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Abstract

Oil reservoirs are society’s primary source of hydrocarbons. While microbial communities in industrially exploited oil reservoirs have
been investigated in the past, pristine microbial communities in untapped oil reservoirs are little explored, as are distribution patterns
of respective genetic signatures. Here, we show that a pristine oil sample contains a complex community consisting of bacteria and
fungi for the degradation of hydrocarbons. We identified microorganisms and their pathways for the degradation of methane, n-
alkanes, mono-aromatic, and polycyclic aromatic compounds in a metagenome retrieved from biodegraded petroleum encountered
in a subsurface reservoir in the Barents Sea. Capitalizing on marker genes from metagenomes and public data mining, we compared
the prokaryotes, putative viruses, and putative plasmids of the sampled site to those from 10 other hydrocarbon-associated sites,
revealing a shared network of species and genetic elements across the globe. To test for the potential dispersal of the microbes and
predicted elements via seawater, we compared our findings to the Tara Ocean dataset, resulting in a broad distribution of prokaryotic
and viral signatures. Although frequently shared between hydrocarbon-associated sites, putative plasmids, however, showed little
coverage in the Tara Oceans dataset, suggesting an undiscovered mode of transfer between hydrocarbon-affected ecosystems. Based
on our analyses, genetic information is globally shared between oil reservoirs and hydrocarbon-associated sites, and we propose that
currents and other physical occurrences within the ocean along with deep aquifers are major distributors of prokaryotes and viruses
into these subsurface ecosystems.
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Introduction et al. 2015, Seitz et al. 2019, Semenova et al. 2020). They uti-

Oil reservoirs have been of great interest due to the still-
increasing global energy demand and climate change. Microor-
ganisms within these reservoirs must withstand a range of dif-
ferent temperatures, salinity, high pressure, and low water activ-
ity, with temperature having a strong influence on the commu-
nity structure (Pannekens et al. 2019). For instance, the greatest
diversity of microbial communities was discovered in oil reser-
voirs with moderate temperatures compared to those with high
temperatures (Vigneron et al. 2017). The combination of abiotic
factors in reservoirs is apparently heavily associated with micro-
bial community compositions, as in some instances, they explain
atleast 64% of the variance of the microbial community structure
(Gao et al. 2016).

Denitrifiers, sulfate-reducing bacteria, and methanogens from
different bacterial and archaeal taxa are commonly found in
oil reservoirs and heavily oil-polluted sites (Lin et al. 2014, Cail

lize petroleum hydrocarbons alongside sulfur and nitrogen com-
pounds as energy and carbon sources (Reyes-Avila et al. 2013,
Heider et al. 2016). Regarding Eukarya, fungi have not yet been
described in oil reservoirs but were found in oil-polluted envi-
ronments (Asemoloye et al. 2020, Liu et al. 2023). Cocultivation
of fungi and bacteria resulted in increased biodegradation since
fungi can decrease the toxicity of the hydrocarbons (Atakpa et al.
2022).

Understanding the oil microbiome has revealed great poten-
tial for application in bioremediation (Xu et al. 2018, Benedek et
al. 2021) and enhanced oil extraction mechanisms (Youssef et
al. 2009). Most metagenomic analyses of oil reservoirs were con-
ducted after fluid injections (also termed water flooding) or from
production water samples (Liet al. 2013, Hu et al. 2016, Wang et al.
2019, Yang et al. 2019). Reservoir exploitation can lead to drastic
changes in reservoir conditions, water flooding decreases temper-
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ature and salinity while dissolved oxygen increases, which has a
huge impact on microbial diversity and on community composi-
tion (Gao et al. 2016, Bian et al. 2023). Comparisons of microbial
communities within water-flooded oil reservoirs found high simi-
larities on genus level despite large geological distances (Gao et al.
2016, Karthikeyan et al. 2019). It remains unknown if these similar-
ities also apply to pristine reservoirs, which are thought to have lit-
tle to no contact with surrounding environments (Pannekens et al.
2019). By contrast, two studies suggest that specific microorgan-
isms (e.g. Thermotoga) can potentially infiltrate hydrocarbon reser-
voirs from the surrounding seawater and that production water
has a substantial influence on the pristine microbial community
composition over time (Nesbg et al. 2015, Vigneron et al. 2017).
However, the mode of distribution of mobile genetic elements
(MGEs; e.g. prospective DNA sequences of plasmids and viruses),
remains little explored for hydrocarbon-affected sites and/or oil
reservoirs. MGEs which usually have higher evolutionary pressure
and thus mutate faster (Sobecky and Hazen 2009, Sanjuan et al.
2010), might be better suited for distribution studies in globally
distinct sites.

