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ARTICLE INFO ABSTRACT
Keywords: Environmental pollution associated with the petroleum industry is a major problem worldwide.
Soil microbiome Microbial degradation is extremely important whether in the extractive process or in bioreme-

165 rRNA metataxonomics diation of contaminants. Assessing the local microbiota and its potential for degradation is crucial

x:zg;‘i‘;mlsﬁle for implementing effective bioremediation strategies. Herein, contaminated soil samples of
Biosurfact al; ts onshore oil fields from a semiarid region in the Northeast of Brazil were investigated using

metagenomics and metataxonomics. These soils exhibited hydrocarbon contamination and high
salinity indices, while a control sample was collected from an uncontaminated area. The shotgun
analysis revealed the predominance of Actinomycetota and Pseudomonadota, while 16S rRNA
gene amplicon analysis of the samples showed Actinomycetota, Bacillota, and Pseudomonadota
as the most abundant. The Archaea domain phylotypes were assigned to Thermoproteota and
Methanobacteriota. Functional analysis and metabolic profile of the soil microbiomes exhibited a
broader metabolic repertoire in the uncontaminated soil, while degradation pathways and sur-
factant biosynthesis presented higher values in the contaminated soils, where degradation
pathways of xenobiotic and aromatic compounds were also present. Biosurfactant synthetic
pathways were abundant, with predominance of lipopeptides. The present work uncovers several
microbial drivers of oil degradation and mechanisms of adaptation to high salinity, which are
pivotal traits for sustainable soil recovery strategies.
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1. Introduction

Crude oil, formed over thousands of years ago in sedimentary rocks, is usually found at hundreds to thousands of kilometers below
the surface [1], where high pressures and temperatures have transformed organic matter into liquid hydrocarbons through the process
of diagenesis. Over recent decades, the exploration, drilling, extraction, and refining of this resource have significantly influenced the
worldwide economy [2]. Once an economically viable oil well is identified, it usually operates for an average of 20-30 years until the
resource is depleted or is no longer financially viable.

Environmental pollution caused by oil spills is considered a problem of great concern by scientists [3]. However, onshore oil
contamination has not received the necessary attention, as it happens frequently, albeit on a smaller scale. Specifically, in onshore oil
production, contamination can arise during extraction, storage, and transportation, causing substantial harm to both local populations
and ecosystems [4].

Soil environmental pollution results in the contamination of intricate systems, thereby affecting both the ecosystem and the sur-
rounding populace. Oliveira et al. [] examined the physicochemical characteristics of water samples collected in the Japaratuba River
Basin, the second largest onshore oil field in Brazil, revealing contamination by hydrocarbons and ions in surface and groundwater [5].
The main challenges in Brazilian onshore oil-producing areas arise from pipeline leaks, from wells to processing and distribution
facilities, often from produced water [6]. Oil-induced contamination induces adverse changes in soil, including reduced wettability,
altered hydraulic conductivity, increased hydrophobicity, and enhanced CO; efflux [7-9]. High salinity hampers microbial growth by
increasing osmolarity and reducing water activity [6]. Consequently, the presence of hydrocarbons and high salinity reduces oxygen
availability, as the solubility of this electron acceptor decreases with rising salt concentration [6,10,11].

Oil pollution induces significant shifts within the microbial communities [12] resulting in reduced diversity [13] and enhanced
degradation activity, the most effective oil dissipation process [14]. Therefore, an in-depth understanding of microbial transformations
in these environments is essential, by assessing changes in cooperative relationships and interactions among coexisting microorgan-
isms, the stability and function of different taxa within the community [15]. Assessment of those complex microbial dynamics has been
possible by application of “Omics”, such as next-generation sequencing (NGS) [16]. Studies driven by public databases and in silico
tools have been extremely useful for understanding the role of microorganisms in the degradation of pollutants and identifying new
genes and biochemical pathways involved in microbial remediation, shedding light onto the intricate relationships within contami-
nated environments [17].

While previous studies have documented the influence of salinity on degradation of polycyclic aromatic hydrocarbons (PAH)
[18-20], the interplay within soil microbial communities and changes in degradation genes in response to increased salinity remain
poorly understood. These findings highlight the importance of molecular monitoring of extensive onshore oil production sites to
improve and sustain environmental conservation. Investigation and regular inspection of affected sites are essential to controlling
ecological risks and the collective well-being of communities that coexist with these complex ecosystems.

The aim of our study was to explore the taxonomic and functional structure of the microbial communities present in the soils of two
Brazilian onshore oil production fields with chronic contamination challenges. The impact of contamination on two distinct samples
was assessed by two DNA sequencing techniques, shotgun metagenomics and 16S rRNA gene amplicon sequencing, to unravel the
microbiome structure associated with these samples. The results show a comprehensive depiction of the taxonomic composition and
functional profiles, providing important insights for designing effective soil recovery strategies and addressing the unique challenges
posed by chronic saline and hydrocarbon contamination.

2. Materials and methods
2.1. Study sites and sample collection

Three distinct soil samples were kindly collected and provided by Petréleo Brasileiro S.A. (Petrobras), from two Brazilian onshore
oil-producing fields. All of them are in the Brazilian Northeast, within the states of Rio Grande do Norte (RN) and Alagoas (AL). Both
states have onshore and offshore oil production, with Rio Grande do Norte being the largest oil-producing state in onshore fields
(41.47 %) and Alagoas representing 2.98 % of national onshore oil production. The first soil sample (RNC) originates from a field with
chronic contamination, in a semiarid region, and was collected from a site located 300 m away from a waste containment reservoir
(5°10'31.32"S; 37°19'12.38"W). This sample was collected in December 2018. The second sample (ALC) is from the state of Alagoas,
which has a humid tropical climate, within a region known as "Zona da Mata", an area of coastal rainforest (9°27'15.66"S; 36°
8'42.49"W). In this field, the sample was collected in May 2019, from a production field with chronic contamination by produced
water. The third soil sample (ALW), also from the state of Alagoas, was collected in November 2019 and originates from the same
production field as the ALC sample, within an uncontaminated site.

