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ABSTRACT Microbes play a significant role in the degradation of petroleum hydro-
carbons in the oceans, yet little is known about the native bacteria that metabolize
hydrocarbons before an oil spill. The Faroe-Shetland Channel (FSC) is a deepwater
subarctic region of the North Atlantic with prominent oil production and a diverse
microbial community associated with the degradation of petroleum. Here, we com-
bine DNA-based stable-isotope probing (DNA-SIP) with metagenomics to elucidate
the metabolic underpinnings of native alkane-degrading bacteria from the FSC. From
two *C n-hexadecane SIP experiments using seawater from 5 and 700 m depths
in the FSC, we obtained 42 metagenome-assembled genomes (MAGs) belonging
to 19 genera, including two previously overlooked hydrocarbon-degrading bacte-
ria, Lentibacter (Alphaproteobacteria) and Dokdonia (Bacteroidetes). Diversity surveys
indicated Lentibacter were dominant members of the FSC, constituting up to 17% of
these communities. Many of the SIP-enriched MAGs (20/42) encoded a complete alkane
oxidation pathway, including alkane monooxygenase (AlkB), rubredoxin reductase
(AIKT), and rubredoxin-2 (AIkG). Fourteen Aphaproteobacteria MAGs lacked AIkG for
electron transfer. Instead, they encoded novel disulfide isomerases with iron-binding
cysteine motifs conserved across rubredoxins. Dokdonia lacked AIKT and AIkG, how-
ever, their central alkane-degradation catabolic pathways were complete. We describe
previously unrecognized bacteria capable of hydrocarbon degradation, including the
dominant genera Lentibacter, which may continuously purge hydrocarbons released
from oil exploration activities in the FSC. This advances the understanding of the
diversity and physiologies of alkane degradation in the North Atlantic and provides
evidence of new mechanisms used to metabolize alkanes.

IMPORTANCE Petroleum pollution in the ocean has increased because of rapid
population growth and modernization, requiring urgent remediation. Our understand-
ing of the metabolic response of native microbial communities to oil spills is not
well understood. Here, we explored the baseline hydrocarbon-degrading communities
of a subarctic Atlantic region to uncover the metabolic potential of the bacteria
that inhabit the surface and subsurface water. We conducted enrichments with a  Addresscorespondence to Tony Gutierrez,
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hydrocarbon. We then combined this approach with metagenomics to identify the

metabolic potential of this hydrocarbon-degrading community. This revealed previ-
ously undescribed uncultured bacteria with unique metabolic mechanisms involved See the funding table on p. 18.
in aerobic hydrocarbon degradation, indicating that temperature may be pivotal in Received 15 June 2023
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O il spills at sea are one of the most harmful anthropogenic pollution events, and
the Deepwater Horizon spill is a testament to how profoundly the health of marine
ecosystems and the livelihood of its coastal inhabitants can be impacted by spilled oil. Oil
can spread for many miles in seawater, and its impact on marine ecosystems far exceeds
spills on land. For example, the Deepwater Horizon oil spill (20 April 2010) released
ca. 3.19 million barrels of crude oil into the Gulf of Mexico, contaminating an area of
62,159 km? (1). While oil-spill response measures may help recover and clean up some
of the spilled oil, the ultimate protagonists contributing to this process are hydrocarbon-
degrading bacteria. The fate of oil in the environment is largely dictated by the presence
and activities of these organisms, which are ubiquitous in the world’s oceans, often in
low abundances (<1% of the total bacterial community), until they become strongly
enriched in the event of an oil spill and play an essential role in restoring oil-affected
ecosystems to their natural state (2, 3).

Much of what we know about the genes, enzymes, and pathways in aerobic
hydrocarbon degradation by bacteria and other microbes is the result of a plethora
of studies using cultured strains. With alkanes, which are the most abundant constitu-
ents of crude oil and many of its refined products (diesel, gasoline, etc.), their aerobic
biodegradation begins with their oxidation to form alcohol by a complex of three
enzymes: alkane monooxygenase (AlkB), rubredoxin reductase (AIkT), and rubredoxin-2
(AIkG). In subsequent steps, an alcohol dehydrogenase (AlkJ), aldehyde dehydrogenase
(AlkH), and medium-chain-fatty-acid-CoA (AIkK) transform the oxidized alkanes into fatty
acids, which are then channeled into beta-oxidation (4-11). The canonical pathways
involved in alkane degradation encompass several key enzymes, including AIkBFGHJKL.
AlkB is a non-heme diiron integral membrane protein that serves as a marker for
bacteria capable of utilizing alkanes as their sole source of carbon and energy (12).
The genomic location and organization of alkBFGHJKL genes exhibit significant variability
among hydrocarbon-degrading bacteria. For instance, these genes have been identified
in plasmids, as observed in Pseudomonas putida GPol, or on the main chromosome,
as observed in Amycolicicoccus subflavus DQS3-9A1 (13-15). In Rhodococcus erythrop-
olis SK121, multiple copies of alkB have been discovered. In Actinobacteria such as
Streptomyces, Aeromicrobium, Gordonia, and Dietzia, alkB has been identified fused with
rubredoxin domains. This fusion has been proposed to potentially enhance the enzyme’s
capacity for degrading longer-chain n-alkanes, expanding its ability to efficiently utilize
a broader range of alkane substrates (14). The diverse arrangements of these genes
suggest the existence of alternative genetic mechanisms for hydrocarbon degradation
that have yet to be fully elucidated (16).

Studies exploring the hydrocarbon-degrading capabilities of bacterial communities
are typically conducted during or after an oil spill incident and typically involve single-
gene diversity surveys (15, 17). These studies lack genome-level characterization of
the bacteria actively involved in utilizing the hydrocarbons. DNA-based stable-isotope
probing (DNA-SIP) is a technique used to obtain the DNA of microbial populations
that actively metabolize a target substrate which is isotopically labeled (often C)
after the label has been sufficiently incorporated into their DNA (18). For instance,
3C-n-hexadecane and other isotopically labeled compounds can be used to enrich
hydrocarbon-degrading organisms in natural communities (19). The *C-enriched DNA
recovered from a SIP experiment can then be used in metagenomics studies, such as
to reconstruct the genomes (SIP-metagenomics) of members of the community that
utilized the isotopically labeled substrate. To the best of our knowledge, this method has
been used to characterize the physiologies of bacteria that responded to the Deepwater
Horizon spill (20) and a chronically polluted marine environment (21). Hitherto, this
SIP-metagenomics approach has not been applied to investigate baseline hydrocarbon-
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degrading communities in marine environments where there is no obvious source of oil
spillage.

Here, we investigated the hydrocarbon-degrading bacterial communities of the
Faroe-Shetland Channel (FSC), which is a deepwater region of the northeast Atlantic
Ocean with a history of oil exploration and production spanning more than two decades,
but which shows no apparent oil seepage or spillage. Recently, the first microbiologi-
cal baseline was established for this deepwater subarctic region, which revealed the
presence of putative and recognized hydrocarbon-degrading bacteria in surface and
subsurface waters, several of which are uncultured taxa and for which there is no
information on their hydrocarbon-degrading capabilities and other metabolic functions
(22). Here, we used SIP-metagenomics to understand the metabolic mechanisms of some
of these organisms in the baseline communities of the FSC. We obtained 42 metage-
nome-assembled genomes (MAGs) from these enrichments, including two bacterial
lineages for which the hydrocarbon-degradation pathway had not been described
previously.

MATERIALS AND METHODS
Field sampling

Water samples were collected from location FIM6a (60° 38'N, 4° 54’W) at depths 5 and
700 m during a research cruise on the MRV Scotia between 24 April to 9 May 2014. This
sampling site lies on the Fair Isle-Munken line (23) near the Foinaven oil field develop-
ment area, approximately 3 and 9.3 nautical miles away from the Petrojarl Foinaven
and Glen Lion production facilities, respectively. Seawater samples (3 L volumes) were
collected using 10 L Niskin water flasks mounted on a CTD (conductivity, temperature,
and depth) carousel in accordance with MRV Scotia’s sampling procedures (23). CTD casts
confirmed these samples were taken from two distinct water masses, the Modified North
Atlantic Water and the Norwegian Sea Arctic Intermediate Water (24). Inmediately after
recovery, a portion of the collected seawater was used to rinse, at least three times,
two Nalgene carboys (10 L each; acid-washed, acetone-rinsed, and dried) prior to filling
and immediately storing at 10°C onboard the vessel until return to the laboratory at
Heriot-Watt University for immediate use for SIP experiments.

SIP incubations

Prior to the preparation of the SIP incubations, each of the two seawater samples
(collected at 5 and 700 m depths) were processed to remove dissolved organic
carbon/matter that could potentially act as an alternative carbon source and redirect
microbial activity away from the labeled substrates during SIP. For this, 800 mL of each
sample was filtered through 0.22 pm MCE filters (47 mm diameter; Millipore Sigma). The
bacterial biomass was collected on the filters and rinsed with a few milliliters of sterile
synthetic seawater medium ONR7a (25) and then re-suspended in sterile 40 mL of the
ONR7a to act as the inoculum for SIP.

To prevent hydrocarbon sorption, SIP incubations were conducted using 125 mL
sterilized glass screw-top Erlenmeyer flasks with foil-lined lids. ONR7a medium was
used in these incubations because, as previously indicated, we wanted to prevent
the introduction of exogenous and potentially bioavailable carbon sources. Each flask
contained 16 mL of ONR7a medium, 1 mg of labeled (**C) and/or unlabeled n-hexade-
cane, and 4 mL of inoculum for incubations utilizing either the surface 5 m depth
water or the deep water (700 m depth) inoculum. SIP experiments were set up with
two hydrocarbon substrates (U-">C) and unlabeled (?C) n-hexadecane of >99% purity
according to Sigma-Aldrich. Duplicate flasks were prepared with 1 mg of U-"*C-labeled
n-hexadecane, and a second set of duplicates was made with 1 mg of the respective
unlabeled hydrocarbon. An additional set of triplicate flasks was prepared containing
unlabeled n-hexadecane to monitor its disappearance by gas chromatography-mass
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spectrometry (GC-MS). Samples were periodically taken from these flasks for DNA
extraction and subsequent measurement by quantitative PCR (described below) to
determine the abundance of target organisms identified through SIP. An additional set of
triplicate flasks was prepared for each SIP experiment to act as acid-killed controls (pH <
1) containing unlabeled hydrocarbons and amended with 750 uL of 85% phosphoric
acid. All flasks were incubated on an orbital shaker (150 rpm) in the dark at 21°C. Tracking
the disappearance of the hydrocarbon in the triplicate containers using GC-MS was
used to determine the end point of each SIP experiment. While DNA was extracted
using a standard protocol (26) from the total volume of the paired flasks amended
with the (U-"°C) hydrocarbon and the corresponding paired set containing unlabeled
hydrocarbons (Fig. S1).

DNA gradient ultracentrifugation and identification of labeled 16S rRNA
genes

Isopycnic ultracentrifugation of DNA from each of the SIP experiments using the 5 or
700 m seawater samples amended with "*C-labeled n-hexadecane resulted in the visual
separation of two bands (~1 cm apart from each other) that were in the lower half
of the polyallomer tubes. These bands were consistent with the expected location of
the “heavy” and “light” SIP-DNA bands. With the respective acid-killed controls, it later
became apparent that instead of concentrated acid, a very dilute concentration had
been added to these control incubations and which was apparent from the degradation
data (Fig. S1). This was insufficient to completely suppress microbial activity, which
explains why some hydrocarbon degradation was observed in these controls. However,
this did not affect our assessment in monitoring the degradation of the n-hexadecane
in the “live” incubations, nor did it prevent us from determining when to terminate
these experiments for DNA extractions from the *C incubations. At the end of 5 days,
duplicate *C incubations were subjected to DNA extractions followed by isopycnic
ultracentrifugation to isolate the *C-enriched “heavy” DNA for subsequent molecular
and bioinformatic analysis. Subsequent denaturing gradient gel electrophoresis (DGGE)
analysis of the fractions derived from the labeled incubations performed for each of the
two water samples showed clear evidence of isotopic enrichment of DNA. This is evident
from the distinct separation of the '*C-enriched and unenriched DNA fractions by DGGE
(Fig. S2) and by the distribution of gPCR-quantified 16S rRNA gene sequences (Fig. S3).
The combined fractions containing "*C-enriched DNA from each of these "*C incubations
were used to construct 16S rRNA gene clone libraries. The same analysis was performed
on duplicate ultracentrifuge tubes from each of the *C incubations to confirm our results
(data not shown).

