [54,70,71]
Pseudoalteromonas [10,66,72]
Thalassolituus [73-78]
Thermus [78]
Rhodococcus [54]
Aspergillus [79,80]
Curvularia [79,81]
Drechslera [82]
Phanerochaete chrysosporium — [43]
Fusarium [82]
Fungi Lasiodiplodia [83]
Mucor [58]
Penicillium [84]
Rhizopus [80]
Trichoderma [85]
Cryptococcus [86]
Spirulina [87]
Chlorella [54,62,88,89]
Spirogyra [90]
Scenedesmus [54,88]
Microalgae/Cyanobacteria Oscillatoria [90,91]
Synechocystis [92]
Nannochloropsis [55]
Selenastrum [93]
Pavlova [55]

According to several studies, bacteria belonging to the genera Klebsiella, Chromobac-
terium, Pseudomonas, Flavimonas, Enterobacter, and Bacillus have the ability to degrade
aliphatic hydrocarbons, with a preference for the long-chain n-alkanes (C12-C31). How-
ever, a degradation of aromatic hydrocarbons was not evidenced [19]. These bacteria play
a crucial role in the process of hydrocarbon bioremediation or biodegradation, with some
species using an aerobic or anaerobic process, depending on the specific microorganism.

Among the bacteria investigated, those belonging to the genus Pseudormonas are par-
ticularly relevant, as they can proliferate in aerobic and anaerobic conditions. In addition,
they have been isolated from both continental and marine waters, showing a notable
ability to adapt to adverse conditions, such as high salinity. The metabolic versatility of

https://doi.org/10.3390/w18030307


https://doi.org/10.3390/w18030307

Water 2026, 18, 307

7 of 24

Pseudomonas allows them to use aliphatic and aromatic hydrocarbons as a source of carbon
and energy and produce a wide range of enzymes that catalyse hydrocarbon structures
into simpler, less toxic compounds. In addition, Pseudomonas use several mechanisms, such
as the production of biosurfactants (BS) capable of solubilising non-polar compounds, like
those present in petroleum and its derivates [35,94]. Researchers found that one strain of
Pseudomonas aeruginosa, AQNU-1, saw a decrease in its potential degradation ability as
the molecular weight of hydrocarbons increased [71]. Another genus described in marine
environments is Pseudoalteromonas, which has the ability to grow in waters contaminated
with polycyclic aromatic hydrocarbons [10,72].

Other bacteria studied that have the ability to degrade hydrocarbons belong to the
genera Bacillus, Geobacillus, and Thermus [57,58,78,95]. Bacillus is described as a Gram-
positive genus of bacteria that can be found in land habitats, fresh water, and marine
environments [96]. The microorganisms of this genus are considered halotolerant bacteria
due to their ability to multiply in marine waters with high concentrations of sodium
chloride [96]. A strain of the Bacillus genus with the ability to degrade diesel was studied
by Yousefi-Kebira et al. [59]. Similarly to Pseudomonas, its metabolic activity and its ability
to produce BS and enzymes involved in the degradation of hydrocarbons mean this group
of bacteria plays a significant role in the bioremediation of environments contaminated
with hydrocarbons.

The Halomonas genus has been described as one of the microorganisms that can
produce exopolysaccharides listed by Poli et al. in 2006 [65]. Halomonas include moderate
halophylic and halotolerant bacteria that, as well as being isolated in marine environments,
have been found to be isolated in land environments. Both Pseudoalteromonas and Halomonas
were found to be highly capable of degrading hydrocarbons and were isolated from saline
environments [66].

Also involved in degrading hydrocarbons are Brevibacterium, a group of aerobic Gram-
positive bacteria described for the first time in 1953 by Breed [60]. This genus includes strain
DSM20657, named Brevibacterium casei by Pavitran [61]. Some species of Brevibacterium
are capable of degrading different types of hydrocarbons, such as paraffins, polycyclic
aromatic hydrocarbons (PAHs), and crude petroleum, with a similar action mechanism to
the other bacteria considered, in addition to their metabolic activity, synthesis of degrading
enzymes, and BS production. All of these features facilitate the emulsion and subsequent
degradation of the contaminants.