The soil sampling and collection was performed as recommended by the US EPA LSASDPROC-300-R5 [21]. Briefly, for each
sampled area (RNC, ALC, and ALW) six soil aliquots of 500 g were collected from 0 to 15 cm layers, sieved, homogenized, and stored in
sterilized glass jars at 4 °C. The samples were transported to the laboratory and stored at —80 °C. Either sample (RNC, ALC, and ALW)
represents a pool their six respective soil aliquots, and was used for chemical and physicochemical analyses, DNA extraction and
metagenomic studies. All samples were stored at —80 °C until DNA extraction.
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2.2. Soil physicochemical analysis and hydrocarbon characterization

Physicochemical tests were conducted to quantify the level of contamination. The soils pH was measured using a 1:1 (w/v) soil:
water and analyzed according to US EPA 9045D (US EPA 2004; SevenMulti™ - Mettler Toledo). The electric conductivity was
determined using a Condutivimeter LE Sensor LE438 (SevenMulti™ - Mettler Toledo) as reported by Corwin and Yemoto (2020) [22].
Total organic carbon and total nitrogen concentrations were determined according to US EPA 9060 and 351.2 methods. Chloride
concentrations were determined according to Standard Methods for the Examination of Water and Wastewater [23].

The analysis of total petroleum hydrocarbons (TPH) and PAH was conducted according to US EPA 8015B and 8270C. Briefly,
hydrocarbons extraction was performed by ultrasound, with dichloromethane (HPLC grade) as the solvent. Soil TPH was determined
via gas chromatography with a flame ionization detector, using a Shimadzu Europe equipment (model QP5050A) equipped with a
Valcobond VB-5 column. Signal integration was performed to consider the fraction in the range of gasoline, kerosene, diesel, and diesel
oil, as well as the unresolved complex mixture (MCNR). Before quantification, samples were spiked with 2-fluorobisphenyl and
terphenyl-d14 for recovery factor calculations. The internal standards used were C20-d42 and C24-d50. The ten-priority PAHs were
determined by chromatography gas phase coupled to mass spectroscopy. Deuterated polycyclic aromatic hydrocarbons were used as
internal standards (naphthalene-d8, acenaphthened10, phenanthrene-d10, chrysene-d12, and perylene-d12).

2.3. DNA extraction

Prior to DNA extraction, the soil samples were dialyzed with SnakeSkin Dialysis Tubing, 3.5K MWCO 35 mm (ThermoFisher),
against a Tris-HCI-EDTA buffer (10 mM and pH 8.0). Genomic DNA was extracted from 1 g of each soil sample using the DNeasy
PowerSoil Kit (QIAGEN, Germany) following the manufacturer’s instructions. The quality and quantity of DNA were determined by
measuring the absorbance at 260/280 nm (A260/A280) on the NanoDrop device (Thermo, Massachusetts, USA), and DNA integrity
was verified by 0.8 % agarose gel electrophoresis.

2.4. 16S rRNA gene library and sequence data analysis

For PCR amplification, we used two hypervariable regions of 16S rRNA V3-V4 (Domain Bacteria) [24]and Arc V4 (Domain
Archaea) [25], that were amplified using a specific primer (Table 1). All PCR reactions were carried out with Phusion High-Fidelity
PCR Master Mix (Thermo Fischer, Waltham, MA, USA). The library was constructed using the Nextera XT Index Kit (Illumina Inc.,
San Diego, CA, USA) and size-validated by running on a Bioanalyzer 2100, then sequenced using the Illumina HiSeq 2500 platform
(Illumina Inc., San Diego, CA, USA) to generate paired-end (PE250) reads.

The 16S rRNA sequences were analyzed using QIIME2 (V2021.4) (https://qiime2.org) [26]. Paired-end reads were assigned to
samples based on their unique barcodes and truncated by cutting off the barcode and primer sequences. Paired-end reads were
demultiplexed and quality-filtered using the q2-demux plugin followed by denoising with DADA2 [27], resulting in the unique
amplicon sequence variants (ASVs). Bacterial and archaeal primer-specific trained Naive Bayes taxonomic classifiers, using the SILVA
138 release files, were used to classify the representative ASV sequences (qiime feature-classifier classify-sklearn) [28]. Taxonomy
analysis was performed using SILVA_138_database classifier (classifier silva-138-99-nb-classifier) [29].

2.5. Shotgun metagenomic sequencing

The metagenomic DNA that was extracted underwent sequencing through the Illumina sequencing platform. The eligible DNA
libraries were employed for microbiome shotgun sequencing, conducted on the Illumina HiSeq 2500 platform using a paired-end
sequencing methodology, with a specific target read length of 150 base pairs. Taken together, a total of 84.602.367 read pairs of
raw metagenomic reads were obtained from the three samples. Fastp was used to assess the read quality and trimmed/removed
adaptor and low-quality base pairs. The reads obtained were merged using Pear 0.9.11 [30]. After merging, the reads were classified
against NCBI NR (database downloaded Jun 2022) using Diamond 2.0.14.152 using default settings [31]. The output.daa files were
meganized using the tool daa-meganizer supplied with the software MEGAN Community Edition version 6.24.23 [32] using the
software supplied megan-map-Jan2021-ue.db database. The data was then imported to MEGANG6 and analyzed further. The aligned
sequences were subjected to taxonomic and functional analysis in the MEGAN®G pipeline, and COG and SEED analysis were performed
for function, identification, and classification of subsystems. Pathway analysis was done using KEGG (Kyoto Encyclopedia of Genes and
Genomes) [33,34]. Furthermore, we employed an extension of MEGANG for functional analysis, employing the BiosurfDB database

Table 1
Universal primers set utilized in this study for 16S rRNA sequencing.
Domain Target Fragment Size Primers sequences (5 - 3) Reference
Bacteria V3-V4 466 bp 341F CCTAYGGGRBGCASCAG [24]
806R GGACTACHVGGGTWTCTAAT
Archaea V4 288 bp US19F CAGYMGCCRCGGKAAHACC [25]

806R GGACTACNSGGGTMTCTAAT
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[35], which specifically targets genes related to biosurfactant production and biodegradation pathways. Statistical analysis was carried
out using STAMP [36], p-values and confidence intervals were calculated using the two-sided Fisher’s exact test and
Newcombe-Wilson method, respectively. The correction for p-values was performed using Benjamini-Hochberg procedure [37].

2.6. Principal Component Analysis (PCA)

PCA analysis was conducted using the PCA function in R v.4.2.2 [38], with RStudio 2023.06.0 [39]. The data were pre-processed
for normalization. PCA was applied to reduce the dimensionality of the data, explore, and compare sample structures. Bray-Curtis
distance was used to compare data matrices across different groups, considering the relative composition of biotic and abiotic data.

