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Abstract: Deep-sea sediments (DSS) are one of the largest biotopes on Earth and host a surprisingly
diverse microbial community. The harsh conditions of this cold environment lower the rate of natural
attenuation, allowing the petroleum pollutants to persist for a long time in deep marine sediments
raising problematic environmental concerns. The present work aims to contribute to the study of DSS
microbial resources as biotechnological tools for bioremediation of petroleum hydrocarbon polluted
environments. Four deep-sea sediment samples were collected in the Mid-Atlantic Ridge, south
of the Azores (North Atlantic Ocean). Their autochthonous microbial diversity was investigated
by 16S rRNA metabarcoding analysis. In addition, a total of 26 deep-sea bacteria strains with the
ability to utilize crude oil as their sole carbon and energy source were isolated from the DSS samples.
Eight of them were selected for a novel hydrocarbonoclastic-bacterial consortium and their potential
to degrade petroleum hydrocarbons was tested in a bioremediation experiment. Bioaugmentation
treatments (with inoculum pre-grown either in sodium acetate or petroleum) showed an increase
in degradation of the hydrocarbons comparatively to natural attenuation. Our results provide
new insights into deep-ocean oil spill bioremediation by applying DSS hydrocarbon-degrading
consortium in lab-scale microcosm to simulate an oil spill in natural seawater.

Keywords: microbial consortia; petroleum hydrocarbons; bioremediation; deep-sea; 16S rRNA gene;
next-generation sequencing

1. Introduction

Petroleum consists of a complex mixture of diverse aliphatic and aromatic hydrocar-
bons, resins, and asphaltenes [1], which affects crude oil’s susceptibility to biodegradation
and their environmental fate [2]. The high hydrophobicity and low solubility of hydro-
carbon pollutants contribute to their accumulation in the marine sediments [3,4]. Oil
contamination may have a greater impact on more sensitive environments, such as cold
marine areas, where the harsh conditions lower the rate of natural attenuation, allowing
the petroleum pollutants to persist more than 20 years in marine soil, permafrost, and
deep-sea waters [5,6], raising problematic environmental concerns.

Microbial-based bioremediation represents a sustainable and cost-effective strategy
that accelerates the removal of environmental pollutants [7] by using efficient degrading
remediators [8]. Hydrocarbon-degrading bacteria are microorganisms that are able to use
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hydrocarbons as energy sources for growth, although they also require other essential nu-
trients that could be limited in the ecosystems. Biostimulation, the addition of the adequate
supplement of nitrogen (N) and phosphorus (P) to avoid metabolic limitations, allows
optimizing the environmental conditions for microbial degradation to remove pollutants,
enhancing the bioremediation efficiency. However, the scarcity of indigenous microbes with
the proper metabolic predispositions to degrade petroleum hydrocarbons, could represent
a limitation of this approach [9]. Bioaugmentation, through the addition of microorganisms
with biodegradation/detoxification capacity [10] such as specific oil-degrading bacteria that
could be previously isolated from a contaminated (or pre-contaminated) site, could be an
option. The success of biotechnological solutions for bioremediation application depends
on the identification and selection of the indigenous hydrocarbon-degrading microbial
assemblages from a target contaminated environment and enhance their biodegradation
potential. At the same time, the optimization of the lab-grown condition of the bacterial
strains selected are needed to improve the efficiency of bioaugmentation approaches and
bioremediation performance [10–14]. Therefore, even though bioremediation is seen as an
efficient tool for removing pollutants, investigation in this field is still required to expand
knowledge regarding microorganisms, native to different environmental niches, with a
good remediation capacity and adaptability.

Marine cold regions represent some of the largest biotopes on the Earth, including
deep-sea sediments (DSSs) that cover almost two thirds of the planet’s surface and host
a surprisingly diverse microbial community [15]. DSSs, generally characterized by an
oligotrophic environment with low temperatures, are also considered repository systems
of hydrocarbons that fall through the water column to the ocean floor [16]. Thus, microor-
ganisms residing in the DSSs, because of their adaptation to this extreme environment,
have been shown to possess distinct strategies when naturally or accidentally exposed to
several contaminants such as petroleum hydrocarbons [5].

Previous studies reported microbial prokaryotes and eukaryotes communities of
putative oil degraders harbored in DSS and how they bloom in the presence of elevated hy-
drocarbons concentrations reporting their important role in natural bioremediation [17,18].
For this reason, the exploitation of DSS as a huge reservoir of microorganisms, both as
single-cell strains as well as microbial consortia, can be a key issue for achieving pollu-
tant bioremediation.

The recent development of high-throughput technologies, such as next generation
sequencing (NGS), allowed to investigate and compare different deep-sea ecosystems
providing information on their microbial diversity and helping to discover even novel
taxa [15,19,20]. Different NGS-based surveys on deep-sea microbial communities have
outlined the microbial responses and dynamics that occur over the spill [21]. However, it
remains difficult to differentiate between environmental impacts and naturally occurring
environmental changes that could drive the microbial dynamics [22], lacking a baseline
characterisation of indigenous microbial diversity of the sample site. Furthermore, al-
though many hydrocarbon degraders have been isolated from DSSs [16,23–25], the current
knowledge about their potential for oil spill bioremediation is still limited.

From this perspective, the present research aims to contribute to bring novelty in
deep-ocean oil spill bioremediation by investigating the hydrocarbon-degrading potential
of microorganisms isolated from a DSS (MAR, North Atlantic Ocean) and test it at lab
scale in a microcosm-simulated oil spills. To this end, a combined approach was adopted:
(1) culture-independent survey was used to explore the autochthonous deep-sea microbial
diversity by next-generation sequencing of the V4–V5 hypervariable region of the 16S
ribosomal RNA (rRNA) gene; (2) also, culture dependent techniques were applied, allow-
ing to identify autochthonous deep-sea bacteria with bioremediation potential; a novel
hydrocarbonoclastic DSS consortium of 8 bacterial strains, isolated after an enrichment
process, was assembled. Then a microcosm bioremediation experiment was performed
to test consortium hydrocarbon degradation potential in a context of bioaugmentation
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techniques with natural seawater and petroleum (detailed schematic description is reported
in the workflow Figure S1).

2. Material and Methods
2.1. Sampling

Sampling was conducted during the oceanographic campaign EMEPC\PEPC\Luso\2016
in September 2016 on board of the Portuguese Navy Research Vessel NRP Almirante Gago
Coutinho in the Mid-Atlantic Ridge, south of the Azores (North Atlantic Ocean).

Four surface sediment samples between −1065 m and −1073 m depth were collected
in (location L16D04 described by Souto and Albuquerque 2019). Several dives were
performed by the ROV ‘LUSO’ to collect three sediment samples (L1, L2 and L4) using a
corer mini-corer (upper 5-cm depth) and an additional sample (composite sediment) was
collected through suction of the surface of the different points (L3 composite sediment)
during a ROV dive (Table 1).

Table 1. Sampling points.

N Lat (N) Lon (W) Depth (m) Content

L1 33.9175 −37.5054 −1067 Sediment
L2 33.92297 −37.5103 −1072 Sediment

L3 33.92297 start
33.91748 end

−37.5103 start
−37.5053 end −1065 to −1073 Composite

Sediment
L4 33.91748 −37.5053 −1067 Sediment

For each location, two subsamples of deep-sea sediments were collected and stored in
different conditions. One subsample was immediately stored at−80 ◦C for further genomic
processing to unravel the microbial diversity in the deep sediment, while the other used
to identify autochthonous hydrocarbon-degrading bacteria was preserved in sterile flask
with lifeguard solution under refrigerated conditions, until processing in the laboratory.

2.2. Environmental DNA Extraction, Amplification and Sequencing

Environmental DNA (eDNA) was extracted from the four deep-sea sediment samples
by the PowerSoil DNA Isolation Kit (QIAGEN) following the manufacturers protocol.
Concentration of DNA extracted was measured using the Qubit fluorometric quantitation
kit (Qubit dsDNA High Sensibility Assay Kit, Thermo Fisher Scientific Scientific Inc.,
Waltham, MA, USA).

Samples were then prepared and sent to Genoinseq (Cantanhede, Portugal) facilities
for the amplification of the hypervariable V4-V5 region of the 16S rRNA gene using
specific primers (forward 515F-Y, 5′-GTGYCAGCMGCCGCGGTAA-3′; and reverse 926R,
5′-CCGYCAATTYMTTTRAGTTT-3′) [26]. The amplified products obtained were purified
and normalized with SequalPrep 96-well plate kit (ThermoFisher Scientific, Inc., Waltham,
MA, USA) [27]. Pair-end sequencing was carried out in the Illumina MiSeq® sequencer
with the V3 chemistry (Illumina, Inc., San Diego, CA, USA) at Genoinseq laboratories.

2.3. Bioinformatic Analysis

After sequencing, raw reads were extracted from Illumina MiSeq®System in fastq
format and quality-filtered at Genoinseq facilities using default parameters [28,29]. FastQ
reads were then converted into FASTA format and merged using Mothur software package
(version 1.43.0) [30].

Silva Next Generation Sequencing pipeline (SilvaNGS) of the SILVA rRNA gene
database project (Version: 1.9.5/1.4.6; SILVA: r138.1), was used for the taxonomic character-
ization of the prokaryotic community using default settings [31,32]. In brief, after quality
controls, sequences were dereplicated and clustered into operational taxonomic units
(OTUs) using the similarity threshold of 98% by cd-hit-est [33]; the classification was then
performed against SILVA SSU Ref dataset release r138.1 using blastn version 2.2.30 + with
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standard settings [34,35]. Reads without any BLAST hits or reads with weak BLAST hits
(%sequence identity + %alignment coverage/2 < 93), remained unclassified and were
labelled as “no relative”. Rarefaction curves, number of OTUs, number of singletons, and
Good’s coverage indices were also obtained inside SilvaNGS pipeline. Detailed protocol
description is given in Bragança et al. [36]. Alpha-diversity indices (Shannon-Wiener Index,
Simpson’s evenness Index) and richness estimator (Chao1) were calculated in R environ-
ment, using the R package vegan version 2.5-7. Raw sequences obtained in this study have
been deposited in the SRA (NCBI) database with the accession number PRJEB39245.

