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Abstract 

Background  Cyanobacteria and eukaryotic phytoplankton produce long-chain alkanes and generate around 100 
times greater quantities of hydrocarbons in the ocean compared to natural seeps and anthropogenic sources. Yet, 
these compounds do not accumulate in the water column, suggesting rapid biodegradation by co-localized micro-
bial populations. Despite their ecological importance, the identities of microbes involved in this cryptic hydrocarbon 
cycle are mostly unknown. Here, we identified genes encoding enzymes involved in the hydrocarbon cycle across the 
salinity gradient of a remote, vertically stratified, seawater-containing High Arctic lake that is isolated from anthropo-
genic petroleum sources and natural seeps. Metagenomic analysis revealed diverse hydrocarbon cycling genes and 
populations, with patterns of variation along gradients of light, salinity, oxygen, and sulfur that are relevant to freshwa-
ter, oceanic, hadal, and anoxic deep sea ecosystems.

Results  Analyzing genes and metagenome-assembled genomes down the water column of Lake A in the Canadian 
High Arctic, we detected microbial hydrocarbon production and degradation pathways at all depths, from surface 
freshwaters to dark, saline, anoxic waters. In addition to Cyanobacteria, members of the phyla Flavobacteria, Nitro-
spina, Deltaproteobacteria, Planctomycetes, and Verrucomicrobia had pathways for alkane and alkene production, 
providing additional sources of biogenic hydrocarbons. Known oil-degrading microorganisms were poorly repre-
sented in the system, while long-chain hydrocarbon degradation genes were identified in various freshwater and 
marine lineages such as Actinobacteria, Schleiferiaceae, and Marinimicrobia. Genes involved in sulfur and nitrogen 
compound transformations were abundant in hydrocarbon producing and degrading lineages, suggesting strong 
interconnections with nitrogen and sulfur cycles and a potential for widespread distribution in the ocean.

Conclusions  Our detailed metagenomic analyses across water column gradients in a remote petroleum-free lake 
derived from the Arctic Ocean suggest that the current estimation of bacterial hydrocarbon production in the ocean 
could be substantially underestimated by neglecting non-phototrophic production and by not taking low oxygen 
zones into account. Our findings also suggest that biogenic hydrocarbons may sustain a large fraction of freshwater 
and oceanic microbiomes, with global biogeochemical implications for carbon, sulfur, and nitrogen cycles.
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Background
Hydrocarbons are widespread in the ocean, with natu-
ral oil seeps and human activities releasing between 
0.47 and 8.3 million tonnes of petroleum annually [1]. 
These thermogenic compounds, produced over millen-
nia, strongly affect the ecology of marine ecosystems 
and trigger activity by numerous aerobic and anaerobic 
oil-degrading microorganisms [2]. Microbial degradation 
of hydrocarbons in marine environments has been exten-
sively studied in deep-sea sediment seepages [3–7], and 
following oil spills [8–10]. Detailed investigations follow-
ing the Deepwater Horizon oil spill in the Gulf of Mexico 
revealed multiple naturally occurring microbial lineages 
able to degrade hydrocarbons, and this list is expanding 
rapidly with metagenomic sequencing and data analysis. 
For example, mining of the Genome Taxonomy Database 
(GTDB; gtdb.ecogenomic.org) for hydrocarbon degrada-
tion genes revealed that 19% of the 31,900 genomes of 
this database could potentially degrade hydrocarbons, 
spanning 24 bacterial phyla [11]. Oxygen conditions, and 
more broadly the redox potential of the environment, 
influence the diversity and metabolic pathways of hydro-
carbon degraders [2]. In addition, hydrocarbon composi-
tion has also been identified as a major structuring factor 
of the hydrocarbon-degrading community and metabo-
lism, highlighting the importance of substrate prefer-
ences and specialization within hydrocarbon-degrading 
populations [7].