Cesium chloride gradient ultracentrifugation and identification of ™C-
enriched DNA

Total extracted DNA from each of the duplicate unlabeled and *C-labeled incubations
was added to cesium chloride (CsCl) solutions (1.68 g/mL), and the "*C-enriched and
unenriched DNA was separated by isopycnic ultracentrifugation and gradient fractiona-
tion as described in reference 27 with the following modifications. Before heat-sealing
the polyallomer tubes, approximately 3 mL of mineral oil was applied to the top of
each CsCl solution. The tubes were then ultra-centrifuged for 40 h using a fixed-angle
rotor 70.1Ti (Beckman Coulter) at 187,000 x g at 20°C with a BC Optima L-100 XP
ultracentrifuge (Beckman Coulter).

DGGE was conducted on each fraction from the SIP tubes after isopycnic ultracen-
trifugation to visualize and confirm the separation of DNA. For this, amplification of
each fraction was carried out using PCR as described by reference 28 with bacterial
primers 341f (5-CCTACGGGAGGCAGCAG-3’) and 534r (5"-ATTACCGCGGCTGCTGG-3'), the
forward of which contained a 40 nucleotide GC clamp (5"-CGCCCGCCGCGCGCGGCGGGC-
GGGGCGGGGGCACGGGGGG-3’) (29). PCR products were verified on a 1.5% (wt/vol)
agarose gel alongside a Hindlll DNA ladder (Invitrogen, Carlsbad, CA, USA). DGGE was
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performed using 6.5% acrylamide gels containing a denaturant range of 30-70% (100%
denaturant contains 7.0 M urea and 40% molecular-grade formamide). After electropho-
resis for 16 h at 60°C and 60 V, gels were stained with ethidium bromide (1:25,000
dilution) for 15 min and then imaged with an InGenius3 gel imaging system (Syngene)
and accompanying software to crop the gel images to only the regions displaying bands.
The "C-enriched heavy DNA fractions were selected based on the DGGE evidence, which
is discussed below.

16S rRNA gene libraries of *C-enriched DNA

Using general bacterial primers 27f and 1,492r, two 16S rRNA clone libraries
(each comprising 96 clones) were generated from combined fractions containing
the "C-enriched DNA from each SIP experiment (29). PCR products were cloned
using the TOPO-TA cloning kit for sequencing (Thermo Fisher Scientific). Clones
were partially sequenced by GeneWiz (UK) using primer 27f. After excluding vector
sequences, poor-quality reads, and chimeras, the clone sequences were classified into
operational taxonomic units (OTUs) using a sequence identity threshold of 97%. A
representative clone sequence was selected from each dominant OTU identified in
each of the libraries and used to obtain a near-complete 16S rRNA gene sequence
(>1,400 bp). Sequences were edited and assembled using Consed/Phred/Phrap (30).
BLASTn searches and RDP-Il were used to check for close relatives and phylogenetic
affiliation (Fig. S4).

Real-time quantitative PCR

To quantify sequences of the dominant OTUs, primers for real-time quantitative PCR
(gPCR) were developed using AliView (31) and the NCBI Primer Blast online tool (32).
Primer specificity was confirmed with the NCBI Primer-BLAST tool. The optimal annealing
temperature of each primer pair was determined using an Applied Biosystems (Foster
City, CA, USA) Mastercycler gradient thermal cycler. A plasmid containing a representa-
tive sequence that had been linearized with an appropriate restriction endonuclease and
purified with the QIAquick nucleotide removal kit (Qiagen, Valencia, CA, USA) was used
as a template for these reactions, and for the construction of respective standard curves
for quantitative PCR. The final set of primers used can be found in Table S1.

Purified DNA from time-series incubations with unlabeled hydrocarbon was
quantified using a NanoDrop ND-3300 fluorospectrometer (Thermo Scientific) and
the Quant-iT Picogreen double-stranded DNA (dsDNA) kit (Invitrogen). From each SIP
experiment, only one replicate of the duplicate *C- and C-labeled incubations was
selected for downstream analyses based on fractions containing the highest amount of
total DNA. Using the gPCR primers designed to quantify sequences of the dominant
OTUs in each separated SIP fraction, single reactions were performed on each triplicate
DNA extraction (from triplicate samples) from the time series containing unlabelled
hydrocarbons.

Phylogenetic tree of the *C-enriched community

The 16S rRNA genes of the SIP-identified sequences were assembled by using the
program Sequencher 5.3 (GeneCodes Corp., Ann Arbor, MI, USA). The consensus
sequences were submitted to GenBank and checked for close relatives and phylogenetic
affiliation using BLASTn. The search results served as a guide for tree construction, and
additional related 16S rRNA sequences found via BLASTn search were obtained from
GenBank. The software package MEGAX (version 10.2.4) was used to align the sequences
using MUSCLE and to construct a neighbor-joining tree with Jukes—Cantor correction.
The tree was bootstrapped 1,000 times, and gaps in the alignment were ignored.
Roseibacillus ishigakijimensis strain MN1-741 (NR041621), Verrucomicrobium spinosum
strain DSM 4136 (NR026266), and Haloferula chungangensis strain CAU 1074 (NR109435)
were used as an outgroup.
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Metagenomic sequencing and assembly of *C-enriched DNA from SIP

lllumina library preparation, sequencing, and assembly of four samples were comple-
ted by the Joint Genome Institute (JGI) (33, 34). Data are available under project IDs
3300039448, 3300039456, 3300039449, and 3300040958. The four samples represent
the heavy ("*C-enriched) DNA from each of the duplicate SIP incubations using the 5
and 700 m seawater inoculum. Paired-end sequencing was performed on an Illumina
NovaSeq 6000 platform with an average insert size of 241 and fragments of 300 bps. Raw
reads were quality filtered following BBtools v35.74 (35) and assembled with metaSPAdes
v3.14.1 (36) (Tables S2 and 3). Coverage information was obtained by mapping all
high-quality reads of each sample against the assembly using the BWA-MEM v0.7.12
algorithm in paired-end mode (37).

Genome binning

Assembled metagenomic data (contigs > 2,000 bp) was binned using MetaBAT2 v2.12.1
(38), and CONCOCT v1.1.0 (39), and resulting MAGs were combined using DAS Tool v1.1.2
(40). First, each of the mapping files was summarized using jgi_summarize_bam_con-
tig_depths and then MetaBAT2 was run using the following settings: --minCVSum 0
--saveCls -d -v --minCV 0.1 m 2000 and CONCOCT as follows: --clusters 400 --kmer_length
4 --length_threshold 3000 --seed 4 --iterations 500. A scaffold-to-bin list was prepared for
each of the two binning tools, and the DAS Tool ran on each of the eight scaffold files
as follows: DAS_Tool -i Concoct.scaffolds.tsv, Metabat.scaffolds.tsv -| concoct,metabat -c
assembly.contigs.fasta —debug -t —write_bins 1 -search_engine blast. The accuracy of
all the MAGs was evaluated by calculating the percentage of completeness and gene
duplication using CheckM v1.0.5 (41) (Table S4). MAGs greater than or equal to 50%
of completeness and <10% gene duplications (according to checkM) were used in this
study. MAG relative abundance was calculated as previously described in (42) using
the bin_abundance.py script from MetaGaia (https://github.com/valdeanda/MetaGaia)
(Table S5).

Phylogenetic reconstruction, taxonomy, and the pangenome of the Oceano-
bacter-related bacteria

GTDB-Tk v1.5.0 (43) was used for preliminary taxonomic identification of the 42
individual genomes (Table S6). This information was used to explore community
structure among metagenomic replicates by performing an NMDS analysis using the
vegan package (44) implemented in R (Fig. S5). Then 37 conserved marker proteins
(mainly ribosomal) were extracted using PhyloSift v1.0.1 (45). We used the 30S ribosomal
protein S2 protein of the 37 marker proteins identified to perform a BLASTp search
against the RefSeq database (date of search 14 September 2021) to obtain the closest
publicly available genomes. Based on GTDB-tk results of predicted taxonomy, we also
downloaded 30 genomes from Actinobacteria from RefSeq as an outgroup. We also
extracted the 37 marker genes using phylosift for these reference genomes and added
them to our analyses. An alignment of the extracted assembled MAGs and reference
genomes was generated using MAFFT v7.487 (46) as follows: —globalpair -maxiterate 16
-reorder. The alignment was trimmed using trimAL (47) -automated1. The phylogeny
was constructed with RAXML v8.2. (48) as follows: raxmIHPC-PTHREADS-AVX -f a -m
PROTGAMMAAUTO -N autoMRE -p 12,345 x 12,345. Finally, we performed a pangenome
analysis, including several reference genomes from Oceanobacter-related bacteria (49),
using the software get_homologues (50) and the OrthoMCL algorithm to find the
orthologue clusters.

Metabolism reconstruction

Gene prediction for individual MAGs was performed using Prodigal v2.6.3 (51). Predic-
ted genes of individual MAGs were further characterized using KofamScan (52), and
InterProScan v5.31-70.0 (53) using default parameters. For KofamKOALA, only hits above
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the predefined threshold for individual KOs were selected. We then implemented
an open-source R package called rbims (https://github.com/mirnavazquez/RbiMs) that
reads, evaluates, and visualizes the annotation profile output derived from KofamScan.
We used the function “read_ko” to calculate the abundance of each KO within each MAG
and the function “mapping_ko” to link each KO to other KEGG database features. We
also linked each KO to the rbims database, which includes a definition of the aerobic
hexadecane degradation pathway (20) (Table S7). We performed functional annotation
based on KEGG for enzymes that are exclusively found in our MAGs belonging to the
Oceanobacter-related bacteria but absent in the reference genomes of Oceanobacter.
These orthologues were then annotated using the KEGG database, following the same
methodology as described previously (see Table S8). Our search for hydrocarbon-related
genes encompassed two distinct approaches. Firstly, we utilized the CANT-HYD database
(Calgary approach to ANnoTating HYDrocarbon degradation genes) (54) by employing
the --cut_nc noise cut-off (Table S9) to identify experimentally validated monooxygena-
ses involved in aerobic hydrocarbon degradation. Secondly, to expand our search, we
conducted BLASTp searches targeting homologs of transporters known to participate
in hydrocarbon degradation, as documented in Alcanivorax dieselolei (55) (Table S10).
By employing both methods, we ensured a comprehensive exploration of hydrocarbon-
related genes using a combination of experimentally validated and homology-based
approaches.

Phylogenetic reconstruction of Alk proteins

The metagenome entropy-based score MEBS v1.2 (56) was used to search the protein
families associated with aerobic alkane degradation: AlkB (PF00487), AIKT (PF07992,
PF18113), AlkG (PF00301), AlkJ (PF00732, PF05199), and AlkH (PF00171). We performed a
BLASTp search against the non-redundant database from NCBI (14 September 2021)
and queried all the proteins previously identified by MEBS, and used the first hits
as references for phylogenetic reconstructions. We also downloaded from the UniProt
database (The UniProt Consortium) the sequences from well-characterized AlkB proteins:
QOVTH3, QOVKZ3, 031250, and P12691; AlkG: Q9HTK7, Q9HTK8, P00272, QOWWWS4,
and QOVKZ2; AIKT: P17052, P42454, QOVTBO, Q9HTK9, and Q9L4MS8; AlkJ: Q00593, and
QIWWW?2; AlkH: P12693. Identified alkane degradation coding genes and publicly
available references were concatenated and aligned using MAFFT v7.487 (46) as follows:
—globalpair -maxiterate 16 -reorder. Phylogeny was generated using 1Qtree v1.6.12 (57)
with the following parameters: -alrt 1000 -bb 1000 -bnni (Fig. S6 to S9).