3. Results
3.1. Physicochemical properties of soil samples

The physicochemical properties of three soil samples from states in the Brazilian Northeast (Alagoas and Rio Grande do Norte) were
analyzed as summarized on Table 2. The two samples from Alagoas, uncontaminated control (ALW) and contaminated (ALC), pre-
sented pH values of 7.56 and 5.69, respectively. In addition, the contaminated sample from Rio Grande do Norte (RNC) presented a pH
of 7.14. Both contaminated soils exhibited a high electrical conductivity (EC) and a high chloride content, while the uncontaminated
soil showed a low conductivity (Table 2). The C/N ratio of the ALC and RNC soil samples are 556:10 and 4416:10, respectively, further
above the recommended ratio for soil bioremediation strategies (100:10) [40,41].

Regarding the hydrocarbon contamination, the RNC exhibited higher contamination rates than the ALC (Table 2). In contrast, the
uncontaminated soil control, ALW, showed no signs of hydrocarbon contamination. The level of contaminants found in the RNC soil
were as follows: 24,613.5 mg/kg of TPH, 160.1 mg/kg of n-alkane hydrocarbons, and a significantly high presence (19,494.1 mg/kg)
of an unresolved complex mixture (UCM), indicating that a large part of the contaminating oil was degraded. The ALC sample pre-
sented low values of oil contamination, with less than 25 mg/kg of TPH and characteristics of degraded oil (UCM). For the ALW
sample, no hydrocarbons were detected.

3.2. Taxonomic identification of metagenomic sequences

Around 29,380,112 sequences were assigned to broad taxonomic groups (Table S1). In all samples, the Bacteria domain contributed
on average 95.60 %. At the phylum level, the most abundant bacterial sequences were identified as Actinomycetota, accounting for
42.05 %, 37.06 %, and 35.86 %, followed by Pseudomonadota with 34.03 %, 25.30 %, and 56.01 %, for the ALW, ALC, and RNC
samples, respectively (Fig. 1A). The lowest percentages of phyla varied among each sample, where ALC sample presented 11.85 % for
Bacillota, Bacteroidota (4.16 %), Acidobacteriota (3.26 %), and Chloroflexota (2.67 %). In the ALW sample, the least abundant phyla
were Acidobacteriota (9.11 %), Planctomycetota (4.31 %), and Chloroflexota (2.34 %). For the RNC sample, the other most abundant
phyla were Bacillota (1.80 %), Chloroflexota (1.53 %), and Bacteroidota (1.22 %). The Archaea domain contributed 10.67 % in the
ALC sample, represented by phylum Methanobacteriota (10.29 %), while the other two samples did not exceed 0.5 %. Lastly, the
Eukaryota domain contributed less than 1 % in all samples. Only the RNC sample showed the presence of viral genomes (0.10 %),
specifically belonging to the Caudovirales order, which is classified under the phylum Uroviricota. Unassigned and unclassified se-
quences corresponded to 9.01 % of the average.

The most abundant bacterial genera found in the ALW sample were Bradyrhizobium (8.43 %), Stenotrophomonas (6.35 %), Acti-
noplanes (5.17 %), Solirubrobacter (4.48 %), Mycobacterim (3.92 %), and Nocardioides (3.34 %). In the ALC sample, the predominant
genera were Haladaptus (6.82 %), Nocardioides (4.14 %), Bacillus (4.03 %), Bradyrhizobium (3.95 %), Mycobacterium (3.83 %), and
Streptomyces (3.41 %). Finally, for the RNC sample, the genera found were Pseudomonas (37.97 %), Prauserella (10.58 %), Saccha-
romonospora (4.50 %), Amycolatopsis (3.48 %), and Nocardioides (3.17 %) (Fig. 1B).

Principal Component Analysis (PCA) was used to explore the relationships between environmental variables and the structure of
the microbial community, as shown in Fig. S6. The first and second axes of the PCA explain 78.8 % and 21.2 % of the total data

Table 2

Physicochemical parameters of soil samples.
Parameters ALW ALC RNC
Site Alagoas Alagoas Rio Grande do Norte
Time point Nov/2019 May/2019 Dec/2018
pH 7.56 5.69 7.14
Electrical Conductivity (ECy.5) (dS/m) 0.98 14.60 12.04
Total Nitrogen (mg/Kg) 622.8 469.7 214.8
C/N ratio 44.9 55.6 441.6
Chloride (mg/kg) 259.3 77119.0 8063.4
n-Alkanes (mg/kg) 0.0 1.8 160.1
Poly-Aromatic Hydrocarbon (PAH) (mg/kg) 0.0 0.097 12.49
TPH C8-C40 (mg/kg) 0.0 22.4 24613.5
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Fig. 1. Relative abundance of bacteria in soil samples analyzed by the shotgun metagenomics. The figure shows the most abundant bacteria at
phylum level (A) and genus level (B). In (A), it’s possible to observe a significant relative abundance of Actinomycetota and Pseudomonadota in all
soil samples. In (B), the most abundant genera are Bradyrhizobium (8.43 %) in ALW, Haladaptus (6.82 %) in ALC, and Pseudomonas (37.97 %) in
RNC. Uncontaminated soil sample from Alagoas (ALW), Contaminated soil sample from Alagoas (ALC) and Contaminated soil sample from Rio
Grande do Norte (RNC).

variance, respectively. TPH, PHA, n-alkanes, and pH emerged as the main determinants of the first axis, being positively related.
Conductivity was positively related with the second axis, while pH was negatively related, suggesting an opposite correlation between
these variables. The phyla Bacillota and Methanobacteriota were associated with environments (soils) with higher salinity, while phyla
located in the third quadrant may be related to environments with lower salinity. The phylum Pseudomonadota, on the other hand,
exhibited distinct characteristics compared to other phyla, showing a more positive relation with petroleum hydrocarbons and salinity.

3.3. Amplicon sequence variants (ASV) based on 16S ribosomal genes

To facilitate future comparative analyses against public databases, a more widely used analytical strategy was performed. The 16S
ribosomal gene amplicons were obtained from genomic DNA of the three samples, based on regions the V3-V4 and V4, for bacteria and
archaea, respectively. The V3-V4 region generated a total of 77,988 reads for ALW, 60,689 reads for ALC, and 409,220 reads for RNC,
with an average sequence length of 418 bp. After quality control and removal of chimeric sequences using DADA2 in QIIME2, the
sequences were reduced to 45,438, 41,081, and 320,520 reads to ALW, ALC, and RNC, respectively. The clustering analysis revealed an
average count of Amplicon Sequence Variants (ASVs) within the soil samples. Specifically, in the V3-V4 region, the filtered reads were
organized into 500 ASVs for ALW, 349 ASVs for ALC, and 836 ASVs for RNC.

