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Abstract 

Oil r eserv oirs ar e society’s primar y source of hydr ocarbons. While micr obial comm unities in industriall y exploited oil r eserv oirs hav e 
been investigated in the past, pristine microbial communities in untapped oil reservoirs are little explored, as are distribution patterns 
of r especti v e genetic signatur es. Her e , w e show that a pristine oil sample contains a complex community consisting of bacteria and 

fungi for the de gr adation of hydrocarbons. We identified microorganisms and their pathways for the de gr adation of methane, n - 
alkanes, mono-aromatic, and polycyclic aromatic compounds in a metagenome retrieved from biode gr aded petroleum encountered 

in a subsurface r eserv oir in the Barents Sea. Capitalizing on marker genes from metagenomes and public data mining, we compared 

the pr okar yotes, putati v e viruses, and putati v e plasmids of the sampled site to those from 10 other hydrocarbon-associated sites, 
r ev ealing 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 pr okar yotic 
and viral signatures. Although frequently shared between hydrocarbon-associated sites, putative plasmids, however, showed little 
cov era ge in the Tara Oceans dataset, suggesting an undiscov er ed 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 pr okar yotes and viruses 
into these subsurface ecosystems. 

Ke yw ords: metagenomics; oil microbiome; subsurface; viruses; dispersal; plasmids 
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Introduction 

Oil r eservoirs hav e been of gr eat inter est due to the still- 
incr easing global ener gy demand and climate c hange. Micr oor- 
ganisms within these reservoirs must withstand a range of dif- 
fer ent temper atur es, salinity, high pr essur e, and lo w w ater activ- 
ity, with temper atur e having a str ong influence on the comm u- 
nity structure (Pannekens et al. 2019 ). For instance, the greatest 
div ersity of micr obial comm unities was discov er ed in oil r eser- 
voirs with moderate temperatures compared to those with high 

temper atur es (Vigner on et al. 2017 ). The combination of abiotic 
factors in reservoirs is a ppar entl y heavil y associated with micr o- 
bial community compositions, as in some instances, they explain 

at least 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 , Cai 
Recei v ed 21 J an uar y 2024; revised 23 October 2024; accepted 22 J an uar y 25 
© The Author(s) 2025. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution-NonCommercial License ( https://cr eati v ecommons.org/licen
r e pr oduction in any medium, provided the original work is properly cited. For com
t al. 2015 , Seitz et al. 2019 , Semenova et al. 2020 ). They uti-
ize petr oleum hydr ocarbons alongside sulfur and nitrogen com-
ounds as energy and carbon sour ces (Rey es-Avila et al. 2013 ,
eider et al. 2016 ). Regar ding Eukary a, fungi have not y et been
escribed in oil reservoirs but were found in oil-polluted envi-
onments (Asemolo y e et al. 2020 , Liu et al. 2023 ). Cocultivation
f fungi and bacteria resulted in incr eased biodegr adation since
ungi can decrease the toxicity of the hydrocarbons (Atakpa et al.
022 ). 

Understanding the oil microbiome has revealed great poten- 
ial for application in bioremediation (Xu et al. 2018 , Benedek et
l. 2021 ) and enhanced oil extraction mechanisms (Youssef et
l. 2009 ). Most metagenomic analyses of oil reservoirs were con-
ucted after fluid injections (also termed water flooding) or from
roduction water samples (Li et al. 2013 , Hu et al. 2016 , Wang et al.
019 , Yang et al. 2019 ). Reservoir exploitation can lead to drastic
hanges in reserv oir conditions, w ater flooding decreases temper- 
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ture and salinity while dissolved oxygen incr eases, whic h has a
uge impact on microbial diversity and on community composi-
ion (Gao et al. 2016 , Bian et al. 2023 ). Comparisons of microbial
ommunities within water-flooded oil reservoirs found high simi-
arities on genus le v el despite lar ge geological distances (Gao et al.
016 , Karthik e yan et al. 2019 ). It remains unknown if these similar-
ties also a ppl y to pristine r eservoirs, whic h ar e thought to hav e lit-
le to no contact with surrounding environments (Pannekens et al.
019 ). By contrast, two studies suggest that specific microorgan-
sms (e.g. Thermotoga ) can potentially infiltrate hydrocarbon reser-
oirs from the surrounding seawater and that production water
as a substantial influence on the pristine microbial community
omposition over time (Nesbø et al. 2015 , Vigneron et al. 2017 ).
o w e v er, the mode of distribution of mobile genetic elements