Operon analysis and AlkG-like alignment

We used the operon mapper web server (58) to identify the operons where AlkB
was present. We extracted the sequences that belonged to the thiol-disulfide isomer-
ase family (COG1651) found next to the AIkB in 17 MAGs. We also downloaded
from UniProt (The UniProt Consortium) and NCBI well-characterized AIkG proteins:
P00271, Q9WWW4, QOVKZ2, WP_138436252.1, WP_161463810.1, WP_089423380.1,
WP_084394766.1, WP_015486580.1, QOHTKS, and Q9HTK?7. The reference and COG1651
sequences were aligned using MAFFT v7.487 (46) (-globalpair —-maxiterate 16 -reorder).

RESULTS
Microbial diversity and abundance of clone libraries

To determine the taxonomic diversity of the enriched community from SIP, we
sequenced clone libraries to obtain full-length 16S rRNA gene sequences (>1,400 bp)
see Table 1. The results showed that a small number of OTUs comprised most of the
SIP-enriched communities, with four OTUs accounting for 77.6% of the 5 m community
and six OTUs comprising 61.7% of the 700 m community (see Table 1). All other OTUs at
each depth represented less than 5% of total sequences and were not further ana-
lyzed. The abundant OTUs were distributed among three phyla: Gammaproteobacteria,
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TABLE 1 Microbial diversity and abundance of 16S rRNA gene sequences based on PCR amplification and clone libraries from the SIP enrichments®

OTU no. Rep. seq.’ Closest BLASTn match® Accession no. Library (%)°

SIP using surface (5 m depth) seawater:
OTU-2.14 HEX-5m-2.14 Alcanivorax borkumensis (99.32%) NR074890 31.9
OTU-2.6 HEX-5m-2.6 Thalassolituus oleivorans (99.67%) NR102806 22.3
OTU-1.1 HEX-5m-1.1 Lentibacter algarum (99.56%) NR108333 14.9
OTU-2.4 HEX-5m-2.4 Oleibacter marinus (96.23%) NR114287 8.5

SIP using subsurface (700 m depth) seawater:
OTU-3.27 HEX-700m-3.27 Oleibacter marinus (96.36%) NR114287 17
0TU-4.22 HEX-700m-4.22 Alcanivorax borkumensis (98.73%) NR074890 12.8
OTU-3.15 HEX-700m-3.15 Marinobacter algicola (98.77%) NR042807 9.6
0oTU-4.3 HEX-700m-4.3 Phaeobacter arcticus (98.36%) NR043888 8.5
0OTU-3.32 HEX-700m-3.32 Glaciecola nitratireducens (95.33%) NR074628 8.5
0OTU-3.32 HEX-700m-3.32 Glaciecola pallidula (95.33%) NR117119 8.5
0TU-4.12 HEX-700m-4.12 Dokdonia genika (95.42%) NR041272 5.3

“SIP with (U-"*C) n-hexadecane.

bRepresentative sequence for each OTU.

‘Results are to the closest type strain; percentage similarity shown in parentheses.

Total number of sequences in each of the *C-enriched DNA clone library from the two n-hexadecane SIP incubations was 48. A 97% cutoff was used to classify sequences to
an OTU.

Alphaproteobacteria, and Bacteroidetes. Specifically, the Gammaproteobacteria were
comprised of five genera Alcanivorax, Marinobacter, Glaciecola, Thalassolituus, and
Oleibacter, which has recently been proposed to be reclassified as Thalassolituus (49).
The Alphaproteobacteria comprised two genera: Lentibacter and Phaeobacter, and the
Bacteroidetes comprised the genus Dokdonia (see Table 1). At 5 m, members of
Alcanivorax, Lentibacter, Thalassolituus, and Oleibacter were found, while at 700 m, we
found Oleibacter, Alcanivorax, Marinobacter, Phaeobacter, Glaciecola, and Dokdonia.

We used gPCR to determine the abundance of members of the enriched community
(Fig. 1). During incubations of the 5 m water sample with unlabeled n-hexadecane,
we observed a significant increase in the 16S rRNA gene copy numbers for several
bacterial groups. Specifically, the 16S rRNA gene copy numbers for Thalassolituus
OTU-2.6, Lentibacter OTU-1.1, Alcanivorax OTU-2.14, and Oleibacter OTU-2.4, increased
by approximately 9, 16, 18, and 17 orders of magnitude, respectively, after 5 days (Fig.
1A). In the 700 m water sample, a marked increase in the 16S rRNA gene copy numbers
were observed for six OTUs after 5 days of incubation with unlabeled n-hexadecane:
Dokdonia OTU-4.12 (6 orders of magnitude), Glaciecola OTU-3.32 (10 orders), Phaeobacter
OTU-4.3 (12 orders), Marinobacter OTU-3.15 (13 orders), Alcanivorax OTU-4.22 (18 orders),
and Oleibacter OTU-3.27 (20 orders) (Fig. 1B). These results suggest that these bacterial
groups have the metabolic capacity to utilize n-hexadecane and can thrive under these
conditions. In the two SIP experiments, an increase in the 165 rRNA gene copy numbers
of these OTUs provides further confirmation of their enrichment on the n-hexadecane
as a growth substrate. These increases also coincided with an increment of the total
concentration of DNA as a proxy for cell growth (Fig. 1). This, along with the disappear-
ance (biodegradation) of the hydrocarbon and the appearance of the 16S rRNA genes
of these organisms in the most heavily *C-enriched DNA fractions, suggests that these
organisms performed a primary role in the degradation of the n-hexadecane. Finally,
qPCR showed that at 5 m depth, Alcanivorax OTU-2.14 was the most abundant genus
during all 3 days of the experiment. At 700 m depth, Dokdonia OTU-4.12 was the
most abundant during day 1, and Alcanivorax OTU-4.22 was the most abundant for the
remaining 2 days (Fig. 2). This suggests that Alcanivorax is key to the alkane degradation
process but that distinct Alcanivorax OTUs carry out alkane degradation at different
depths.
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FIG 1 Microbial abundance based on qPCR of the 16S rRNA gene. Bars represent the average and standard deviation of results from triplicate qPCRs measuring

the abundance of group-specific 16S rRNA genes. Points represent the mean and standard deviation of triplicate measurements of the total mass of DNA per
sample. (A) The absolute abundance of Lentibacter (OTU-1.1), Oleibacter (OTU-2.4), Alcanivorax (OTU-2.14), and Thalassolituus (OTU-2.6) during incubation of
the sea surface (5 m). (B) The absolute abundance of Marinobacter (OTU-3.15), Oleibacter (OTU-3.27), Dokdonia (OTU-4.12), Glaciecola (OTU-3.32), Alcanivorax

(OTU-4.22) and Phaeobacter (OTU-4.3) during incubation of the 700 m water with unlabeled n-hexadecane.

Microbial diversity and abundance of MAGs

To explore the genomic diversity and metabolic pathways of the hydrocarbon-degrading
bacteria from the FSC, we assembled de novo four metagenomes (~400 Gb) from the 5
and 700 m SIP enrichments (two from each depth) and reconstructed 42 MAGs (Fig. 2).
We obtained 24 and 18 MAGs from 5 and 700 m, respectively. The MAG sizes range from
1.76 to 4.88 Mb, with an average completeness of 94%, lowest completeness of 51%,
and maximum gene redundancy of 10%. Phylogenomic analysis of 37 concatenated
marker proteins (mainly ribosomal) revealed that these genomes belong to Bacteroi-
detes, Alphaproteobacteria, and Gammaproteobacteria (Fig. 2), which is consistent with
our 16S rRNA gene phylogenies (Fig. S4). Interestingly, 21 MAGs belonging to 11 genera
were not recovered by the 16S rRNA gene clone libraries (stars in Fig. 2), suggesting
that 16S rRNA gene-based approaches may overlook important hydrocarbon-degrading
bacteria.

Of the 42 recovered MAGs, representatives of Alcanivorax, Glaciecola, Marinobacter,
Oleibacter, and Pseudophaeobacter were obtained from both depths (blue dots in
Fig. 2). Pseudophaeobacter, for example, was also identified via 16S RNA; however,
it was classified as Phaeobacter. At 5 m, we recovered MAGs belonging to Flavobac-
terium, Henricella, Hyphomonas, Celeribacter, Planktomarina, Lentibacter, Teteyamaria,
and Pseudomonadales, while at 700 m, we additionally recovered MAGs belonging
to Alteromonas, Olleya, Dokdonia, Paracoccus, and Sulfitobacter. Notably, these are the
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FIG 2 Phylogenetic reconstruction, distribution, and abundance of MAGs. A maximum-likelihood phylogenetic reconstruc-
tion of 37 conserved proteins of the 42 MAGs recovered from the SIP experiments. The black circles within the phylogeny
indicate bootstrap values over 80%. The clade color indicates taxonomy. Green is Bacteroidetes, red is Alphaproteobacteria,
and blue is Gammaproteobacteria. Color bars indicate taxonomy at the genus level. Dark blue and light blue circles represent
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but absent in the 16S rRNA clone libraries.
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first assembled genomes of Dokdonia and Lentibacter obtained from hydrocarbon SIP
enrichment experiments.

Abundance estimations based on MAG genomic coverage indicated that the most
abundant genera at 5 m were Alcanivorax, Thalassolitus, Oleibacter, and Lentibacter
(bar plots in Fig. 2). This is consistent with the qPCR 16S rRNA analysis conducted in
parallel (Fig. 1). Interestingly, the most dominant MAG in the SIP enrichment from 700 m
-Oleibacter- has not been previously reported in FSC waters (22), suggesting that is likely
present at low abundance in the baseline communities. Lentibacter has been previously
described as a predominant genus in the baseline FSC water column (22, 59-61) that
becomes enriched in the presence of crude oil (62, 63). However, alkane degradation
and its pathways have not previously been experimentally confirmed in it. To identify the
alkane degradation capabilities of these bacteria, we looked for genes that compose the
canonical alkane degradation pathway.

The alkane degradation pathway in FSC bacteria

To understand the metabolic pathways involved in hydrocarbon degradation, we
searched for genes predicted to encode proteins involved in aerobic alkane utilization.
We searched in the SIP-MAGs for homologs of AlkB and performed a phylogenetic
reconstruction of these proteins. This revealed six distinct phylogenetic clusters that
we named Clades |-VI (Fig. 3). All Gammaproteobacteria and Alphaproteobacteria had
multiple copies of the AlkB gene. The Gammaproteobacteria Alcanivorax had two copies
(Clades IV and V1), the Alphaproteobacteria Lentibacter, Teteyamaria, and Celeribacter had
two copies (Clades | and Ill), and the Gammaproteobacteria Thalassolituus and Oleibacter
had three copies (Clades I, IV, and VI). Multiple copies of AlkB gene suggest a high
metabolic potential for alkane degradation. Furthermore, our pangenome comparison of
the Oceanobacter-related bacteria revealed that these enzymes are absent in Oceano-
bacter reference genomes, confirming their presence as a trait of the Thalassolituus
lineage (Fig. S11).

To incorporate the alkane molecule, AlkB requires rubredoxin (AlkG) and rubredoxin-
reductase (AIKT) (64). Therefore, we also searched the MAGs for genes encoding these
proteins (outer blue rings in Fig. 3). Sixteen Gammaproteobacteria MAGs had genes
predicted to encode AIKGT (Clades II, IV, and VI), suggesting that they perform alkane
degradation via the canonical pathway. In addition to lacking AIkBGT, seven MAGs
belonging to the Gammaproteobacteria; Alteromonas, Bacteriodetes (Flavobacterium and
Olleya), and Alphaproteobacteria (Sulfitobacter) lacked AIkJK. Among these bacteria,
two Alphaproteobacteria and Henriciella MAGs also lacked genes coding for AIkBGT.
Furthermore, the two Alphaproteobacteria, Henriciella, and the seven Gammaproteobac-
teria MAGs were some of the lowest in abundance in the SIP enrichments (Fig. 2),
suggesting that they lack the potential for hydrocarbon degradation. In contrast, some
AlkB-encoding MAGs were abundant in the SIP enrichment but lacked either AIkG or
AIKT, suggesting complete hydrocarbon degradation is achieved via the non-redundant
capabilities of other bacteria encoding these other genes. The absence of certain genes
in these bacteria could be due to the incompleteness of these MAGs, or it is also possible
that there is a new enzyme that is interacting with AlkB, and we were not able to identify
it.