For the V4 Archaea-specific region there were 61,753 reads to ALW, 60,529 reads to ALC, and 196,923 to RNC. After filtering, the
sequences were reduced to 41,210, 44,943, and 146,111 sequences, respectively. The RNC sample showed little representation of
Archaea, corresponding to less than 2 %. In the case of the V4 region, we identified 78 ASVs associated with archaea in the ALW
sample, and 29 ASVs in the ALC sample. The diversity and richness of these communities were also estimated using Shannon diversity
indices and rarefaction curve. The Shannon indices for the V3-V4 regions were 5.47, 4.64, and 4.74 to ALW, ALC, and RNC,
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respectively, while V4 was 3.26 to ALW and 2.71 to ALC.

3.3.1. Taxonomic distribution of bacterial populations

The bacterial populations using a specific primer for V3-V4 regions show the predomination of phylum Actinomycetota (36.28 %,
14.95 %, and 41.93 %), Bacillota (22.43 %, 70.21 %, and 16.15 %), and Pseudomonadota (26.55 %, 6.54 %, and 39.30 %) for ALW,
ALC and RNC, respectively. Other phyla comprised less than 5 %: Acidobacteriota (4.05 %, 0.94 %, and 0.24 %), Chloroflexota (2.22
%, 1.04 %, and 0.98 %), Fusobacteriota (2.21 %, 2.30 %, and 0.00 %). At genus level, the genus Stenotrophomonas was predominant in
the ALW sample (11.63 %), followed by Staphylococcus (8.60 %), Acidothermus (3.54 %), and Aeromonas (3.53 %). In the ALC sample,
the most abundant genera were Bacillus (20.01 %), Staphylococcus (17.91 %), and Fictibacillus (6.04 %), while in the RNC sample, the
most abundant genera were Prauserella (20.45 %), Pseudomonas (19.91 %), and Bacillus (11.31 %). Fig. 2A and B shows an overview of
the distribution at phylum and genus level.

3.3.2. Taxonomic distribution of archaeal populations

The archaeal community was compared at phylum level (Fig. 3A), revealing Thermoproteota (80.24 % and 7.02 %), Meth-
anobacteriota (18.43 % and 92.76 %), and Nanobdellota (1.32 % and 0.18 %) in the ALW and ALC samples, respectively. Interestingly,
the presence of the Methanobacteriota phylum was also assigned by the V3-V4 region in the ALC sample, although in a smaller
proportion (6.05 %). The most predominant archaeal families in the ALW and ALC samples were classified (Fig. 3B), respectively, as
Nitrososphaeraceae (80.24 % and 6.97 %), Haloferacaceae (12.52 % and 64.15 %), Haloadaptaceae (5.05 % and 25.86 %). The most
abundant genera within Nitrososphaeraceae (56.22 % and 4.72 %), Candidatus Nitrocosmicus (7.41 % and 0.60 %) and Haladaptatus
(5.05 % and 25.86 %), in ALW and ALC, respectively.
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Fig. 2. Relative abundance of bacteria in soil samples analyzed by 16S rRNA amplicon sequencing. The figure shows the most abundant bacteria at
phylum level (A) and genus level (B), based on region V3-V4. The most abundant phyla, Actinomycetota, Bacillota, and Pseudomonadota, are
dominant across all samples (A). At the genus level (B), each sample exhibits distinct abundance: Stenotrophomonas (11.63 %) in ALW, Bacillus
(20.01 %) in ALC, and Prauserella (20.45 %) in RNC. Uncontaminated soil sample from Alagoas (ALW), Contaminated soil sample from Alagoas
(ALC) and Contaminated soil sample from Rio Grande do Norte (RNC).
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Fig. 3. Relative abundance of Archaea in soil samples analyzed by the 16S rRNA amplicon sequencing. The figure depicts the distribution of
Archaea within phyla (A) and families, based on the sequencing of V4Arc region. In this representation, we observe the relative abundance of phyla
in different soil types (A), Thermoproteota and Methanobacteriota are prominent, highlighting an inversion between ALW and ALC. Analyzing the
families of Archaea (B), Nitrososphaeraceae and Haloferacaceae are the most representative. Uncontaminated soil sample from Alagoas (ALW),
Contaminated soil sample from Alagoas (ALC) and Contaminated soil sample from Rio Grande do Norte (RNC).

3.4. Functional and metabolic analysis based on metagenomic analyses

The metagenomic functional analysis of soil samples was identified using COG e SEED databases (Fig. 4 and Fig. S1). In total, 22
functional categories were identified by COG database. Most of the reads were functionally distributed within pathways of amino acid
transport and metabolism [E], energy production and conversion [C], and carbohydrate transport and metabolism [G]. We observed
that soil without oil contamination (ALW) presented higher relative abundance in all categories, except in DNA replication, recom-
bination, and repair [L], transcription [K], and cell cycle control [D] (Fig. 4). These features were supported by STAMP analysis
(Fig. S2).

3.5. Profile of genes involved in nitrogen metabolism

The coding sequences from SEED were categorizes using the KEGG database to detect the functional genes involved in nitrogen
metabolism. We identified 53 groups of orthologs (KO) related to the enzymes involved in nitrogen metabolic pathways (Table S3).
Genes in the KO nitrogen metabolic pathways have been identified for ALW (27), ALC (31), and RNC (51). ALC soil exhibited a reduced
proportion of genes associated with nitrogen metabolism compared to ALW, particularly genes related to nitrate reduction (narH, narJ,
and narl) as well genes involved in the denitrification of nitrous oxide to nitrogen (nosZ) (Fig. S3). Therefore, nitrogen metabolism was
more required in contaminated soils, with 15 (KO) found exclusively in RNC. Furthermore, genes associated with nitrogen transport
(nrtA, nrtB, and nrtC) were more prevalent in the RNC sample. The biological nitrogen fixation genes (nifX, nifZ, nifQ, nifB, and nifT)
and those constituting the nitrogenase complex (nifD, nifK, and nifH) were pronounced in RNC. Genes involved in biological N fix-
ation, such genes related to nitrification (nxrA and nxrB) and nitrate reduction (narG, narH, narJ, and narl) were present in all soil
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Fig. 4. Distribution of the most abundant functional categories among the three soil metagenomes. The colored bars indicate the relative abundance
of functional orthologs in the non-contaminated soil (ALW, green), the contaminated soil from production field with chronic contamination by
produced water (ALC, blue), and contaminated soil with chronic contamination by oil (RNC, pink). Uncontaminated soil sample from Alagoas
(ALW), Contaminated soil sample from Alagoas (ALC) and Contaminated soil sample from Rio Grande do Norte (RNC). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

samples, with RNC showing the highest abundance.