MGEs; e.g. pr ospectiv e DNA sequences of plasmids and viruses),
 emains little explor ed for hydr ocarbon-affected sites and/or oil
 eservoirs. MGEs whic h usuall y hav e higher e volutionary pr essur e
nd thus mutate faster (Sobecky and Hazen 2009 , Sanjuán et al.
010 ), might be better suited for distribution studies in globally
istinct sites. 

Here , we in vestigated the microbial community of a pristine
il reservoir Well 7219/12–1, which had a temperature of 53 ◦C
nd was drilled in the Filicudi prospect in the Barents Sea. The
etroleum in the reservoir was sampled using subsurface tools

MDT chamber), ensuring the acquisition of a pristine oil sample.
his oil sample is herein called “Filicudi” based on the name of
he petroleum prospect. The reservoir was encountered at roughly
600 m below the sea surface (with an additional water column
f 300 m). After DNA extraction, sequencing, and metagenome
ssembl y, we r econstructed 17 meta genome-assembled genomes
MAGs), including 15 bacterial genomes of 12 different species-
e v el linea ges , and two fungal genomes . Various hydrocarbon-
egrading pathways were found within the MAGs, indicating the
otential for biodegradation in the reservoir. The oil reservoir
lso harbored 58 distinct viruses and 39 plasmids partially carry-
ng auxiliary/metabolic genes for different metal tolerances. Se-
uence comparisons of the microbial taxonomic units , viruses ,
nd plasmids of the reservoir to 10 other hydrocarbon-associated
ites, including water-flooded oil reservoirs, and to the Tara Ocean
ataset (Pesant et al. 2015 ) confirm the pristine state of our sam-
les and r e v ealed global patterns of shar ed micr oor ganisms and
GEs in hydrocarbon-associated sites. 

ethods 

ample prepar a tion, DN A extr action, and 

etagenome sequencing 

hree oil samples in biological duplicates originating from the Fil-
cudi oil reservoir (Barents Sea 72 ◦ 12’ 44.21” N; 19 ◦ 46’ 38.32” E)
er e pr ovided by Ak erBP (Lysak er, Norwa y). T he reservoir had a

emper atur e of 53 ◦C, and the oil had an API gravity of 17. The sam-
les were placed in sterile PTFE (pol ytetr afluor oethylene)-ca pped
ottles and filled to capacity to prevent air contamination. Upon
rrival at GFZ Potsdam, the samples were cooled at 4 ◦C. They were
pened to transfer their content in reaction tubes exclusively in
n anaerobic glove box to prevent aerobic growth during long-
erm stor a ge. 

Sample processing within the reaction tubes was carried out in
 fumehood to avoid exposure to volatile hydr ocarbons fr om the
ils and the solvents used in the DNA extraction. 

DN A w as extracted using the isooctane method described by
librandi et al. ( 2023 ). T his in volved mixing 25 ml of crude oil
ith an equal volume of isooctane (2,2,4-trimethylpentane), fol-
o w ed b y centrifugation at 5000 g (Sigma 6–16KS, Sigma-Aldrich,
t. Louis, USA). After centrifugation, the supernatant was dis-
arded, and the pellet was added to the bead tubes of the DNA ex-
raction kit (DNeasy Po w erSoil Pro Kit, Qiagen, Hilden, Germany)
catalog number 47014). To each bead tube, 40 μl of 10% sodium
odecyl sulfate was added, followed by incubation at 65 ◦C for
0 min. Subsequently, we followed the manufacturer’s protocol
or the DNA extraction kit. Due to the small volume of crude
il available and the high amount of DNA r equir ed for meta ge-
omic analysis, the duplicates were merged for sequencing (Eu-
 ofins Genomics Eur ope Sequencing GmbH, Constance, German y),
nd thr ee meta genomes wer e obtained. Samples wer e sequenced
t Eurofins Genomics Europe Sequencing GmbH with an Illumina
ovaSeq sequencer and paired end-run type . T he sequencing pa-