Here, we investigated the microbial community of a pristine
oil reservoir Well 7219/12-1, which had a temperature of 53°C
and was drilled in the Filicudi prospect in the Barents Sea. The
petroleum in the reservoir was sampled using subsurface tools
(MDT chamber), ensuring the acquisition of a pristine oil sample.
This oil sample is herein called “Filicudi” based on the name of
the petroleum prospect. The reservoir was encountered at roughly
1600 m below the sea surface (with an additional water column
of 300 m). After DNA extraction, sequencing, and metagenome
assembly, we reconstructed 17 metagenome-assembled genomes
(MAGs), including 15 bacterial genomes of 12 different species-
level lineages, and two fungal genomes. Various hydrocarbon-
degrading pathways were found within the MAGs, indicating the
potential for biodegradation in the reservoir. The oil reservoir
also harbored 58 distinct viruses and 39 plasmids partially carry-
ing auxiliary/metabolic genes for different metal tolerances. Se-
quence comparisons of the microbial taxonomic units, viruses,
and plasmids of the reservoir to 10 other hydrocarbon-associated
sites, including water-flooded oil reservoirs, and to the Tara Ocean
dataset (Pesant et al. 2015) confirm the pristine state of our sam-
ples and revealed global patterns of shared microorganisms and
MGEs in hydrocarbon-associated sites.

Methods

Sample preparation, DNA extraction, and
metagenome sequencing
Three oil samples in biological duplicates originating from the Fil-
icudi oil reservoir (Barents Sea 72° 12’ 44.21" N; 19° 46’ 38.32" E)
were provided by AkerBP (Lysaker, Norway). The reservoir had a
temperature of 53°C, and the oil had an API gravity of 17. The sam-
ples were placed in sterile PTFE (polytetrafluoroethylene)-capped
bottles and filled to capacity to prevent air contamination. Upon
arrival at GFZ Potsdam, the samples were cooled at 4°C. They were
opened to transfer their content in reaction tubes exclusively in
an anaerobic glove box to prevent aerobic growth during long-
term storage.

Sample processing within the reaction tubes was carried out in
a fumehood to avoid exposure to volatile hydrocarbons from the
oils and the solvents used in the DNA extraction.

DNA was extracted using the isooctane method described by
Alibrandi et al. (2023). This involved mixing 25 ml of crude oil

with an equal volume of isooctane (2,2,4-trimethylpentane), fol-
lowed by centrifugation at 5000 g (Sigma 6-16KS, Sigma-Aldrich,
St. Louis, USA). After centrifugation, the supernatant was dis-
carded, and the pellet was added to the bead tubes of the DNA ex-
traction kit (DNeasy PowerSoil Pro Kit, Qiagen, Hilden, Germany)
(catalog number 47014). To each bead tube, 40 pl of 10% sodium
dodecyl sulfate was added, followed by incubation at 65°C for
10 min. Subsequently, we followed the manufacturer’s protocol
for the DNA extraction kit. Due to the small volume of crude
oil available and the high amount of DNA required for metage-
nomic analysis, the duplicates were merged for sequencing (Eu-
rofins Genomics Europe Sequencing GmbH, Constance, Germany),
and three metagenomes were obtained. Samples were sequenced
at Eurofins Genomics Europe Sequencing GmbH with an Illumina
NovaSeq sequencer and paired end-run type. The sequencing pa-
rameters included a read length of 2 x 150 bp, with a guaranteed
yield of 10 million read pairs (20 million reads) per package (+ 3%).