3.6. Hydrocarbon degradation and biosynthesis of biosurfactants

To obtain the functional analysis of genes related to hydrocarbon degradation and biosynthesis of biosurfactants, we employed the
integrated BioSurfDB and DIAMOND + MEGAN pipeline. Data analysis within BiosurfDB is systematically classified into three pivotal
categories: degradation, methane, and surfactants. It was identified that 0.77-1.33 % of the total reads were attributed to the
degradation category (Fig. 5A). The degradation process further delineates into distinct subcategories, encompassing pathways
intricately associated with the degradation of organic pollutants. The most abundant pathway subcategory is xenobiotics biodegra-
dation and metabolism in all samples (on average 0.83 %). Within this subcategory, the most prevalent were aminobenzoate
degradation, benzoate degradation, drug metabolism-cytochrome P450, and chloroalkane and chloroalkene degradation pathway,
which showed a significant difference between contaminated and uncontaminated soil samples (Fig. S4). In chloroalkane and
chloroalkene degradation there was a greater detection of aldehyde dehydrogenase, such as ALDH, aldB, mmsA/iolA (ALDH6A1;
malonate-semialdehyde dehydrogenase (acetylating)/ethylmalonate-semialdehyde dehydrogenase), aldH (2,5-dioxopentanoate de-
hydrogenase) and aldH (4-(gamma-glutamylamino) butanal dehydrogenase).

Furthermore, the second most abundant subcategory comprised pathways involving degradation of aromatic compounds, ac-
counting for 0.08-0.19 % of the total reads for the sampled regions, followed by lipids metabolism (0.03-0.07 %) and alkane
degradation (0.03-0.06 %). The most frequent genes for the subcategory “Degradation of Aromatic Compounds” include transposases
(IS5 family), arsB (arsenical pump membrane protein), chrA (chromate transporter), and xylA (alpha-ketoglutaric semialdehyde de-
hydrogenase). Comparison between ALW and ALC samples demonstrated an increase in the subcategories involved in degradation of
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Fig. 5. Metagenomic profile of biodegradation of hydrocarbons and biosurfactant biosynthesis. Additional functional analysis with BiosurfDB
pipeline was used to assess pathways specifically related to petroleum hydrocarbon metabolism. The figure displays the abundance fractions of
totally annotated genes in each soil sample. The corresponding metabolic pathways are: (A) Degradation Pathway and (B) Biosurfactant Type.
Uncontaminated soil sample from Alagoas (ALW), Contaminated soil sample from Alagoas (ALC) and Contaminated soil sample from Rio Grande do
Norte (RNC).

linear hydrocarbons and PAH. However, RNC showed higher values in relation to degradation genes (Fig. 5A-54).

Concerning the surfactant biosynthesis pathways, the following percentages were found: 0.30 % for ALW, 0.44 % for ALC, and 0.64
% for RNC. Within the surfactant classification, the most abundant subcategory was lipopeptides and polyketyde biosynthesis, with the
highest ratings being attributed to putisolvins, arthrofactin, mycosubtilin, fusaricidin and alnumycin biosynthesis. Pairwise com-
parisons between ALW/ALC and ALW/RNC show differences between the surfactants profile. In the first comparison, the subcategory
alnumycin biosynthesis is significantly higher in the contaminated soil from Alagoas, while the second comparison the subcategory
arthrofactin is most prevalent in the sample ALC (Fig. S5).

4. Discussion

Oil contamination is a widespread issue, attracting major efforts to develop efficient remediation strategies, often involving
application microbial systems to restore contaminated environments [42]. With NGS, it is possible to estimate the microbial popu-
lation from an environmental sample without the need of isolation and culture [43]. In the present study, we assessed the physico-
chemical properties of oil-contaminated soil samples, along with a non-contaminated soil, collected at the Brazilian Northeast, a
relevant oil-producing region in the country. Additionally, we describe the taxonomic and functional characteristics of microbial
communities within these soil samples, as they respond to chronic contamination with specific industrial byproducts. Two main
approaches were applied: metagenomics (shotgun metagenomic sequencing) and metataxonomics (16S rRNA amplicon sequencing).

4.1. Physicochemical properties of the soil samples

In this study, soil contaminations are different among the samples. ALC shows produced water contamination and low hydrocarbon
content, while RNC displays crude oil contamination, with significant levels of hydrocarbons and produced water. Comparing ALW
and ALG, there is a reduction in the pH of the ALC contaminated soil, whereas RNC maintains a neutral pH despite the hydrocarbon
contamination. The acidification process was also observed in the Sao Paulo region (Brazil), another chronically contaminated soil
[44]. The pH is crucial in controlling various chemical and biological soil processes [45]. The ideal pH range for effective biodeg-
radation is near neutrality, and metabolic activities can be significantly inhibited with slight pH variations [46]. Liang et al. [45]
studied oil fields in different geographical locations in China, emphasizing the importance of soil pH assessment for proper recovery
technique selection. Interestingly, despite the acid pH in the ALC soil, there was a reduction in the Acidobacteriota phylum, suggesting
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that salinity, rather than pH, might be the main regulatory factor. As observed in our study, Yang et al. [47] revealed that high and
extreme salinities significantly reduce the abundance of Actinomycetota and Acidobacteriota.

Salinity measurements in both ALC and RNC soils indicated a significant presence of salt in these environments (Table 2). High
salinity can affect the composition and activity of soil microbial communities, reshaping their ecological roles in nutrient cycling and
other essential processes [6], including soil fertility [48]. According to Gao et al., 2015 oil salinity had a suppressive effect on most
bacterial populations without changing their dominance, while soil TPH influenced the bacterial diversity selectively [49]. Most
laboratory experiments are conducted in soils artificially contaminated by fresh crude oil. Bioavailable carbon from petroleum could
stimulate soil microbial activities, leading to depletion of bioavailable components of crude oil after long-term attenuation. Salinity as
a stressful environmental factor for soil microorganisms was reported by Yuan et al. (2007), who found that EC (ranging from 0.32 to
23.05 mS cm™!) had a significantly negative exponential relationship [50]. During bioremediation of oil-contaminated saline soil, high
salinity would reduce the metabolic activity of many microorganisms and inhibit microbial degradation [49].