ameters included a read length of 2 × 150 bp, with a guaranteed
ield of 10 million read pairs (20 million reads) per pac ka ge ( ± 3%).

etagenomic analysis 

aw r eads fr om shotgun meta genomic sequencing and those
ownloaded from NCBI were treated similarly in the downstream
nalyses. If not otherwise stated, software was used with de-
ault parameters. Illumina artifacts and adapters were removed
r om r aw r eads with BBDuk (v ersion 37.09) (Brian Bushnell 2014 ).
eads were quality-controlled and trimmed with sickle (version
.33) (Joshi and Fass 2011 ). Quality-controlled reads were assem-
led using the MetaviralSPAdes pipeline (version 3.14.0) (Antipov
t al. 2020 ) to r ecov er pr ospectiv e DNA sequences of viruses
nd plasmids. Assembled reads were filtered from the original
et of quality-controlled reads. Unassembled reads , i.e . reads not
atc hing the r ecov er ed putativ e viruses and plasmids, were sep-

r atel y assembled with the MetaSPAdes pipeline (version 3.14.0)
Nurk et al. 2017 ) to assemble the micr obial comm unity (includ-
ng viruses and plasmids not assembled with MetaviralSPAdes).
PAdes creates scaffolds from contigs that have known gaps based
n ov erla pping r eads (Nurk et al. 2017 ). Scaffold outputs fr om
he assemblies were pulled together. Scaffolds with lengths be-
ow 1000 base pairs wer e r emov ed. All following anal yses wer e
erformed on the combined length-filtered scaffold output from
he assemblies. Pr odigal (v ersion 2.6.3) (Hyatt et al. 2010 ) in

eta mode was used to predict genes and translate these into
mino acid sequences. Protein sequences of the genes were an-
otated using diamond (version 2.0.5) and blastp (version 2.9.0 + )

Buchfink et al. 2015 ) against the UniRef100 database (downloaded
n 23.06.2021) (The UniProt Consortium 2019 ). The dominating
axonomy assignment of UniRef100 protein annotations was used
o classify unbinned scaffolds as described for the uBin software
Bornemann et al. 2023 ). 

Nonpar eil3 (v ersion 3.303) (Rodriguez-R et al. 2018 ) was used to
stimate cov er ed sequence div ersity. 

bundance estimation based on the rpS3 marker 
ene in microorganisms 

ommunity composition was reconstructed based on the ribo-
omal protein S3 ( rpS3 ) marker gene . T he adv anta ges of the rpS3
ene compared to other conventionally used markers, such as
he 16S rRN A gene , w ere described b y Sharon et al. ( 2015 ). Marker
enes were identified with species-specific hidden Markov mod-
ls (HMMs) and compared against the UniRef100 database (down-
oaded on 23.06.2021) (The UniProt Consortium 2019 ). Cov er a ge
f scaffolds with rpS3 gene sequences was calculated by map-
ing the quality-controlled reads using bowtie2 (version 2.3.5.1)
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(Langmead and Salzberg 2012 ) against all scaffolds from the 
meta(viral)SPAdes assemblies in sensitive mode . T he co verage 
was used to a ppr oximate r elativ e abundance. 