Metagenomic analysis

Raw reads from shotgun metagenomic sequencing and those
downloaded from NCBI were treated similarly in the downstream
analyses. If not otherwise stated, software was used with de-
fault parameters. lllumina artifacts and adapters were removed
from raw reads with BBDuk (version 37.09) (Brian Bushnell 2014).
Reads were quality-controlled and trimmed with sickle (version
1.33) (Joshi and Fass 2011). Quality-controlled reads were assem-
bled using the MetaviralSPAdes pipeline (version 3.14.0) (Antipov
et al. 2020) to recover prospective DNA sequences of viruses
and plasmids. Assembled reads were filtered from the original
set of quality-controlled reads. Unassembled reads, i.e. reads not
matching the recovered putative viruses and plasmids, were sep-
arately assembled with the MetaSPAdes pipeline (version 3.14.0)
(Nurk et al. 2017) to assemble the microbial community (includ-
ing viruses and plasmids not assembled with MetaviralSPAdes).
SPAdes creates scaffolds from contigs that have known gaps based
on overlapping reads (Nurk et al. 2017). Scaffold outputs from
the assemblies were pulled together. Scaffolds with lengths be-
low 1000 base pairs were removed. All following analyses were
performed on the combined length-filtered scaffold output from
the assemblies. Prodigal (version 2.6.3) (Hyatt et al. 2010) in
meta mode was used to predict genes and translate these into
amino acid sequences. Protein sequences of the genes were an-
notated using diamond (version 2.0.5) and blastp (version 2.9.0+)
(Buchfink et al. 2015) against the UniRef100 database (downloaded
on 23.06.2021) (The UniProt Consortium 2019). The dominating
taxonomy assignment of UniRef100 protein annotations was used
to classify unbinned scaffolds as described for the uBin software
(Bornemann et al. 2023).

Nonpareil3 (version 3.303) (Rodriguez-R et al. 2018) was used to
estimate covered sequence diversity.

Abundance estimation based on the rpS3 marker
gene in microorganisms

Community composition was reconstructed based on the ribo-
somal protein S3 (rpS3) marker gene. The advantages of the rpS3
gene compared to other conventionally used markers, such as
the 16S rRNA gene, were described by Sharon et al. (2015). Marker
genes were identified with species-specific hidden Markov mod-
els (HMMs) and compared against the UniRef100 database (down-
loaded on 23.06.2021) (The UniProt Consortium 2019). Coverage
of scaffolds with rpS3 gene sequences was calculated by map-
ping the quality-controlled reads using bowtie2 (version 2.3.5.1)



(Langmead and Salzberg 2012) against all scaffolds from the
meta(viral)SPAdes assemblies in sensitive mode. The coverage
was used to approximate relative abundance.

Binning and taxonomic classification of
prokaryotes
ABAWACA (version 1.0.0) (Brown et al. 2015), Maxbin2 (version
2.2.7) (Wu et al. 2016), and CONCOCT (version 1.1.0) (Alneberg et
al. 2014) were used to bin the samples from the oil reservoir us-
ing default parameters. DASTool (version 1.1.6) (Sieber et al. 2018)
aggregated the recovered bins to the best set of bins. The selec-
tion was manually curated with uBin (version 0.9.14) (Bornemann
et al. 2023) to minimize contamination and maximize complete-
ness. Only MAGs with contamination below 5% and completeness
above 65% were included, according to checkM2 (version 1.0.1)
(Chklovski et al. 2023).

Prokaryotic MAGs were taxonomically annotated and placed in
a tree with GTDB-Tk2 (version 2.1.0) (Chaumeil et al. 2022) and
GTDB (version 207). DRAM (version 1.4.6) (Shaffer et al. 2020) gen-
erated metabolic profiles of said MAGs. Hydrocarbon-degrading
genes were screened with the CANT-HYD hmm database (down-
loaded on 22.06.2023) (Khot et al. 2022).

Gene prediction, gene annotation, and binning of
eukaryotes

EukRep (version 0.6.7) (West et al. 2018) with default parame-
ters was used to identify eukaryotic scaffolds in the metagenome.
The eukaryotic origin identified scaffolds were binned with CON-
COCT (version 1.1.0) (Alneberg et al. 2014), and only bins larger
than 2.5 Mbp were kept. Gene prediction and genome annota-
tion were done with the MOSGA?2 pipeline (version 2.1.5) (Martin
et al. 2021), including BRAKER (version 3.0.3) (Brina et al. 2021)
and completeness calculation with BUSCO (version 5.3.2) (Simé&o
etal. 2015). Predicted genes were annotated against the UniRef100
database (downloaded on 23.06.2021) (The UniProt Consortium
2019). The folding structure of potential oil-degrading genes in
the Pichiacaea bin was predicted with AlphaFold (version 2.3.2)
(Jumper et al. 2021) and annotated the output with FoldSeek
(Van Kempen et al. 2023) against the protein folding structures of
the UniRef database (The UniProt Consortium 2019) presented in
Table S14. The average nucleotide identity between the eukaryotic
MAG “bin 8” and reference genome WGS accession AAFM01 from
the NCBI database was calculated with fastANI (version 1.34-2)
(Jain et al. 2018). The other eukaryotic MAG (bin 19) was taxonom-
ically placed using the UFCG pipeline (version 1.0.5) (Kim et al.
2023). The tree was constructed with IQ-TREE2 (version 2.1.4-beta)
(Minh et al. 2020), using ModelFinder (Karthikeyan et al. 2019) and
pruned in iTOLs (version 5) (Letunic and Bork 2021).