2.4. Enrichment of Hydrocarbons-Degrading Bacteria from Deep-Sea Sediments

At the laboratory, an enrichment experiment with crude oil was set up to recover au-
tochthonous deep-sea bacteria with bioremediation potential to be used in a hydrocarbons-
degrading bacterial consortium for further bioremediation experiments. For that, each
sediment sample was placed in a flask and nutrient medium was added. The flasks were
kept in agitation for 30 min at 30 rpm and then vortexed at max velocity for 1 min. One
hundred microliters were transferred from each flask to a 100 mL serum flask and used
as inoculum in 10 mL of Bushnell–Haas broth (Difco) supplemented with 2% NaCl (v/v),
nutrients: N (added as KNO3 4.04 g L−1) and P (added as KH2PO4 1.08 g L−1), and 50 µL
of crude oil (Arabian light crude-oil, provided by an oil refinery). The flasks were kept
closed (to avoid contaminations), under constant agitation (100 rpm) favoring aerobic
condition, at room temperature for 15 days. After this enrichment phase, bacteria present
in the microbial culture were cultured in plate count agar (PCA) (Liofilchem, Roseto degli
Abruzzi, Italy). Different colonies were described morphologically and purified. Isolated
strains were then cryopreserved at −80 ◦C and biomass of each strain was also collected
for phylogenetic identification. Bacterial DNA was extracted from all isolates with the kit
E.Z.N.A. ® Bacterial DNA (Omega Bio-tek). DNA quantification was performed with the
kit Quant-it HsDNA in the Qubit fluorometer (Invitrogen). For phylogenetic identification,
the full-length of the bacterial 16S rRNA gene was amplified with the universal primers 27F
(5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492R (5′-TACGGYTACCTTGTTACGACTT-3′)
by Polymerase Chain Reaction (PCR).

The PCR mixture and PCR conditions were the same as Perdigão et al., 2021. Amplified
samples were run in a 1.5% agarose gel containing SYBR Safe (Thermo Fisher Scientific,
Waltham, MA, USA) and the resulting PCR products were sequenced at Genomics i3S
Scientific Platform (Porto, Portugal). 16S rRNA sequences obtained were analyzed using
the Geneious software (11.1.4) and the consensus sequences were identified using the NCBI
BLAST database (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 21 January 2021).
The 16S rRNA gene sequences of the identified bacterial strains were deposited in GenBank
(NCBI, Bethesda, MD, USA) under the accession numbers reported in Table 2.

2.5. Microcosm Bioremediation Experiment

Bacterial strains isolated from the L1 site were selected to assemble the Deep-Sea
Sediment Hydrocarbons-Degrading Bacterial consortium (HDB_L1_DSS) to be used in the
bioremediation experiment. For this, two inocula were prepared, one with petroleum and
another with sodium acetate, based on a previous growth optimization experiment [37].
For inoculum preparation, a mixture of the eight bacterial strains were added to 250 mL
sterilized glass flasks containing 20 mL BH medium supplemented with 2% NaCl, with an
OD600 nm of 1. Half of the flasks were supplemented with petroleum (P) as the carbon
source, in a 20:0.5 (v/v) ratio. The other half was supplemented with sodium acetate (A)
that was added every day for four days to the cultures at a final concentration of 1 g L−1.
For each carbon source, triplicate flasks were prepared and incubated closed for 4 days, at
28 ◦C, under constant agitation (100 rpm), favoring aerobic conditions. After this period,
the cultures were centrifuged and the whole resulting pellet was re-suspended in 1 mL
of natural seawater collected at Matosinhos beach (NW of Portugal), to create inoculum
pre-grown in acetate (EA) or in petroleum (EP).

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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The bioremediation experiments were carried out in 250-mL flasks containing 20 mL
of natural seawater and filtered crude oil added on a proportion of 20:0.5 (v/v). All the
flasks were kept in darkness with constant agitation (100 rpm) under aerobic condition,
at RT during 15 days. Four different treatments were tested: (i) natural attenuation (NA)
(seawater + petroleum); (ii) biostimulation (BS) (seawater + petroleum + N&P nutrients);
(iii) bioaugmentation (BAp) (seawater + petroleum + N&P nutrients + inoculum pre-grown
in petroleum (EP)) and (iv) bioaugmentation (BA/a) (seawater + petroleum + nutrients
+ inoculum pre-grown in sodium acetate (EA)). As stated before, both biostimulation
and bioaugmentation treatments were supplemented with nutrients, namely nitrogen (as
KNO3) (4.04 g L−1 and phosphorus (as KH2PO4) (1.08 g L−1, to avoid N and P limitations
and increase the metabolic activity. A defined percentage of N and P were calculated
relative to the total oil mass on a weight ratio (C/N/P of 100:10:1). Natural seawater
was selected as medium in the present experiment in order to simulate on lab-scale an oil
spill in a natural environment in which different microbial communities normally interact.
Natural attenuation was evaluated in flasks only with seawater and crude oil to estimate oil
degradation by indigenous populations. BS, BAa and BAp were compared with NA to test
the efficiency these bioremediation treatments. For natural attenuation (NA) treatment, six
flasks were prepared. Three of them were immediately retrieved and placed at−20 ◦C to be
considered T0 samples for later total petroleum hydrocarbons (TPHs) measurements. For
the remaining treatments (BS, Bap, and BAa) three replicates per treatment were prepared.
On the same day, triplicate most probable number method (MPN) tests in 96-well plates
for all treatments were made as described in Section 2.6. This analysis was repeated on the
last day of the bioremediation experiments (after 15 days). In addition, aliquots of both
bioaugmentation treatments were diluted (10−2 to 10−6) in saline solution (8.5 g L−1) and
spread in marine agar (MA), sea water agar (SW) and Bushnell-Haas (BH) as described
later. Afterwards, the remaining solutions were frozen at −20 ◦C to stop microbial growth
for later TPHs determination.

2.6. Abundance of Hydrocarbon-Degrading Bacteria

To assess the abundance of petroleum hydrocarbons degrading bacteria, a modified
MPN protocol [38] was prepared in 96-well plates for all the treatments (NA, BS, BAa, BAp).

Tenfold dilutions of the initial sample (20 µL) were inoculated in 180 µL of BH culture
medium for microbial bacterial growth, supplemented with 2% NaCl, and 10 µL of filter
sterilized crude oil (as the selective substrate for hydrocarbons degradation and the only
carbon source available for microorganisms). After a 15 day-incubation period at room
temperature, filtered iodonitrotetrazolium violet (INT) (3 g L−1) was added to each well
(50 µL per well). Positive wells were scored after 24 h incubation at room temperature. To
calculate MPN, a computer program was used (Mpncalc, Mike Curiale Calculator).

2.7. Determination of Total Petroleum Hydrocarbons (TPHs)

For TPHs measurements, an adaption of the optimized protocol described by
Couto et al. [39] was followed. For that, 5 mL of tetrachloroethylene (≥99% spectropho-
tometric grade, Sigma-Aldrich Steinhein, Germany) were added to each flask containing
a sample. An ultrasonic (Elma, Transsonic 460/H model) extraction was carried out for
15 min and left resting for 10 min. The organic extract was then transferred to a second
flask containing 0.3 g of hydrated (2%) silica gel (70–230 mesh, Macherey-Nagel), to re-
move non-mineral oil contaminants, and 1 g anhydrous sodium sulphate (Sigma-Aldrich).
A second 15 min ultrasonic extraction was done by adding 5 mL of tetrachloroethylene
to the initial flask containing the aqueous sample, followed by the same procedure. This
second organic extract was mixed with the one from the first extraction. The extracts were
then stirring for 10 min at 50 rpm (J.P Selecta, Unitronic-OR) and filtered through silanized
glass wool (Sigma-Aldrich) in disposable pipette tips. Filtered extracts were analysed
by Fourier transform infrared spectrophotometry (Jasco FT/IR-460 Plus) using a quartz
cell of 1 cm path length (Starna Scientific Ltd, Essex, England). Calibration standards in
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tetrachloroethylene were prepared using a stock standard solution of equal volumes of
isooctane (≥99% ACS spectrophotometric grade) and hexadecane (99%) solutions. TPHs
were quantified by direct comparison with the calibration curve. The mean and respective
standard deviation of three independent replicates per treatment was calculated. Results
were expressed as percentage of degradation, considering TPHs measured in T0 samples
and samples collected at the end of the experiment.

2.8. Isolation and Identification of Bacterial Strains of Microcosms’ Experiment

For both bioaugmentation (BAa and BAp) treatments tested in the bioremediation
experiment, a combined sample of the respective triplicates was taken, ten-fold diluted
in sterile saline solution (0.85%) and spread out onto three different agar media (MA,
SW, and BH) to provide different nutritional conditions and to try to recover the bac-
terial strains used as inocula. Per litre, agar media were prepared with the following:
MA with marine agar (55.2 g L−1) (Pronadisa); SW with 10 g soluble starch (Biochem
Chemopharma), 4 g yeast extract (Liofilchem), 2 g peptone (Sigma-Aldrich), 33.3 g artificial
sea salts (Sigma-Aldrich), 20 g agar (Liofilchem); BH with 3.27 g Bushnell-Haas broth
(Difco™), 1 g sodium acetate anhydrous 99% (Alfa Aesar ®), 17.5 g agar (Liofilchem),
20 g NaCl (EMSURE ®). After 3–4 days of incubation at 28 ◦C, morphologically different
colonies were described and purified. Isolated strains were then preserved in 21% glycerol
at −80 C and biomass of each strain was also collected for DNA extraction. The 16S rRNA
gene sequences of the bacterial identified strains were deposited in GenBank (Table 2).