The oxidation of alkanes involves multiple varieties of monooxygenases. These
include propane monooxygenase (PrmAC), butane monooxygenase (PBmoBAC,
SBmoXYZ), flavin binding monooxygenase (AImA) for alkanes ranging from Cyq to Cs),
and alkane hydroxylases such as Cyp153, which oxidize alkanes from Cs to Cy3. The
long-chain alkane hydroxylase (LadA/B) can also oxidize alkanes ranging from C;5 to C3e.
These enzymes differ in their ability to incorporate alkanes of different sizes (54).

In the SIP-MAGs, we identified Cyp153 hydroxylase in Marinobacter, Alcanivorax,
Hyphomonas, and Henriciella (Fig. 4). Additionally, we found a Flavin binding monoox-
ygenase (AlImA) in Alcanivorax MAGs (Fig. 4). We also looked for other monooxygena-
ses that typically participate in oxidizing aromatic compounds, and we identified one
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FIG 3 (Continued)

purple, Bacteroidetes. Label colors represent the genera to which each sequence belongs. Inner dots upon the labels show the sequence obtained in this study.
The outer circles represent the presence or absence of rubredoxin (AIKT) and rubredoxin reductase (AIkG). The stars show the sequences with fusion domains.
AlkB was present in 35 of the 42 MAGs.

component of the toluene ortho monooxygenase enzyme (DmpO) in Marinobacter, as
well as one component of the naphthalene-1,2 dioxygenase (non-NdoB) in Pseudophae-
bocater and Paracoccus (Fig. 4). The gene ompS in A. dieselolei has been described as
an outer membrane protein involved in the degradation of pristine alkane (55). We
found homologs to this protein in Planktomarina and Alcalinivorax MAGs. Finally, we
identified genes related to flagella biosynthesis, secretion systems, and chemotaxis,
primarily present in Gammaproteobacteria, indicating a potential community response
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FIG 4 Overview of the alkane metabolism in the FSC. Overview of the alkane metabolism in the FSC community, highlighting the enzymes involved in
hydrocarbon degradation. The diagram encompasses genes from different bacteria in the enrichments. The canonical alkane degradation pathway is in blue and
emphasizes the beta-oxidation pathway in pink. The outer membrane proteins discovered in Alcanivorax dieselolei are shown in green, and the chemotaxis genes
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Month XXXX Volume O Issue O 10.1128/msystems.00619-23 13

Downloaded from https://journals.asm.org/journal/msystems on 21 September 2023 by 128.62.216.51.


https://doi.org/10.1128/msystems.00619-23

Research Article mSystems

towards n-hexadecane as previously observed for Marinobacter (65) and Alcalinivorax
(55).

Since the genomes of these bacteria were isolated from waters unrelated to any
documented occurrence of an oil spill, it is likely that they can utilize alternative energy
sources in the absence of alkanes. Since the degradation of hydrocarbons may be
facilitated by additional cellular processes, we searched for additional energy-generating
processes in the MAGs. Interestingly, we identified denitrification genes (napAB; nitrate
reductase, norBC; nitric oxide reductase, nosZ; nitrous-oxide reductase) in the Dokdonia
genomes. Furthermore, Alphaproteobacteria MAGs contained genes that are predicted
to encode the Sox enzyme complex involved in sulfur oxidation (SoxXYZABC) (66).
In the absence of alkanes, key sulfur and nitrogen genes suggest that these bacteria
are metabolically versatile and encode potential alternative mechanisms for energy
generation (Fig. S12).

Fusion domains and putative AIkG in Alphaproteobacteria

We identified two AIkB from Alcanivorax in Clade VI containing a fusion rubre-
doxin domain (stars in Fig. 3). This suggests that these genes encode a protein
with a transmembrane domain whose cytoplasmic site already contains the AIkG
rubredoxin domain (PF00301). Similarly, we found that Celeribacter AIkG sequences
(SIP_5_Bin0_scaffold_9_c1_22 and SIP2_5_Bin10_scaffold_4_c1_43) have the AIkG and
AIKT domains fused (PF00301 and PF07992), suggesting they can interact with AlkB
without AIKT (Fig. S13).

The FSC Lentibacter MAGs similarly had two copies of AlkB and lacked AIkG, yet,
there was no evidence of fused domains like in Alcanivorax and Celeribacter. Therefore,
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genes and the functional relationships of their protein-coding products. The numbers inside the arrows represent COG IDs. Colored arrows in a pink show the
AlkB gene (ROG0102), and in yellow, the AlkG-like gene (protein disulfide isomerase; COG1651). Arrows pointing to the right indicate that the gene is in the
positive chain, whereas it is negative for arrows pointing to the left. The size of the arrows does not represent the size of the gene. Each row represents an
organism. The rest of the genes correspond to: in light green, COG5389 (Protein of unknown function; DUF721); in dark blue, COG1194 (base-excision repair);
in light blue, COG0863 (N-4 methylation of cytosine); in brown, COG1162 (GTPase activity); in purple, COG3806 (Anti-sigma factor), in dark green, COG2114
(Pfam Adenylate and Guanylate cyclase catalytic domain), in red, COG2303 (choline dehydrogenase activity), in green, ROG2452, in light brown, COG2114 (Pfam
Adenylate and Guanylate cyclase catalytic domain), and light purple, ROG0024.
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we searched for additional potential electron carriers in these genomes. We examined
the genes surrounding alkB in all the Clade Il Alphaproteobacteria, which includes
Lentibacter. We found that there are some genes with shared functional annotations in
that genomic region (Fig. 5). We searched the proteins encoded by these genes for the
conserved AlkG motif (Cys-X-X-Cys-Gly), which is the motif that interacts with AlkB (67).
We identified this motif in a protein present in all 15 MAGs in Clade Ill annotated as a
disulfide isomerase (COG1651) (see Fig. S11). The disulfide isomerase protein domain is
involved in forming and regulating disulfide bonds in proteins such as DsbC (68). The
presence of this motif, along with the operon analysis and the metabolic repertoire of
enzymes in the alkane degradation pathway (AIkBTHJK) suggest the disulfide isomerase
could be acting as a rubredoxin transferring electrons from AlkB to AIKT in Alphaproteo-
bacteria (Fig. 4B).

DISCUSSION

In this study, we used a multidisciplinary approach combining 16S rRNA analy-
ses, C-n-hexadecane enrichments, and SIP-metagenomics to examine the microbial
diversity and genetic mechanisms of alkane-degrading bacteria in the FSC, a subarctic
deepwater region with an active oil industry presence. Our results revealed that the
microbial communities varied by depth, with Alcanivorax dominating the surface waters
(5 m) and Oleibacter being the most abundant alkane degrader in the subsurface
(700 m). While our findings are based on laboratory-based enrichments, which may
not always reflect how communities respond in their natural environment, our findings
are consistent with previous studies that have reported the dominance of Alcanivorax
in surface waters and the prevalence of Oleibacter in deeper waters. For example, a
recent study analyzing the microbial communities in the FSC over a period of 2 years
showed that Alcanivorax significantly increased in abundance in the upper water column
(<175 m), and this was more prominent during the spring compared to the fall (from
undetectable to 0.1% relative abundance) (22).

Two Dokdonia MAGs, at 700 m, were shown to be dominant at the beginning of the
SIP enrichment. Previous studies have detected Dokdonia species in hydrocarbon-conta-
minated marine environments (69), but their hydrocarbon-degrading capabilities have
not been substantiated. Here, we show for the first time that members of this genus
are capable of hydrocarbon degradation. Lentibacter is another lineage that has been
shown to be predominant in the FSC water column (22, 59-61) that becomes enriched
in the presence of crude oil (62, 63), but similarly to Dokdonia, their hydrocarbon-deg-
radation capabilities for any member of this genus has not been previously reported.
Here, we found Lentibacter MAGs account for 8% of the *C-enriched communities from
the 5 m SIP experiments, confirming their role in oil degradation. Earlier work assessing
the bacterial diversity of the water column in the FSC over a 2-year period showed
Lentibacter represented anywhere between 1% and 20% of the total community (22).
Other genera, such as Alteromonas and Sulfitobacter, were also previously found in the
FSC during the spring (22), but we were unable to find genomic-based evidence of
any canonical alkane degradation pathway in these MAGs. This is not unexpected as
not all members comprising each of these two genera possess the ability to utilize
hydrocarbons.

We also found Glaciecola MAGs comprised 5% of the SIP enrichments at 5 and 700 m
and coded all the enzymes required for alkane degradation (except AIKT). Isolates of
Glaciecola from the North Sea—a waterbody adjacent to the FSC—have been shown
to utilize hydrocarbons, including alkanes, as a sole source of carbon and energy (70),
and representatives of this genus have been found enriched in laboratory cultures using
FSC surface water amended with the soluble hydrocarbon fraction of crude oil (71).
Furthermore, Glaciecola has been identified in pyrene-enrichments of sediment samples
obtained at 500 and 1,000 m depths from the FSC (72). These findings suggest that
Glaciecola could play a key role in hydrocarbon degradation in the event of a spill in the
North Atlantic.
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Previous n-hexadecane SIP experiments to identify the bacterial community that
contributed to the degradation of the oil spilled into the Gulf of Mexico from the
Deepwater Horizon spill (20), recovered MAGs affiliated with Marinobacter. While this
genus is considered the most important of the generalist hydrocarbon degraders in
the ocean, its members exhibit an almost exclusive preference for n-alkanes (73).
Marinobacter has been found throughout the FSC water column (up to 0.2% relative
abundance) (22, 74). Here, we recovered four Marinobacter MAGs evenly distributed
across depths, though more abundant in the 700 m SIP experiment. Other less abundant
lineages lacking AlkB, including Flavobacterium, Henriciella, Alteromonas, Olleya, and
Sulfitobacter, have previously been found in oil-impacted ecosystems or implicated in oil
degradation (75-78). Flavobacterium, among other methylotrophic organisms, has been
found dominant in oil-impacted ecosystems, often succeeding after an initial enrichment
by other bacteria, such as Oceanospirillales (17). Sulfitobacter, Alteromonas, and some
Flavobacterium have been implicated in either or both alkane and aromatic hydrocarbon
degradation (17, 79, 80), suggesting that these organisms may play a role in hydrocarbon
degradation, either indirectly or in concert with other degraders (20).

Genomic-based metabolic inferences indicated that many of the FSC MAGs lacked
alkB genes, which are often used as a biomarker to explore the diversity of bacte-
ria capable of degrading hydrocarbons. Phylogeny revealed six taxonomic clades of
AIkB distributed among Gammaproteobacteria, Alphaproteobacteria, and Bacteroidetes.
Interestingly, most MAGs (except for Dokdonia) showed more than one version of AlkB,
and the origin of these multiple copies could be gene duplication or acquisition via
horizontal gene transfer (HGT) (81, 82). The AIkB gene is known to be horizontally
transferred. For example, the OCT plasmid of P. putida which contains alkB was originally
described in Alcanivorax and has been found distributed in genomes of different lineages
(14, 83). Since the AIkB clades are composed of genomes from multiple genera, our
analysis suggests that the most likely explanation for the multiple copies of the AlkB
gene is HGT. Gene duplication has also been described before for alkB, mainly associated
with multidomain versions and the capacity to use large alkanes of chain length from
C14to C30 (14, 84, 85).

The occurrence of AlkB enzyme across taxonomic lineages with unique genomic
configurations and evolutionary histories suggests the possibility of alternative electron
donors (i.e., AlkGT-like). Here, we identified a putative protein in Clade Il Alphaproteo-
bacteria MAGs that could interact with AIkB. This putative protein shares the AlkG-motif
that interacts with AlkB. In Celeribacter MAGs, we also found a protein with the fusion
domains of AIkGT, suggesting a new possibility of interaction with AlkB in Alphaproteo-
bacteria.

Beyond the conventional alkane degradation pathway, our MAGs have a repertoire
of metabolic capabilities that facilitate the breakdown and utilization of diverse alkanes.
We identified other types of monooxygenases in Gammaproteobacteria and Alphapro-
teobacteria, such as the cyp153 hydroxylase in Marinobacter, Alcanivorax, Hyphomonas,
and Henriciella, and the flavin-binding monooxygenase (AImA) in Alcanivorax (as shown
in Fig. 4). This suggests they may have been using different sizes of alkanes as an energy
source. Additionally, we found genes involved in breaking down aromatic compounds,
including genes coding for enzymes that help degrade naphthalene in Alphaproteobac-
teria and a component of the enzyme toluene monooxygenase in Gammaproteobacte-
ria. Our results suggest that the ability to break down aromatic compounds may play a
role in the niche partitioning among these bacteria.