Detection of viruses and plasmids

Putative viral scaffolds in the metagenomes were identified using
three different tools: VIBRANT (version 1.2.1) (Kieft et al. 2019);
VirSorter2 (version 2.2.4) (Guo et al. 2021) in sensitive mode; and
DeepVirFinder (version 1.0) (Ren et al. 2020) with a threshold of
0.7. Identified scaffolds were further examined and cleaned from
host contamination using CheckV (version 1.0.1) (Nayfach et al.
2020). Only scaffolds with predicted completeness >25% and no
warnings by CheckV (version 1.0.1) were used for further analyses.
Taxonomy was predicted with geNomad (version 1.5.0) (Camargo
et al. 2023) annotation mode.

SCAPP (version 1.0) (Pellow et al. 2021) was used to reconstruct
putative plasmids from the assemblies. The results from SCAPP
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were filtered not to include scaffolds with genes closely related to
those from viral genomes (by matching the genes to the UniRef100
database (downloaded on 23.06.2021) (The UniProt Consortium
2019). Only putative plasmids with a minimum length of 2000 bp
were included in the downstream analysis. The plasmid taxo-
nomic units were annotated with COPLA (version 1.0, with Plas-
midFinder database from 31.07.2019) (Redondo-Salvo et al. 2021).
Auxiliary/metabolic genes were annotated with the UniRef100
database (downloaded on 23.06.2021) (The UniProt Consortium
2019) and CANT-HYD (downloaded on 22.06.2023) (Khot et al.
2022).

Mapping of metagenomic reads to rpS3 gene
sequences, viruses, and plasmids for detection

The collected MGEs and gene sequences from all ten sites were
clustered with VIRIDIC (version 1.0) (Moraru et al. 2020) (viruses)
on species level (identity threshold 95%) and MeShClust (ver-
sion 2.0) (James et al. 2018) (plasmids, expanded rpS3 gene se-
quences; identity threshold of 95%), respectively. For each cluster,
the longest sequence was used as the cluster representative and
filtered out. Quality-controlled Illumina reads were mapped to the
cluster representative sequences with bowtie2 (version 2.3.5.1)
(Langmead and Salzberg 2012) in sensitive mode. The mapping
was filtered to only include reads that matched the target se-
quence with maximum 5% mismatching nucleotide bases. The
breadth (herein defined as the percentage of positions of a target
sequence covered by at least one read) of the mappings was calcu-
lated with genomecov from bedtools (version 2.3.1.1) (Quinlan and
Hall 2010). The breadth threshold for the rpS3 sequence mapping
was set to >99% and for predicted viruses and plasmids to >95%;
putative viruses were additionally investigated with a breadth fil-
ter of >75%. This was done to ensure that the measured coverage
values are not the result of many reads only aligning to a small
portion of the target sequence.

Results and discussion

Bacteria and fungi potentially mediate
hydrocarbon degradation from a pristine oil
reservoir