Binning and taxonomic classification of 
prokaryotes 

ABA W ACA (v ersion 1.0.0) (Br own 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 ) 
a ggr egated the r ecov er ed bins to the best set of bins. The selec- 
tion was manuall y cur ated 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 k e pt. Gene prediction and genome annota- 
tion were done with the MOSGA2 pipeline (version 2.1.5) (Martin 

et al. 2021 ), including BRAKER (version 3.0.3) (Br ůna et al. 2021 ) 
and completeness calculation with B USCO (v ersion 5.3.2) (Simão 
et al. 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 . T he a v er a ge nucleotide identity betw een the eukary otic 
MAG “bin 8” and r efer ence 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 (Karthik e yan et al. 2019) and 

pruned in iTOLs (version 5) (Letunic and Bork 2021 ). 

Detection of viruses and plasmids 

Putativ e vir al scaffolds in the meta genomes wer e identified using 
thr ee differ ent tools: VIBRANT (v ersion 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 Chec kV (v ersion 1.0.1) (Nayfac h et al.
2020 ). Only scaffolds with predicted completeness ≥25% and no 
w arnings b y Chec kV (v ersion 1.0.1) wer e used for further analyses.
Taxonomy was predicted with geNomad (version 1.5.0) (Camargo 
et al. 2023 ) annotation mode. 

SCAPP (version 1.0) (P ello w et al. 2021 ) was used to reconstruct 
putativ e plasmids fr om the assemblies . T he r esults fr om SCAPP 
er e filter ed not to include scaffolds with genes closel y r elated to
hose from viral genomes (by matching the genes to the UniRef100
atabase (downloaded on 23.06.2021) (The UniProt Consortium 

019 ). Onl y putativ e plasmids with a minimum length of 2000 bp
ere included in the downstream analysis . T he plasmid taxo-
omic units were annotated with COPLA (version 1.0, with Plas-
idFinder database from 31.07.2019) (Redondo-Salvo et al. 2021 ).

uxiliary/metabolic genes were annotated with the UniRef100 
atabase (downloaded on 23.06.2021) (The UniProt Consortium 

019 ) and CANT-HYD (downloaded on 22.06.2023) (Khot et al.
022 ). 

apping of metagenomic reads to rpS3 gene 

equences, viruses, and plasmids for detection 

he collected MGEs and gene sequences from all ten sites were
lustered with VIRIDIC (version 1.0) (Moraru et al. 2020 ) (viruses)
n species le v el (identity thr eshold 95%) and MeShClust (ver-
ion 2.0) (James et al. 2018 ) (plasmids, expanded rpS3 gene se-
uences; identity threshold of 95%), respectively. For each cluster,
he longest sequence was used as the cluster r epr esentativ e and
lter ed out. Quality-contr olled Illumina r eads wer e ma pped to the
luster r epr esentativ e sequences with bowtie2 (version 2.3.5.1)
Langmead and Salzberg 2012 ) in sensitive mode . T he mapping
as filtered to only include reads that matched the target se-
uence with maximum 5% mismatching nucleotide bases . T he
r eadth (her ein defined as the percenta ge of positions of a tar get
equence cov er ed by at least one r ead) of the ma ppings was calcu-
ated with genomecov from bedtools (version 2.3.1.1) (Quinlan and 

all 2010 ). The breadth threshold for the rpS3 sequence mapping
as set to ≥99% and for predicted viruses and plasmids to ≥95%;
utativ e viruses wer e additionall y inv estigated with a br eadth fil-
er of ≥75%. This was done to ensure that the measured coverage
 alues ar e not the r esult of man y r eads onl y aligning to a small
ortion of the target sequence. 