Marinobacter, which are also hydrocarbon-degrading bacteria, as well as Pseudoal-
teromonas, belong to the Alteromonadaceae, which are bacteria often found in marine environ-
ments. They are Gram-negative bacteria that were described for the first time by Gauthier
et al. [68]. A strain that degrades PAHs, Marinobacter geseongensis, was described by Roh
et al. [97], isolated in seawater. Its ability to grow in various concentrations of sodium chlo-
ride (NaCl) between 1 and 25% w/v was studied. As well as the action mechanisms above,
these bacteria have the peculiarity of forming a biofilm on the water-hydrophobic substrate
interface, thus favouring their degradation. Some Marinobacter strains can fix nitrogen,
which is a significant benefit when they are in environments where their availability has to
be limited, such as in eutrophication processes.

Another group of bacteria that degrade hydrocarbons (especially PAHs) is the Thalas-
sospira genus, which are Gram-negative bacteria. It was described and studied by several
researchers as bacteria that degrade aliphatic and aromatic hydrocarbons [75-77]. Even
though most of the studies on the biodegradation of hydrocarbons have focused on bacteria
(prokaryotic microorganisms), some eukaryotes have also been described. Of this group, it
is worth mentioning that there are algae, fungi, and yeasts [95]. As a result, we can say that
many microorganisms can use different compounds that are environmental contaminants
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as their sole source of carbon, and their distribution in nature is very broad. However,
they are present in low concentrations in areas that are not contaminated, and they usually
increase in environments subject to significant impacts of the contaminant [37].

Studies based on the analyses of independent culture techniques to see the changes
that take place in marine environments impacted by petroleum spills have shown that,
following a contamination by hydrocarbons, the variety of the bacterial community can
be significantly hampered due to the limited number of species that degrade hydrocar-
bons [98-100]. These mainly belong to the group of Gammaproteobacteria [1].

It is important to remember that, in most cases, contamination comes from com-
plex mixtures, whereas most studies generally focus on investigating the contaminating
compounds individually. Furthermore, the bacterial species that are often found in contam-
inated areas can have very specific features, such as a tolerance to vanadium, which could
be adaptations to this type of contaminants [10].

The research objective was to characterise the bacterial communities inhabiting the
coastal waters of Haina Port, San Cristébal province, amplifying the sections of the 16S
rRNA gene and focusing on strains with the ability to degrade hydrocarbons. This is a
paramount pollution concern for the Dominican Republic’s coast and surrounding areas,
posing a significant threat to the environment and communities. Studies have detected peak
hydrocarbon concentrations within the port area and the Haina River, an area attributed
to transportation activities and the presence of the Dominican Refinery of Petroleum (Re-
fidomsa) and associated fuel storage facilities [101,102]. This study focused on microbial
community composition and environmental context, and evaluated whether bacterial taxa
commonly associated with hydrocarbon degradation persist under current environmen-
tal conditions.

2. Materials and Methods
2.1. Water Sampling

We collected the water samples used for the isolation of the bacteria from Haina Port
(September 2024) using sterile containers of 225 mL, collecting from the surface of the
current, starting at 18°25'18” N, 70°01'10” W and ending at 18°25'18” N, 70°01'25" W.
A total of 11 sampling points, 2 samples per point, H1 to H10, and 1 in the Haina River
estuary (ER), were established, sequentially maintaining a uniform spatial interval of
approximately 50 metres, at approximately 0.8 km from the coast to avoid the influence
of immediate coastal effluent and direct anthropogenic discharges from the local sewage
system. Due to the dynamic sea conditions, logging discrete coordinates for each 50 m
interval was technically challenging. However, by maintaining a constant offshore distance
of 0.8 km and a steady heading, this transect provides a reproducible spatial framework
that accurately delimits the study area. All the samples were collected in sterile conditions
and refrigerated at 6 £ 2 °C in the dark until being processed in the laboratory. Sample
point H1 corresponds to samples 1 and 2; sample point H2 corresponds to samples 3 and 4;
sample point H3 corresponds to samples 5 and 6; sample point H4 corresponds to samples 7
and 8; sample point H5 corresponds to samples 9 and 10; sample point H6 corresponds to
samples 11 and 12; sample point H7 corresponds to samples 13 and 14; sample point H8
corresponds to samples 15 and 16; sample point H9 corresponds to samples 17 and 18; and
sample point H10 corresponds to samples 19 and 20. We took six additional samples at
random during the sampling route to be physically and chemically analysed (P1, P2, P3,
P4, P54, P6). The sampling area and the sample points are described in Figure 4.
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Haina Port

0 200 400m
S

Figure 4. (A) Location of Haina Port in the Dominican Republic. (B) Location of the study area.
(C) Sample points in Haina Port (Caribbean Sea), H1 to H10. ER corresponds to the sample in the
Haina River estuary.

