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The Campos Basin (100,000 km2) is located on the continental shelf of southeastern Brazil. Despite the significant
oil and gas industrial activities underway in the Campos Basin, scarce information is available regarding the hy-
drocarbon contents andmicrobial communities in the deep-sea sediments. To gainnew insights on these aspects,
wefirst obtained deep-sea sediment sampleswith different degrees of oil exposure.We obtained samples from a
seabedfissure (N=28), surroundings (250m to 500m from thefissure;N=24), and a control area (N=4).We
used shotgunmetagenomics to characterize the taxonomic andmetabolic diversity and analyzedbiogeochemical
parameters (metal and oil concentration) of all samples. The high levels of unresolved complexmixture of hydro-
carbons in the fissure indicate a potentially recent petrogenic contribution in these sediments. The fissure area
was found to have a higher abundance of hydrocarbonoclastic bacterial genera and hydrocarbon degradation
genes. These bacteria may be used as biosensors of sediment contamination. The effects of oil contamination,
mainly around the fissure, are less clear at 250 m and 500 m, suggesting that the surroundings may not have
been heavily affected by the oil leakage. Our study demonstrates that metagenomics can disclose biosensors
for environmental monitoring.

© 2020 Elsevier B.V. All rights reserved.
iology, Instituto de Biologia,
iro, Brazil.
ompson).
1. Introduction

Oil is released into themarine environment worldwide as a result of
oil natural infiltrations into the seabed (Hazen et al., 2016). However, oil
spills during exploration and production phases may have a greater
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impact on marine systems (Berenshtein et al., 2020). Oil weathering
and biodegradation occurs at a significantly slower rate in sediments
than in the water column. In the Gulf of Mexico sediments, the half-
life of crude oil hydrocarbons was 500 days for oil deposited (Bagby
et al., 2017a). However, the unique biogeochemical features of sediment
from different oil production basins possibly influence the pace of oil
biodegradation and thus, it is not clear if all marine sediments respond
in the same manner. It is relevant to analyze the effect of oil leakage
on microbial communities affected by recent incidents in different geo-
graphic regions.

Although much of the hydrocarbons from sub-sea oil spills and nat-
ural seeps may rise to the surface, there are water-soluble components
in oil as well as hydrocarbons that adhere to solid particulates that can
settle in deep-sea sediments (Ramseur, 2010). For example, after the
1979 Ixtoc I oil spill in which over 3 million barrels of oil flowed into
the Gulf of Mexico, it was estimated that 25% of the oil was transported
to the seafloor (Jernelöv and Lindén, 1981). Studies in theGulf ofMexico
have shown thatmuch of the oil spilled in theMacondo accident (about
4.9 million barrels spilled, Deep Water Horizon by BP in April of 2010)
was deposited in the vicinity (b8 km) of thewellhead and contaminated
an area of approximately 3200 km2 around the wellhead (Valentine
et al., 2014). After four years, approximately 74.8% of the aliphatic
(with N29 carbons) and 24.9% of the aromatics (with N14 carbons)
persisted in the samples because molecular mass and hydrocarbon
structure influence biodegradation rates (Bagby et al., 2017b). Progres-
sive degradation is slower with increasing molecular mass number of
rings, and alkyl branches. Certain microbes, e.g. Colwellia, Cycloclasticus,
Fig. 1. Location of the study area. (A) Brazil. Campos Basin oilfield-Rio de Janeiro and control poi
Basin oil field. Points located in the fissure within the red ellipse. Smaller rectangle: Points loc
fissure. Control locations included (PS1, PS2, RD1, and RD2). (For interpretation of the referenc
Roseobacter and sulphate reducing bacteria, are considered markers of
Macondo oil deposition in the Gulf of Mexico (Hamdan et al., 2018;
Mason et al., 2014; Yang et al., 2016).

The Campos Basin is located on the continental shelf of southeastern
Brazil and is the second largest oil production location in Brazil, with a
total area of 100,000 km2. Oil exploration began in 1977 and currently
there are approximately 35 oil and gas producing fields in operation
(ANP, Boletim da Produção de Petróleo e Gás Natural, Agosto 2019). It is
a region of particular environmental relevance due to the diversity of
pelagic and benthic species, including new deep-sea coral reefs
(Almada and Bernardino, 2017; Yamashita et al., 2018). The heteroge-
neity of habitats in the Campos Basin results from its particular oceano-
graphic features, such as the upwelling of cold and nutrient-rich waters
and the presence of a complex set of muddy, sandy and bioclastic sedi-
ments (Muniz and Bosence, 2015). Despite the industrial activities un-
derway in the Campos Basin, scarce information is available regarding
the hydrocarbon contents and hydrocarbonoclastic microbial commu-
nity diversity that thrives in these sediments.