esults and discussion 

acteria and fungi potentially mediate 

ydrocarbon degr ada tion from a pristine oil 
eservoir 
he genetic diversity of microorganisms within the pristine Fil- 

cudi oil reservoir sample was analysed using metagenome se- 
uencing of three individual oil samples. Due to the complexity of
andling such samples for DNA extraction (Alibrandi et al. 2023 ),
nly one sample resulted in a high sequencing depth metagenome 
ov ering mor e than 90% of the biome’s div ersity, as estimated by
onpareil3 (Rodriguez-R et al. 2018 ) ( Figure S1 ). To investigate the
iversity of microorganisms in the pristine oil sample, we used the
igh-sequencing depth metagenome and phylogenetically anal- 
sed rpS3 marker gene sequences (as described by Sharon et al.
015 ) from the assembled metagenome, resulting in 26 distinct
axonomic units (Fig. 1 ). For 14 of these taxonomic units, we recov-
red high-quality MAGs (15 bacterial MAGs; 2 fungal MAGs), which
e subsequently used to determine their capacity for hydrocar- 
on degradation (information on the contamination and com- 
leteness of the MAGs are provided in Tables S3 and S4 ). Based on
 elativ e abundances, the reservoir oil sample predominantly har-
or ed or ganisms fr om the Sphingomonas genus (ov er 50% of popu-
ation share), a group of well-characterized microorganisms pre- 
iously found in petroleum-contaminated soils and carrying the 
bility for aromatic hydrocarbon degradation (Zhou et al. 2016 ).
he only Sphingomonas MAG recovered in our samples encoded 

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae027#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae027#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae027#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae027#supplementary-data
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Figure 1. Micr obial comm unity composition in the Filicudi oil r eservoir fr om the high-sequencing depth meta genome. 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 r elativ e abundance of extended marker gene rpS3 sequences was used to estimate the comm unity 
composition. Bacterial taxa are colored by classes. 
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or the ability to degrade alkanes , toluene , and protocatechuate
Fig. 2 ) [based on matches against the UniRef100 database (The
niProt Consortium 2019 ), DRAM (Shaffer et al. 2020 ), and CANT-
yd HMMs (Khot et al. 2022 )]. Genes for subunits of benzylsuccinate

ynthases , a k e y enzyme in anaer obic toluene degr adation (Acosta-
onzález et al. 2013 ) wer e observ ed in 12 bacterial MAGs from dif-

er ent gener a (further database IDs of the mentioned genes can
e found in Table S7 ). Some of these MAGs belonged to the genera
ariovorax and Polaromonas , which were found to be highly abun-
ant in the Filicudi sample (11.3% and 4.7%, r espectiv el y) . 

Additionally, alkane monooxygenases ( alkB ) and alkane hydrox-
lases ( CYP153 ) were detected in four bacterial MAGs and one
ungal MAG (Fig. 2 ). Regarding the degradation of gaseous hy-
rocarbons, a MAG classified as Sediminibacterium and a scaf-
old classified as Mucilaginibacter (not binned) encode for pmoA-
ike methane monooxygenases , highlighting the organisms’ po-
ential to utilize methane as an energy and potential car-
on source. Other pr ominent hydr ocarbon-degr ading pathways

dentified in bacterial MAGs include (tetra-) phthalate degra-
ation to pyruvate with (homo-) protocatechuate as interme-
iate and catechol, xylene , toluene , or benzoate degradation

Fig. 2 ). 
Besides bacteria, we r ecov er ed two fungal MAGs from the oil

eservoir. One (bin 8) is closely related to Meyerozyma guilliermondii ,
nd the other (bin 19) belongs to the family Pichiacaea . The M. guil-

iermondii MAG (bin 8) was 10.3 Mbp in size and 88.23% complete
ased on B USCO anal yses [C:88.23% (S:87.84, D:0.39%), F:4.31%,
:7.45% ( Table S3 )]. Its genome r e v ealed a mean amino acid iden-
ity of 99.7% with another M. guilliermondii species from an ex-
ype culture (NCBI WGS accession AAFM01); additionally, more
han 90% of its genes aligned to those from other M. guilliermondii
n the UniRef100 database. Hydr ocarbon-degr ading Meyerozyma
er e pr e viousl y found in oil sludge samples (Liu et al. 2023 ).
he Pichiacaea MAG (bin 19) [BUSCO results: C:91.38% (S:90.2%,
:1.18%), F:1.96%, M:6.67% ( Table S3 )] was found to carry different
il-degr ading genes r ele v ant to alkane ( alkB ) and ter pene degr ada-
ion (Fig. 2 ). Based on its phylogenetic r elationship ( Figur e S2 ), it
s related to the genus Ogataea and an unclassified Candida boi-
inii species . To summarize , the reco vered pristine community of
7 taxonomic units (15 bacteria and 2 fungi) encoded a highly
omplex concert of pathways for hydrocarbon degradation of sim-
le and complex hydrocarbons, summarized in Fig. 2 . Further
etabolic features beyond hydrocarbon degradation are summa-