In addition to this long-term cycle of petroleum pro-
duction and degradation, a cryptic and short-term 
hydrocarbon cycle has been proposed to widely occur in 
the ocean [12]. In this short cycle, hydrocarbons in the 
form of long-chain alkanes such as n-pentadecane and 
n-heptadecane are produced by Cyanobacteria such as 
Prochlorococcus and Synechococcus species, which are 
the most abundant cyanobacteria in the ocean [13] and 
planktonic algae [14, 15] through the activity of aldehyde 
deformylating oxygenase and fatty acid photodecarboxy-
lase enzymes respectively. Extrapolated to the volume of 
the ocean and the distribution of Prochlorococcus and 
Synechococcus, for which hydrocarbon production rates 
have been measured, oceanic hydrocarbon production 
could be up to 500-fold larger than abiotic hydrocarbon 
releases with up to 300 and 800 million tonnes of alkanes 
per year [12, 16]. The ecological function or potential 
benefit of hydrocarbon production for the small pico-
sized cyanobacteria remains unclear. Alkanes might 
increase their membrane fluidity to counter cold or 
salinity stresses or enhance the efficiency of their light-
harvesting thylakoids [17, 18]. As these cyanobacterial 
hydrocarbons are not found to accumulate in the ocean, 
alkane loss rates would be equivalent to the production 
rates, leading to the hypothesis that alkane-producers 

and degrading microorganisms occupy the same habitat, 
with potentially rapid cycling of hydrocarbon production 
and degradation. However, the diversity and metabolic 
pathways involved in this putative recycling of biogenic 
long-chain alkanes remain unexplored. Some cultivated 
oil-degrading aerobic microorganisms such as Alcanivo-
rax have been found to degrade pentadecane [16] and 
to bloom following cyanobacterial pentadecane amend-
ments in seawater incubations [12]. However, there is a 
gap in knowledge of in  situ diversity of bacterial hydro-
carbon degraders in the absence of petroleum (ther-
mogenic) hydrocarbons that confound interpretations. 
Similarly, the contribution of non-phototrophic micro-
organisms to hydrocarbon production in marine waters 
has been little explored, yet the aphotic zone represents 
90% of the ocean volume, and non-cyanobacterial hydro-
carbon production genes, such as the Ole operon, have 
been identified [19]. In this operon, oleC codes for an ole-
fin beta-lactone synthase that catalyzes the head-to-head 
condensation of fatty acids, leading to the biosynthesis 
of olefins/alkenes that potentially provides membrane 
protection toward cold temperatures [20]. In addition, 
the distribution of this cryptic hydrocarbon cycle along 
oxygen, salinity, and light gradients of aquatic ecosystems 
has not been addressed to date, notably under freshwater 
conditions where Cyanobacteria also flourish and bio-
genic hydrocarbon production by microalgae has been 
also observed [21, 22].

The polar regions host numerous marine-derived lakes 
that formed following the isostatic rebound of the conti-
nents triggered by the melting of the ice sheets. Physically 
isolated from the ocean, freshwater from melting snow 
and ice accumulates over the marine water trapped in 
these basins. Due to the strong salinity and temperature 
differences between these waters, these lakes are highly 
stratified, with a mixolimnion consisting of the oxic sur-
face freshwater layer immediately beneath the ice and an 
anoxic (oxygen below detection; < 1  μM) marine moni-
molimnion at the bottom. The chemocline at the inter-
face between these layers is the zone of highest chemical 
reactivity, associated with elevated microbial activities 
[23, 24]. Lake A is one such lake at the extreme north 
of the Canadian High Arctic, and it provides a remote 
pristine ecosystem and natural laboratory to investigate 
microbial community assemblages and metabolism. The 
microbiome of Lake A has been previously investigated 
[25–27], revealing a marked stratification of stable and 
active microorganisms and associated metabolic poten-
tials that align along the salinity, light, and redox gradi-
ents of the water column (Fig. 1).

Lake A has a surface layer of freshwater, but > 80% of its 
128-m-deep water column is saline, reflecting its origin 
from the Arctic Ocean [26]. This stratified ecosystem has 



Page 3 of 12Vigneron et al. Microbiome          (2023) 11:104 	

physical, chemical, and microbiological similarities with 
freshwater, marine, hadal, and anoxic deep-sea environ-
ments, and it therefore offered an outstanding opportu-
nity to investigate the genomic potential for hydrocarbon 
cycling over a broad range of environmental conditions 
that are relevant to various marine and freshwater eco-
systems and without interference from anthropogenic 
contaminants or natural seepages. Specifically, we ana-
lyzed metagenomes from throughout the water column 
to address the questions: (i) are biogenic hydrocarbon 
genes present and how are they distributed across the 
pronounced vertical gradients of the Lake A environ-
ment, (ii) what is the associated microbial diversity, (iii) 
how would these hydrocarbons be degraded in the sys-
tem, and (iv) are these hydrocarbon cycles linked to other 
biogeochemical cycles?