2.9. Statistical Analysis and Data Visualization

Mean values (n = 3) and respective standard deviations of MPN and TPHs concen-
trations were determined per treatment. Significant relationships were considered when
p values were below 0.05 (wilcoxon test p value). BarPlots were obtained in the R environ-
ment (version 3.2.2. Copyright 2015 The R Foundation for Statistical Computing), using
base R and the “ggplot2” package.

Venn diagrams were prepared as described by Bardou et al. [40] to describe the
distribution of the low abundant/rare taxa (with abundance <1%) in the DSS environmen-
tal community.

Phylogenetic tree of the isolated strains was made in order to complement the taxo-
nomic studies. For this, an alignment was performed using the MUSCLE of the Geneious
software with all the sequences and their three closest neighbor sequences in GenBank.
The MEGA X: Molecular Evolutionary Genetics Analysis software was used to generate
a Maximum Likelihood phylogenetic tree of 1412 bp with 1000 bootstraps based on the
Tamura-Nei model [41]. The annotation and management of phylogenomic trees was
performed by using iTOL v5 (http://itol.embl.de, accessed on 20 May 2021).

3. Results
3.1. Characterization of Deep Sediment Prokaryotic Community

A total of 239,407 sequences of 16S rRNA gene were generated from the four DSS
samples processed by the NGS analysis pipeline at the SILVA rRNA gene database project.
Of these, 22,393 reads (c.a 9.3% of the total dataset) were rejected at the initial quality
filtering step. In all 214,415 reads (98.56% of the total dataset) were classified and the
remaining 2599 reads (c.a 1.08% of the total dataset) with percentage similarity to the
closest relative below 93 in BLAST analysis were classified as ‘No relative’ reads (without
any close relatives) (Table S1).

All sequence libraries were quite far from saturation as shown by the rarefaction curves
and good coverage indicating that a higher number of sequences is apparently required to
cover the whole community diversity. Shannon diversity indices were very similar among
the four samples (between 4.38 and 4.53), as well as Simpson’s evenness (average value
0.025); while chao indexes identified L3 as the sample with the highest diversity, in which
was also recorded the highest number of OTUs and singletons (Figure S2).

http://itol.embl.de
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Taxonomic profile of the DSS prokaryotic community was performed at different taxo-
nomic levels. Examining the relative abundance at the phylum level of the DSS community
(Figure 1), all four samples were dominated by Proteobacteria (34.4 ± 3.5%). The second
major phylum recorded in all the four samples was Planctomycetes (13.2 ± 5%), followed
by Acidobacteria (12.3 ± 3.2%) and Thaumarchaeota (11.3 ± 2.2%). Lower percentages
were found in Actinobacteria (3.6 ± 1.2%) and Firmicutes (3.5 ± 3.2%). Relatively to class
level, five classes represented more than 50% of those with abundance >1%. Three of those
classes belong to the Proteobacteria phylum (classes Gammaproteobacteria, Alphapro-
teobacteria and Deltaproteobacteria). Within the Proteobacteria, the Gamma class was the
most abundant (17.5 ± 2.5% of total community), followed by the Alpha (10.4 ± 0.5%),
and Delta (7.2 ± 1%) classes. The other two classes belong to Thaumarchaeota (class
Nitrososphaeria (11.4 ± 2.2%) and to Planctomycetacia (Planctomycetes 6.2. ± 5.7%).

Figure 1. Relative abundance of prokaryotic phyla in deep-sea samples detected by NGS. Other <1%
groups the phyla with abundance lower than 1%; Unassigned_No_Relative: groups the phyla without
any close relatives.

When the analysis was made at lowest taxonomic level, the abundance of the top
15 taxa detected across the samples, represented around 40% of the community with abun-
dance >1% (Figure S3). The average total number of taxa per sample was 653 ± 110, with
the higher number detected in L3 (693) and the lowest in L2 (467). The most abundant
taxon at lowest taxonomic level belongs to the Nitrosopumilaceae (average 9.1 ± 4.3%),
followed by the Subgroup 10 (average 5.0 ± 3.8%) within the Thermoanaerobaculale, the
NB1-j within the Deltaproteobacteria, Woeseia within the Gammaproteobacteria, Kiloniel-
laceae uncultured within Rhodovibrionales, Candidatus Nitrosopumilus genus within
Nitrosopumilaceae family.

When we look at the microbial community at lowest level, we observed that it was
represented by 96% of “low abundant” taxa with relative abundance below 1% (Figure S4)
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(2434 total taxa with an abundance <1% (L1 = 658, L2 = 443, L3 = 672, L4 = 661)/2530 total
taxa (L1 = 682, L2 = 467, L3 = 698, L4 = 683)).

Zooming in this minor microbial population composed by taxa with lower abundance
than 1% (Figure 2), we found that 245 (around 10%) of the low abundant taxa were common
in all samples. The 245 common taxa included 4 of the 6 genera constituting HDB_L1_DSS
isolated in this study after the enrichment process in the culture dependent analyses
(see following result Section 3.2): Pseudomonas sp., Acinetobacter sp., Microbacterium sp.,
Achromobacter sp. (Figure 2), while the other two genera constituting the HDB_L1_DSS
consortium were detected just in L1 and in two environmental samples (Rheinheimera sp.
just in L1 with 0.03% and Sphingobium sp. in L1/L3 with 0.3% of relative abundance).

Figure 2. Venn diagram showing the low abundant microbial community detected in the four deep-
sea sediment samples highlighting those detected in all samples. Percentage values correspond to
the average abundance of the genera in the 4 samples. The bar plot represents the number of low
abundance taxa within each site.

3.2. Taxonomic Identification of the Isolated Strains

A total of 26 different bacterial strains were isolated from sediments of all sampling
sites (L1–L2–L3–L4) and were identified using 16S rRNA gene sequence analysis. The
sequences obtained were compared with the ones present in the NCBI database: 8 from
L1, 5 from L2, 4 from L3, and 10 from L4 (see Table 2 for detailed description). The eight
isolates from L1 were identified as Achromobacter sp., Pseudomonas sp., Pseudomonas balearica,
Rheinheimera aquimaris and Microbacterium testaceum, Acinetobacter sp. and a Sphingobium
sp. Among the four locations, L1 recorded the higher bacteria diversity (from this site
have been recovered a total of 8 bacteria strains, four of them identified at species level,
that belong to 6 different genera). For this reason, L1 isolates were selected to produce the
HDB_L1_DSS to be used in the bioremediation experiments.
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Table 2. Phylogenetic identification of bacterial strains recovered from all the four sample sites (L1, L2, L3, L4) and
of the bacteria strains isolated at the end of the microcosms bioremediation experiment for the different treatments:
bioaugmentation with inoculum pre-grown in petroleum (were named as BPM) and bioaugmentation with inoculum
pre-grown in acetate (were named as BAM). DSH= Deep-Sea Hydrocarbon degraders (internal experiment code).

Isolate Closest Identification * Similarity (%) Sequence
Length (bp)

GenBank Acession
Number

L1

DSH 1 Achromobacter sp. 100 1384 MN960488
DSH 2 Sphingobium sp. 99.71 1355 MN960489
DSH 4 Achromobacter sp. 99.93 1377 MN960490
DSH 5 Pseudomonas sp. 100 1386 MN960491
DSH 6 Rheinheimera aquimaris 99.72 1406 MN960492
DSH 7 Acinetobacter venetianus 99.86 1397 MN960493
DSH 8 Pseudomonas balearica 99.64 1401 MN960494
DSH 9 Microbacterium testaceum 100 1362 MN960495

L2

DSH 11 Pseudomonas balearica 99.86 1399 MN960496
DSH 12 Pseudomonas sp. 100 1367 MN960497
DSH 13 Pseudomonas sp. 99.71 1402 MN960498
DSH 16 Pseudomonas sp. 100 1402 MN960499
DSH 19 Pseudomonas sp. 99.93 1402 MN960500

L3

DSH 20 Pseudomonas pseudoalcaligenes 99.86 1402 MN960501
DSH 21 Pseudomonas zhaodongensis 99.93 1400 MN960502
DSH 22 Microbacterium testaceum 99.35 1378 MN960503

L4

DSH 26 Agrobacterium sp. 100 1350 MN960504
DSH 27 Microbacterium testaceum 99.93 1386 MN960505
DSH 30 Pseudomonas sp. 99.79 1402 MN960506
DSH 31 Pseudomonas sp. 100 1400 MN960507
DSH 32 Sphingobium sp. 99.78 1353 MN960508
DSH 33 Pseudomonas sp. 99.86 1398 MN960509
DSH 34 Staphylococcus hominis subsp. novobiosepticus 99.93 1422 MN960510
DSH 35 Achromobacter sp. 100 1396 MN960511
DSH 36 Achromobacter sp. 99.93 1384 MN960512
DSH 38 Pseudomonas sp. 99.93 1402 MN960513
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BAM 1 Pseudomonas sp. 99.93 1397 MZ352111
BAM 2 Acinetobacter sp. 99.93 1390 MZ352118
BAM 3 Microbacterium testaceum 99.86 1382 MZ352120
BAM 4 Leeuwenhoekiella marinoflava 99.57 1385 MZ352121
BAM 7 Pseudomonas sp. 99.93 1403 MZ352122
BAM 8 Rhodobacteraceae 100 1323 MZ352123

BAM 12 Microbacterium testaceum 99.78 1391 MZ352112
BAM 13 Acinetobacter sp. 99.93 1389 MZ352113
BAM 15 Achromobacter sp. 99.93 1391 MZ352114
BAM 16 Sulfitobacter sp. 99.95 1331 MZ352115
BAM 17 Pseudomonas sp. 99.93 1403 MZ352116
BAM 18 Pseudomonas balearica 99.93 1403 MZ352117
BAM 23 Pseudomonas sp. 99.93 1391 MZ352119
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BPM 1 Achromobacter sp. 100 1380 MZ352124
BPM 2 Microbacterium testaceum 99.85 1377 MZ352131
BPM 3 Aquicoccus sp. 96.97 1321 MZ352132
BPM 4 Frondibacter sp. 95.71 1375 MZ352133
BPM 6 Pseudomonas sp. 100 1394 MZ352134
BPM 7 Pseudomonas sp. 100 1396 MZ352135
BPM 8 Microbacterium testaceum 99.93 1377 MZ352136
BPM 9 Acinetobacter sp. 99.93 1399 MZ352137
BPM 10 Rhodobacteraceae 100 1329 MZ352125
BPM 11 Achromobacter sp. 99.31 1394 MZ352126
BPM 12 Microbacterium testaceum 99.93 1384 MZ352127
BPM 13 Pseudooceanicola marinus 99.92 1328 MZ352128
BPM 14 Acinetobacter sp. 99.93 1402 MZ352129
BPM 15 Acinetobacter sp. 99.93 1403 MZ352130

* According to Nucleotide collection (nr/nt) database from NCBI BLAST.