2.2. Physicochemical Analysis

The physicochemical analyses of all six samples taken at random included their pH
levels, total organic carbon (TOC), total hydrocarbons (HCs), NO;~, NO, ~, NH,4", total Fe,
Cu, Co, Mg, total P, suspended solids (SS), and biological oxygen demand (BODs), which
are of particular relevance to the study of microorganisms in aquatic environments.

2.3. Molecular Analysis

The 165 rRNA gene is the DNA sequence coding for bacterial rRNA and is found
in the genomes of all bacteria. Its structure is formed by variable regions and conserved
regions, with the latter being shared by all bacteria. The variable regions make it possible to
identify the different bacteria because of their specificity. The 16S rRNA genetic sequence
is the genetic marker used most often to study bacterial taxonomy and phylogeny. The
16S rRNA gene is used to identify bacteria because, although it is greatly preserved in
all bacteria, there are also variable regions that act as a unique genetic ‘barcode’ for each
species. Sequencing the gene makes it possible to compare the resulting sequences with
databases to identify bacteria even if they cannot be cultured in the laboratory, which makes
it useful for studies of microbial diversity. The 16S rRNA is an important component of
the 30S subunit of a ribosome found in all bacteria and archaea. It is 1500 nucleotides long
and contains nine variable regions interspersed between conserved regions. Because the
165 rRNA sequence is ubiquitous in bacteria and archaea, it can be used to identify a wide
diversity of microbes within a single sample and single workflow [103].

In this context, bioinformatics plays a complementary role, as it provides analytical
tools that make it possible to efficiently interpret the sequences obtained, thus leading to a
more accurate identification of bacteria [104].

The procedure to sequence 16S rRNA begins by extracting DNA from the sample or
isolated microorganism. Experts then amplify the gene using the polymerase chain reaction
(PCR) technique, prepare the library, perform the sequencing, and, lastly, analyse the results
obtained. The process described is shown in Figure 5.

https:/ /doi.org/10.3390/w18030307


https://doi.org/10.3390/w18030307

Water 2026, 18, 307

10 of 24

DNA " Data
Sequencin;
S . . . q g ’

Figure 5. Steps to identify bacteria by 16S rRNA sequencing.

2.4. Extracting DNA from the Water Samples

In order to extract metagenomic DNA from each of the points sampled, we followed
the protocol established by E.Z.N.A. DNA ® Water DNA Mini Kit Protocol (Omega Bio-tek,
Inc., Norcross, GA, USA), filtering the samples using a nitrocellulose filter with a pore size
of 0.45 um and then extracting the total DNA. To quantify the DNA, we used the Minion
Oxford Nanopore device (Oxford Nanopore Technologies, Oxford, UK). The samples were
stored frozen at —20 £ 2 °C [105].

2.5. Amplification and 16S rRNA Sequencing

We sent the genomic DNA products extracted to Novogene (Sacramento, CA, USA)
to be processed, to prepare libraries, and for the metagenomic sequencing. The amplicon
sequencing analysis of the 165 rRNA gene (ribosomal metagenomics) was performed to
determine the bacterial composition of the samples. The hypervariable V3-V4 region of the
16S rRNA gene was amplified with the PCR technique using universal primers that are
specifically for bacteria:

e Forward: CCTAYGGGRBGCASCAG.
o Reverse: GGACTACNNGGGTATCTAAT

The resulting PCR products were purified, quantified, and then sequenced using the
Nlumina platform.

2.6. Bioinformatic Analysis

Sequencing libraries were created using the amplified DNA. A PCR was initially
performed using specific primers for the V3-V4 region, which had barcodes to tag the
sequences and assign them to the original sample. The PCR products with the right size
were selected through electrophoresis in a 2% agarose gel. The same number of PCR
products from each sample were merged, the ends were repaired, and A tails were added
and then bound with Illumina adapter sequences. The grouped libraries were sequenced
using the Illumina platform to produce paired-end reads of 250 pb per end, ensuring the
depth of sequencing required for the analysis.

Then, the quality of the final libraries was assessed and their effective concentration
was quantified using QPCR (a real-time quantitative PCR).