The degradation of hydrocarbons by heterotrophic bacteria is challenging due to the
very low solubilities of these compounds in water. Biofilms, including quorum-sensing
mediated biofilms, have been proposed to facilitate access to hydrocarbon droplets,
enabling bacteria to utilize these compounds as a carbon source (65, 86-88). In this
study, we found genes related to access to hydrocarbon substrates. For example, all
Gammaproteobacteria MAGs code genes related to motility, biofilm formation, and
chemotaxis. Chemotaxis may provide a significant advantage, promoting a movement
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toward hydrocarbon molecules when the chemical concentration is low and allowing
bacteria to avoid toxic hydrocarbons (89). For example, the type VI secretion system
and genes related to chemotaxis have been observed in Marinobacter when exposed to
n-hexadecane (90). Our results suggest that bacterial baseline communities in the FSC
have genomic adaptations to survive in hydrocarbon-rich environments, as can occur
during a major oil spill.

The functioning of marine ecosystems is closely linked to the cycling of key elements,
such as nitrogen and sulfur. Our study provides evidence that hydrocarbon-degrading
bacteria may play a role in these processes in the FSC. Specifically, we identified genes
associated with denitrification in Dokdonia MAGs (from the incubations with 700 m
depth seawater), suggesting that members of this genus may be involved in denitrifica-
tion processes in the deep subsurface of the FSC. Since denitrification is a key process
associated with oxygen-deficient zones, where some organisms can use alternative
respiratory pathways when oxygen is depleted (91), hydrocarbon-degrading Dokdonia
may have an advantage over other degraders during an oil spill. To the best of our
knowledge, research specifically focused on the microbial response to crude oil in the
FSC has consistently reported the presence of Dokdonia. However, none of the published
studies have documented the enrichment of Dokdonia in these investigations. This is
likely because those studies were conducted under well-aerated conditions, and of note,
the FSC is a highly hydrodynamic area where oxygen is not known to be limited within
the water column. However, in the event of a major spill in the deep waters of the
FSC, hydrocarbon-degrading Dokdonia may be expected to play an important role when
oxygen levels become limiting and when the activities of the aerobic oil-degrading
population slow down or come to a halt, as occurred within the deep subsurface oil
plume during the Deepwater Horizon oil spill (92). During that spill, the coupling of
nitrogen fixation and growth on hydrocarbons (larger than methane and ethane) was,
for the first time, shown to be closely intertwined (93-95). In addition to nitrogen, genes
relevant to sulfur cycling have been reported enriched in microbial populations found
within oil-contaminated ecosystems (96), including the deep subsurface plume that
formed during the Deepwater Horizon spill (97).

Our findings here also reveal the potential involvement of the sulfur cycle in
facilitating hydrocarbon degradation and potentially other ecosystem functions. The
Alphaproteobacteria contain soxXYZABC genes, which are involved in sulfur oxidation,
suggesting that there could be sulfur inputs to the water column in the FSC, such as may
be derived from the release of produced waters from oil extraction in this region and
adjacent waters of the North Sea. Indeed, sulfur compounds are abundant in many crude
oils (98), but they are also inherent to the chemical structure of some synthetic chemical
dispersants (e.g., Corexit) that are used to combat large oil spills at sea (99). Further,
understanding these geochemical dependencies could inform fertilization strategies to
enhance the biodegradation of specific compounds (96).

Conclusions

In this study, we provide an experimental, genomic, and metabolic examination of the
hydrocarbon-degrading baseline microbial communities from a subarctic region of the
North Atlantic. Our findings highlight the dominance of bacteria capable of oil degra-
dation, including novel genotypes with unique alkane degradation strategies. These
bacteria, such as uncultured Alphaproteobacteria related to Hyphomonas, Celeribacter,
Lentibacter, Teteyamarina, and Pseudophaeobacter, which are known hydrocarbon
degraders, possess a previously undescribed mechanism for alkane hydroxylation in
the absence of rubredoxins, which are essential for electron transfer. The prevalence of
Lentibacter in the water column and hydrocarbon enrichments suggests they play an
active role in purging the FSC waters of hydrocarbons. Finally, we demonstrated that
Dokdonia assimilates and has pathways for n-hexadecane utilization in the absence of
rubredoxins. This study highlight a network pathways spread across bacterial commun-
ities codes the metabolisms for hydrocarbon cycling. Collectively, these bacteria can
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coordinate the complete biodegradation of aliphatic and aromatic hydrocarbons in
the event of an acute major oil spill or slow and continual chronic spillage. This
study provides important insights into the microbial diversity and genetic mechanisms
of hydrocarbon-degrading bacteria in a region with an active oil industry presence
but which shows no signs of oil spillage. These findings have implications for under-
standing the potential for bioremediation strategies in areas affected by oil spills and
other hydrocarbon contaminants. Overall, our findings have significant implications for
managing and mitigating oil spills in subarctic deepwater regions. By understanding the
microbial communities and their responses to environmental changes, we can develop
more effective strategies to minimize the impact of oil spills on these sensitive ecosys-
tems.

ACKNOWLEDGMENTS

We thank Alejandro Gallego and the captain and crew of MRV Scotia for their support on
the research cruises to the FSC and for accommodating all our research needs.

This work was funded by the Simons Foundation (Award number 687165) and
awarded to B.J.B. This work was also funded under the NERC Scottish Universities
Partnership for Environmental Research (SUPER) Doctoral Training Partnership (DTP)
(grant reference number NE/S007342/1 and website https://superdtp.st-andrews.ac.uk/),
a DOE-JGI grant (Project CSP 503341) to T.G. with support also from Heriot-Watt
University via their James-Watt Scholarship Scheme to A.A. Partial support was also
provided through a Royal Society Research Grant (project NEAMO), a Society for Applied
Microbiology (SfAM) grant, and a MASTS PECRE grant (project NEADMICRO) to T.G.
This work also received support from the U.S. NSF Postdoctoral Research Fellowship in
Biology, grant number 2011002, awarded to R.R.R.

T.G., V.D.A, and B.J.B. conceptualized and administrated this study. T.G., V.D.A., and
B.J.B. advised experiments and analyses. T.G. and B.J.B. acquired funding. A.A. performed
sample collection, conducted the SIP experiments, and identified and validated the
SIP-identified taxa. M.V.R.L. performed metagenomic assembly and binning. M.V.R.L.
developed software for analysis (rbims). M\V.R.L, GW., and V.D.A created visualizations.
M.V.RL, RR.R., V.D.A, T.G, and B.J.B. wrote the paper with contributions from all other
authors.

The authors declare no competing financial interests.

AUTHOR AFFILIATIONS

'Department of Marine Science, Marine Science Institute, University of Texas at Austin,
Port Aransas, Texas, USA

%Instituto de Ciencias del Mar y Limnologia Universidad Nacional Auténoma de Mexico,
Unidad Académica de Ecologia y Biodiversidad Acuatica, Mexico City, Mexico
*Department of Integrative Biology, The University of Texas at Austin, Austin, Texas, USA
*School of Engineering and Physical Sciences, Institute of Mechanical, Process and Energy
Engineering (IMPEE), Heriot-Watt University, Edinburgh, United Kingdom

AUTHOR ORCIDs

Mirna Vazquez Rosas Landa 2 http://orcid.org/0000-0002-6928-7930
Valerie De Anda & http://orcid.org/0000-0001-9775-0737

Tony Gutierrez (2 http://orcid.org/0000-0002-6127-8511

Brett J. Baker (2 http://orcid.org/0000-0002-5971-1021

FUNDING
Funder Grant(s) Author(s)
Simons Foundation (SF) 687165 Brett J. Baker

Month XXXX Volume 0 Issue 0

mSystems

10.1128/msystems.00619-23 18

Downloaded from https://journals.asm.org/journal/msystems on 21 September 2023 by 128.62.216.51.


https://doi.org/10.1128/msystems.00619-23

Research Article

Funder Grant(s) Author(s)

NERC Scottish Universities Partnership for Environ-  NE/S007342/1 Tony Gutierrez
mental Research (SUPER)

Doctoral Training Partnership NE/S007342/1 Tony Gutierrez
DOE-JaGI 503341 Tony Gutierrez
Heriot-Watt University (HWU) Angelina Angelova
Royal Society Research Grant NEAMO Tony Gutierrez
Society for Applied Microbiology (SFAM) Tony Gutierrez
MASTS PECRE NEADMICRO Tony Gutierrez

AUTHOR CONTRIBUTIONS

Mirna Vazquez Rosas Landa, Data curation, Formal analysis, Investigation, Software,
Validation, Visualization, Writing - original draft, Writing - review and editing | Val-
erie De Anda, Formal analysis, Supervision, Writing - original draft, Writing — review
and editing, Conceptualization, Investigation, Methodology, Project administration,
Software, Visualization, Validation | Robin R. Rohwer, Writing - original draft, Writing
- review and editing | Angelina Angelova, Data curation, Formal analysis, Methodology
| Georgia Waldram, Data curation, Formal analysis | Tony Gutierrez, Conceptualization,
Formal analysis, Funding acquisition, Investigation, Methodology, Project administration,
Resources, Supervision, Writing — original draft, Writing - review and editing | Brett
J. Baker, Conceptualization, Funding acquisition, Investigation, Project administration,
Resources, Supervision, Validation, Writing - original draft, Writing — review and editing

DATA AVAILABILITY

The following accession numbers were submitted to GenBank for '*C-enriched
DNA in SIP experiments with n-hexadecane (KY515280, KY515282, KY515284,
KY515286-KY515288, KY515291-KY515294). The MAGs are submitted under project ID
PRJNA816150. Raw data and annotations are provided in IMG/MER under project IDs
3300039448, 3300039456, 3300039449, and 3300040958.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental Figures (mSystems00619-23-s0001.docx). Figures S1 to S13.

Table S1 (mSystems00619-23-s0002.docx). Quantitative PCR primers.

Table S2 (mSystems00619-23-s0003.xlsx). Overview of the metagenome assembly.
Table S3 (mSystems00619-23-s0004.xlsx). Sequencing data and reports from JGI.

Table S4 (mSystems00619-23-s0005.xIsx). MAG statistics.

Table S5 (mSystems00619-23-s0006.xlIsx). Relative abundance of MAGs in the
metagenomes.

Table S6 (mSystems00619-23-s0007.xlsx). GTDB-tk taxonomy.

Table S7 (mSystems00619-23-s0008.xlsx). KEGG-based functional annotation of the 42
MAGs from the n-hexadecane SIP enrichments.

Table S8 (mSystems00619-23-s0009.xlsx). KEGG-based functional annotation of the
enzymes that are only present in our MAGs that belong to the Oceanobacter-related
bacteria and are absent in the Oceanobacter reference genomes.

Tables S9 and S10 (mSystems00619-23-s0010.xlsx). Best hits found in CANT-HYD
database and to the reference genome of Alcanivorax dieselolei.

Month XXXX Volume 0 Issue 0

mSystems

10.1128/msystems.00619-23 19

Downloaded from https://journals.asm.org/journal/msystems on 21 September 2023 by 128.62.216.51.


https://www.ncbi.nlm.nih.gov/nuccore/KY515280
https://www.ncbi.nlm.nih.gov/nuccore/KY515282
https://www.ncbi.nlm.nih.gov/nuccore/KY515284
https://www.ncbi.nlm.nih.gov/nuccore/KY515286
https://www.ncbi.nlm.nih.gov/nuccore/KY515288
https://www.ncbi.nlm.nih.gov/nuccore/KY515291
https://www.ncbi.nlm.nih.gov/nuccore/KY515294
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA816150
https://doi.org/10.1128/msystems.00619-23
https://doi.org/10.1128/msystems.00619-23

Research Article

REFERENCES

1.