Results
Biogenic hydrocarbon producing genes
Lake A metagenomes from eight depths (2 to 65 m) were 
sequenced, normalized, and then analyzed for genes 
coding for algal fatty acid photodecarboxylase (FAP), 
squalene synthase (SSL), fatty aldehyde decarbonylase 
(FAD), aldehyde deformylating oxygenase (ADO), and 
olefin beta-lactone synthetase (OleC). While FAP, FAD, 
and ADO enzymes confer the capability to produce 
long-chain alkanes [28], OleC catalyze the production 
of olefinic hydrocarbons (alkenes) [19, 29], and SLL is 
involved in tetraterpenoid hydrocarbon production in the 
green alga Botryococcus braunii [21]. No algal hydrocar-
bon genes (neither FAP nor SLL) were detected; however 
up to 3200 prokaryotic genes (unique genes multiplied 

by their numbers of copies) for hydrocarbon-producing 
proteins were identified in the dataset. FAD genes phy-
logenetically related to Flavobacteriaceae were identified 
at in the upper freshwater layer at 2 m (Fig. 2). Numer-
ous ADO genes, affiliated to the phylum Cyanobacteria, 
were detected in the freshwater aerobic layer and the 
chemocline, with up to 1463 genes at 14  m depth, cor-
responding to the bottom of the euphotic zone (Fig.  2). 
By contrast, oleC genes were more abundant in the saline 
anoxic (< 1-μM oxygen) water with a maximum of 263 
genes at 40 m. Phylogenetic analysis of oleC genes indi-
cated that most of the detected sequences were related to 
Deltaproteobacteria (Desulfobacteraceae, Desulfuromo-
nadales, and Myxococcales) and the PVC superphylum 
(Planctomycetes, Verrucomicrobia, Lentispheraceae, and 
Gemmataceae). Below 40 m depth, the number of hydro-
carbon-producing genes declined with depth, down to 23 
ADO and FAD genes and 81 oleC genes at 65 m (Fig. 2).

Hydrocarbon‑degrading genes
Overall, 4670 genes coding for proteins involved in 
hydrocarbon degradation pathways were detected 
(Fig. 3). The total number of known genes for hydrocar-
bon-degrading proteins identified in the metagenomes 
exceeded those of hydrocarbon production at each ana-
lyzed depth, except at 14 m where the number of genes 
of both degrading and producing pathways was maximal 
and similar (1595 vs 1592). Consistent with the oxygen 
profile of the water column, aerobic alkane degradation 
genes (alkB, CYP153, ladA, prmA) were abundant from 
the surface to 22  m, with a maximum of 1451 genes at 
14 m (Fig. 3). By contrast, anaerobic alkane degradation 

Fig. 1  Microbial eukaryotic (Euk) and prokaryotic (Bacteria and Archaea (Arch)) community composition in different layers of permanently stratified 
Lake A. Each bubble represents a different genus, based on ssuRNA extracted from the metagenomic datasets. The size of the bubbles indicates the 
relative proportion of each genus in the overall ssuRNA sequences coverage at each depth
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Fig. 2  Metabolic potential for hydrocarbon production in Lake A. a Number of genes involved in hydrocarbon production in the metagenomes 
throughout the water column. Aldehyde decarbonylase in gray represents the cumulative alkane production genes (ADO and FAD). b Phylogenetic 
tree of hydrocarbon-producing proteins detected in the metagenomes (in black) including binned and unbinned sequences. Only nonredundant 
sequences were represented in the tree. Sequences in gray were recovered from NCBI database. Blue dots indicate bootstrap values higher than 0.8