Evolutionary relationships of the isolated strains can be observed in the 16S rRNA
gene phylogenetic tree indicated in Figure 3. Different bioremediation treatments and
culture media used for the isolation of hydrocarbon degrading microorganisms seem to
have selected several strains belonging to ten different families, with the largest fraction of
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the strains belonging to the genus Pseudomonas. The phylogenetic analysis of the isolates
attributed to the families Rhodobacteraceae and Flavobacteriaceae showed that the BPM3
and BPM4 strains formed a separate branch in the phylogenetic tree (Figure 3). The
BPM3 and BPM4 strains belong to the Aquicoccus and Frondibacter genera, respectively, and
present a similarity percentage of 96.97% and 95.71% with their closest neighbors of the
GenBank (Aquicoccus porphyridii strain L1 8–17 for BPM3 and Frondibacter mangrovi strain
02OK1/10-76 for BPM 4) database. With these results, these strains can constitute a new
taxon considering that the similarity limit for a new species is 98.7% [42].

Tree scale: 0.1
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Figure 3. Phylogenetic tree (16S rRNA gene) of strains isolated. Maximum Likelihood analysis was performed in MEGA
7 with 53 strains and their GenBank nearest neighbours. The tree was generated using 1412 bp and 1000 bootstraps.
Bootstrap values (%) are represented on tree branches (values below 60% have not been displayed). Numbers in parenthesis
correspond to GenBank accession numbers.

3.3. Microcosm Bioremediation Experiment

In the microcosm experiment, the three bioremediation treatments, BS, BAp and BAa,
were compared with natural attenuation (NA). Photos were taken for each treatment at the
beginning and end of the experiment (after 15 days). Visual inspection of all flasks in the
first day (T0) of the experiment showed a clear separation between the oil slick and the
medium for the 4 treatments. At the end of the experiment (T15), it is easily noticeable that
crude oil degradation occurred in all treatments except in the natural attenuation (NA),
along with an increase in turbidity and petroleum’s droplets formed at the bottom and
petroleum’s dispersion on the surface. These visual characteristics were more evident in
BAp and BAa, suggesting a faster pace of biodegradation, which might be due to a higher
microbial abundance since the beginning of the experiment (Figure 4c,d). This was also
observed in the BS treatment even though it was less perceptible (Figure 4b).
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Figure 4. Visual inspection of oil degradation in the beginning (T0) and end (T15) of the bioremediation experiments in
controlled laboratory conditions. The four treatments are natural attenuation (a), biostimulation (b), bioaugmentation with
inoculum pre-grown in petroleum (c) and bioaugmentation with inoculum pre-grown in acetate (d).

Abundance of hydrocarbon degrading microorganisms was estimated at the beginning
and at the end of the experiment. Results (Figure 5) showed that at the beginning of the
experiment (T0) MPN results were below the detection limits for both natural attenuation
(NA) and biostimulation. After 15 days of the experience, the abundance of hydrocarbon
degraders increased, in agreement with the results observed by visual inspection of the
flasks, confirming the microbial community had bioremediation potential and used crude
oil as carbon source for growth. These results were much higher in the bioaugmentation
(BAp and BAa) treatments, followed by biostimulation treatment, when compared with
natural attenuation. However, MPN results indicate that the abundance of hydrocarbon
degraders was already high in the first day of the experiment in the bioaugmentation
(BAp and BAa MPN/mL >107) treatments, as observed by the saturation of the MPN
methodology, so no difference could be truly noticed in these between the first and last
days of the experiment. On the contrary, for N and BS treatments, results show an increase
in the abundance of degraders during the 15 days of experiment.
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Figure 5. Hydrocarbon-degrading microorganisms estimated by most probable number (log10 MPN,
mean and standard deviation, n = 3) of the bioremediation experiments. MPN tests were carried out
at the first (T0) and last (T15) days of the experiments. * Methodological saturation. NA: natural
attenuation; BS: biostimulation; BAp: bioaugmentation with inoculum pre-grown in petroleum; BAa:
bioaugmentation with inoculum pre-grown in acetate.
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Hydrocarbon degradation was estimated by comparing TPH concentrations at the
beginning (T0) and at the end (T15) of the experiment. No significant differences were ob-
served between treatments (Figure 6) although a tendency was observed for lower degrada-
tion in natural attenuation (18%), followed by biostimulation treatment (21%). The bioaug-
mentation with inoculum pre-grown in petroleum and bioaugmentation with inoculum
pre-grown in acetate displayed the higher degradation rates, 23% and 30%, respectively.

Figure 6. Total Petroleum Hydrocarbon degradation observed at the end of the 15-day experiment
(mean and standard deviation, n = 3). T15 + NA: natural attenuation; T15 + BS: biostimulation;
T15 + BAp: bioaugmentation with inoculum pre-grown in petroleum; T15 + BAa: bioaugmentation
with inoculum pre-grown in acetate.

3.4. Recover of Microorganisms from Microcosm Experiments

At the end of the microcosm experiment, samples of both bioaugmentation treatments
(BAp and BAa) were spread in SW, MA, and BH media (in several dilutions 10−2 to 10−6)
to understand which of the isolates used to assemble the HDB_L1_DSS were recovered at
the end of the experiment. A total of 27 morphologically different strains were identified
(Table 2). Not all the strains used to assemble the bioaugmentation consortium were
recovered at the end of the bioremediation experiments. Beside the strains added in
the initial HDB_L1_DSS consortium, other microorganisms were also recovered at the
end of the experiment, which might have been originated from the seawater (collected
at Matosinhos beach, Porto) used to assemble the microcosms, as they are described as
marine bacteria.

4. Discussion

In this work, we were able to assemble a bacterial consortium (HDB_L1_DSS) with
bacterial strains isolated from deep-sea sediment with potential for degrading petroleum
hydrocarbons. This consortium was applied in a microcosm experiment with natural
seawater and petroleum, in order to simulate an oil spill. Our results aim to contribute for
the study of deep-sea microbial resources and for their exploitation in bioremediation of
petroleum hydrocarbon polluted environments.

Culture-independent approach was first adopted here to provide a baseline char-
acterization of the microbial community residing in our four deep-sea sediments. NGS
helped in shedding light on a great diversity of low abundant taxa, otherwise not reachable
using culture dependent methods. The metabarcoding analysis of our four DSS envi-
ronmental samples showed a similar microbial community composition, identifying a
shared core structure, mainly composed of 4 phyla: Proteobacteria, Planctomycetes, Aci-
dobacteria and Thaumarchaeota. Previous NGS studies focused on DSS, and reported that
the abundance of these phyla can fluctuate depending on depth, organic carbon content,
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and geography [43,44]. The most abundant classes found in our environmental samples,
Gammaproteobacteria and Alphaproteobacteria were also highlighted as the most repre-
sentative in other surveys focused on deep cold marine sediments [16,45]. Different genera
belonging to these classes were already described as key players in the biodegradation
of oil compounds in DSS [23], indicating a potential for petroleum bioremediation of the
microbial community of our sediments. A lower taxonomic characterization showed that
the dominant group detected in the four environmental samples belongs to the family of
Nitrosopumilaceae (within the phylum of Thaumarcheota and the order Nitrosopumilales)
that has an important role as primary producers through ammonia oxidation [46]. Thau-
marcheota group is ubiquitously distributed in deep-sea sediments, being particularly well
adapted to the harsh and oligotrophic conditions that dominate these environments. It is
interesting to highlight that some Thaumarchaeota were also described as degraders of
low oil concentrations, but high hydrocarbons intrusions caused their disappearing in the
contaminated environment since they can be rapidly outcompeted by other oil-degrading
bacteria [47]. However, the role of Thaumarchaeota in oil degradation still remains poorly
understood, since no direct evidence with cultured strains exists yet, and research on this
topic is needed.