Principal Component Analysis (PCA) identified Conductivity, TPH, PHA, and pH as the most correlated components with the soil
microbial community. This observation has also been reported in other studies [51-53], [53]. In this study, soil conductivity, asso-
ciated with salinity, showed a positive correlation with the Bacillota phylum, while pH exhibited a negative correlation. This corre-
lation pattern was also observed for Bacillota in coastal wetland soils of the YRD region [54]. Additionally, Pseudomonadota showed
positive correlations with the presence of hydrocarbons, like soils from other regions [53,55], demonstrating their adaptation to
environments polluted by petroleum.

Regarding hydrocarbon contamination, chromatographic analysis show that RNC is a weathered soil (data not shown), showing 1
% of linear hydrocarbons, 79 % of UCM, and only 21 % are unsaturated and aromatic hydrocarbons, representing a challenge for
degradation. Hydrocarbon contamination is present in high concentrations, especially those with 3-4 condensed rings. Despite the
weathering, pristane and phytane were detected, demonstrating the presence of recalcitrant compounds.

In the weathering process, residual hydrocarbons are trapped in the soil matrix and can adsorb to soil aggregates, hindering
bioaccessibility [56]. Some light hydrocarbon fractions (labile fraction) are easily degraded, while heavier fractions remain unavai-
lable for degradation. Monoaromatic compounds (BTEX), when degraded by microorganisms, generally reach non-toxic levels. In
contrast, the degradation of polycyclic aromatic hydrocarbons and cycloalkanes is slower, making them potential producers of toxic
intermediate metabolites, resulting in low biodegradation efficiency [57]. The effectiveness of hydrocarbon removal from soils are
inversely related with soil aging due to weathering [44]. However, other studies suggest that the addition of compounds like extra-
cellular enzymes, light oils, and biosurfactants are alternatives that can enhance the bioavailability of these compounds [57,58].

4.2. Diversity of bacteria and archaea revealed with metataxonomics

Shotgun sequencing offers a valuable perspective for taxonomic assessment by encompassing functional information and genomic
details. On the other hand, 16S sequencing also provides robust taxonomic resolution, crucial for a deeper understanding of microbial
community composition [59]. To obtain a more comprehensive view of the microbial communities, it may be useful to employ both
approaches and integrate the results. Therefore, we opted for 16S rRNA ASV sequencing for taxonomic analysis and WGS sequencing to
obtain additional functional information.

While both the 16S rRNA ASV and shotgun (WGS) can provide taxonomic information, only the WGS can provide solid evidence of
the functional and metabolic profile. Regarding the taxonomic profiling, there are numerous comparative studies between these
approaches in various systems, but the application in soil studies is uncommon [60]. A relevant consideration is that the 16S rRNA ASV
and WGS methods typically utilize different taxonomic databases, which may lead to discrepancies. Despite its comprehensiveness,
WGS-based metagenomics remains less popular due to its complexity and higher costs [61,62]. Likewise, Ranjan et al. (2016) observed
a 13 % increase in Bacteroidota abundance and a decrease in Actinomycetota, while using 16S rRNA ASV. On the other hand, they
found that the relative abundance of Bacillota and Pseudomonadota was similarwhen using 16S rRNA ASV and WGS [63]. Since the
use of the 16S ASV is more widespread, we find it is a more appropriate tool for comparative analyses with other data in the literature.

When comparing the 16S rRNA ASV results with WGS in our samples, we observed significant biases in the V3-V4 region of the 16S
rRNA, for the major phyla. In all samples, there was an overestimation of relative abundance for the Bacillota and Gemmatimonadota
phyla, in detriment of Pseudomonadota, Bacteroidota, Chloroflexota, Acidobacteriota. In sample ALC, Actinobacteriota were
underestimated. This discrepancy at phylum-level underscores the importance of carefully selecting primers for environmental
samples, aiming at more accurate quantification of specific taxa.

The literature also highlights the critical importance of primer selection for 16S rRNA ASV analysis [64,65]. Na et al. (2023)
investigated the performance of different 16S rRNA primer sets in clinical samples to detect common microorganisms in oral
microbiomes. They observed that primers exert a selective influence on species detection, potentially affecting the estimated bacterial
abundance. Notably, they found that V3-V4 primers showed higher relative abundance of the Bacillota phylum compared to the
V1-V2 primers, while Pseudomonadota and Actinomycetota were less abundant. Sunagawa et al. (2015) noted that the 515F/806RB
primer set was less selective in detecting the Pseudomonadota phylum, dominant in oceans [66]. Additionally, Lee et al. (2023)
observed that 23F/228R primer set selectively amplified Bacteroidota to a greater extent compared to other phyla. This trend of
Bacteroidota amplification was consistent with results obtained with other primer sets, such as PRK341F/PRK806R, 515F/806R,
515F/806RB, and 515F-Y/926R [64].

In the oil contaminated (RNC) and non-contaminated (ALW) soil samples, 16S rRNA gene analysis revealed that Actinomycetota
and Pseudomonadota phyla were dominant. Within Actinomycetota, the most abundant genus in sample RNC was Prauserella,
commonly known for comprising halophilic or halotolerant species [67]. Several Prauserella members have been isolated from
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oil-contaminated soils [67,68], strongly suggesting that it may exhibit the ability to carry out oil degradation. Actinomycetota, in turn,
are commonly known for their ability to degrade petroleum hydrocarbons [58]. Previous studies have explored the role of Actino-
mycetota in the degradation of hydrocarbons, including n-alkanes [69,70]. Another important feature that could potentially increase
biodegradation of oil compounds is the ability to produce biosurfactants and express oxidoreductase systems, expected to facilitate
bioremediation [58,71]. Another dominant genus identified in this study, Pseudomonas, has been commonly detected in oil contam-
inated environments, including produced water generated in the Brazilian Northeast onshore platforms, as well as oil contaminated
soils [72-75]. Therefore, Pseudomonas seems to be ubiquitous in oil-contaminated environments, thanks to its metabolic versatility and
ability to degrade various petroleum hydrocarbons [75,76].

Various studies have reported the use of mixed cultures of Actinomycetota and Pseudomonadota to provide a synergistic activity in
degradation of hydrocarbons [77-79]. Thus, suggesting that the two groups could be acting together on the degradation of a variety of
hydrocarbons, including PAHs, which are widespread pollutants of major concern, corroborating the importance of metabolic
cooperation between species.