The genetic diversity of microorganisms within the pristine Fil-
icudi oil reservoir sample was analysed using metagenome se-
quencing of three individual oil samples. Due to the complexity of
handling such samples for DNA extraction (Alibrandi et al. 2023),
only one sample resulted in a high sequencing depth metagenome
covering more than 90% of the biome’s diversity, as estimated by
Nonpareil3 (Rodriguez-R et al. 2018) (Figure S1). To investigate the
diversity of microorganisms in the pristine oil sample, we used the
high-sequencing depth metagenome and phylogenetically anal-
ysed rpS3 marker gene sequences (as described by Sharon et al.
2015) from the assembled metagenome, resulting in 26 distinct
taxonomic units (Fig. 1). For 14 of these taxonomic units, we recov-
ered high-quality MAGs (15 bacterial MAGs; 2 fungal MAGs), which
we subsequently used to determine their capacity for hydrocar-
bon degradation (information on the contamination and com-
pleteness of the MAGs are provided in Tables S3 and S4). Based on
relative abundances, the reservoir oil sample predominantly har-
bored organisms from the Sphingomonas genus (over 50% of popu-
lation share), a group of well-characterized microorganisms pre-
viously found in petroleum-contaminated soils and carrying the
ability for aromatic hydrocarbon degradation (Zhou et al. 2016).
The only Sphingomonas MAG recovered in our samples encoded
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Figure 1. Microbial community composition in the Filicudi oil reservoir from the high-sequencing depth metagenome. For information about
taxonomic assignment of eukaryotic MAGs please see the section “Methods” and Figure S2. The phylogenetic tree of bacterial MAGs was constructed
with GTDB-Tk2 (Chaumeil et al. 2022). The relative abundance of extended marker gene rpS3 sequences was used to estimate the community

composition. Bacterial taxa are colored by classes.

for the ability to degrade alkanes, toluene, and protocatechuate
(Fig. 2) [based on matches against the UniRef100 database (The
UniProt Consortium 2019), DRAM (Shaffer et al. 2020), and CANT-
Hyd HMMs (Khot et al. 2022)]. Genes for subunits of benzylsuccinate
synthases, a key enzyme in anaerobic toluene degradation (Acosta-
Gonzalez et al. 2013) were observed in 12 bacterial MAGs from dif-
ferent genera (further database IDs of the mentioned genes can
be found in Table S7). Some of these MAGs belonged to the genera
Variovorax and Polaromonas, which were found to be highly abun-
dant in the Filicudi sample (11.3% and 4.7%, respectively).

Additionally, alkane monooxygenases (alkB) and alkane hydrox-
ylases (CYP153) were detected in four bacterial MAGs and one
fungal MAG (Fig. 2). Regarding the degradation of gaseous hy-
drocarbons, a MAG classified as Sediminibacterium and a scaf-
fold classified as Mucilaginibacter (not binned) encode for pmoA-
like methane monooxygenases, highlighting the organisms’ po-
tential to utilize methane as an energy and potential car-
bon source. Other prominent hydrocarbon-degrading pathways
identified in bacterial MAGs include (tetra-) phthalate degra-
dation to pyruvate with (homo-) protocatechuate as interme-
diate and catechol, xylene, toluene, or benzoate degradation
(Fig. 2).

Besides bacteria, we recovered two fungal MAGs from the oil
reservoir. One (bin 8) is closely related to Meyerozyma guilliermondii,
and the other (bin 19) belongs to the family Pichiacaea. The M. guil-
liermondii MAG (bin 8) was 10.3 Mbp in size and 88.23% complete
based on BUSCO analyses [C:88.23% (S:87.84, D:0.39%), F:4.31%,
M:7.45% (Table S3)]. Its genome revealed a mean amino acid iden-

tity of 99.7% with another M. guilliermondii species from an ex-
type culture (NCBI WGS accession AAFMO1); additionally, more
than 90% of its genes aligned to those from other M. guilliermondii
in the UniRef100 database. Hydrocarbon-degrading Meyerozyma
were previously found in oil sludge samples (Liu et al. 2023).
The Pichiacaea MAG (bin 19) [BUSCO results: C:91.38% (S:90.2%,
D:1.18%), F:1.96%, M:6.67% (Table S3)] was found to carry different
oil-degrading genes relevant to alkane (alkB) and terpene degrada-
tion (Fig. 2). Based on its phylogenetic relationship (Figure S2), it
is related to the genus Ogataea and an unclassified Candida boi-
dinii species. To summarize, the recovered pristine community of
17 taxonomic units (15 bacteria and 2 fungi) encoded a highly
complex concert of pathways for hydrocarbon degradation of sim-
ple and complex hydrocarbons, summarized in Fig. 2. Further
metabolic features beyond hydrocarbon degradation are summa-
rized in the Supplementary Results.