Despite the similar values of Shannon and Simpson’s evenness indices supported a
general pattern of community heterogeneity among our DSS sample, rarefaction curves
and Chao index point out a higher richness in the L3 sample. This result may be related
with the different sediment nature of L3 that was collected through suction of the surface
of the other 3 samples site. L3 may act as a sediment trap, therefore containing more
substratum and harboring more OTUs than the other sites. Moreover, higher values of
Chao index in L3 could be explained by the higher weight that Chao richness estimator
gives to the low abundance species (singletons and doubletons) that were more abundant
in L3 in comparison with the other sediment samples. Generally speaking, Chao represents
an accurate richness estimator used to estimate the number of missing species that could be
applied when, as in our dataset, there are many “undetectable or invisible” low abundant
species, that prevent the attainment of a statistically accurate richness estimation [48,49].
Actually, our NGS dataset is mainly composed of a big tail of low abundance taxa known
as “Rare Biosphere” (here the term “rare” is based on arbitrary cutoffs in abundance of <1%
of the total community) that represent more than 96% of the microbial community found in
the deep-sea sediments (Figure S4). Recent studies on microbial rare biosphere described
the mechanism of “conditionally rare taxa” (CRT): microorganisms usually rare within a
community that can occasionally become abundant in response to drastic environmental
stress [50]. An oil spill could be a stressor, and so these microorganisms might become more
abundant in the presence of high concentrations of oil [15,51,52]. Given this possibility,
we explored deeper the low abundant population of our NGS dataset and found in L1 all
the 6 Hydrocarbons-Degrading (HD) genera we have isolated after an enrichment with
petroleum. This result supported the hypothesis that these 6 HD taxa, with the ability
to degrade hydrocarbons, isolated from L1 pristine samples, could belong to a dormant
pool of CRT that only bloomed in response to petroleum contamination, displaying their
bioremediation potential. This interesting finding confirms the relevance of the culture-
dependent approach here also applied to identify bacteria with the ability to utilize crude
oil as the sole carbon source.

After microbial characterization and isolation of bacterial strains with potential to
degrade petroleum, a lab-scale bioremediation experiment was designed to investigate
the potential of these strains when assembled in a consortium, to degrade petroleum
hydrocarbons in a natural environment. Initially, two different carbon sources, petroleum
and sodium acetate, were tested to compare their efficiency to produce high consortium
biomass. Being a simple carbon source, sodium acetate is rapidly uptake by most bacteria
and had been already tested in previous biodegradation experiments [37]. Our results
showed that the HDB_DSS_L1 bacterial consortium grown on sodium acetate was able to
survive and grow in petroleum in the bioaugmentation treatment. This finding showed the



Microorganisms 2021, 9, 2389 14 of 19

efficiency of sodium acetate as a non-hazardous alternative to petroleum to grow biomass
for application in bioremediation strategies.

Data from hydrocarbon degraders abundance, obtained by MPN, indicated that
both biostimulation and bioaugmentation treatments (either with inoculum pre-grown in
sodium acetate or in petroleum) can be highly efficient. Biostimulation showed an increase
in the abundance of degrading bacteria between the beginning (T0) and the end (T15) of the
experiment, while for bioaugmentation high abundance of degraders was observed since
the beginning of the experiment due to the addition of the microbial consortia. Moreover,
for each treatment, we evaluated the ability of the microbial consortium for utilizing the
crude oil as carbon source through TPH analyses. We found the lowest hydrocarbons
degradation in natural attenuation (18%), followed by biostimulation treatment (21%),
bioaugmentation with inoculum pre-grown in petroleum treatment (23%), and bioaugmen-
tation with inoculum pre-grown in acetate treatment (30%). The same trend for higher
degradation in the BAa (bioaugmentation treatment with inoculum pre-grown in sodium
acetate), when compared to BAp (bioaugmentation treatments with inoculum pre-grown
petroleum), has been observed in a previous study [37], indicating that this result was
associated with the higher bacterial biomass growth obtained in the presence of acetate
compared with petroleum.

In the present work, we obtained relatively low degradation rates of hydrocarbons
compared with other studies that tested the hydrocarbon degradation potential of consortia
obtained from coastal sediments [53–55]. Nevertheless, different factors that affect hydro-
carbon degradation rates should be considered when making this comparison. Among
them are the diversity of the experimental conditions, the different composition and con-
centration of hydrocarbons used in the experiments, previous exposure to hydrocarbons
sources, and the origin of the microbial consortia. Tyagi et al. [12] reported that inadequate
bioavailability of the hydrocarbons, due to low water solubility, can be a limiting step
in biodegradation. Higher degradation could be obtained, for instance, by combining
biostimulation, bioaugmentation and biosurfactant addition, as the later could help mi-
croorganisms to access hydrocarbon compounds, ensuring relatively faster degradation
rates [56]. Bento et al. [54] compared natural attenuation, biostimulation and bioaug-
mentation, concluding that the best approach for bioremediation of diesel oil was the
bioaugmentation performed by inoculating microorganisms pre-selected from a contami-
nated site. Indeed, prior exposure of the inoculum to the pollutant caused an adaptation of
the microorganisms to utilize the hydrocarbons as carbon and energy sources, shortening
the lag phase and accelerating the beginning of the exponential phase [57]. Furthermore,
Potts et al. [58] in a recent work reported differences in hydrocarbons removal between
shallow and deep sediment consortia (50–58% and 33–42%, respectively), highlighting the
role of consortium origin.

To the best of our knowledge, the most of the bioremediation studies on deep-sea en-
vironment investigated the hydrocarbon degradation potential of water column microbial
consortia [59,60], fewer also studying deep-sea sediment consortia [25,43,61,62]. However,
the latter researchers described bioremediation experiments in microcosms assembled with
sterilized culture media. In this context, the present research aims to bring novelty in
deep-sea oil spill bioremediation, testing a DSS_HD bacterial consortium in microcosm
experiment assembled with natural seawater instead of sterilized media. This condition
contributes to mimic a realistic oil spill scenario in which microbial interactions (competi-
tion or cooperation) between natural seawater community and added bacteria may occur,
possibly interfering with the biodegradation process.

The identification of the recovered bacterial strains at the end of the bioremediation
experiment showed that most of the bacterial strains used to prepare the bioaugmentation
consortium, inoculated in BAa and BAp, were able to survive, grow, and use petroleum as
carbon source in a naturally competitive environment. This finding highlights their poten-
tial for future application in bioremediation treatments. Indeed, 6 out of the 8 strains used
in the assembled HDB_L1_DSS consortium were recovered at the end of the experiments.
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The three genera Achromobacter, Acinetobacter, and Pseudomonas have been previously re-
ported as the most important hydrocarbon-degrading taxon in soil by producing alkane
hydroxylases [63]. On the contrary, there are no references relating to hydrocarbons degra-
dation in Microbacterium testaceum. Yao et al. [64] isolated M. testaceum from an extremely
phosphate-poor lake and showed that its macromolecular composition can be altered,
allowing its growth in extremely phosphorus-deficient environments, revealing substrate
specialization. In the present study, it was possible that isolate M. testaceum used crude
oil as the only carbon source, bringing a new insight into this species. Two of the bacterial
strains of the assembled consortia were not recovered at the end of the experiment. One
of them was Sphingobium sp., an already known PAH-degrading genus, isolated from
different marine environments including DSS, as reported in Louvado et al. [16]. The
other strain was Rheinheimera aquimaris, which was first described as a marine bacterial
strain by Yoon et al. [65]. Few reports about this strain and its characteristics have been
published [66], and its features seem to have no association with the biodegradation of
petroleum hydrocarbons, although the genus Rheinheimera is known as hydrocarbons
degrader [67].

Apart from the bacterial strains of the assembled HDB_L1_DSS consortium, five
additional strains were recovered at the end of the experiment. These may have originated
from the seawater (collected at the shore) used in the bioremediation experiments. One of
those strains, Leeuwenhoekiella marinoflava, previously classified as Cytophaga marinoflava,
is a halotolerant marine bacterium already isolated from seawater [68]. Members of
the Cytophaga genus have previously been described as being able to consume crude
oil hydrocarbons and were detected in soils heavily contaminated with PAHs [69]. In
addition, the Rhodobacteraceae family includes the Sulfitobacter genus that often lives in
marine environments and may be involved in the biodegradation of chemically dispersed
oil [45]. From the same family, the marine genus Aquicoccus is represented by only one
species, Aquicoccus porphyridii. Strain BPM3, isolated during the microcosm experiment is
correlated with this genus but may represent a new taxon as it has a similarity percentage
lower than 97.80% with A. porphyridii, its closest type strain [70]. The genus Frondibacter,
belonging to the Flavobacteriaceae family, is constituted only by two species of marine
bacteria Frondibacter aureus and Frondibacter mangrovi. The BPM 4 strain is associated with
this genus; however, it may also represent a new taxonomy as it only has a similarity
percentage of 95.71% with the closest type strain [65]. None of the last two genera has been
yet associated with hydrocarbons bioremediation. However, more studies are needed to
understand whether these strains are able or not to degrade hydrocarbons or if they only
tolerate this type of compounds. Furthermore, it would be important to continue studying
these strains to validate their taxonomic identification, since new phylogenies favor the
discovery of new metabolic pathways.

So, our bioremediation experiment clearly allowed to show the potential of natural
microbial communities present in deep sea sediment for bioremediation applications,
indicating that they can interact and survive in natural media contaminated with petroleum.

5. Conclusions

The present study contributes to bring novelty about deep-sea oil spill bioremediation,
testing a DSS_HD bacterial consortium in a microcosm experiment assembled with natural
seawater and petroleum, in order to simulate an oil spill at lab-scale in a semi-realistic
scenario. Bioaugmentation treatments with inoculum pre-grown either in sodium acetate
or petroleum increased hydrocarbons degradation comparatively to natural attenuation,
demonstrating the potential of these bioremediation strategies for the removal of hydro-
carbon from contaminated sites. High throughput sequencing reveals to be a precious
tool that allowed the detection of low abundant genera, i.e., microbial community with an
abundance <1%, with hydrocarbon degradation potential in pristine samples. They belong
to a long tail of rare taxa that may serve as a microbial seed-bank, which may increase in
relative abundance and become active in response to environmental perturbations such as
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an oil spill. Our results contribute to highlight the bioremediation potential of these low
abundance genera harbored in deep marine environments. However, further investigations
on the ecological role and functional profile of the DSS rare biosphere will provide new
insights into its biotechnological potential.
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0.3390/microorganisms9112389/s1, Figure S1: Workflow., Figure S2: Alpha diversity. Figure S3: top
15 genera detected in DSS prokaryotic community. Figure S4. Percentage of taxa detected in Deep-sea
sediment community. Table S1: Summary statistics of 16S rRNA gene amplicon sequencing.