An oil spill in the Campos Basin (20–24°S and39–42°W), 120 km from
the coast of Rio de Janeiro (Brazil), released ~3700 barrels of oil into the
marine environment in the end of 2011 (ANP, 2012). In addition, during
March of 2012, a new leakage was recorded and a sizeable seabed fissure
was detected in the same area. Wells in the Campos Basin account for
nearly 36% of national oil production (i.e., ≥1.2 million oil barrels per
day) (ANP, 2019). Nevertheless, there is a lack of studies on the possible
effects of this oil spill on the microbial metabolic repertoire and
biogechemical features of affected sediments in the Campos Basin.
nts. (B) Campos Basin oilfield and control points (PS andRD). (C) Pointswithin theCampos
ated 250 m away from the fissure. Larger rectangle: Points located 500 m away from the
es to color in this figure legend, the reader is referred to the web version of this article.)
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Sediment microbial communities may be involved in oil biodegradation,
which is suggested in previous studies in Macondo and other oceanic re-
gions (Babcock-Adams et al., 2017; Bacosa et al., 2018; Stout et al., 2017),
however, no studies are available that investigate the deep-sea sediments
of the South Atlantic Ocean.

The deep-sea sediment microbial diversity associated with an oil
leakage event in Campos Basin was investigated in a broad geographic
context (seabed fissure, surroundings, and control areas). Here, we
test the hypothesis that oil leakage affects the microbial diversity of
the different locations affected by the oil. Therefore, to characterize tax-
onomic and functional microbial diversity in sediments, we first ob-
tained 56 deep-sea sediment samples from a seabed fissure (N = 28),
surroundings (250 m–500 m distance from the fissure; N = 24), and
control areas (N = 4). These control areas have not been impacted by
oil spills, while the selected surrounding area around the fissure
would have been affected if the oil plume would fall off as depositing
particles. We then used shotgun metagenomics to characterize the mi-
crobial diversity (taxonomic and functional), analyzed physical-
chemical parameters (metal and oil concentration), and evaluated the
relationship between hydrocarbon microbial gene counts and oil con-
centration in the sediments. We also performed a comprehensive and
integrated analysis to detect possible biosensors for oil pollution.

2. Materials and methods

2.1. Sediment sampling

Sediment sampleswere collected in the Campos Basin oilfield (21°52′
19.58″S/39° 49′44.86″WDATUM SIRGAS, 2000) at 1200m depth over an
area of a fissure and at a distance of 250 and 500 m during July of 2016
(see Fig. 1 and Table 1). Sampling was performed using a working-class
ROV (Saab) system and a dedicated stainless steel core sampling device.
This device was decontaminated after each sampling point. In total,
three independent replicates from 18 points were obtained from the
Campos Basin, except for point 7 for which only one replicate was ob-
tained. Samples were stored in sterile polypropylene centrifuge tubes
(50 mL) and immediately placed in liquid nitrogen (onboard) until fur-
ther analysis at the Federal University of Rio de Janeiro (UFRJ).

Control sediment samples (PS1, PS2, RD1, and RD2) outside the oil
field were also included (Table 1). These control samples were obtained
N40 kmnorth of the Campos Basin oilfield in an areawith no oil produc-
tion activity or a history of oil spill. Comparisonswere performed across
the four groups: i. fissure (BC_F), ii. surrounding (comprised the points
250–500 m; BC_A), iii. control 1 (PS1 + PS2), and iv. control 2
(RD1 + RD2).

2.2. Measurements of hydrocarbons and metals

Concentrations of polycyclic aromatic hydrocarbons (PAH), unre-
solved complex mixture (UCM), resolved aliphatic hydrocarbons
(HRP), total n-alkanes and total petroleum hydrocarbons (TPH) were
measured using the U.S. Environmental Protection Agency (EPA)
methods. To obtain the solids content, the EPA 3550C method was
used. For which, the sample was mixed with a hydrous sodium sulfate
to form a free-flowing powder. This was extracted using a solvent
(once) and ultrasonic extraction. A portion of the extract was collected
for cleanup and/or analysis. Total concentrations of metals, including
aluminum, barium, cadmium, chromium, copper, iron, manganese,
nickel, lead, vanadium, mercury, and zinc were analyzed as described
previously (EPA 7474A, EPA 7473, EPA 1631E and EPA 7471E).