Fig. 3  Metabolic potential for hydrocarbon degradation in Lake A. a Number of genes involved in hydrocarbon degradation in the metagenomes 
throughout the water column. Alkane aerobic degradation sums the number of genes of alkB, CYP153, ladA, and prmA. Aromatic aerobic degradation 
sums the number of genes of tmoABE, cymA, and MAHαβ. Alkane anaerobic degradation is the mean of assA and bssA gene numbers. Aromatic 
anaerobic degradation sums the number of genes of nmsA and ebdA. b Relative abundance of each hydrocarbon-degrading genes identified in Lake 
A. Color of the dots and shades represents the water depth as in a. Genes labeled in gray (assA, alkB, CYP153, ladA, and MAHβ) were identified using 
custom HMM profiles as described in Khot et al. [11], whereas genes labeled in black were identified using IMG-MR pipeline. Scale is logarithmic
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genes (assA, bssA) predominated in the anoxic saline 
waters with up to 380 genes at 34 m before slowly declin-
ing with depth, supporting the absence of deep natural 
seepages at the bottom of Lake A. The number of aro-
matic hydrocarbon degradation genes increased with 
depth until 14  m for aerobic pathways (tmoABE, cymA, 
and MAHαβ), and throughout the water column for 
anaerobic pathways (ebdA, nmsA), reaching 109 genes at 
65 m (Fig. 3).

Hydrocarbon cycling microbial populations
A total of 250 MAGs with > 40% completeness and < 5% 
contamination levels were recovered from the com-
bined metagenomic dataset. Among them, 89 MAGs 
(35.6%) harbored genes for hydrocarbon cycling (Fig.  4 
and Supplementary Fig. S1). ADO genes were identified 
in only one MAG affiliated with marine Cyanobacteria 
recovered from the lower chemocline zone. Nonethe-
less, ADO genes with high coverage were also identified 
at 6- and 14-m samples in unbinned contigs taxonomi-
cally affiliated with the cyanobacterial taxon Synechococ-
cus. In addition, one contig from the 2-m metagenomic 
dataset and related to Flavobacteriaceae (Bacteroidia) 
included a long-chain fatty aldehyde decarbonylase gene 
(Fig.  4). Olefinic hydrocarbon production genes were 
identified in 26 MAGs, of which 14 were assigned to 
PVC lineages (Planctomycetota, Pirellula, Lentisphaerae, 
Gemmataceae, and Opitutaceae) and 8 were related to 
Deltaproteobacteria (Fig.  4 and Supplementary Fig. S1). 
Olefinic hydrocarbon producers in the oxic freshwater 
were related to PVC and Nitrospinaceae, whereas highly 

abundant Deltaproteobacteria MAGs were predominant 
in anoxic saline waters. Six low abundance PVC MAGs 
with oleC were also detected at the deepest depth (Sup-
plementary Fig. 1).

Hydrocarbon degradation pathways were identified in 
63 taxonomically diverse MAGs (Fig. 4 and Supplemen-
tary Fig. S1). Aerobic alkane degradation genes (alkB, 
CYP153) were detected in Actinobacteria (Nanopelagi-
cales), Bacteroidetes (Sediminibacterium, Schleiferiaceae) 
and Alpha-(Rhodobacteraceae), Beta- (Polaromonas), 
and Gamma- proteobacteria (SAR86, Porticoccaceae, 
Woeseiaceae, Pseudohongiellaceae). Long-chain alkane 
monooxygenase genes (ladA) were also identified in 
Actinobacteria (Microbacteriaceae, Alpinimonas) recov-
ered at 2 m. Aerobic aromatic hydrocarbon degradation 
pathways were detected in Alphaproteobacteria (Rho-
dospirillales) and in Rhodothermales MAGs. Based on 
the average coverage of the MAGs, Nanopelagicales and 
Schleiferiaceae were the most abundant aerobic hydro-
carbon-degrading lineages of the system (Fig.  4 and 
Supplementary Fig. S1). In addition, anaerobic alkane 
degradation pathway (assA and bssA) genes were identi-
fied in Marinimicrobia, Deltaproteobacteria (Desulfo-
bacteraceae, Desulfatiglans, Syntrophales), Bacteroidetes, 
Chloroflexi as well as in poorly characterized lineages 
(candidate division KSB1, Aminicenantes), and Abyssub-
acteria that also possessed aromatic hydrocarbon deg-
radation genes. Coverage of the MAGs indicated that 
populations of Marinimicrobia were the most abundant 
anaerobic hydrocarbon degraders in low oxygen waters 
(Fig. 4 and Supplementary Fig. S1).