Author Contributions: Conceptualization, M.P.T., M.A., M.d.F.C. and A.P.M.; sampling, M.C.; analy-
sis and investigation, M.A., F.S., M.P.T., I.R., M.C., C.M.R.A., M.d.F.C. and A.P.M.; resources, C.M.R.A.,
M.d.F.C. and A.P.M.; writing—original draft preparation, M.A. and M.P.T.; project administration,
A.P.M.; funding acquisition, C.M.R.A., M.d.F.C. and A.P.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was partially supported by the project BIOREM—Bioremediation of hydrocar-
bon pollutants by autochthonous microorganisms in aquatic environment, PTDC/BTA-GES/32186/
2017 and POCI-01-0145-FEDER-032186, supported by Fundo Europeu de Desenvolvimento Regional
through COMPETE2020—Programa Operacional de Competitividade e Internacionalização (POCI)
and FCT/MCTES; by national funds through FCT—Foundation for Science and Technology within
the scope of UIDB/04423/2020 and UIDP/04423/2020.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in article.

Acknowledgments: We thank Ricardo Capela the oceanographic campaign EMPC/PEPC/LUSO2016
organized by the Portuguese Task Group for the Extension of the Continental Shelf. We thank the
Campaign scientific chief Pedro Madureira and all the participants, scientists and ROV LUSO pilots
who worked during the campaign, and also to the crew of the NRP “Almirante Gago Coutinho” from
the Portuguese Navy. “ACTINODEEPSEA project (PTDC/BIA-MIC/31045/2017 and POCI-01-0145-
FEDER-031045) co-financed by COMPETE 2020, Portugal 2020, ERDF and FCT”.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Atlas, R.M.; Hazen, T.C. Oil biodegradation and bioremediation: A tale of the two worst spills in U.S. history. Environ. Sci. Technol.

2011, 45, 6709–6715. [CrossRef]
2. Head, I.M.; Jones, D.M.; Röling, W.F.M. Marine microorganisms make a meal of oil. Nat. Rev. Microbiol. 2006, 4, 173–182.

[CrossRef] [PubMed]
3. Cappello, S.; Genovese, M.; Denaro, R.; Santisi, S.; Volta, A.; Bonsignore, M.; Mancini, G.; Giuliano, L.; Genovese, L.; Yakimov,

M.M. Quick stimulation of Alcanivorax sp. By bioemulsificant EPS2003 on microcosm oil spill simulation. Braz. J. Microbiol. 2014,
45, 1317–1323. [CrossRef] [PubMed]

4. Santisi, S.; Catalfamo, M.; Bonsignore, M.; Gentile, G.; Di Salvo, E.; Genovese, M.; Mahjoubi, M.; Cherif, A.; Mancini, G.;
Hassanshahian, M.; et al. Biodegradation ability of two selected microbial autochthonous consortia from a chronically polluted
marine coastal area (Priolo Gargallo, Italy). J. Appl. Microbiol. 2019, 127, 618–629. [CrossRef]

5. Head, I.M.; Jones, D.M.; Larter, S.R. Biological activity in the deep subsurface and the origin of heavy oil. Nature 2003, 426,
344–352. [CrossRef]

6. Yap, H.S.; Zakaria, N.N.; Zulkharnain, A.; Sabri, S.; Gomez-Fuentes, C.; Ahmad, S.A. Bibliometric analysis of hydrocarbon
bioremediation in cold regions and a review on enhanced soil bioremediation. Biology 2021, 10, 354. [CrossRef]

7. Almeida, C.M.R.; Reis, I.; Couto, M.N.; Bordalo, A.A.; Mucha, A.P. Potential of the microbial community present in an unimpacted
beach sediment to remediate petroleum hydrocarbons. Environ. Sci. Pollut. Res. 2013, 20, 3176–3184. [CrossRef]

8. Omokhagbor Adams, G.; Tawari Fufeyin, P.; Eruke Okoro, S.; Ehinomen, I. Bioremediation, Biostimulation and Bioaugmention:
A Review. Int. J. Environ. Bioremediat. Biodegrad. 2015, 3, 28–39. [CrossRef]

9. Hosokawa, R.; Nagai, M.; Morikawa, M.; Okuyama, H. Autochthonous bioaugmentation and its possible application to oil spills.
World J. Microbiol. Biotechnol. 2009, 25, 1519–1528. [CrossRef]

10. Dell’Anno, F.; Rastelli, E.; Tangherlini, M.; Corinaldesi, C.; Sansone, C.; Brunet, C.; Balzano, S.; Ianora, A.; Musco, L.; Montereali,
M.R.; et al. Highly Contaminated Marine Sediments Can Host Rare Bacterial Taxa Potentially Useful for Bioremediation. Front.
Microbiol. 2021, 12, 1–15. [CrossRef]

https://www.mdpi.com/article/10.3390/microorganisms9112389/s1
https://www.mdpi.com/article/10.3390/microorganisms9112389/s1
http://doi.org/10.1021/es2013227
http://doi.org/10.1038/nrmicro1348
http://www.ncbi.nlm.nih.gov/pubmed/16489346
http://doi.org/10.1590/S1517-83822014000400023
http://www.ncbi.nlm.nih.gov/pubmed/25763036
http://doi.org/10.1111/jam.14246
http://doi.org/10.1038/nature02134
http://doi.org/10.3390/biology10050354
http://doi.org/10.1007/s11356-012-1240-2
http://doi.org/10.12691/ijebb-3-1-5
http://doi.org/10.1007/s11274-009-0044-0
http://doi.org/10.3389/fmicb.2021.584850


Microorganisms 2021, 9, 2389 17 of 19

11. Dueholm, M.S.; Marques, I.G.; Karst, S.M.; D’Imperio, S.; Tale, V.P.; Lewis, D.; Nielsen, P.H.; Nielsen, J.L. Survival and activity of
individual bioaugmentation strains. Bioresour. Technol. 2015, 186, 192–199. [CrossRef]

12. Tyagi, M.; da Fonseca, M.M.R.; de Carvalho, C.C.C.R. Bioaugmentation and biostimulation strategies to improve the effectiveness
of bioremediation processes. Biodegradation 2011, 22, 231–241. [CrossRef] [PubMed]

13. Rocchetti, L.; Beolchini, F.; Hallberg, K.B.; Johnson, D.B.; Dell’Anno, A. Effects of prokaryotic diversity changes on hydrocarbon
degradation rates and metal partitioning during bioremediation of contaminated anoxic marine sediments. Mar. Pollut. Bull.
2012, 64, 1688–1698. [CrossRef]

14. Dell’Anno, A.; Beolchini, F.; Rocchetti, L.; Luna, G.M.; Danovaro, R. High bacterial biodiversity increases degradation performance
of hydrocarbons during bioremediation of contaminated harbor marine sediments. Environ. Pollut. 2012, 167, 85–92. [CrossRef]

15. Sogin, M.L.; Morrison, H.G.; Huber, J.A.; Welch, D.M.; Huse, S.M.; Neal, P.R.; Arrieta, J.M.; Herndl, G.J. Microbial diversity in the
deep sea and the underexplored “rare biosphere”. Proc. Natl. Acad. Sci. USA 2006, 103, 12115–12120. [CrossRef] [PubMed]

16. Louvado, A.; Gomes, N.C.M.; Simões, M.M.Q.; Almeida, A.; Cleary, D.F.R.; Cunha, A. Polycyclic aromatic hydrocarbons in deep
sea sediments: Microbe-pollutant interactions in a remote environment. Sci. Total Environ. 2015, 526, 312–328. [CrossRef]

17. Kostka, J.E.; Prakash, O.; Overholt, W.A.; Green, S.J.; Freyer, G.; Canion, A.; Delgardio, J.; Norton, N.; Hazen, T.C.; Huettel,
M. Hydrocarbon-degrading bacteria and the bacterial community response in Gulf of Mexico beach sands impacted by the
deepwater horizon oil spill. Appl. Environ. Microbiol. 2011, 77, 7962–7974. [CrossRef] [PubMed]

18. Hazen, T.C.; Prince, R.C.; Mahmoudi, N. Marine Oil Biodegradation. Environ. Sci. Technol. 2016, 50, 2121–2129. [CrossRef]
[PubMed]

19. Jørgensen, B.B.; Boetius, A. Feast and famine—Microbial life in the deep-sea bed. Nat. Rev. Microbiol. 2007, 5, 770–781. [CrossRef]
20. Zinger, L.; Amaral-Zettler, L.A.; Fuhrman, J.A.; Horner-Devine, M.C.; Huse, S.M.; Welch, D.B.M.; Martiny, J.B.H.; Sogin, M.;

Boetius, A.; Ramette, A. Global patterns of bacterial beta-diversity in seafloor and seawater ecosystems. PLoS ONE 2011, 6, e24570.
[CrossRef]

21. Bell, S.; Gutierrez, T. Microbial Degradation of Hydrocarbons in the Marine Environment, with a Focus on the Microbial Response
to the Deepwater Horizon Oil Spill. EC Microbiol. 2019, 8, 823–831.