ized in the Supplementary Results . 

icrobial di v ersity a t Filicudi is substantiall y 

ifferent from other reservoirs and 

ydrocarbon-affected sites 

or comparing the microbial community of our pristine oil sam-
le with those of other hydrocarbon-associated sites (e.g. oil reser-
 oirs, oil-polluted w ater samples, drilling sites for hydrocarbon ex-
loration, and so on; Tables S1 and S2 ), we compared the rpS3 gene
equences (including 1000 bp upstream and downstream of the
ene), with those of 35 publicly available metagenomes from 10
ites (Fig. 3 ) via stringent r ead ma pping (99% nucleotide sequence

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae027#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae027#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae027#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae027#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae027#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae027#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae027#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae027#supplementary-data
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Figure 2. Genetically encoded oil degradation potential of MAGs in the Filicudi oil. Pathways of oil degradation and the predicted encoded genes in a 
subset of the MAGs from the Filicudi oil reservoir sample. Dashed lines indicate incomplete pathwa ys . T he position of pathways and genes does not 
resemble cellular location. Metabolites and enzymes do not provide information on intra-/extracellular localization thereof. This figure was illustrated 
with BioRender.com. 

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 

ma pping br eadth (br) of 99%. The count of rpS3 sequences found in eac h location is r epr esented by boxes . T he size of the spheres , along with the 
number in the spher e, r epr esents the number of rpS3 sequences from oil-associated sites that were found in the TARA Ocean database. 
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imilarity). In some instances, we identified highly similar rpS3
ene sequences between the other 10 hydrocarbon-associated
ites, indicating that similar species occur in the geologically dis-
inct locations (26 from 1086 rpS3 gene sequences; 2.39%). The

ean cov er a ge of rpS3 sequences w as betw een 6.9 and 667.8
median 21.5) based on read mapping when called present in

etagenomes of sites from which they were not originally as-
embled ( Table S8 ). Ho w e v er, we found no shared species be-
ween pr e viousl y r eleased meta genomes and the meta genomes
rom the Filicudi site, likely rendering the herein-described sam-
le pristine and harboring an indigenous population (see Fig. 1 ).
o tr ac k the origin of the potential micr obes identified in the 10
ublicl y av ailable hydr ocarbon-impacted sites, whic h wer e not
ristine, we stringentl y ma pped the r eads fr om the Tar a Ocean
ataset (Pesant et al. 2015 ) to the r ecov er ed rpS3 gene sequences,
esulting in multiple shared species across the globe (Fig. 3 ).
or instance, oil-contaminated marine samples contained 215
pS3 gene sequences that were also covered by reads from the
ara Ocean datasets (mean depth of coverage between 1.9 and
916.5; median 20). By contrast, we found only two rpS3 gene se-
uences from water-polluted oil reservoirs to be also present in
cean microbiomes, none of which belonged to Filicudi, (mean
epth of cov er a ge between 4.5 and 55.1; median 13.15; for fur-
her depth of cov er a ge v alues please see Table S9 ). Based on
9.98% (217 from 1086) of rpS3 gene sequences from hydrocarbon-
ffected sites being cov er ed by meta genomic r eads fr om the Tar a
cean dataset, we posit that these marine micr oor ganisms ar e
dapted to global hydrocarbon exploration sites and oil contam-
nation; they also seem to be introduced to oil reservoirs that
r e not contamination-contr olled if seawater is used as a drilling
uid. 