In the soil impacted by produced water (ALC), Bacillota and Actinomycetota were dominant, showing a different taxonomic
composition compared to samples RNC and ALW, possibly due to the increased salinity. Similarly, Yang et al. described that an
increased proportion of Bacillota and Bacteroidota were positively correlated with increased salinity and a high C/N ratio (53.88) [47].
Within Bacillota, the most abundant genera were Bacillus and Staphylococcus, whereas within Actinomycetota, the majority of the ASVs
were unclassified at genus level, indicating that these microbial communities are largely unknown.

Interestingly, in samples ALC and ALW Archaea comprised three main families: Nitrososphaeraceae, Haloferacaceae, and Hal-
oadaptaceae. In the non-contaminated control soil (ALW), a relatively high abundance of Nitrososphaeraceae was found, in contrast to
sample ALC (Fig. 3). These data corroborate with a previous report showing that different saline gradients in soils from the Yellow
River Delta, without any petroleum pollution, displayed a dominance of Nitrososphaeraceae [80]. Family Nitrososphaeraceae belongs
to an ammonia-oxidising group (AOA), which plays an important role in nitrification [81]. Moreover, AOA can grow at extremely low
levels of NH3, where the bioavailability of substrates is scarce, and oxidize ammonia under acidic conditions [82].

Archaea families Haloferacaceae and Haloadaptaceae are highly abundant in sample ALC, unlike sample ALW that shows lower
salinity. These families belong to the class Halobacteria, characterized by tolerance to high salt levels. Accordingly, salinity levels seem
to have a more drastic impact on the abundance and variability of archaeal communities, when compared to hydrocarbon contami-
nation [6]. In fact, variations in salinity are reported as a pivotal factor on the archaeal population in various contaminated matrices
(soils, sediments, groundwater) [6,83,84]. Our results also corroborate with the findings of Navarro-Noya et al. [85] who observed that
the presence of the archaeal members with very specialized functions are directly dependent on the physicochemical characteristics of
the environment (e.g. pH and EC values). Such findings lead us to conclude that it is highly likely that archaeal populations participate
in biogeochemical cycles through different mechanisms, according to the environment, contributing to the great adaptability of this
community.

The Shannon diversity for V3V4 region between ALW and ALC is 5.47 to 4.64, respectively. Comparing ALC to RNC revealed that
the latter had slightly higher diversity (4.74). In similar studies, a decrease in diversity was observed in response to salinity, in the
Yellow River delta, China (from 6.50 to 5.15) [47]. In soils near our study area, in Carmépolis/Sergipe, a significant reduction in
Shannon diversity index for bacteria was identified with increased oil and NaCl concentration (0-50 g kg’l) [6].

In addition, a lower variety of ASVs was observed for Archaea in sample ALC, as shown by Shannon indices (3.26 to ALW and 2.71
to ALC). Similar findings are reported by Camacho-Montealegre et al. [6], where a slight reduction in diversity was identified in
increased salinity. Generally, Shannon values for Archaea vary with the environment, especially under extreme conditions. For
example, in a produced water sample from a Brazilian offshore field [86], a value of 4.65 was found for Archaea. In groundwater
contaminated with TPH gradients, variations in Shannon values were also observed, ranging from 5.51 to 3.98 [87].

4.3. Functional profile

Allied to the taxonomic composition of a microbial community, an important aspect of metagenomic studies is the assessment of the
contribution of each component of the sample regarding the functional genes. Previous studies have documented a correlation between
the identification of functional genes in polluted environments and the adaptation and reshaping of the indigenous microbial com-
munity [88,89]. Based on the COG annotations, 22 functional categories were identified in the present study. The most abundant
classes across all three samples were amino acid transport and metabolism [E], energy production and conversion [C], and carbo-
hydrate transport and metabolism [G]. These classes were also representative in other contaminated soil analyses [90-92]. According
to the COG analysis, there is a significant reduction in most functions from ALW to ALC, this functional difference may have occurred
due to the stress promoted by the contaminants in ALC. In agreement with our findings, previous reports demonstrate that high salinity
and hydrocarbon concentrations may lead to restructuring in soil microbial functions and metabolic pathways [18,88,93].

Nevertheless, the RNC soil showed a higher abundance in the category transcription [K], replication, recombination, and repair [L],
intracellular trafficking, secretion, and vesicular transport [U], and cell cycle control, cell division, chromosome partitioning [D] when
compared to ALW and ALC samples. The high proportion of these functions in RNC soil might be attributed to defense mechanisms
developed to adapt to hydrocarbon-induced stress. This aligns with functional data derived from a case study of a historically
petroleum-contaminated soil [91]. Particularly noteworthy is the observation that in RNC soil, the categories replication, recombi-
nation, and repair [L] and transcription [K] exhibited a higher proportion than in the ALW sample, suggesting a potential adaptation to
contamination-induced stress by enhancing mechanisms associated with core metabolism, especially DNA repair [80,91]. Another
study reported increased functions related to DNA replication and repair in the microbiota of soils contaminated with high levels of
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heavy metals and petroleum-derived hydrocarbons [94]. It has also been reported that high salinity damages structural molecules and
their biological functions, thereby stimulating cellular regeneration [95]. Additionally, petroleum reservoirs can represent extreme
environments for microbial life due to high salinity and low nutrient availability [96].

The functional profile predicted by the COG analysis highlighted the metabolic potential of microbial communities in the inves-
tigated samples. These results imply that microorganisms under different environmental stress conditions, such as hydrocarbon
contamination and high salt concentration from petroleum or produced water, may positively regulate energy metabolism for ho-
meostasis and survival, while negatively affecting other pathways, such as defense mechanisms, cell cycle control, motility, and
intracellular trafficking.

4.4. Profile of genes involved in nitrogen metabolism

Nitrogen limitation significantly influences the bioremediation process in soils. Functional genes encoding key enzymes in the
nitrogen cycle serve as valuable indicators during the degradation process [97]. In soils, the ideal carbon/nitrogen (C/N) ratio
generally employed is 100:10 [40,41]. Our results reveal an important nitrogen deficiency in the two contaminated soils, as the C/N
ratio deviates from the recommended values (Table 2). In soil, C and N can act as electron donors and substrates for denitrifying
bacteria. The nitrous oxide reductase (nosZ), is directly linked to the final step of denitrification process, significantly influencing the
C/N ratio [98,99].