22. Joye, S.B.; Kleindienst, S.; Gilbert, J.A.; Handley, K.M.; Weisenhorn, P.; Overholt, W.A.; Kostka, J.E. Responses of microbial
communities to hydrocarbon exposures. Oceanography 2016, 29, 136–149. [CrossRef]

23. Cui, Z.; Lai, Q.; Dong, C.; Shao, Z. Biodiversity of polycyclic aromatic hydrocarbon-degrading bacteria from deep sea sediments
of the Middle Atlantic Ridge. Environ. Microbiol. 2008, 10, 2138–2149. [CrossRef]

24. Weiman, S.; Joye, S.B.; Kostka, J.E.; Halanych, K.M.; Colwell, R.R. Gomri insights into microbial genomics and hydrocarbon
bioremediation response in marine ecosystems. Oceanography 2021, 34, 124–135. [CrossRef]

25. Ma, M.; Gao, W.; Li, Q.; Han, B.; Zhu, A.; Yang, H.; Zheng, L. Biodiversity and oil degradation capacity of oil-degrading bacteria
isolated from deep-sea hydrothermal sediments of the South Mid-Atlantic Ridge. Mar. Pollut. Bull. 2021, 171, 112770. [CrossRef]
[PubMed]

26. Parada, A.E.; Needham, D.M.; Fuhrman, J.A. Every base matters: Assessing small subunit rRNA primers for marine microbiomes
with mock communities, time series and global field samples. Environ. Microbiol. 2016, 18, 1403–1414. [CrossRef] [PubMed]

27. Comeau, A.M.; Douglas, G.M.; Langille, M.G.I. Microbiome Helper: A Custom and Streamlined Workflow for Microbiome
Research. mSystems 2017, 2, e00127-16. [CrossRef] [PubMed]

28. Schmieder, R.; Edwards, R. Quality control and preprocessing of metagenomic datasets. Bioinformatics 2011, 27, 863–864.
[CrossRef]

29. Schubert, M.; Lindgreen, S.; Orlando, L. AdapterRemoval v2: Rapid adapter trimming, identification, and read merging. BMC
Res. Notes 2016, 9, 1–7. [CrossRef]

30. Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, J.R.; Hartmann, M.; Hollister, E.B.; Lesniewski, R.A.; Oakley, B.B.; Parks, D.H.;
Robinson, C.J.; et al. Introducing mothur: Open-source, platform-independent, community-supported software for describing
and comparing microbial communities. Appl. Environ. Microbiol. 2009, 75, 7537–7541. [CrossRef]

31. Pruesse, E.; Peplies, J.; Glöckner, F.O. SINA: Accurate high-throughput multiple sequence alignment of ribosomal RNA genes.
Bioinformatics 2012, 28, 1823–1829. [CrossRef]

32. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, 590–596. [CrossRef]

33. Li, W.; Godzik, A. Cd-hit: A fast program for clustering and comparing large sets of protein or nucleotide sequences. Bioinformatics
2006, 22, 1658–1659. [CrossRef] [PubMed]

34. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. J. Mol. Biol. 1990, 215, 403–410.
[CrossRef]

35. Camacho, C.; Coulouris, G.; Avagyan, V.; Ma, N.; Papadopoulos, J.; Bealer, K.; Madden, T.L. BLAST+: Architecture and
applications. BMC Bioinform. 2009, 10, 1–9. [CrossRef]

36. Bragança, I.; Mucha, A.P.; Tomasino, M.P.; Santos, F.; Lemos, P.C.; Delerue-Matos, C.; Domingues, V.F. Deltamethrin impact in a
cabbage planted soil: Degradation and effect on microbial community structure. Chemosphere 2019, 220, 1179–1186. [CrossRef]

37. Perdigão, R.; Almeida, C.M.R.; Santos, F.; Carvalho, M.F.; Mucha, A.P. Optimization of an autochthonous bacterial consortium
obtained from beach sediments for bioremediation of petroleum hydrocarbons. Water 2021, 13, 66. [CrossRef]

http://doi.org/10.1016/j.biortech.2015.02.111
http://doi.org/10.1007/s10532-010-9394-4
http://www.ncbi.nlm.nih.gov/pubmed/20680666
http://doi.org/10.1016/j.marpolbul.2012.05.038
http://doi.org/10.1016/j.envpol.2012.03.043
http://doi.org/10.1073/pnas.0605127103
http://www.ncbi.nlm.nih.gov/pubmed/16880384
http://doi.org/10.1016/j.scitotenv.2015.04.048
http://doi.org/10.1128/AEM.05402-11
http://www.ncbi.nlm.nih.gov/pubmed/21948834
http://doi.org/10.1021/acs.est.5b03333
http://www.ncbi.nlm.nih.gov/pubmed/26698270
http://doi.org/10.1038/nrmicro1745
http://doi.org/10.1371/journal.pone.0024570
http://doi.org/10.5670/oceanog.2016.78
http://doi.org/10.1111/j.1462-2920.2008.01637.x
http://doi.org/10.5670/oceanog.2021.121
http://doi.org/10.1016/j.marpolbul.2021.112770
http://www.ncbi.nlm.nih.gov/pubmed/34492563
http://doi.org/10.1111/1462-2920.13023
http://www.ncbi.nlm.nih.gov/pubmed/26271760
http://doi.org/10.1128/mSystems.00127-16
http://www.ncbi.nlm.nih.gov/pubmed/28066818
http://doi.org/10.1093/bioinformatics/btr026
http://doi.org/10.1186/s13104-016-1900-2
http://doi.org/10.1128/AEM.01541-09
http://doi.org/10.1093/bioinformatics/bts252
http://doi.org/10.1093/nar/gks1219
http://doi.org/10.1093/bioinformatics/btl158
http://www.ncbi.nlm.nih.gov/pubmed/16731699
http://doi.org/10.1016/S0022-2836(05)80360-2
http://doi.org/10.1186/1471-2105-10-421
http://doi.org/10.1016/j.chemosphere.2019.01.004
http://doi.org/10.3390/w13010066


Microorganisms 2021, 9, 2389 18 of 19

38. Wrenn, B.A.; Venosa, A.D. Selective enumeration of aromatic and aliphatic hydrocarbon degrading bacteria by a most-probable-
number procedure. Can. J. Microbiol. 1996, 42, 252–258. [CrossRef] [PubMed]

39. Couto, M.N.; Borges, J.R.; Guedes, P.; Almeida, R.; Monteiro, E.; Almeida, C.M.R.; Basto, M.C.P.; Vasconcelos, M.T.S.D. An im-
proved method for the determination of petroleum hydrocarbons from soil using a simple ultrasonic extraction and fourier
transform infrared spectrophotometry. Pet. Sci. Technol. 2014, 32, 426–432. [CrossRef]

40. Bardou, P.; Mariette, J.; Escudié, F.; Djemiel, C.; Klopp, C. SOFTWARE Open Access jvenn: An interactive Venn diagram viewer.
BMC Bioinform. 2014, 15, 293. [CrossRef] [PubMed]

41. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing
platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef]

42. Rosenberg, E.; DeLong, E.F.; Lory, S.; Stackebrandt, E.; Thompson, F. The prokaryotes: Prokaryotic communities and ecophysiol-
ogy. Prokaryotes Prokaryotic Communities Ecophysiol. 2012, 1–528. [CrossRef]

43. Kimes, N.E.; Callaghan, A.V.; Aktas, D.F.; Smith, W.L.; Sunner, J.; Golding, B.T.; Drozdowska, M.; Hazen, T.C.; Suflita, J.M.; Morris,
P.J. Metagenomic analysis and metabolite profiling of deep-sea sediments from the Gulf of Mexico following the Deepwater
Horizon oil spill. Front. Microbiol. 2013, 4. [CrossRef]

44. Biddle, J.F.; White, J.R.; Teske, A.P.; House, C.H. Metagenomics of the subsurface Brazos-Trinity Basin (IODP site 1320):
Comparison with other sediment and pyrosequenced metagenomes. ISME J. 2011, 5, 1038–1047. [CrossRef] [PubMed]

45. Ribicic, D.; McFarlin, K.M.; Netzer, R.; Brakstad, O.G.; Winkler, A.; Throne-Holst, M.; Størseth, T.R. Oil type and temperature
dependent biodegradation dynamics—Combining chemical and microbial community data through multivariate analysis. BMC
Microbiol. 2018, 18, 83. [CrossRef] [PubMed]

46. Zhong, H.; Lehtovirta-Morley, L.; Liu, J.; Zheng, Y.; Lin, H.; Song, D.; Todd, J.D.; Tian, J.; Zhang, X.-H. Novel insights into
the Thaumarchaeota in the deepest oceans: Their metabolism and potential adaptation mechanisms. Microbiome 2020, 8, 78.
[CrossRef] [PubMed]

47. Li, J.; Liu, R.; Tao, Y.; Li, G. Archaea in wastewater treatment: Current research and emerging technology. Archaea 2021, 2018.
[CrossRef]

48. Chao, A.; Chazdon, R.L.; Shen, T.J. A new statistical approach for assessing similarity of species composition with incidence and
abundance data. Ecol. Lett. 2005, 8, 148–159. [CrossRef]

49. Kim, B.R.; Shin, J.; Guevarra, R.B.; Lee, J.H.; Kim, D.W.; Seol, K.H.; Lee, J.H.; Kim, H.B.; Isaacson, R.E. Deciphering diversity
indices for a better understanding of microbial communities. J. Microbiol. Biotechnol. 2017, 27, 2089–2093. [CrossRef]

50. Shade, A.; Jones, S.E.; Gregory Caporaso, J.; Handelsman, J.; Knight, R.; Fierer, N.; Gilbert, J.A. Conditionally rare taxa
disproportionately contribute to temporal changes in microbial diversity. MBio 2014, 5, e01371-14. [CrossRef]

51. Jousset, A.; Bienhold, C.; Chatzinotas, A.; Gallien, L.; Gobet, A.; Kurm, V.; Küsel, K.; Rillig, M.C.; Rivett, D.W.; Salles, J.F.; et al.
Where less may be more: How the rare biosphere pulls ecosystems strings. ISME J. 2017, 11, 853–862. [CrossRef] [PubMed]

52. Pascoal, F.; Magalhães, C.; Costa, R. The Link Between the Ecology of the Prokaryotic Rare Biosphere and Its Biotechnological
Potential. Front. Microbiol. 2020, 11, 231. [CrossRef]