The raw reads were processed as follows:

e  Data partitioning. The paired-end reads were assigned to their original samples through
the unique barcode. Then, the sequences of the barcode and the primers were removed.

e  Assembling the sequences. The overlapped pair-end reads were merged using FLASH
(Fast Length Adjustment of SHort reads) [106], a very fast and accurate analysis tool.
The assembled sequences were called raw tags.

e  Data filtering and quality control. The filtering of the raw tags based on their quality
was achieved using the fastp software, version 0.20.1 [107].

e  Bioinformatic processing and taxonomic analysis. The bioinformatic analysis of the
clean tags was outsourced to the company Biodatec. The processing was performed
following the standard workflow for sequencing 165 rRNA amplicons, mainly using
the QIIME 2 (v.2023.9) software [108] and related tools.

e  Post-sequencing quality control and denoising. Prior to the taxonomic assignment, a
quality check was performed on the FASTQ files processed using FastQC (v.0.11.9),
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summarising the results with MultiQC (v.1.12). The key processing was performed
using the DADAZ2 (v.1.22.0) plugin [109] in QIIME 2 for denoising, merging the reads
and removing de novo chimeric sequences. This process generated amplicon sequence
variants (ASVs), which represent sequences that are biologically unique.

e Taxonomic and phylogenetic analysis. The ASVs with a similarity threshold of 97%
were grouped using VSEARCH (v.2.22.1) [110] to obtain operational taxonomic units
(OTUs). The representative sequences were classified taxonomically using a Naive
Bayes classifier trained with the SILVA nr v.138.1 database of bacteria and archaea. For
the phylogenetic analyses, the representative sequences were aligned using MAFFT
(v.7.520) [111] and created a maximumd-likelihood tree using FastTree (v.2.1.11) [112].
The end results of the taxonomic identification were displayed using Krona Tools with
the psadd (v.0.1.3) package.

2.7. Further Research from the Water Samples

The taxonomic identification provided by 165 rRNA gene sequencing serves as a founda-
tional survey of the microbial community structure. While this approach identifies taxa with
documented biodegradative potential, it does not provide direct evidence of active metabolic
pathways or functional rates. Consequently, the results presented herein constitute a baseline
for microbial presence; further research, including culture-dependent assays, enrichment stud-
ies, and metagenomic or transcriptomic analyses, would be required to definitively confirm
and quantify the bioremediation capacity of the detected microorganisms.

3. Results
3.1. Physicochemical Analyses

The assessment of the physicochemical analyses of the water samples taken from
random points in the same study area (P1 to P6) revealed that the pH values ranged from
7.26 at the estuary of the river (P1) to 7.73 at point P6, which are considered normal values.
The TOC levels ranged from 0.292 to 0.869 mg/L. These are considered low values, revealing
a low organic load in the area. Nitrates (NO3; ~) ranged from 1.33 to 1.77 mg/L. These are
considered low values, revealing that urban waters had a small impact on the sampling
area. Meanwhile, nitrites (NO, ™) ranged from 0.016 to 0.030 mg/L. These are acceptable
values for the area, which could suggest that there is minimal contamination in this site.
Ammonium (NHy*) was only found in the P1 sample, which was collected at the Haina
River estuary that connects to the coast. The absence of ammonium in the other samples
is positive for aquatic life, as this compound is toxic in high concentrations. Low levels
of nitrogen species were observed in all cases, which is very positive due to the potential
eutrophication issues that high levels could entail. The highest concentration of total Fe
was detected in sample P2, at 0.519 mg/L, and could be the result of the area’s industrial
activity. Cu was not detected in points P4, P5, and P6. Moreover, in the points where it was
detected, it did not reach relevant values. The levels of magnesium detected, between 1133
and 1347 mg/L, are normal for marine waters. The total P levels were low in all samples
except P1 (0.2 mg/L). This was expected due to the fertilisers that reach the coast due to
the runoff and represents a risk of eutrophication. In addition, the industrial activity in the
area can also affect this concentration, although it is not unreasonably high. The values of
suspended solids (SS) ranged from 28 to 59 mg/L, which is considered moderate for an area
with coastal influence. The BOD5 values were below the detection limit (8.08 mg/L), which
reveals a non-existent or minimal presence of biodegradable organic matter in the area.
As expected, cobalt was not detected in any of the points sampled by the coast. However,
in the P1 sample there was 0.016 mg/L, which could represent an isolated contamination
in that area that did not affect the other areas sampled. In general, the physicochemical
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analyses revealed a low concentration of the compounds analysed in the study area, which
is significant when studying the presence of microorganisms that can be strongly impacted
by the presence of these compounds. It is particularly important that no metals were
detected, as these can be toxic for microorganisms at very low concentrations. The results
of the analyses are shown in Table 2.