Microbial diversity at Filicudi is substantially
different from other reservoirs and
hydrocarbon-affected sites

For comparing the microbial community of our pristine oil sam-
ple with those of other hydrocarbon-associated sites (e.g. oil reser-
voirs, oil-polluted water samples, drilling sites for hydrocarbon ex-
ploration, and so on; Tables S1 and S2), we compared the rpS3 gene
sequences (including 1000 bp upstream and downstream of the
gene), with those of 35 publicly available metagenomes from 10
sites (Fig. 3) via stringent read mapping (99% nucleotide sequence
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with BioRender.com.
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Figure 3. Global distribution of extended rpS3 gene sequences across hydrocarbon-associated sites. Line thickness along with number on top of the
line indicate the number of shared rpS3 sequences (rpS3 gene sequence + 1000 bp flanking regions). RpS3 sequences were filtered for a minimum
mapping breadth (br) of 99%. The count of rpS3 sequences found in each location is represented by boxes. The size of the spheres, along with the
number in the sphere, represents the number of rpS3 sequences from oil-associated sites that were found in the TARA Ocean database.
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similarity). In some instances, we identified highly similar rpS3
gene sequences between the other 10 hydrocarbon-associated
sites, indicating that similar species occur in the geologically dis-
tinct locations (26 from 1086 rpS3 gene sequences; 2.39%). The
mean coverage of rpS3 sequences was between 6.9 and 667.8
(median 21.5) based on read mapping when called present in
metagenomes of sites from which they were not originally as-
sembled (Table S8). However, we found no shared species be-
tween previously released metagenomes and the metagenomes
from the Filicudi site, likely rendering the herein-described sam-
ple pristine and harboring an indigenous population (see Fig. 1).
To track the origin of the potential microbes identified in the 10
publicly available hydrocarbon-impacted sites, which were not
pristine, we stringently mapped the reads from the Tara Ocean
dataset (Pesant et al. 2015) to the recovered rpS3 gene sequences,
resulting in multiple shared species across the globe (Fig. 3).
For instance, oil-contaminated marine samples contained 215
1pS3 gene sequences that were also covered by reads from the
Tara Ocean datasets (mean depth of coverage between 1.9 and
3916.5; median 20). By contrast, we found only two rpS3 gene se-
quences from water-polluted oil reservoirs to be also present in
ocean microbiomes, none of which belonged to Filicudi, (mean
depth of coverage between 4.5 and 55.1; median 13.15; for fur-
ther depth of coverage values please see Table S9). Based on
19.98% (217 from 1086) of rpS3 gene sequences from hydrocarbon-
affected sites being covered by metagenomic reads from the Tara
Ocean dataset, we posit that these marine microorganisms are
adapted to global hydrocarbon exploration sites and oil contam-
ination; they also seem to be introduced to oil reservoirs that
are not contamination-controlled if seawater is used as a drilling
fluid.

Viruses and plasmids demonstrate contrasting
distribution patterns across 35 metagenomes
from hydrocarbon sites, suggesting a global
dispersal of MGEs

To investigate information encoded on MGEs, we analysed puta-
tive plasmids and viruses reconstructed from the Filicudi site, dis-
covering 39 putative plasmids and 58 putative viruses. Of these,
98% and 90%, respectively, were novel compared to previously
described MGEs in public databases [based on annotation with
COPLA (Redondo-Salvo et al. 2021) and geNomad (Camargo et al.
2023)]. This highlights the heavily underexplored genomic reper-
toire residing in hydrocarbon-rich environments.

Regarding the putative plasmids, their length varied between
2 and 230 kb, and all 39 of them carried different metabolic
genes, including an alkanesulfonate monooxygenase that has a pro-
tective function during hexadecane sulfonate production (Park
et al. 2020). A substantial fraction of the predicted plasmids (16
out of 39, 41%) also carried genes relevant to metal tolerance
and resistance, specifically mercury, copper, arsenate, and tel-
lurite (Fig. 4A), which are generally known to be typical con-
taminants in oil reservoirs. We conclude that predicted plas-
mids can encode crucial metabolic genes of microorganisms in
hydrocarbon-associated sites and might be suitable targets for
modifying hydrocarbon-degrading microorganisms in biotechnol-
ogy. Concerning viral scaffolds, most of them were classified as
dsDNA viruses from the Caudoviricetes class (48), while a small
subset were ssDNA viruses from Malgrandaviricetes (5), Arfiviricetes
(4), and one belonging to Faserviricetes (Fig. 4B). Given the selective
sequencing of only double-stranded DNA viruses using Illumina
technology, we can conclude that the ssDNA viruses detected in

the metagenome were actively replicating and thus appeared as
double-stranded prior to DNA extraction, indicating a potential
activity of ssDNA viruses in oil reservoirs.