Month XXXX  Volume 0

Sammarco PW, Kaltofen M, Kolian S, Warby RA, Bouldin J, Subra W, Porter
SA. 2014. Distribution and concentrations of petroleum hydrocarbons
associated with the BP/Deepwater horizon oil spill, Gulf of Mexico. Mar
Pollut Bull 79:391-392. https://doi.org/10.1016/j.marpolbul.2013.11.001
Head IM, Jones DM, Réling WFM. 2006. Marine microorganisms make a
meal of oil. Nat Rev Microbiol 4:173-182. https://doi.org/10.1038/
nrmicro1348

Yakimov MM, Timmis KN, Golyshin PN. 2007. Obligate oil-degrading
marine bacteria. Curr Opin Biotechnol 18:257-266. https://doi.org/10.
1016/j.copbio.2007.04.006

Chakrabarty AM, Chou G, Gunsalus IC. 1973. Genetic regulation of
octane dissimilation plasmid in Pseudomonas. Proc Natl Acad Sci U S A
70:1137-1140. https://doi.org/10.1073/pnas.70.4.1137

Owen DJ, Eggink G, Hauer B, Kok M, McBeth DL, Yang YL, Shapiro JA.
1984. Physical structure, genetic content and expression of the alkBAC
operon. Mol Gen Genet 197:373-383. https://doi.org/10.1007/
BF00329932

Kok M, Oldenhuis R, van der Linden MPG, Raatjes P, Kingma J, van
Lelyveld PH, Witholt B. 1989. The Pseudomonas oleovorans alkane
hydroxylase gene. J Biol Chem 264:5435-5441. https://doi.org/10.1016/
S0021-9258(18)83564-5

van Beilen JB, Penninga D, Witholt B. 1992. Topology of the membrane-
bound alkane hydroxylase of Pseudomonas oleovorans. J Biol Chem
267:9194-9201. https://doi.org/10.1016/50021-9258(19)50407-0

Rojo F. 2009. Degradation of alkanes by bacteria. Environ Microbiol
11:2477-2490. https://doi.org/10.1111/j.1462-2920.2009.01948.x
Geissdorfer W, Kok RG, Ratajczak A, Hellingwerf KJ, Hillen W. 1999. The
genes rubA and rubB for alkane degradation in Acinetobacter sp. strain
ADP1 are in an operon with estB, encoding an esterase, and oxyR. J
Bacteriol 181:4292-4298. https://doi.org/10.1128/JB.181.14.4292-4298.
1999

Panke S, de Lorenzo V, Kaiser A, Witholt B, Wubbolts MG. 1999.
Engineering of a stable whole-cell biocatalyst capable of (S)-styrene
oxide formation for continuous two-liquid-phase applications. Appl
Environ Microbiol 65:5619-5623. https://doi.org/10.1128/AEM.65.12.
5619-5623.1999

van Beilen JB, Smits THM, Whyte LG, Schorcht S, Réthlisberger M,
Plaggemeier T, Engesser K-H, Witholt B. 2002. Alkane hydroxylase
homologues in gram-positive strains. Environ Microbiol 4:676-682.
https://doi.org/10.1046/j.1462-2920.2002.00355.x

Williams SC, Austin RN. 2022. An overview of the electron-transfer
proteins that activate alkane monooxygenase (AlkB). Front Microbiol
13:845551. https://doi.org/10.3389/fmicb.2022.845551

Smits THM, Balada SB, Witholt B, van Beilen JB. 2002. Functional analysis
of alkane hydroxylases from gram-negative and gram-positive bacteria. J
Bacteriol 184:1733-1742. https://doi.org/10.1128/JB.184.6.1733-1742.
2002

Nie Y, Chi C-Q, Fang H, Liang J-L, Lu S-L, Lai G-L, Tang Y-Q, Wu X-L. 2014,
Diverse alkane hydroxylase genes in microorganisms and environments.
Sci Rep 4:4968. https://doi.org/10.1038/srep04968

Hazen TC, Dubinsky EA, DeSantis TZ, Andersen GL, Piceno YM, Singh N,
Jansson JK, Probst A, Borglin SE, Fortney JL, Stringfellow WT, Bill M,
Conrad ME, Tom LM, Chavarria KL, Alusi TR, Lamendella R, Joyner DC,
Spier C, Baelum J, Auer M, Zemla ML, Chakraborty R, Sonnenthal EL,
D’haeseleer P, Holman H-Y, Osman S, Lu Z, Van Nostrand JD, Deng Y,
Zhou J, Mason OU. 2010. Deep-sea oil plume enriches indigenous oil-
degrading bacteria. Sci 330:204-208. https://doi.org/10.1126/science.
1195979

Xu X, Liu W, Tian S, Wang W, Qi Q, Jiang P, Gao X, Li F, Li H, Yu H. 2018.
Petroleum hydrocarbon-degrading bacteria for the remediation of oil
pollution under aerobic conditions: a perspective analysis. Front
Microbiol 9:2885. https://doi.org/10.3389/fmicb.2018.02885

Redmond MC, Valentine DL. 2012. Natural gas and temperature
structured a microbial community response to the deepwater horizon
oil spill. Proc Natl Acad Sci U S A 109:20292-20297. https://doi.org/10.
1073/pnas.1108756108

Dumont MG, Murrell JC. 2005. Stable isotope probing linking microbial
identity to function. Nat Rev Microbiol 3:499-504. https://doi.org/10.
1038/nrmicro1162

Issue 0

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

mSystems

Gutierrez T, Singleton DR, Berry D, Yang T, Aitken MD, Teske A. 2013.
Hydrocarbon-degrading bacteria enriched by the deepwater horizon oil
spill identified by cultivation and DNA-SIP. ISME J 7:2091-2104. https://
doi.org/10.1038/isme;j.2013.98

Dombrowski N, Donaho JA, Gutierrez T, Seitz KW, Teske AP, Baker BJ.
2016. Reconstructing metabolic pathways of hydrocarbon-degrading
bacteria from the deepwater horizon oil spill. Nat Microbiol 1:16057.
https://doi.org/10.1038/nmicrobiol.2016.57

Sieradzki ET, Morando M, Fuhrman JA. 2021. Metagenomics and
quantitative stable Isotope probing offer insights into metabolism of
polycyclic aromatic hydrocarbon degraders in chronically polluted
seawater. mSystems 6:¢00245-21. https://doi.org/10.1128/mSystems.
00245-21

Angelova AG, Berx B, Bresnan E, Joye SB, Free A, Gutierrez T. 2021. Inter-
and intra-annual bacterioplankton community patterns in a deepwater
sub-Arctic region: persistent high background abundance of putative oil
degraders. mBio 12:03701-20. https://doi.org/10.1128/mBi0.03701-20
Turrell WR, Slesser G, Adams RD, Payne R, Gillibrand PA. 1999. Decadal
variability in the composition of faroe shetland channel bottom water.
Deep Sea Res Part | 46:1-25. https://doi.org/10.1016/S0967--
0637(98)00067-3

Berx B. 2012. The hydrography and circulation of the faroe-shetland
channel. Ocean Challenge 19:15-29.

Dyksterhouse SE, Gray JP, Herwig RP, Lara JC, Staley JT. 1995. Cycloclasti-
cus pugetii gen. nov, sp. nov, an aromatic hydrocarbon-degrading
bacterium from marine sediments. Int J Syst Bacteriol 45:116-123. https:
//doi.org/10.1099/00207713-45-1-116

Tillett D, Neilan BA. 2000. Xanthogenate nucleic acid isolation from
cultured and environmental cyanobacteria. J Phycol 36:251-258. https:/
doi.org/10.1046/j.1529-8817.2000.99079.x

Jones MD, Singleton DR, Sun W, Aitken MD. 2011. Multiple DNA
extractions coupled with stable-isotope probing of anthracene-
degrading bacteria in contaminated soil. Appl Environ Microbiol
77:2984-2991. https://doi.org/10.1128/AEM.01942-10

Yu Z, Morrison M. 2004. Improved extraction of PCR-quality community
DNA from digesta and fecal samples. Biotech 36:808-812. https://doi.
org/10.2144/043655T04

Muyzer G, de Waal EC, Uitterlinden AG. 1993. Profiling of complex
microbial populations by denaturing gradient GEL electrophoresis
analysis of polymerase chain reaction-amplified genes coding for 16S
rRNA. Appl Environ Microbiol 59:695-700. https://doi.org/10.1128/aem.
59.3.695-700.1993

Gordon D. 2003. Viewing and editing assembled sequences using
consed. Curr Protoc Bioinformatics Chapter 11:Unit11. https://doi.org/
10.1002/0471250953.bi1102502

Larsson A. 2014. Aliview: a fast and lightweight alignment viewer and
editor for large datasets. Bioinformatics 30:3276-3278. https://doi.org/
10.1093/bioinformatics/btu531

Ye J, Coulouris G, Zaretskaya |, Cutcutache |, Rozen S, Madden TL. 2012.
Primer-BLAST: a tool to design target-specific primers for polymerase
chain reaction. BMC Bioinformatics 13:134. https://doi.org/10.1186/
1471-2105-13-134

Grigoriev IV, Nordberg H, Shabalov |, Aerts A, Cantor M, Goodstein D,
Kuo A, Minovitsky S, Nikitin R, Ohm RA, Otillar R, Poliakov A, Ratnere |,
Riley R, Smirnova T, Rokhsar D, Dubchak I. 2012. The genome portal of
the department of energy joint genome institute. Nucleic Acids Res
40:D26-D32. https://doi.org/10.1093/nar/gkr947

Department of Energy, Office of Science. 2013. The genome portal of the
Department of energy joint genome Institute: 2014 updates. United
States https://play.google.com/store/books/details?id=WaBwAQAA-
CAAJ.

Bushnell B, Rood J, Singer E. 2017. Bbmerge - accurate paired shotgun
read merging via overlap. PLoS One 12:e0185056. https://doi.org/10.
1371/journal.pone.0185056

Nurk S, Meleshko D, Korobeynikov A, Pevzner PA. 2017. metaSPAdes: a
new versatile metagenomic assembler. Genome Res 27:824-834. https://
doi.org/10.1101/gr.213959.116

10.1128/msystems.00619-23 20

Downloaded from https://journals.asm.org/journal/msystems on 21 September 2023 by 128.62.216.51.


https://doi.org/10.1016/j.marpolbul.2013.11.001
https://doi.org/10.1038/nrmicro1348
https://doi.org/10.1016/j.copbio.2007.04.006
https://doi.org/10.1073/pnas.70.4.1137
https://doi.org/10.1007/BF00329932
https://doi.org/10.1016/S0021-9258(18)83564-5
https://doi.org/10.1016/S0021-9258(19)50407-0
https://doi.org/10.1111/j.1462-2920.2009.01948.x
https://doi.org/10.1128/JB.181.14.4292-4298.1999
https://doi.org/10.1128/AEM.65.12.5619-5623.1999
https://doi.org/10.1046/j.1462-2920.2002.00355.x
https://doi.org/10.3389/fmicb.2022.845551
https://doi.org/10.1128/JB.184.6.1733-1742.2002
https://doi.org/10.1038/srep04968
https://doi.org/10.1126/science.1195979
https://doi.org/10.3389/fmicb.2018.02885
https://doi.org/10.1073/pnas.1108756108
https://doi.org/10.1038/nrmicro1162
https://doi.org/10.1038/ismej.2013.98
https://doi.org/10.1038/nmicrobiol.2016.57
https://doi.org/10.1128/mSystems.00245-21
https://doi.org/10.1128/mBio.03701-20
https://doi.org/10.1016/S0967-0637(98)00067-3
https://doi.org/10.1099/00207713-45-1-116
https://doi.org/10.1046/j.1529-8817.2000.99079.x
https://doi.org/10.1128/AEM.01942-10
https://doi.org/10.2144/04365ST04
https://doi.org/10.1128/aem.59.3.695-700.1993
https://doi.org/10.1002/0471250953.bi1102s02
https://doi.org/10.1093/bioinformatics/btu531
https://doi.org/10.1186/1471-2105-13-134
https://doi.org/10.1093/nar/gkr947
https://play.google.com/store/books/details?id=WaBwAQAACAAJ
https://doi.org/10.1371/journal.pone.0185056
https://doi.org/10.1101/gr.213959.116
https://doi.org/10.1128/msystems.00619-23

Research Article

37.

38.

39.

40.

41.

42.