Table 2. Results of physicochemical analyses performed on six random water samples.

Parameters P1 P2 P3 P4 P5 P6 LOD Method
pH 7.26 7.65 7.66 7.70 7.64 7.73 - 4500-H+ B [113]
TOC (mg/L) 0.403 0.869 0.347 0.322 0.316 0.292 0.200 5310 B [113]
TPH (mg/L) <17 <17 <17 <1.7 <17 <1.7 1.7 418.1[114]
N-NO;~ (mg/L) 1.77 1.77 177 1.33 1.33 1.33 0.20 4500-NO;~ [113]
N-NO,~ (mg/L) 0.030 0.030 0.030 0.030 0.016 0.020 0.001 4500-NO, ™ [113]
N-NH4* (mg/L) 0.2 <0.05 <0.05 <0.05 <0.05 <0.05 0.05 4500-NHj; [113]
Total Fe (mg/L) 0.125 0.519 0.054 0.026 0.080 0.009 0.005 3120 B [113]
Cu (mg/L) 0.015 0.010 0.004 <0.002 <0.002 <0.002 0.002 3120 B [113]
Mg (mg/L) 1133 1284 1274 1294 1318 1347 20 3120 B [113]
Pt (mg/L) 0.20 0.06 0.03 0.03 0.01 0.01 0.01 4500 P [113]
TSS (mg/L) 28 47 38 49 59 45 10 2540 D [113]
BODs (mg/L) <8.08 <8.08 <8.08 <8.08 <8.08 <8.08 8.08 5210 D [113]
Co (mg/L) 0.016 <0.002 <0.002 <0.002 <0.002 <0.002 0.002 3120 B [113]

Notes: TOC, total organic carbon; TPH, total petroleum hydrocarbons; NO3 ~, nitrates; NO, ~, nitrites; NH,",
ammonium; Pr, total phosphorus; TSS, total suspended solids; BODs, biochemical oxygen demand; LOD, limit
of detection.

3.2. Results from 165 rRNA Sequencing

The results of this study of Haina Port have revealed the composition and distribution
of the bacterial communities in the area. The taxonomic analysis made it possible to identify
the studied microorganisms based on the 165 rRNA sequencing performed on 10 coastal
points on a phylum level, and to classify them by class, order, family, and genus, determin-
ing the dominant groups and their relative share according to the percent abundance.

In view of the sample size and the lack of true biological replication, taxic abundances
were characterised using a qualitative comparative approach. While this prevents the ap-
plication of robust inferential statistics, it provides a foundational survey of the dominant
microbial groups present across the sampling transect. Future sampling campaigns incor-
porating higher spatial replication will be required to statistically validate the ecological
patterns observed in this preliminary study.

The results obtained on a phylum level (Figure 6) for the different sampling points
reveal a variable relative proportion of the bacterial phyla present, which helps understand
the fluctuation of the microbial community depending on the environmental conditions of
the area studied. The data shows that Proteobacteria is the dominant group, accounting for
between 70 and 90% of the community, and this dominance serves as a robust descriptive
marker of the microbial community. This phylum is typical of environments impacted
by organic contamination, hydrocarbons, heavy metals, and industrial waste, and many
of its species can degrade toxic compounds, including hydrocarbons and solvents. The
second most abundant phylum is Firmicutes, with its presence ranging from 10 to 50%. This
group tends to proliferate in environments with high levels of organic matter, anaerobic
conditions, in the presence of spilled hydrocarbons, and around port-related contaminating
activities. There are also smaller amounts of Actinobacteria, Bacteroidetes, and other minority
phyla. The Actinobacteria usually take part in the degradation of complex compounds.
However, their proliferation can be restricted when there is strong microbial competition
in that environment. Meanwhile, Bacteroidetes are considered indicators of recent organic
contamination, so their presence suggests frequent provisions of waste to the medium.
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River estuary; H1: samples 1, 2; H2: samples 3, 4; H3: samples 5, 6; H4: samples 7, 8; H5: samples 9, 10;
Hé6: samples 11, 12; H7: samples 13, 14; H8: samples 15, 16; H9: samples 17, 18; H10: samples 19, 20.