Fig. 4  Depth distribution of metagenome-assembled genomes (MAGs) with hydrocarbon production (prod.) and degradation (deg.) potential 
recovered from the Lake A metagenomic dataset. Alkane prod., ADO and FAD genes; olefinic hyd. prod., oleC gene; alkane aerobic deg., alkB, CYP153, 
ladA, and prmA genes; aromatic aerobic deg., tmoABE, cymA, and MAHαβ genes; alkane anaerobic deg., assA and bssA genes; aromatic anaerobic 
deg., nmsA and ebdA genes. The size of the dots indicates the relative abundance of each MAG, and dots are color coded by their taxonomy. Dashed 
clear dots represent contigs with hydrocarbon-producing genes that were not binned into MAGs
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Sulfur and nitrogen cycle genes in hydrocarbon short cycle 
populations
Genome analysis of the hydrocarbon short cycle popu-
lations indicated that 86.5% of the MAGs harbored 
inorganic nitrogen cycling (70% of the MAGs) or sul-
fur cycling (71% of the MAGs) genes, and 54% included 
genes from both cycles (Supplementary Fig. S1). Nitrite 
and dissimilatory nitrate reduction pathways were the 
most represented pathways in hydrocarbon producers, 
notably in Planctomycetes, Nitrospina, and Deltaproteo-
bacteria (Myxococcota, Desulfatibia, and Desulfobia). 
The Cyanobacteria MAG also included the potential for 
nitrate and urea assimilation. By contrast, genes cod-
ing for enzymes involved in the oxidation of sulfide 
(SQR) and thiosulfate (doxD, tsdA) and sulfate reduc-
tion (aprAB, dsrAB) were the most detected in hydro-
carbon degraders. Potential sulfide oxidizers included 
members of the Marinimicrobia, Bacteroidales, and 
Alphaproteobacteria lineages, whereas thiosulfate oxi-
dizers were related to other Bacteroidetes lineages (Fla-
vobacteriales including Scheiferiaceae, Cytophagales, and 
Cryomorphaceae). Sulfate reduction pathway genes were 
identified in Desulfatiglandales, Syntrophales, Desulfo-
bacteraceae, Chloroflexi, and Abyssubacteria. In addi-
tion, dissimilatory nitrate reductase and sulfur oxidation 
genes were also identified in the highly dominant Nan-
opelagicales MAG with hydrocarbon degradation genes, 
whereas in the highly dominant Marinimicrobia MAGs, 
sulfur oxidation genes were identified along nitrous-
oxide reductase genes (Supplementary Fig. S1).

Discussion
Freshwater hydrocarbon short cycle
The upper water layer (0–12 m) of meromictic Lake A 
is derived from snow and ice melt, resulting in a per-
ennial freshwater environment (salinity < 0.7 ppt) 
[30]. This was consistent with the microbial commu-
nity composition being dominated by freshwater taxa, 
including Flavobacteriales (Bacteroidia), Burkholde-
riales (Betaproteobacteria), Nanopelagicales (ex Act-
inobacteria acl), and Cyanobacteria (Fig. 1), which are 
frequent major lineages in cold lakes and rivers [31, 
32]. These lineages were previously detected using 
16S rRNA sequencing, indicating a ribosomal activ-
ity at these depths [25]. Cyanobacteria have been 
also detected in the anoxic dark waters of Lake A, as 
in other polar meromictic lakes [33], and picocyano-
bacteria are a major constituent of the phototrophic 
plankton [34]. Eukaryotic algae were also identified, 
supporting previous 18S rRNA gene sequencing [35] 
but represented a minor fraction of the total commu-
nity reads. No algal gene encoding hydrocarbon pro-
duction was detected, suggesting a minor contribution 