43,

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

Month XXXX  Volume 0

Li H, Durbin R. 2009. Fast and accurate short read alignment with
burrows-wheeler transform. Bioinformatics 25:1754-1760.
https://doi.org/10.1093/bioinformatics/btp324

Kang DD, Froula J, Egan R, Wang Z. 2015. Metabat, an efficient tool for
accurately reconstructing single genomes from complex microbial
communities. PeerJ 3:e1165. https://doi.org/10.7717/peerj.1165
Alneberg J, Bjarnason BS, de Bruijn I, Schirmer M, Quick J, ljaz UZ, Lahti L,
Loman NJ, Andersson AF, Quince C. 2014. Binning metagenomic contigs
by coverage and composition. Nat Methods 11:1144-1146. https://doi.
org/10.1038/nmeth.3103

Sieber CMK, Probst AJ, Sharrar A, Thomas BC, Hess M, Tringe SG, Banfield
JF. 2018. Recovery of genomes from metagenomes via a dereplication,
aggregation and scoring strategy. Nat Microbiol 3:836-843. https://doi.
0rg/10.1038/541564-018-0171-1

Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW. 2015.
Checkm: assessing the quality of microbial genomes recovered from
isolates, single cells, and metagenomes. Genome Res 25:1043-1055.
https://doi.org/10.1101/9r.186072.114

De Anda V, Chen L-X, Dombrowski N, Hua Z-S, Jiang H-C, Banfield JF, Li
W-J, Baker BJ. 2021. Brockarchaeota, a novel Archaeal Phylum with
unique and versatile carbon Cycling pathways. Nat Commun 12:2404.
https://doi.org/10.1038/s41467-021-22736-6

Chaumeil P-A, Mussig AJ, Hugenholtz P, Parks DH. 2019. GTDB-TK: a
toolkit to classify genomes with the genome taxonomy database.
Bioinformatics 36:1925-1927. https://doi.org/10.1093/bioinformatics/
btz848

Oksanen J, Kindt R, Legendre P, O'Hara B, Stevens MHH, Oksanen MJ,
Suggests M. 2007. The Vegan package. Community Ecology package, p
719

Darling AE, Jospin G, Lowe E, Matsen FA, Bik HM, Eisen JA. 2014.
Phylosift: phylogenetic analysis of genomes and metagenomes. Peer)
2:e243. https://doi.org/10.7717/peerj.243

Katoh K, Misawa K, Kuma K, Miyata T. 2002. MAFFT: a novel method for
rapid multiple sequence alignment based on fast fourier transform.
Nucleic Acids Res 30:3059-3066. https://doi.org/10.1093/nar/gkf436
Capella-Gutiérrez S, Silla-Martinez JM, Gabaldon T. 2009. trimAl: a tool
for automated alignment trimming in large-scale phylogenetic analyses.
Bioinformatics 25:1972-1973. https://doi.org/10.1093/bioinformatics/
btp348

Stamatakis A. 2006. Raxml-VI-HPC: maximum likelihood-based
phylogenetic analyses with thousands of taxa and mixed models.
Bioinformatics 22:2688-2690. https://doi.org/10.1093/bioinformatics/
btl446

Dong C, Wei L, Wang J, Lai Q, Huang Z, Shao Z. 2022. Genome-based
taxonomic rearrangement of Oceanobacter-related bacteria including
the description of Thalassolituus hydrocarbonoclasticus sp. nov. and
Thalassolituus pacificus sp. nov. and emended description of the genus
Thalassolituus. Front Microbiol 13:1051202. https://doi.org/10.3389/
fmicb.2022.1051202

Contreras-Moreira B, Vinuesa P. 2013. GET_HOMOLOGUES, a versatile
software package for scalable and robust microbial pangenome analysis.
Appl Environ Microbiol 79:7696-7701. https://doi.org/10.1128/AEM.
02411-13

Hyatt D, Chen G-L, Locascio PF, Land ML, Larimer FW, Hauser LJ. 2010.
Prodigal: prokaryotic gene recognition and translation initiation site
identification. BMC Bioinformatics 11:119. https://doi.org/10.1186/1471-
2105-11-119

Aramaki T, Blanc-Mathieu R, Endo H, Ohkubo K, Kanehisa M, Goto S,
Ogata H. 2020. KofamKOALA: KEGG ortholog assignment based on
profile HMM and adaptive score threshold. Bioinformatics 36:2251-2252.
https://doi.org/10.1093/bioinformatics/btz859

Blum M, Chang H-Y, Chuguransky S, Grego T, Kandasaamy S, Mitchell A,
Nuka G, Paysan-Lafosse T, Qureshi M, Raj S, Richardson L, Salazar GA,
Williams L, Bork P, Bridge A, Gough J, Haft DH, Letunic |, Marchler-Bauer
A, Mi H, Natale DA, Necci M, Orengo CA, Pandurangan AP, Rivoire C,
Sigrist CJA, Sillitoe |, Thanki N, Thomas PD, Tosatto SCE, Wu CH, Bateman
A, Finn RD. 2021. The interpro protein families and domains database: 20
years on. Nucleic Acids Res 49:D344-D354. https://doi.org/10.1093/nar/
gkaa977

Khot V, Zorz J, Gittins DA, Chakraborty A, Bell E, Bautista MA, Paquette
AJ, Hawley AK, Novotnik B, Hubert CRJ, Strous M, Bhatnagar S. 2021.

Issue 0

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

mSystems

CANT-HYD: a curated database of phylogeny-derived hidden markov
models for annotation of marker genes involved in hydrocarbon
degradation. Front Microbiol 12:764058. https://doi.org/10.3389/fmicb.
2021.764058

Wang W, Shao Z. 2014. The long-chain alkane metabolism network of
Alcanivorax dieselolei. Nat Commun 5:5755. https://doi.org/10.1038/
ncomms6755

De Anda V, Zapata-Pefasco |, Poot-Hernandez AC, Eguiarte LE,
Contreras-Moreira B, Souza V. 2017. MEBS, a software platform to
evaluate large (Meta)genomic collections according to their metabolic
machinery: unraveling the sulfur cycle. Gigascience 6:1-17. https://doi.
org/10.1093/gigascience/gix096

Nguyen L-T, Schmidt HA, von Haeseler A, Minh BQ. 2015. IQ-TREE: a fast
and effective stochastic algorithm for estimating maximum-likelihood
phylogenies. Mol Biol Evol 32:268-274. https://doi.org/10.1093/molbev/
msu300

Taboada B, Estrada K, Ciria R, Merino E. 2018. Operon-mapper: a web
server for precise operon identification in bacterial and archaeal
genomes.  Bioinformatics  34:4118-4120.  https://doi.org/10.1093/
bioinformatics/bty496

Sunagawa S, Coelho LP, Chaffron S, Kultima JR, Labadie K, Salazar G,
Djahanschiri B, Zeller G, Mende DR, Alberti A, Cornejo-Castillo FM,
Costea PI, Cruaud C, d'Ovidio F, Engelen S, Ferrera |, Gasol JM, Guidi L,
Hildebrand F, Kokoszka F, Lepoivre C, Lima-Mendez G, Poulain J, Poulos
BT, Royo-Llonch M, Sarmento H, Vieira-Silva S, Dimier C, Picheral M,
Searson S, Kandels-Lewis S, Bowler C, de Vargas C, Gorsky G, Grimsley N,
Hingamp P, ludicone D, Jaillon O, Not F, Ogata H, Pesant S, Speich S,
Stemmann L, Sullivan MB, Weissenbach J, Wincker P, Karsenti E, Raes J,
Acinas SG, Bork P, Tara Oceans coordinators. 2015. Ocean plankton.
structure and function of the global ocean microbiome. Sci
348:1261359. https://doi.org/10.1126/science.1261359

Agogué H, Lamy D, Neal PR, Sogin ML, Herndl GJ. 2011. Water mass-
specificity of bacterial communities in the North Atlantic revealed by
massively parallel sequencing. Mol Ecol 20:258-274. https://doi.org/10.
1111/j.1365-294X.2010.04932.x

Zhang Y, Yao P, Sun C, Li S, Shi X, Zhang X-H, Liu J. 2021. Vertical diversity
and association pattern of total, abundant and rare microbial communi-
ties in deep-sea sediments. Mol Ecol 30:2800-2816. https://doi.org/10.
1111/mec.15937

Bacosa HP, Erdner DL, Rosenheim BE, Shetty P, Seitz KW, Baker BJ, Liu Z.
2018. Hydrocarbon degradation and response of seafloor sediment
bacterial community in the northern Gulf of Mexico to light Louisiana
sweet crude oil. ISME J 12:2532-2543. https://doi.org/10.1038/541396-
018-0190-1

Liu J, Bacosa HP, Liu Z. 2016. Potential environmental factors affecting
oil-degrading bacterial populations in deep and surface waters of the
northern Gulf of Mexico. Front Microbiol 7:2131. https://doi.org/10.3389/
fmicb.2016.02131

van Beilen JB, Neuenschwander M, Smits THM, Roth C, Balada SB,
Witholt B. 2002. Rubredoxins involved in alkane oxidation. J Bacteriol
184:1722-1732. https://doi.org/10.1128/JB.184.6.1722-1732.2002

Vaysse P-J, Sivadon P, Goulas P, Grimaud R. 2011. Cells dispersed from
Marinobacter hydrocarbonoclasticus SP17 biofilm exhibit a specific
protein profile associated with a higher ability to reinitiate biofilm
development at the hexadecane-water interface. Environ Microbiol
13:737-746. https://doi.org/10.1111/j.1462-2920.2010.02377.x

Friedrich CG, Rother D, Bardischewsky F, Quentmeier A, Fischer J. 2001.
Oxidation of reduced inorganic sulfur compounds by bacteria:
emergence of a common mechanism? Appl Environ Microbiol 67:2873-
2882. https://doi.org/10.1128/AEM.67.7.2873-2882.2001

van Beilen JB, Wubbolts MG, Witholt B. 1994. Genetics of alkane
oxidation by Pseudomonas oleovorans. Biodegradation 5:161-174. https:
//doi.org/10.1007/BF00696457

Heras B, Kurz M, Shouldice SR, Martin JL. 2007. The name's bond.....disul-
fide bond. Curr Opin Struct Biol 17:691-698. https://doi.org/10.1016/j.
sbi.2007.08.009

Alonso-Gutiérrez J, Costa MM, Figueras A, Albaigés J, Vifias M, Solanas
AM, Novoa B. 2008. Alcanivorax strain detected among the cultured
bacterial community from sediments affected by the “Prestige” oil spill.
Mar Ecol Prog Ser 362:25-36. https://doi.org/10.3354/meps07431

10.1128/msystems.00619-23 21

Downloaded from https://journals.asm.org/journal/msystems on 21 September 2023 by 128.62.216.51.


https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.7717/peerj.1165
https://doi.org/10.1038/nmeth.3103
https://doi.org/10.1038/s41564-018-0171-1
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1038/s41467-021-22736-6
https://doi.org/10.1093/bioinformatics/btz848
https://doi.org/10.7717/peerj.243
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1093/bioinformatics/btp348
https://doi.org/10.1093/bioinformatics/btl446
https://doi.org/10.3389/fmicb.2022.1051202
https://doi.org/10.1128/AEM.02411-13
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1093/bioinformatics/btz859
https://doi.org/10.1093/nar/gkaa977
https://doi.org/10.3389/fmicb.2021.764058
https://doi.org/10.1038/ncomms6755
https://doi.org/10.1093/gigascience/gix096
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/bioinformatics/bty496
https://doi.org/10.1126/science.1261359
https://doi.org/10.1111/j.1365-294X.2010.04932.x
https://doi.org/10.1111/mec.15937
https://doi.org/10.1038/s41396-018-0190-1
https://doi.org/10.3389/fmicb.2016.02131
https://doi.org/10.1128/JB.184.6.1722-1732.2002
https://doi.org/10.1111/j.1462-2920.2010.02377.x
https://doi.org/10.1128/AEM.67.7.2873-2882.2001
https://doi.org/10.1007/BF00696457
https://doi.org/10.1016/j.sbi.2007.08.009
https://doi.org/10.3354/meps07431
https://doi.org/10.1128/msystems.00619-23

Research Article

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Month XXXX  Volume 0

Chronopoulou P-M, Sanni GO, Silas-Olu DI, van der Meer JR, Timmis KN,
Brussaard CPD, McGenity TJ. 2015. Generalist hydrocarbon-degrading
bacterial communities in the oil-polluted water column of the North Sea.
Microbial Biotechnology 8:434-447. https://doi.org/10.1111/1751-7915.
12176https://doi.org/10.1111/1751-7915.12176