iruses and plasmids demonstr a te contr asting 

istribution patterns across 35 metagenomes 

r om hydr ocarbon sites, suggesting a global 
ispersal of MGEs 

o investigate information encoded on MGEs, we analysed puta-
ive plasmids and viruses reconstructed from the Filicudi site, dis-
overing 39 putative plasmids and 58 putative viruses. Of these,
8% and 90%, r espectiv el y, wer e nov el compar ed to pr e viousl y
escribed MGEs in public databases [based on annotation with
OPLA (Redondo-Salvo et al. 2021 ) and geNomad (Camargo et al.
023 )]. This highlights the heavily underexplored genomic reper-
oir e r esiding in hydr ocarbon-ric h envir onments. 

Regarding the putative plasmids, their length varied between
 and 230 kb, and all 39 of them carried different metabolic
enes, including an alkanesulfonate monooxygenase that has a pro-
ective function during hexadecane sulfonate production (Park
t al. 2020 ). A substantial fraction of the predicted plasmids (16
ut of 39, 41%) also carried genes r ele v ant to metal tolerance
nd r esistance, specificall y mercury, copper, arsenate, and tel-
urite (Fig. 4 A), whic h ar e gener all y known to be typical con-
aminants in oil reservoirs. We conclude that predicted plas-

ids can encode crucial metabolic genes of micr oor ganisms in
ydrocarbon-associated sites and might be suitable targets for
odifying hydr ocarbon-degr ading micr oor ganisms in biotec hnol-

gy. Concerning viral scaffolds, most of them were classified as
sDNA viruses from the Caudoviricetes class (48), while a small
ubset were ssDNA viruses from Malgrandaviricetes (5), Arfiviricetes
4), and one belonging to Faserviricetes (Fig. 4 B). Given the selective
equencing of only double-stranded DNA viruses using Illumina
echnology, we can conclude that the ssDNA viruses detected in
he metagenome were actively replicating and thus appeared as
ouble-stranded prior to DNA extraction, indicating a potential
ctivity of ssDNA viruses in oil reservoirs. 

In contrast to the isolated population of micr oor ganisms in
he pristine Filicudi sample, mapping of the abovementioned 35
ublic metagenomes from hydrocarbon-associated sites to the re-
ov er ed putativ e plasmidome and vir ome fr om the Filicudi sam-
le r e v ealed a shar ed mobilome between hydr ocarbon-impacted
ites. To further complement our study, we predicted the pr e vi-
usly undescribed mobilome of the 10 hydrocarbon-associated
ites, resulting in 1738 putative viruses and 386 putative plas-
ids after clustering using VIRIDIC (Moraru et al. 2020 ) at 95%

dentity ( Table S6 ). Since usually only a minor fraction of viruses
et assembled in metagenomes, we then used the clustered set
f putative viruses and plasmids as databases for read mapping
breadth ≥75%; for details, see the section “Methods”), resulting
n 63 shared putative viruses, 18% of which were also found as
hared in the initial VIRIDIC clustering. Based on these mapping
 esults, we identified thr ee similar putativ e vir al sequences in a
ighly water-contaminated oil reservoir located in the Shengli re-
ion (China) (Wang et al. 2019 ) and in the Filicudi sample. We also
ound evidence of 16 highly similar viruses between oil-associated
ites, the ocean, and geologically distinct oil reservoirs [Fig. 5 A;
readth ≥95%; mean coverage depth between 1.5 and 6627.8, me-
ian = 14.8 ( Tables S12 and S13 )]. While viruses have been sug-
ested to overcome large distances by traveling with rain or water
ources (Rahlff et al. 2022 ), this process cannot explain the infiltra-
ion of pristine oil reservoirs like Filicudi. Nevertheless, the deep
ea and the ocean, in general, harbor a global virome (Gregory et
l. 2019 , He et al. 2023 ) with a certain degr ee of exc hange and con-
ectivity through ocean currents (Jian et al. 2021 ), whose imprints
lso appear visible in the investigated hydrocarbon-associated
ites and oil reservoirs. 