to hydrocarbon biogenic production. Known hydrocar-
bon-producing algae have been isolated from temper-
ate to tropical freshwater environments [21], suggesting 
that these lineages might not be adapted to the cold 
temperatures. Multiple genes of long-chain fatty alde-
hyde decarbonylase (FAD) and aldehyde deformylat-
ing oxygenase (ADO), both producing C16–C18 alkanes 
[11], were identified in the 2-m and 6-m metagenomes, 
suggesting a strong potential for bacterial long-chain 
alkane production in the upper freshwater layer of the 
lake. Based on the taxonomic affiliation of the contigs 
and MAGs with those genes, lacustrine Flavobacte-
riaceae and Cyanobacteria populations were likely the 
main hydrocarbon producers in this freshwater habi-
tat. This indicates a new ecological role for Flavobacte-
riaceae members in these ecosystems and suggests that 
the potential for hydrocarbon production in Cyanobac-
teria is not limited to marine species, providing field 
confirmation of results based on Cyanobacteria culture 
studies [36].

Consistent with the bacterial production of long-chain 
alkanes, genes coding for C15–C36 alkane monooxyge-
nase (ladA), conferring the ability to degrade long-chain 
alkanes, were also detected at 2 m and 6 m. The identifi-
cation of these genes in two MAGs affiliated to Actino-
mycetales and Alpinimonas (Microbacteriaceae) that 
were recovered at 2  m suggests that long-chain alkanes 
produced by the Flavobacteriaceae and Cyanobacteria 
could be readily degraded by members of the Actinobac-
teria phylum (Fig.  5). Likewise, numerous genes coding 
for alkane monooxygenase (AlkB), and in lesser propor-
tion cytochrome P450 alkane hydroxylase (CYP153), 
were also detected in the freshwater layer. Identified in 
MAGs affiliated to Burkholderiales, Sediminibacterium, 
Alphaproteobacteria, and Nanopelagicales, these genes 
code for enzymes that confer the ability to degrade a large 
variety of (C5–C16) alkanes and alkenes that fall within 
the range of fatty aldehyde decarbonylase and aldehyde 
deformylating oxygenase products. By contrast, genes 
encoding for shorter hydrocarbon (methane, butane, pro-
pane) oxidation and aromatic hydrocarbon degradation 
were either not or little detected in the water column, 
suggesting that the hydrocarbon catabolism is centered 
on bacterial long-chain alkanes. Together, these results 
indicate that long-chain hydrocarbon cycling, suspected 
to occur in oceans, also occurs in the low-conductivity 
surface layer of Lake A, extending the potential niche 
for this cycle to freshwaters. Fuelled by predominant and 
widespread freshwater lineages of Cyanobacteria and 
Flavobacteriales, then recycled by Nanopelagicales and 
Burkholderiales that also represent major components 
of the freshwater microbiome [32, 37], this freshwater 
hydrocarbon short cycle is likely to occur in other cold 
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lakes and rivers. Our results suggest the need to extend 
the range of ecological functions carried out by the domi-
nant lineages of freshwater bacteria, with a new potential 
role in the previously unconsidered hydrocarbon short 
cycle that could represent a major carbon source, notably 
in oligotrophic waters.

Hydrocarbon biosynthesis under aphotic and low oxygen 
conditions
The depth distribution of ADO genes, as well as the 
high coverage of ADO gene-bearing contigs and MAGs 
related to Synechococcus, suggests that Cyanobacteria 
are the major hydrocarbon producers in the euphotic, 
upper saline waters of Lake A. This result is consist-
ent with previous studies of cultivated isolates from the 
ocean that estimated a production of up to 649 Tg of pen-
tadecane per year by Cyanobacteria [12]. In addition, we 
also detected the olefinic/alkene hydrocarbon synthesis 

pathway in the euphotic and oxic marine water in a Nitro-
spina MAG with nitrite oxidation pathways (nirADK, 
nxrAB). Nitrospina species are widespread nitrifying 
bacteria in the ocean and play a major role in the marine 
nitrogen cycle by oxidizing nitrite [38]. This observa-
tion suggests that non-photosynthetic but ecologically 
important microorganisms could also contribute to the 
biogenic long-chain alkene pool in the ocean (Fig.  5). 
Finally, our detection of numerous oleC genes in the deep 
anoxic seawater of Lake A suggests that bacterial produc-
tion of hydrocarbons is not limited to the euphotic zone 
but could also occur under aphotic and low oxygen con-
ditions. Phylogenetic analysis of oleC genes (Fig.  2) and 
mining of the Lake A MAGs (Fig. 4) revealed that various 
Deltaproteobacteria and Planctomycetes populations may 
contribute to olefinic hydrocarbon production in this 
environment. Members of Candidatus Desulfaltia and 
Desulfatibia, which were identified as the most abundant 