Nikolova CN, ljaz UZ, Magill C, Kleindienst S, Joye SB, Gutierrez T. 2021.
Response and oil degradation activities of a northeast Atlantic bacterial
community to biogenic and synthetic surfactants. Microbiome 9:191.
https://doi.org/10.1186/540168-021-01143-5

Gontikaki E, Potts LD, Anderson JA, Witte U. 2018. Hydrocarbon-
degrading bacteria in deep-water subarctic sediments (Faroe-Shetland
channel). J Appl Microbiol 125:1040-1053. https://doi.org/10.1111/jam.
14030

Duran R. 2010. Marinobacter, p 1725-1735. In Timmis KN, V Lorenzo, JR
Meer, TJ McGenity (ed), Handbook of hydrocarbon and lipid microbiol-
ogy. Springer, Berlin. https://doi.org/10.1007/978-3-540-77587-4

Suja LD, Summers S, Gutierrez T. 2017. Role of EPS, dispersant and
nutrients on the microbial response and MOS formation in the subarctic
northeast Atlantic. Front Microbiol 8:676. https://doi.org/10.3389/fmicb.
2017.00676

Kostka JE, Prakash O, Overholt WA, Green SJ, Freyer G, Canion A,
Delgardio J, Norton N, Hazen TC, Huettel M. 2011. Hydrocarbon-
degrading bacteria and the bacterial community response in Gulf of
Mexico beach sands impacted by the deepwater horizon oil spill. Appl
Environ Microbiol 77:7962-7974. https://doi.org/10.1128/AEM.05402-11
Thompson H, Angelova A, Bowler B, Jones M, Gutierrez T. 2017.
Enhanced crude oil biodegradative potential of natural phytoplankton-
associated hydrocarbonoclastic bacteria. Environ Microbiol 19:2843-
2861. https://doi.org/10.1111/1462-2920.13811

Ma M, Gao W, Li Q, Han B, Zhu A, Yang H, Zheng L. 2021. Biodiversity and
oil degradation capacity of oil-degrading bacteria isolated from deep-
sea hydrothermal sediments of the south mid-Atlantic ridge. Mar Pollut
Bull 171:112770. https://doi.org/10.1016/j.marpolbul.2021.112770
Chaudhary DK, Kim D-U, Kim D, Kim J. 2019. Flavobacterium petrolei sp.
nov., a novel psychrophilic, diesel-degrading bacterium isolated from
oil-contaminated Arctic soil. Sci Rep 9:4134. https://doi.org/10.1038/
s41598-019-40667-7

Mas-Lladé M, Pifa-Villalonga JM, Brunet-Galmés |, Nogales B, Bosch R.
2014. Draft genome sequences of two Isolates of the Roseobacter group,
Sulfitobacter sp. strains 3SOLIMARO9 and 1FIGIMARO9, from harbors of
Mallorca Island (Mediterranean Sea). Genome Announc 2:@00350-14.
https://doi.org/10.1128/genomeA.00350-14

Jin HM, Kim JM, Lee HJ, Madsen EL, Jeon CO. 2012. Alteromonas as a key
agent of polycyclic aromatic hydrocarbon biodegradation in crude oil-
contaminated coastal sediment. Environ Sci Technol 46:7731-7740.
https://doi.org/10.1021/es3018545

Gogarten JP, Townsend JP. 2005. Horizontal gene transfer, genome
innovation and evolution. Nat Rev Microbiol 3:679-687. https://doi.org/
10.1038/nrmicro1204

Hooper SD, Berg OG. 2003. On the nature of gene innovation:
duplication patterns in microbial genomes. Mol Biol Evol 20:945-954.
https://doi.org/10.1093/molbev/msg101

Giebler J, Wick LY, Schloter M, Harms H, Chatzinotas A. 2013. Evaluating
the assignment of alkB terminal restriction fragments and sequence
types to distinct bacterial taxa. Appl Environ Microbiol 79:3129-3132.
https://doi.org/10.1128/AEM.04028-12

Nie Y, Liang J, Fang H, Tang Y-Q Wu X-L. 2011. Two novel alkane
hydroxylase-rubredoxin fusion genes isolated from a Dietzia bacterium
and the functions of fused rubredoxin domains in long-chain N-alkane
degradation. Appl Environ Microbiol 77:7279-7288. https://doi.org/10.
1128/AEM.00203-11

Williams SC, Forsberg AP, Lee J, Vizcarra CL, Lopatkin AJ, Austin RN. 2021.
Investigation of the prevalence and catalytic activity of rubredoxin-fused
alkane monooxygenases (AlkBs). J Inorg Biochem 219:111409. https://
doi.org/10.1016/j.jinorgbio.2021.111409

Issue 0

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

mSystems

Ennouri H, d’Abzac P, Hakil F, Branchu P, Naitali M, Lomenech A-M,
Oueslati R, Desbrieres J, Sivadon P, Grimaud R. 2017. The extracellular
matrix of the oleolytic biofilms of Marinobacter hydrocarbonoclasticus
comprises cytoplasmic proteins and T2Ss effectors that promote growth
on hydrocarbons and lipids. Environ Microbiol 19:159-173. https://doi.
org/10.1111/1462-2920.13547

Grimaud R, Ghiglione J-F, Cagnon C, Lauga B, Vaysse P-J, Rodriguez-
Blanco A, Mangenot S, Cruveiller S, Barbe V, Duran R, Wu L-F, Talla E,
Bonin P, Michotey V. 2012. Genome sequence of the marine bacterium
Marinobacter hydrocarbonoclasticus SP17, which forms biofilms on
hydrophobic organic compounds. J Bacteriol 194:3539-3540. https://
doi.org/10.1128/JB.00500-12

Kumari S, Mangwani N, Das S. 2016. Synergistic effect of quorum sensing
genes in biofilm development and pahs degradation by a marine
bacterium. Bioengineered 7:205-211. https://doi.org/10.1080/21655979.
2016.1174797

Parales RE, Ditty JL. 2018. Chemotaxis to hydrocarbons, p 221-239. In
Krell T (ed), Cellular ecophysiology of microbe: hydrocarbon and lipid
interactions. Springer International Publishing, Cham. https://doi.org/10.
1007/978-3-319-50542-8

Vaysse P-J, Prat L, Mangenot S, Cruveiller S, Goulas P, Grimaud R. 2009.
Proteomic analysis of Marinobacter hydrocarbonoclasticus SP17 biofilm
formation at the alkane-water interface reveals novel proteins and
cellular processes involved in hexadecane assimilation. Res Microbiol
160:829-837. https://doi.org/10.1016/j.resmic.2009.09.010

Hutchins DA, Capone DG. 2022. Publisher correction: the marine
nitrogen cycle: new developments and global change. Nat Rev Microbiol
20:444. https://doi.org/10.1038/s41579-022-00752-7

Joye SB, Teske AP, Kostka JE. 2014. Microbial dynamics following the
macondo oil well blowout across Gulf of Mexico environments.
Bioscience 64:766-777. https://doi.org/10.1093/biosci/biu121
Ferndndez-Carrera A, Rogers KL, Weber SC, Chanton JP, Montoya JP.
2016. Deep water horizon oil and methane carbon entered the food web
in the Gulf of Mexico. Limnol. Oceanogr 61:5387-S400. https://doi.org/
10.1002/In0.10440

Rodriguez-R LM, Overholt WA, Hagan C, Huettel M, Kostka JE, Konstanti-
nidis KT. 2015. Microbial community successional patterns in beach
sands impacted by the deepwater horizon oil spill. ISME J 9:1928-1940.
https://doi.org/10.1038/ismej.2015.5

Shin B, Bociu |, Kolton M, Huettel M, Kostka JE. 2019. Succession of
microbial populations and nitrogen-fixation associated with the
biodegradation of sediment-oil-agglomerates buried in a Florida sandy
beach. Sci Rep 9:19401. https://doi.org/10.1038/s41598-019-55625-6
American Society for Microbiology. 2020. Microbial Genomics of the
Global Ocean System. Available from: https://Www.Ncbi.NIm.NIH.Gov/
books/Nbk556286. Retrieved 26 May 2023.

Mason OU, Hazen TC, Borglin S, Chain PSG, Dubinsky EA, Fortney JL, Han
J, Holman H-Y, Hultman J, Lamendella R, Mackelprang R, Malfatti S, Tom
LM, Tringe SG, Woyke T, Zhou J, Rubin EM, Jansson JK. 2012. Metage-
nome, metatranscriptome and single-cell sequencing reveal microbial
response to deepwater horizon oil spill. ISME J 6:1715-1727. https://doi.
org/10.1038/ismej.2012.59

McKenna AM, Nelson RK, Reddy CM, Savory JJ, Kaiser NK, Fitzsimmons
JE, Marshall AG, Rodgers RP. 2013. Expansion of the analytical window
for oil spill characterization by ultrahigh resolution mass spectrometry:
beyond gas chromatography. Environ Sci Technol 47:7530-7539. https://
doi.org/10.1021/es305284t

Kleindienst S, Seidel M, Ziervogel K, Grim S, Loftis K, Harrison S, Malkin
SY, Perkins MJ, Field J, Sogin ML, Dittmar T, Passow U, Medeiros PM, Joye
SB. 2015. Chemical dispersants can suppress the activity of natural oil-
degrading microorganisms. Proc Natl Acad Sci U S A 112:14900-14905.
https://doi.org/10.1073/pnas.1507380112

10.1128/msystems.00619-23 22

Downloaded from https://journals.asm.org/journal/msystems on 21 September 2023 by 128.62.216.51.


https://doi.org/10.1111/1751-7915.12176
https://doi.org/10.1186/s40168-021-01143-5
https://doi.org/10.1111/jam.14030
https://doi.org/10.1007/978-3-540-77587-4
https://doi.org/10.3389/fmicb.2017.00676
https://doi.org/10.1128/AEM.05402-11
https://doi.org/10.1111/1462-2920.13811
https://doi.org/10.1016/j.marpolbul.2021.112770
https://doi.org/10.1038/s41598-019-40667-7
https://doi.org/10.1128/genomeA.00350-14
https://doi.org/10.1021/es3018545
https://doi.org/10.1038/nrmicro1204
https://doi.org/10.1093/molbev/msg101
https://doi.org/10.1128/AEM.04028-12
https://doi.org/10.1128/AEM.00203-11
https://doi.org/10.1016/j.jinorgbio.2021.111409
https://doi.org/10.1111/1462-2920.13547
https://doi.org/10.1128/JB.00500-12
https://doi.org/10.1080/21655979.2016.1174797
https://doi.org/10.1007/978-3-319-50542-8
https://doi.org/10.1016/j.resmic.2009.09.010
https://doi.org/10.1038/s41579-022-00752-7
https://doi.org/10.1093/biosci/biu121
https://doi.org/10.1002/lno.10440
https://doi.org/10.1038/ismej.2015.5
https://doi.org/10.1038/s41598-019-55625-6
https://Www.Ncbi.Nlm.NIH.Gov/books/Nbk556286
https://doi.org/10.1038/ismej.2012.59
https://doi.org/10.1021/es305284t
https://doi.org/10.1073/pnas.1507380112
https://doi.org/10.1128/msystems.00619-23

	Exploring novel alkane-degradation pathways in uncultured bacteria from the North Atlantic Ocean
	MATERIALS AND METHODS
	Field sampling
	SIP incubations
	DNA gradient ultracentrifugation and identification of labeled 16S rRNA genes
	Cesium chloride gradient ultracentrifugation and identification of 13C-enriched DNA
	16S rRNA gene libraries of 13C-enriched DNA
	Real-time quantitative PCR
	Phylogenetic tree of the 13C-enriched community
	Metagenomic sequencing and assembly of 13C-enriched DNA from SIP
	Genome binning
	Phylogenetic reconstruction, taxonomy, and the pangenome of the Oceanobacter-related bacteria
	Metabolism reconstruction
	Phylogenetic reconstruction of Alk proteins
	Operon analysis and AlkG-like alignment

	RESULTS
	Microbial diversity and abundance of clone libraries
	Microbial diversity and abundance of MAGs
	The alkane degradation pathway in FSC bacteria
	Fusion domains and putative AlkG in Alphaproteobacteria

	DISCUSSION
	Conclusions