Previous studies also reported that salinity levels and petroleum hydrocarbons alter the metabolic flow of nitrogen [18,100,101], as
the activity of nitrogen-fixing bacteria is generally inhibited at higher salt concentrations [102]. In fact, of the contaminated samples
investigated herein, ALC presented a higher value of salinity when compared to RNC, along with lower abundance of nitrification and
denitrification pathways, as revealed by the functional analysis (Table S3). The change in the abundance of genes that control nitrogen
cycle, as observed between ALW and ALC, signals the functional loss of the nitrogen cycle in the soil. In general, high soil salinity is a
challenge in any ecosystem, as excess salts can induce osmotic stress in plant roots, reduce water and nutrient absorption, and even
plant mortality [103,104].

Nitrogen-cycling bacteria, including nitrogen-fixers, nitrifiers, and denitrifiers, play essential roles in nitrogen cycling [105]. The
KEGG analysis revealed a greater demand for nitrogen metabolism in RNC soil, with 15 orthologous groups exclusively present in this
soil. The nitric oxide reductase (NOR) enzyme, crucial for reducing NO to N,O in anaerobic bacterial denitrification [106,107], was
identified solely in RNC (norB and norC). This aligns with the prevalence of denitrifying representatives within the abundant genus
Pseudomonas in the RNC, which commonly includes denitrifying representatives. Genes such as nirS, nirK and nosZ, commonly used in
denitrifying functional analysis, were detected in 14 Pseudomonas species, indicating potential NoO emissions from biological deni-
trification [108-110]. Despite their presence, these genes exhibited lower frequencies than other pathways related to the nitrogen
cycle. Genes related to nitrate reduction were more abundant in RNC soil, including narG, a well-documented component in this
pathway [111,112]. The increase in genes associated with the nitrogen cycle, including nirK, nosZ, narG, and norB, has been associated
to improved biodegradation process [97].

The study by Scott et al. [101] suggests that PAH contamination may lead to a shift in the metabolic flow of nitrogen to denitri-
fication pathways, potentially including the anammox pathway. Furthermore, the availability of nutrients such as nitrogen may be
limited in sediments contaminated by PAHs, since most of the nitrogen in petroleum is found in aromatic heterocyclic compounds
whose carbon-nitrogen bonds are difficult to break.

4.5. Hydrocarbon degradation and biosurfactants

Microorganisms can also facilitate the biodegradation and metabolism of xenobiotics to protect soils from exogenous pollutants
such as oil and heavy metals [113]. Considering that the degradation pathways and regulatory enzymes of foreign compounds by
microorganisms in oil-contaminated soils are central to the study, we focused on analyzing the difference between the samples,
regarding hydrocarbon degradation and biosurfactant synthetic pathways. The results obtained from the Megan + BiosurfDB pipeline
showed the predominance of genes related to xenobiotics biodegradation and metabolism, and degradation of aromatic compounds
were higher in RNC sample (Fig. 5). This finding correlates the RNC soil’s physicochemical characteristics and taxonomic profile,
which contains higher quantities of TPH and PAH, allied to abundant taxonomic groups known to degrade hydrocarbons, such as
Pseudomonas and Prauserella. Several members of these genera have the ability to grow in presence of a wide variety of hydrocarbons
and to degrade n-alkanes and PAHs, such as fluorene, phenanthrene, and pyrene [114,115].

Comparing contaminated and non-contaminated soils revealed that genes involved in degradation and metabolism of xenobiotic
compounds (except toluene, nitrotoluene, and carbon degradation) and aromatic compounds were significantly enriched in the
contaminated soils. The most abundant pathways were aminobenzoate, benzoate, chloroalkane and chloroalkene degradation, drug
metabolism-cytochrome P450, and degradation of aromatic compounds, demonstrating very distinct metabolic profiles between
contaminated and non-contaminated samples. Successful microbial biodegradation requires several specific conditions, such as
temperature, oxygen, pH, salinity, water, and nutrients [116]. Salinity and water activity could be responsible for decreasing the
hydrocarbon metabolism rates due to a general decline in microbial metabolic rates, including key enzymes [117,118]. Nevertheless,
even in highly saline conditions, our data showed a rich microbiome profile, indicating the potential of the microbial community for
biodegradation. In addition, previous metagenomic and metatranscriptomic studies of other saline soil samples have demonstrated
high transcriptional activity and abundance of genes related to the degradation and metabolism of xenobiotics, suggesting that it could
be positively influenced by salinity [18,119].
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Bacterial biosurfactants are highly effective at reducing surface and interfacial tension, also acting as antibiotics, biofilm modu-
lators, signaling molecules, conferring adaptive advantages, and stimulating horizontal gene transfer within and between species [120,
121]. Furthermore, biosurfactants aid in nutrient uptake by emulsifying hydrophobic compounds, thereby increasing their solubility in
water, and making them more accessible [122].

In the lipopeptide class, a significant difference in abundance was found for arthrofactin, fusaricidin, mycosubtilin, and putisolvins,
which were more abundant within the contaminated microbiomes (Fig. 5B). In RNC, the proportions of arthrofactin and fusaricidin
were approximately eight times higher than in ALC and ALW soils. The proportion of putisolvins in RNC was also higher when
compared to the other two soils. In RNC, the predominance of the Pseudomonadota was observed, while in ALW and ALC Actino-
mycetota were more abundant, indicating an adaptation of these microorganisms, possibly induced by the contaminants and natural
soil composition. Lipopeptides have been described in several genera, from diverse phyla, such as Streptomyces, Serratia, Burkholderia,
Pseudomonas, and Bacillus [123-125]. Interestingly, arthrofactin and putisolvins are typically produced by Pseudomonas [126], an
abundant genus found in RNC. Biosynthesis of lipopeptides occurs mainly in oxygen-rich environments [127], mediating active or
passive cell motility. These compounds allow the expansion and displacement of bacterial colonies [128], which also facilitates
degradation of hydrocarbons, including PAHs [129].

The biosynthesis of Alnumycin, a polyketide compound, exhibited higher abundance in contaminated soils, particularly in the ALC
sample. Within this functional category, there was a prevalence of genes linked to Actinomycetota. Polyketides, known for their
diverse functions, are implicated in inhibiting biofilms and engaging in microbial competition, as indicated in previous studies [130].

Taken together, the present study shows a clear association between predominance of aromatic compounds degradation genes and
less abundant biosurfactant categories, a similar profile to those of previously described terrestrial microbiomes. According to Oliveira
et al. [131], terrestrial biomes have more degradation genes, especially for cyclic compounds, and fewer surfactant genes, when
compared to aquatic biomes.
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