In contrast to the isolated population of microorganisms in
the pristine Filicudi sample, mapping of the abovementioned 35
public metagenomes from hydrocarbon-associated sites to the re-
covered putative plasmidome and virome from the Filicudi sam-
ple revealed a shared mobilome between hydrocarbon-impacted
sites. To further complement our study, we predicted the previ-
ously undescribed mobilome of the 10 hydrocarbon-associated
sites, resulting in 1738 putative viruses and 386 putative plas-
mids after clustering using VIRIDIC (Moraru et al. 2020) at 95%
identity (Table S6). Since usually only a minor fraction of viruses
get assembled in metagenomes, we then used the clustered set
of putative viruses and plasmids as databases for read mapping
(breadth >75%; for details, see the section “Methods”), resulting
in 63 shared putative viruses, 18% of which were also found as
shared in the initial VIRIDIC clustering. Based on these mapping
results, we identified three similar putative viral sequences in a
highly water-contaminated oil reservoir located in the Shengli re-
gion (China) (Wang et al. 2019) and in the Filicudi sample. We also
found evidence of 16 highly similar viruses between oil-associated
sites, the ocean, and geologically distinct oil reservoirs [Fig. 5A;
breadth >95%; mean coverage depth between 1.5 and 6627.8, me-
dian = 14.8 (Tables S12 and S13)]. While viruses have been sug-
gested to overcome large distances by traveling with rain or water
sources (Rahlff et al. 2022), this process cannot explain the infiltra-
tion of pristine oil reservoirs like Filicudi. Nevertheless, the deep
sea and the ocean, in general, harbor a global virome (Gregory et
al. 2019, He et al. 2023) with a certain degree of exchange and con-
nectivity through ocean currents (Jian et al. 2021), whose imprints
also appear visible in the investigated hydrocarbon-associated
sites and oil reservoirs.

The distribution of putative plasmids followed a substantially
different pattern from those of potential viruses and rpS3 gene se-
quences. Predicted plasmids from oil-associated sites were rarely
shared with Tara Ocean data [21 from 386 (5.6%); depth of cover-
age between 2.6 and 210.6; median 12.4] compared to rpS3 gene
sequences (19.98%). By contrast, a larger subset was highly sim-
ilar between globally distributed oil reservoirs and hydrocarbon-
associated sites [26 from 386 (6.73%); mean depth of coverage be-
tween 1.9 and 2511.8; median 20.5 (Table S10), compared to host
organisms (2.39%) (Fig. 5B)]. While host specificity and compat-
ibility have previously been shown to selectively influence plas-
mid conjugation (Redondo-Salvo et al. 2020, Benz and Hall 2023),
it is not the driving force for plasmid transfer in hydrocarbon-
impacted sites, as shown by the deviating patterns of shared
species (Fig. 3) and plasmids (Fig. 5B). This directly contradicts the
usual dispersal pathway of plasmids with their host organisms,
which should, in principle, result in a similar distribution pattern,
while viruses may disperse independently. However, it should be
noted that the Tara Ocean dataset only includes samples from the
surface ocean, and a global dataset on deep ocean metagenomes
is not available in the literature, which might be more represen-
tative for comparing genetic signatures from oil reservoirs with
those from the ocean.

The metagenomic analysis of the pristine sample from the
Filicudi reservoir revealed many bacteria and fungi involved
in hydrocarbon degradation. Compared to other oil reservoirs
or hydrocarbon-associated sites, we see three global patterns
for prokaryotes, putative viruses, and putative plasmids. Shared
prokaryotes and viral scaffolds with the Tara Ocean dataset and
the fact that the volume of the entire ocean is estimated to be cir-
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culated through the upper ocean crust within only 200 ka explain
at least their global distribution between the studied sites (John-
son and Pruis 2003). However, the distribution pattern of plas-
mids (usually associated with hosts) remains enigmatic at this
stage. Future research and many additional metagenomes of oil
reservoirs are needed to fully grasp the picture of the global plas-
midome in oil reservoirs and to confidently predict the dispersal
routes of MGEs and prokaryotes.
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