2.3. Metagenomics

DNA extraction and Illumina shotgun libraries were prepared as de-
scribed previously (Appolinario et al., 2019). Quality control of gener-
ated sequence was performed with PRINSEQ (Schmieder and



Fig. 2. Bar graph of the concentrations of sum of PAHS, UCM, HRF, n-alkanes, and TPH hydrocarbons found in the sediment in this study. Results are expressedwith standard error. Values
(μg/kg−1) are mean (standard error; n = 3). Control locations included (PS1, PS2, RD1, and RD2).
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Edwards, 2011) and paired-ends were merged with PEAR (Zhang et al.,
2014) as previously described (Campeão et al., 2017). Annotation and
functional analyses were carried out using the MG-RAST platform
(Glass and Meyer, 2011). Protein sequences were predicted from as-
sembled scaffolds using Prodigal (Hyatt et al., 2010). The NCBI nr data-
base was used for functional identification, while the taxonomic
identification was obtained by means of Diamond and an e-value cut-
off of 105 (Buchfink et al., 2014). Assembled contigs were binned
using the “superspecific” configuration of MetaBAT to obtain partial or
complete microbial genomes (Kang et al., 2015). Genome quality was
assessed by CheckM (Parks et al., 2015). Protein sequences related to
monoaromatic hydrocarbons (benzene, toluene, ethylbenzene, and xy-
lenes [collectively known as BTEX]), alkanes, and PAH-degrading genes
were downloaded from Swiss-Prot (http://www.uniprot.org/uniprot)
into a local database.

Metagenomic annotation (taxonomic and functional) and physico-
chemical parameters of the sediment samples were subjected to princi-
pal components analysis (PCA), Pearson correlation, and a Student's t-
test (U de Mann-Whitney, Wilcoxon W were performed using the
“vegan” package in R software, version 1.0.143) (Oksanen et al., 2017).

3. Results and discussion

3.1. Hydrocarbons (HC) and metal concentrations in sediments

Campos Basin sediments have higher Hydrocarbon [HC] values com-
pared to the control area (Table 1). Campos Basin sampling points 1, 3,
Fig. 3.Metagenomic sequences of phylum bacteria profile. Results are expressed as mean and s
(control 2, n = 2).
6, and 7 had the highest HC concentration values, suggesting a possible re-
cent source of oil leakage (Fig. 2). The sumof all polycyclic aromatic hydro-
carbon (PAHs) values, unresolved complexmixture (UCM), hydrocarbons
resolved fraction (HRF), n-alkanes and total petroleum hydrocarbons
(TPH)was several orders ofmagnitude higher (3.35 g/kg−1) in the fissure
(BC1) than in the control area (39.27 μg/kg−1; RD1) (Table 1). Six of the
ten sampled points in the fissure (BC1, BC2, BC3, BC4, BC6 and BC7) had
high levels of UCM (Table 1). The UCM was found to be significant in
oils that survived degradation and is considered amarker for the presence
of crude oil (Babcock-Adams et al., 2017; Gao et al., 2007; Harris et al.,
2011). All analyzed metal elements were more abundant in the control
areas (RD and PS), and Al and Fe were found to be even more abundant
in control areas than the othermetals. Thismaybe a result of physical con-
ditions, bioturbation and bio-irrigation, organic matter remineralization,
and/or the Fe and Mn redox cycle (Burdige, 2006). The presence of oil
around the oilfield sampling points may function as a barrier to prevent
the exchange process between the water column and sediment, which
would favor oil degradation and its release into the water column.

3.2. Taxonomic identification of metagenomic sequences

Approximately 39 million metagenomic sequences were annotated
(Table 1S). The majority of the sequences belongs to Bacteria (~91%)
and Archaea (~7.5%). Hydrocarbonoclastic archaeal genera (e.g.
Methanosarcina) involved in hydrocarbon degradation were found
(Fig. 1S). The phylum Proteobacteria corresponded to over 60% of the
metagenomic sequences (Fig. 3), 61% in thefissure,while in the PS control
tandard error. BC_F (fissure, n= 10), BC_A (around, n= 8), PS (control 1, n= 2) and RD