The results of the phylogenetic analysis on a class level show that, in most sampling
points, the Gammaproteobacteria are the predominant group, accounting for approximately
70-90% of the relative abundance. This class includes numerous genera known for adjusting
to environments contaminated with hydrocarbons, aromatic compounds, heavy metals,
and industrial waste, which matches the characteristics of the environment studied. In
second place are Alphaproteobacteria, with proportions between 10 and 50% depending on
the point assessed. This group is associated with organic compound degradation processes,
and some subclasses include microorganisms resistant to saline and chemical stress, which
are common conditions in areas with intense industrial activity such as Haina Port.

Clostridia and Bacilli are also present, but to a lesser extent. The Clostridia class is
typically associated with anaerobic environments and sediments rich in organic matter, so
its presence indicates a low availability of oxygen in certain points. Meanwhile, Bacilli take
part in the degradation of organic matter and in the transformation of complex compounds,
which reflects specific biodegradative processes in the area. Lastly, the minority classes,
represented by Actinobacteria, Bacteroidia, and Verrucomicrobiae, among others, are present in
proportions lower than 5%. This reveals a low bacterial diversity in certain points, possibly
due to the strong competition exerted by proteobacteria and environmental limitations
such as the availability of nutrients or oxygen, or the presence of specific contaminants
(Figure 7).

The analysis performed on an order level shows a clear dominance of Bacillales in
most of the sampling points, reaching proportions greater than 70%, which suggests
a high tolerance to environmental stress and a strong degradative activity in the area.
Several points also had a notable presence of Pseudomonadales and Enterobacterales, orders
associated with the degradation of hydrocarbons and industrial compounds, and with
recent provisions of organic matter, respectively. Likewise, there was a relevant presence
of Vibrionales in several points, which indicates possible eutrophication processes and a
high availability of nutrients. Meanwhile, Betaproteobacteria and other minority orders were
present in reduced proportions, revealing a limited diversity due to the environmental
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conditions and the competition with dominant groups. As a whole, these patterns suggest
that the microbial structure of the port is strongly affected by industrial activities, organic
discharges, and the presence of specific contaminants (Figure 8).
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Figure 7. Phyla on a class level, ordered by relative abundance. ER: Haina River estuary; H1: samples
1, 2; H2: samples 3, 4; H3: samples 5, 6; H4: samples 7, 8; H5: samples 9, 10; H6: samples 11, 12; H7:
samples 13, 14; H8: samples 15, 16; H9: samples 17, 18; H10: samples 19, 20.
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Figure 8. Phyla on an order level, ordered by relative abundance. ER: Haina River estuary; HI:

samples 1, 2; H2: samples 3, 4; H3: samples 5, 6; H4: samples 7, 8; H5: samples 9, 10; H6: samples 11,
12; H7: samples 13, 14; H8: samples 15, 16; H9: samples 17, 18; H10: samples 19, 20.
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Figure 9 shows the various environmental samples, grouping the identified microor-
ganisms that belong to the different families. The Bacillaceae family appears as the most
abundant in most points and this suggests a potential for in situ remediation. However, it
is important to note that 165 rRNA gene profiling only allows for taxonomic inference and
does not provide direct evidence of functional activity. Therefore, these results should be
interpreted as a preliminary indication of degradative potential. Incorporating qPCR of
functional markers and microbial enrichment cultures is required to confirm the active role
of these communities in hydrocarbon degradation. The Enterobacteriaceae family are the
second most abundant in some points studied, with some genera of this family (e.g., Kleb-
siella, Enterobacter) associated with the degradation of some compounds of petroleum. In
addition, their presence indicates an environment contaminated by organic and faecal
discharges. The Vibronaceae family stands out in several points. Vibrios are typical of marine
environments, but some stand out due to their ability to degrade polycyclic aromatic hy-
drocarbons (PAHs). The Pseudomonadaceae family appears in some points. The Pseudomonas
spp. are some of the most well-known worldwide for their ability to degrade complex
hydrocarbons, as well as for the production of biosurfactants that have a highly versatile
metabolism for the recovery of contaminated areas. The Burkholderiaceae family appears
in a minority capacity (less than 5%). This family includes some genera that are potential
degraders, such as Burkholderia and Parabuskholderia. The ‘others’ category indicates groups
that are not typically associated with degradation processes and thus a possible decrease
in the contamination of the environment, which makes the medium less favourable for
their growth.