53. Reis, I.; Almeida, C.M.R.; Magalhães, C.M.; Cochofel, J.; Guedes, P.; Basto, M.C.P.; Bordalo, A.A.; Mucha, A.P. Bioremediation
potential of microorganisms from a sandy beach affected by a major oil spill. Environ. Sci. Pollut. Res. 2014, 21, 3634–3645.
[CrossRef] [PubMed]

54. Bento, F.M.; Camargo, F.A.O.; Okeke, B.C.; Frankenberger, W.T. Comparative bioremediation of soils contaminated with diesel oil
by natural attenuation, biostimulation and bioaugmentation. Bioresour. Technol. 2005, 96, 1049–1055. [CrossRef] [PubMed]

55. Gouveia, V.; Almeida, C.M.R.; Almeida, T.; Teixeira, C.; Mucha, A.P. Indigenous microbial communities along the NW Portuguese
Coast: Potential for hydrocarbons degradation and relation with sediment contamination. Mar. Pollut. Bull. 2018, 131, 620–632.
[CrossRef] [PubMed]

56. Nikolopoulou, M.; Kalogerakis, N. Enhanced bioremediation of crude oil utilizing lipophilic fertilizers combined with biosurfac-
tants and molasses. Mar. Pollut. Bull. 2008, 56, 1855–1861. [CrossRef]

57. Leahy, J.G.; Colwell, R.R. Microbial degradation of hydrocarbons in the environment. Microbiol. Rev. 1990, 54, 305–315. [CrossRef]
58. Potts, L.D.; Calderon, L.J.P.; Gontikaki, E.; Keith, L.; Gubry-Rangin, C.; Anderson, J.; Witte, U. Effect of spatial origin and

hydrocarbon composition on bacterial consortia community structure and hydrocarbon biodegradation rates. FEMS Microbiol.
Ecol. 2018, 94, 127. [CrossRef]

59. Campeão, M.E.; Reis, L.; Leomil, L.; de Oliveira, L.; Otsuki, K.; Gardinali, P.; Pelz, O.; Valle, R.; Thompson, F.L.; Thompson, C.C.
The deep-sea microbial community from the amazonian basin associated with oil degradation. Front. Microbiol. 2017, 8, 1–13.
[CrossRef]

60. Hazen, T.C.; Techtmann, S.M. Oil Biodegradation in Deep Marine Basins. Conseq. Microb. Interact. Hydrocarb. Oils Lipids Biodegrad.
Bioremediat. 2019, 71–88. [CrossRef]

61. Ganesh Kumar, A.; Vijayakumar, L.; Joshi, G.; Magesh Peter, D.; Dharani, G.; Kirubagaran, R. Biodegradation of complex
hydrocarbons in spent engine oil by novel bacterial consortium isolated from deep sea sediment. Bioresour. Technol. 2014, 170,
556–564. [CrossRef]

62. Gao, X.; Gao, W.; Cui, Z.; Han, B.; Yang, P.; Sun, C.; Zheng, L. Biodiversity and degradation potential of oil-degrading bacteria
isolated from deep-sea sediments of South Mid-Atlantic Ridge. Mar. Pollut. Bull. 2015, 97, 373–380. [CrossRef]

http://doi.org/10.1139/m96-037
http://www.ncbi.nlm.nih.gov/pubmed/8868232
http://doi.org/10.1080/10916466.2011.587383
http://doi.org/10.1186/1471-2105-15-293
http://www.ncbi.nlm.nih.gov/pubmed/25176396
http://doi.org/10.1093/molbev/msy096
http://doi.org/10.1007/978-3-642-30123-0
http://doi.org/10.3389/fmicb.2013.00050
http://doi.org/10.1038/ismej.2010.199
http://www.ncbi.nlm.nih.gov/pubmed/21209666
http://doi.org/10.1186/s12866-018-1221-9
http://www.ncbi.nlm.nih.gov/pubmed/30086723
http://doi.org/10.1186/s40168-020-00849-2
http://www.ncbi.nlm.nih.gov/pubmed/32482169
http://doi.org/10.1155/2018/6973294
http://doi.org/10.1111/j.1461-0248.2004.00707.x
http://doi.org/10.4014/jmb.1709.09027
http://doi.org/10.1128/mBio.01371-14
http://doi.org/10.1038/ismej.2016.174
http://www.ncbi.nlm.nih.gov/pubmed/28072420
http://doi.org/10.3389/fmicb.2020.00231
http://doi.org/10.1007/s11356-013-2365-7
http://www.ncbi.nlm.nih.gov/pubmed/24271736
http://doi.org/10.1016/j.biortech.2004.09.008
http://www.ncbi.nlm.nih.gov/pubmed/15668201
http://doi.org/10.1016/j.marpolbul.2018.04.063
http://www.ncbi.nlm.nih.gov/pubmed/29886989
http://doi.org/10.1016/j.marpolbul.2008.07.021
http://doi.org/10.1128/mr.54.3.305-315.1990
https://doi.org/10.1093/femsec/fiy127
http://doi.org/10.3389/fmicb.2017.01019
http://doi.org/10.1007/978-3-319-50433-9_22
http://doi.org/10.1016/j.biortech.2014.08.008
http://doi.org/10.1016/j.marpolbul.2015.05.065


Microorganisms 2021, 9, 2389 19 of 19

63. Chikere, C.B.; Okpokwasili, G.C.; Chikere, B.O. Monitoring of microbial hydrocarbon remediation in the soil. 3 Biotech 2011, 1,
117–138. [CrossRef] [PubMed]

64. Yao, M.; Elling, F.J.; Jones, C.; Nomosatryo, S.; Long, C.P.; Crowe, S.A.; Antoniewicz, M.R.; Hinrichs, K.U.; Maresca, J.A.
Heterotrophic bacteria from an extremely phosphate-poor lake have conditionally reduced phosphorus demand and utilize
diverse sources of phosphorus. Environ. Microbiol. 2016, 18, 656–667. [CrossRef] [PubMed]

65. Yoon, J.H.; Park, S.E.; Kang, S.J.; Oh, T.K. Rheinheimera aquimaris sp. nov., isolated from seawater of the East Sea in Korea. Int. J.
Syst. Evol. Microbiol. 2007, 57, 1386–1390. [CrossRef]

66. Sun, S.; Dai, X.; Sun, J.; Bu, X.; Weng, C.; Li, H.; Zhu, H. A diketopiperazine factor from Rheinheimera aquimaris QSI02 exhibits
anti-quorum sensing activity. Sci. Rep. 2016, 6, 1–10. [CrossRef] [PubMed]

67. Cappello, S.; Volta, A.; Santisi, S.; Morici, C.; Mancini, G.; Quatrini, P.; Genovese, M.; Yakimov, M.M.; Torregrossa, M. Oil-
degrading bacteria from a membrane bioreactor (BF-MBR) system for treatment of saline oily waste: Isolation, identification and
characterization of the biotechnological potential. Int. Biodeterior. Biodegrad. 2016, 110, 235–244. [CrossRef]

68. Nedashkovskaya, O.I.; Vancanneyt, M.; Dawyndt, P.; Engelbeen, K.; Vandemeulebroecke, K.; Cleenwerck, I.; Hoste, B.; Mergaert,
J.; Tan, T.L.; Frolova, G.M.; et al. Reclassification of [Cytophaga] marinoflava Reichenbach 1989 as Leeuwenhoekiella marinoflava
gen. nov., comb. nov. and description of Leeuwenhoekiella aequorea sp. nov. Int. J. Syst. Evol. Microbiol. 2005, 55, 1033–1038.
[CrossRef] [PubMed]

69. Viñas, M.; Sabaté, J.; Espuny, M.J.; Solanas, A.M. Bacterial community dynamics and polycyclic aromatic hydrocarbon degradation
during bioremediation of heavily creosote-contaminated soil. Appl. Environ. Microbiol. 2005, 71, 7008–7018. [CrossRef]

70. Feng, T.; Kim, K.H.; Jeong, S.E.; Kim, W.; Jeon, C.O. Aquicoccus porphyridii gen. nov., sp. nov., isolated from a small marine red
alga, Porphyridium marinum. Int. J. Syst. Evol. Microbiol. 2018, 68, 283–288. [CrossRef]

http://doi.org/10.1007/s13205-011-0014-8
http://www.ncbi.nlm.nih.gov/pubmed/22611524
http://doi.org/10.1111/1462-2920.13063
http://www.ncbi.nlm.nih.gov/pubmed/26415900
http://doi.org/10.1099/ijs.0.64898-0
http://doi.org/10.1038/srep39637
http://www.ncbi.nlm.nih.gov/pubmed/28000767
http://doi.org/10.1016/j.ibiod.2015.12.028
http://doi.org/10.1099/ijs.0.63410-0
http://www.ncbi.nlm.nih.gov/pubmed/15879230
http://doi.org/10.1128/AEM.71.11.7008-7018.2005
http://doi.org/10.1099/ijsem.0.002498

	Introduction 
	Material and Methods 
	Sampling 
	Environmental DNA Extraction, Amplification and Sequencing 
	Bioinformatic Analysis 
	Enrichment of Hydrocarbons-Degrading Bacteria from Deep-Sea Sediments 
	Microcosm Bioremediation Experiment 
	Abundance of Hydrocarbon-Degrading Bacteria 
	Determination of Total Petroleum Hydrocarbons (TPHs) 
	Isolation and Identification of Bacterial Strains of Microcosms’ Experiment 
	Statistical Analysis and Data Visualization 

	Results 
	Characterization of Deep Sediment Prokaryotic Community 
	Taxonomic Identification of the Isolated Strains 
	Microcosm Bioremediation Experiment 
	Recover of Microorganisms from Microcosm Experiments 

	Discussion 
	Conclusions 
	References