http://www.uniprot.org/uniprot
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achieve 54% (p-value= .0481) and at RD 53% (p= .0017). Actinobacteria
and Firmicutes comprised b10% each. Actinobacteria in the fissure (6%)
was lower than in the BC points of 250 m and 500 m BC_A (7.2%; p =
.0855), as well the control areas PS (7.5%; p = .0191) and RD (7.6%;
p = .027). Geobacter (3%) was also more abundant at metagenomes fis-
sure. While response for 2.1% (p= 0.00058) and (, 2.3% (p= .07507) of
the identified genera at PS and RD samples, respectively. Pelobacter
genus (1.5%) were more abundant at fissure than in the control PS
(0.61%; p-value = .03394) and RD (0.63%; p = .06405) samples (,), as
well as Desulfuromonas genus had higher abundance at fissure (0.4%)
than PS control (0.11%; p-value = .00399) and RD control (0.13%; p =
.01334) samples (Fig. 4). The higher abundance of these bacteria in the
fissure suggests their involvement in oil biodegradation and is in agree-
ment with previous studies (Hamdan et al., 2018; Yang et al., 2016).

Pelobacter and Geobacter are found in marine sediments and oil
reservoirs they can reduce Fe (III) (Lovley, 2017). Geobacter species
are involved in the degradation of aromatic compounds in the Fe
(III) reduction zone of petroleum-contaminated aquifers. Other
hydrocarbonoclastic bacteria were also found, including sulfur and
sulfate-reducing bacteria SRB (Desulfovibrio, Desulfatibacillum,
Desulfococcus, Desulfobacterium, Desulfobulbus, Desulfurivibrio, and
Desulforomonas). SRB were also found in metagenome assembled
genomes (Table 2S). SRB can oxidize BTEX, while sulfate serves as
the final electron acceptor. SRB can also promote anaerobic iron
corrosion. Another relevant hydrocarbonoclastic bacteria found in
the sediments in the present study was Syntrophus. Members of
this genus can degrade alkanes and fatty acids in syntrophic associ-
ation with methanogens (Jones et al., 2008). They are often critical
components of the microbial community in oil affected sites. Typi-
cal oil-degrading bacteria found in the water column (e.g.
Alcanivorax, Alteromonas, Colwellia, Cycloclasticus, Marinobacter,
Pseudoalteromonas, and Roseobacter) were detected in Campos
Basin sediment metagenomes in low abundance (b1%), suggesting
that the oil plume formed after the oil spill may have not deposited
in the study area.

3.3. Biosensors of oil contamination disclosed by metagenomics

The distribution of bacterial genera in the PCA suggests that some
groups stood out as biosensors of oil pollution (Fig. 5). Geobacter,
Pelobacter, and SRB are related to oil levels observed in the fissure,
while other groups are related to levels of metals. The Pearson correla-
tion coefficient analyzes corroborates this association pattern (Fig. 5).
Previous studies have suggested that microbial communities respond
Fig. 4.Metagenomic sequences of hydrocarbonoclastic bacteria profile. Results are expressed as
1, n = 2) and RD (control 2, n= 2). The genera Geobacter, Pseudomonas, Burkholderia, Vibrio, S
Desulfococcus, Desulfobacterium, Desulfobulbus, Rhodobacter, Syntrophus, Xanthomonas, Desulfur
sequences in the study area.
quickly to environmental disturbances and carry an ecological memory
even after the pollutant has been degraded, suggesting that certain mi-
crobes could serve as quantitative biosensors (Smith et al., 2015). Previ-
ous studies have reinforced this hypothesis of biosensors in controlled
laboratory experiments whereby the biodegradation of oil was evalu-
ated in seawater incubation experiments (Appolinario et al., 2019;
Campeão et al., 2017). Hydrocarbonoclastic Alcanivorax, Alteromonas,
Colwellia, Marinobacter and Pseudomonas grew immediately after the
addition of oil into seawater. Several metabolic features stood out as
biosensors, such as Sulfur, Fatty Acids, Lipids and Isoprenoids, Aromatic
Compounds, and Iron Acquisition were related to oil levels in the sedi-
ment samples (Fig. 6).