Family [ Bacillaceae [ Enterobocterioceae [ Vibrionaceae
[ Burkholderiaceae [l]l Pseudomonadaceae [[] Other

75%1

R 1 10 I 12 13 14 15 18 17 18 19 2 20 3 4 5 6 7 & 9

ER

Abundance
@
o
2

0%

Samples

Figure 9. Phyla analysis on a family level, ordered by relative abundance. ER: Haina River estuary;
H1: samples 1, 2; H2: samples 3, 4; H3: samples 5, 6; H4: samples 7, 8; H5: samples 9, 10; H6: samples
11, 12; H7: samples 13, 14; H8: samples 15, 16; H9: samples 17, 18; H10: samples 19, 20.
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Figure 10 shows the bacterial composition on a genus level for the different sampling
points. The bacterial groups that stand out are those with hydrocarbon-degrading potential,
with the most abundant being Bacillus in most points, a microorganism known for its high
environmental resistance and its ability to degrade linear and aromatic hydrocarbons and
produce BS. The Pseudomonas genus appears as the second most abundant genus and is
characterised by being one of the most efficient genera for the degradation of PAHs and
toxic and persistent compounds. The third most abundant genus is Serratia. This one is
only present in one of the sampling points and it is not a common genus in hydrocarbon
degradation. Its presence can be an indicator of organic discharges or be associated with
contamination of mixed origin. The high proportion of other genera in several samples that
are not identified on a genus level can be associated with groups that have not been fully
characterised, which may not be related to hydrocarbon degradation processes.

Genus [ Bacillus [l Pseudomonas [l Serratia [ other [l Unknown

100% H

75%

50%

Abundance

25%

0% || |
14 17 18 19 2 3 4 5 6 7

8 9

Samples

Figure 10. Phyla on a genus level, ordered by relative abundance. ER: Haina River estuary; HI:
samples 1, 2; H2: samples 3, 4; H3: samples 5, 6; H4: samples 7, 8; H5: samples 9, 10; H6: samples 11,
12; H7: samples 13, 14; H8: samples 15, 16; H9: samples 17, 18; H10: samples 19, 20.

4. Discussion

The efficiency of hydrocarbon degradation and its derivatives depends on many
factors. The most important ones are those of environmental origin, such as the temperature,
nutrient content, or the presence of electron acceptors and substrates, which are crucial
for said process to take place [18]. The physicochemical results of the waters of Haina
Port show acceptable levels of most of the parameters studied, except for the iron content,
which was at higher levels than are allowed for this type of environment. This is in line
with the work conducted by Contreras et al. [115], who assessed the waters and sediments
of the Haina River and found levels of iron and other heavy metals that were outside
the established parameters. However, for work conducted in the Haina River, we must
consider that the river ends on the coast (where this study was conducted), meaning it is
directly impacted by the contaminants it receives.
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The clear dominance of the Proteobacteria phylum, whose presence accounted for
70-90% of most sampling points, coincides with the data reported in other contaminated
coastal environments, where this phylum is associated with the degradation of hydrocar-
bons, heavy metals, and recalcitrant organic compounds [116,117].

The significant presence of Firmicutes (10-50%) reinforces this interpretation, as these
microorganisms are usually found in sediments with a high organic load, anaerobic condi-
tions, and a continuous exposure to industrial contaminants [14,118]. Both Proteobacteria
and Firmicutes can play a key role in the biodegradation of hydrocarbons, being part
of a specialised microbial community that takes hold in environments impacted by an-
thropogenic activities such as the Haina Port. The prevalence of Bacilli in these zones is
likely attributed to their physiological resilience and ability to form resistant endospores,
allowing them to survive under the fluctuating environmental stressors typical of port
infrastructures [119-122]. Similar patterns where Firmicutes act as opportunistic respon-
ders in hydrocarbon-impacted maritime hubs have been documented on the Brazilian
coast [123,124].

On a class level, the predominance of Gammaproteobacteria (70-90%) is consistent
with studies performed in areas affected by oil spills and industrial discharges, where
this group is associated with genera that are highly efficient at degrading aliphatic and
aromatic hydrocarbons [1]. Meanwhile, Alphaproteobacteria, the second most abundant
group, includes bacteria adapted to marine environments subjected to chemical and saline
stress, which matches the conditions of the port ecosystem.