The distribution of putative plasmids follo w ed a substantially
iffer ent pattern fr om those of potential viruses and rpS3 gene se-
uences. Pr edicted plasmids fr om oil-associated sites wer e r ar el y
hared with Tara Ocean data [21 from 386 (5.6%); depth of cover-
ge between 2.6 and 210.6; median 12.4] compared to rpS3 gene
equences (19.98%). By contrast, a larger subset was highly sim-
lar between globally distributed oil reservoirs and hydrocarbon-
ssociated sites [26 from 386 (6.73%); mean depth of cov er a ge be-
ween 1.9 and 2511.8; median 20.5 ( Table S10 ), compared to host
rganisms (2.39%) (Fig. 5 B)]. While host specificity and compat-
bility have previously been shown to selectively influence plas-

id conjugation (Redondo-Salvo et al. 2020 , Benz and Hall 2023 ),
t is not the driving force for plasmid transfer in hydrocarbon-
mpacted sites, as shown by the deviating patterns of shared
pecies (Fig. 3 ) and plasmids (Fig. 5 B). This dir ectl y contr adicts the
sual dispersal pathway of plasmids with their host organisms,
hich should, in principle, result in a similar distribution pattern,
hile viruses may disperse independently. Ho w ever, it should be
oted that the Tara Ocean dataset only includes samples from the
urface ocean, and a global dataset on deep ocean metagenomes
s not available in the liter atur e, whic h might be more represen-
ative for comparing genetic signatures from oil reservoirs with
hose from the ocean. 

The meta genomic anal ysis of the pristine sample fr om the
ilicudi reservoir revealed many bacteria and fungi involved
n hydrocarbon degradation. Compared to other oil reservoirs
r hydrocarbon-associated sites, we see three global patterns
or pr okaryotes, putativ e viruses, and putativ e plasmids. Shar ed
rokaryotes and viral scaffolds with the Tara Ocean dataset and
he fact that the volume of the entire ocean is estimated to be cir-

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae027#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae027#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae027#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae027#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae027#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae027#supplementary-data
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Figure 4. Plasmids and viruses in the pristine Filicudi reservoir. (A) Length in base pairs (bp) and GC content of predicted plasmids in the Filicudi oil 
r eservoir acr oss all thr ee meta genomes. Color ed circles r epr esent plasmid taxonomic units (PTUs) and pr e viousl y associated host linea ges of said 
PTUs. Auxiliary metabolic genes related to important reservoir processes are labeled to the according putative plasmids. CheckV (Nayfach et al. 2020 ) 
completeness and length (bp) of putative viruses identified in the metagenomics dataset of the Filicudi oil reservoir (for the complete checkV output 
see Table S5 ). Lineages were predicted with geNomad (Camargo et al. 2023 ). Dot plots were created in R (R Core Team 2020 ). 

(A)

(B)

Figure 5. Global distribution of putative plasmids, and viruses from hydrocarbon-associated sites. Line thickness along with the number on top of the 
line indicate the number of shared viruses (A), and plasmids (B). The threshold for minimum mapping breadth (br) was 95%. The count of elements 
found in each location is represented by boxes . T he size of the spheres represents the detection of elements from any oil-associated site in the TARA 

ocean database (indicated by the number within the spheres). 

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae027#supplementary-data
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ulated through the upper ocean crust within only 200 ka explain
t least their global distribution between the studied sites (John-
on and Pruis 2003 ). Ho w e v er, the distribution pattern of plas-
ids (usually associated with hosts) remains enigmatic at this

ta ge. Futur e r esearc h and man y additional meta genomes of oil
 eservoirs ar e needed to full y gr asp the pictur e of the global plas-
idome in oil reservoirs and to confidently predict the dispersal

outes of MGEs and prokaryotes. 
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