3.4. Hydrocarbon degradation genes that increase in the fissure area

The expansion of hydrocarbonoclastic genes in the fissure (BC_F) is
higher compared to the surrounding (250–500 m; BC_A) and control
points (PS, RD) (Fig. 7). For example, in the fissure samples, the relative
abundance of genes involved in benzene degradation increased approx-
imately 1.9-fold relative to the surrounding area (250 m–500 m) and
3.9-fold relative to the control area (PS and RD). Genes involved in eth-
ylbenzene degradation increased approximately 11-fold relative to sur-
rounding samples and 22-fold relative to the control samples. The
concomitant expansion of genes responsible for the degradation of hy-
drocarbons (BTEX, alkanes and PAHs) and microorganisms responding
to these different fractions of oil biodegradation is consistent (Fig. 4).
Despite the possible volatility and short-lived effects of BTEX on the
contaminated sediment microbial communities, clear effects of these
hydrocarbons were identified in the fissure area. These effects indicate
a response of the microbial communities towards (and an enrichment
of) the hydrocarbons gene pool to more efficient biodegrade hydrocar-
bons. Monoaromatic hydrocarbons (benzene, toluene, ethylbenzene,
and xylenes, collectively known as BTEX) are of particular concern be-
cause of their high toxicity. BTEX compounds are the most water-
soluble constituents of petroleum and have a relatively low sediment-
water coefficient (Weelink et al., 2010). Polycyclic aromatic hydrocar-
bons (PAHs) contain two or more fused aromatic rings.

Among the expansion of hydrocarbonoclastic genes in the fissure,
the most commonly found genes were within the BTEX (~55%) and
naphthalene (~19%) biodegradation pathways (Fig. 7). These genes ap-
pear excellent biosensors for oil degradation in sediments. Although
chemical, physicochemical, and thermal technologies are available for
the remediation of impacted soils, microbial degradation is considered
the leading natural degradation form of PAHs in sediments (Ghosal
mean and standard error. BC_F (fissure,n=10), BC_A (250m+500m, n=8), PS (control
hewanella, Planctomyces, Bacillus, Desulfovibrio, Pelobacter,Marinobacter, Desulfatibacillum,
ivibrio, Saccharophagus, and Desulforomonas corresponded to 16–20% of the metagenomic



Fig. 5. (A) Principal components analysis (PCA) of sediment parameters. Biplot representing the correlation between metals, hydrocarbons, and the hydrocarbonoclastic bacterial taxa.
(B) Pearson correlation matrix of metagenomic sequences of hydrocarbonoclastic bacteria, metals and hydrocarbons (HC) for all points. Red color indicates a negative correlation, and
the blue color indicates a positive correlation. Circle size indicates the strength of the correlation. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 6. Principal components analysis (PCA) of sediment parameters. Biplot representing the correlation between metals, hydrocarbons, and the functional annotation of metagenomes
(according to MG-RAST, Seed level 1). (B) Pearson correlation matrix of metagenomic sequences (functional annotation), metals and hydrocarbons (HC) for all points. Red color
indicates a negative correlation, and the blue color indicates a positive correlation. Circle size indicates the strength of the correlation. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Proportion (% of sequences × 103) of oil biodegradation related genes determined by metagenomic analyses for BTEX degradation, alkanes, and PAH degradation at Campos Basin.
Results are expressed as the mean and standard error.
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et al., 2016). The bacteria identified here are capable of degrading low
molecular weight (LMW) or high molecular weight (HMW) PAHs
under aerobic or anaerobic conditions (Mason et al., 2014). Oxidation
of organic matter coupled with the reduction of Fe3+ ions in sediments
requires the cooperation of a consortium of fermentative and Fe3+ re-
ducing microorganisms. Geobacter and other Fe3+ reducing microor-
ganisms metabolize fermentation products and organic compounds
that fermentative microorganisms do not readily metabolize, oxidizing
them into carbon dioxidewith Fe3+ oxides serving as electron receptors
(Lovley, 2017). Oil and sediment incubation experiments in the labora-
tory have also provided hints regarding microbial diversity and oil bio-
degradation kinetics (Potts et al., 2018). Analyses of oil biodegradation
of sediments from the North Sea found a high level of Pseudomonas
(after seven days incubation), which is related to BTEX biodegradation,
and Marinobacter (after 21 days incubation), which is related to PAHs
biodegradation.
4. Conclusions

The high levels of unresolved complex mixture of hydrocarbons in
some fissure areas (BC_F points) indicate a possible recent petrogenic
source in these sediments. The effects of oil contamination appear to
be restricted to the proximal area around the fissure, and are not evi-
dent at 250 m and 500 m suggesting that the surroundings may not
have been heavily affected by the oil leakage incident. The fissure area
was found to have increased levels of specific bacterial genera and hy-
drocarbon degradation genes that may serve as relevant biosensors.
Our study demonstrates thatmetagenomics is useful formonitoring en-
vironmental changes as suggested in previous studies (Francini-Filho
et al., 2019). Monitoring programsmay need to include such biosensors
in their protocols in the future as early warning tools for the possible
presence of spilled oil in sediments.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.139556.
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