On an order and family level, the abundance of Pseudomonadales, Enterobacteriales, Vib-
rionales, and families such as Pseudomonadaceae, Enterobacteriaceae, and Vibrionaceae coincides
with common microbial communities in environments contaminated with hydrocarbons
and recent organic matter [120]. These families include genera with specialised metabolic ca-
pabilities for degrading hydrocarbons, producing biosurfactants, and adapting to variable
conditions of oxygen and salinity.

The strong presence of genera like Bacillus and Pseudomonas represents an additional
indicator of chronic contamination, as both are widely recognised for their metabolic
versatility and their role in the degradation of hydrocarbons, including polycyclic aromatic
hydrocarbons (PAHs) [112,125]. The appearance of minority genera such as Burkholderia
suggests the existence of specific niches in the port, possibly linked to sedimentation areas
or microenvironments with higher concentrations of recalcitrant contaminants.

Of the bacterial genera found in the area studied, the one that stands out is Pseu-
domonas, which was described by Varjani et al. [126]. It created a hydrocarbon-utilising
bacterial consortium (HUBC) with halotolerant bacteria, specifically Ochrobactrum sp.,
Stenotrophomonas maltophilia, and Pseudomonas aeruginosa, which were found to be good for
degrading crude petroleum (3% v/v), with a degradation percentage as high as 83.49%. Fur-
thermore, the Bacillus genus was also found in this study, and in the research conducted by
Tao et al. [127], they used a specific co-culture from an endogenous bacterial consortium as
well as an exogenous strain of Bacillus subtilis to more effectively accelerate the degradation
of crude petroleum. The results obtained in this study match those communicated by Wang
C. etal. in 2019 [57], who contend that a bacterial consortium degrades petroleum more
efficiently than individual bacteria. They also showed that an autochthonous consortium
has the potential to bioremediate crude petroleum spread across a marine ecosystem.

The microbial structure observed reveals that Haina Port has an ecosystem that is
subjected to continuous anthropogenic pressure, where the bacterial community has func-
tionally reorganised to respond to the presence of hydrocarbons and other industrial
contaminants. This pattern is similar to those reported in ports and industrial coastal areas
worldwide, which highlights the need to strengthen environmental monitoring strategies
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and consider bioremediation approaches that take advantage of the metabolic potential of
these microbial communities.

5. Conclusions

This study has identified a significant presence in Haina Port of bacterial genera
typically associated with hydrocarbon degradation.

The microbial diversity in this ecosystem is indicative of a bioremediation capacity that
warrants further functional validation. As many as eight genera were detected, suggesting
the existence of a bacterial consortium with potentially complementary metabolic pathways
for the degradation of different types of hydrocarbons. These results provide an opportunity
to conduct in vitro bioremediation studies, taking advantage of the native microbiota
adapted to the local conditions and the specific contaminants present in the coastal port area.

The results demonstrate that Proteobacteria is the dominant group (70-90%), a phy-
lum whose prevalence is characteristic of marine sediments under chronic pressure from
hydrocarbons, heavy metals, and industrial effluents. This dominance is complemented
by a significant recruitment of Firmicutes (10-50%), which tend to proliferate in environ-
ments with high levels of organic matter, anaerobic conditions, in the presence of spilled
hydrocarbons, and around port-related contaminating activities.

Samples 2, 12, and 13 revealed a 100% presence of Enterobacteriaceae, which could
indicate waste from direct faecal contamination. This presence, often associated with high
organic loading, can alter factors such as the dissolved oxygen levels, pH, and nutrient
availability of the marine environment, environmental stressors that likely influence
the prevalence of bacteria and overall activity of the hydrocarbonoclastic bacteria in the
area. Therefore, environmental policies must be implemented in the area to minimise
these contaminants.

As a whole, the findings of this research reveal a microbial system with adaptative
features, but which is also vulnerable to continuous anthropogenic pressures in its sur-
roundings. Therefore, we recommend complementing these results with future studies that
include functional analyses, an assessment of actual degradation rates, and experimental
bioremediation testing in order to move towards sustainable environmental management
strategies in Haina Port.
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Abbreviations

The following abbreviations are used in this manuscript:

PHCs  Petroleum hydrocarbons

AHs Aliphatic hydrocarbons

MAHs Monocyclic aromatic hydrocarbons
PAHs  Polycyclic aromatic hydrocarbons
BS Biosurfactants

ER River estuary

LOD Limit of detection

TOC Total organic carbon

TPH Total petroleum hydrocarbon
HCs Total hydrocarbons

SS Suspended solids

DBO Biological oxygen demand
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