Fig. 5  Conceptual model of hydrocarbon short cycles identified along oxygen, salinity, and light gradients of the Lake A water column. Schematic 
bacteria are colored as in Fig. 4 color code
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populations with olefinic hydrocarbon production genes 
in the ecosystem, have been previously detected in signif-
icant proportions in low oxygen marine waters (< 1 μM) 
[39], suggesting that olefinic hydrocarbon production 
could represent an important source of hydrocarbons in 
oceanic oxygen minimum zones. These hypoxic/anoxic 
zones represent 10 million km3 or approximately 1% of 
the ocean volume and are expanding in oceans [40]. Our 
results indicate that olefinic hydrocarbon production 
from non-phototrophic microorganisms in oceans could 
increase in the future. Together, our findings suggest that 
the current estimation of bacterial hydrocarbon produc-
tion could be substantially underestimated by neglecting 
non-cyanobacterial production and by not taking low 
oxygen zones into account.

Biohydrocarbon degradation in petroleum‑free marine 
ecosystems
Due to its remote location and permanent ice cover, pris-
tine Lake A and its trapped seawater are free of natu-
ral seepage and chemical pollution, providing a unique 
opportunity to elucidate the identity of microorganisms 
involved in the marine hydrocarbon short cycle without 
interference from specialist petroleum and oil-degrad-
ing microorganisms. The chemocline of the lake had 
numerous chemical (oxygen, light, salinity) and micro-
bial (e.g., dominance of lineages related to Pelagibacter, 
Synechococcus, Marinimicrobia, SAR86, Flavobacteria 
NS3, Thaumarchaeota) similarities with marine systems 
(Fig. 1), allowing extrapolation to similar oceanic biomes. 
Based on the detection of alkane monooxygenase gene 
(alkB) in MAGs and the average coverage of the con-
tigs, our results indicate that marine populations of 
Schleiferiaceae and Actinomycetales would be the pre-
dominant hydrocarbon degraders in saline-oxygenated 
waters, followed by a population of marine Plancto-
mycetota and various alpha (Rhodobacteraceae, Paras-
phingorhabdus, SHVP01) and gamma-proteobacterial 
populations (Woeseiaceae, ex JTB255 and SAR86), fre-
quently and ubiquitously identified in marine environ-
ments [41–43]. Although these genomic results need 
to be confirmed by activity-based approaches, multiple 
marine Actinobacteria strains and cultivated marine spe-
cies of the family Schleiferiaceae degrade hydrocarbons 
under aerobic conditions [44, 45]. However, our results 
strongly contrast with previous experiments that pro-
posed bloom-forming, oil-degrading microorganisms 
Alcanivorax and Thalassolituus as potential biogenic 
hydrocarbon degraders [12]. Previous studies that iden-
tified hydrocarbon degraders using enrichment of the 
Gulf of Mexico or North Atlantic subtropical gyre waters 
with pentadecane might have been biased by petroleum 
hydrocarbon contamination or by the priming effect of 

these contaminants, and similar experiments with Lake 
A inoculate would provide a better background survey of 
naturally occurring pentadecane degraders.

Our analysis of the trapped anoxic marine waters of 
Lake A revealed that populations of Marinimicrobia 
(previously SAR406) were the most abundant anaerobic 
hydrocarbon degraders under these conditions, extend-
ing the putative metabolic capability of the members 
of this phylum. Members of this metabolically versa-
tile phylum are widespread in the ocean, flourishing in 
low oxygen waters and oxygen minimum zones  [46]. In 
the context of global warming and extension of hypoxic 
zones in oceans, these results suggest a major role of 
Marinimicrobia in the oceanic hydrocarbon short cycle. 
By contrast, known anaerobic hydrocarbon degraders 
related to Desulfatiglandales [47] represented a minor 
proportion of the community, suggesting that oil-degrad-
ing species are less adapted to the degradation of bio-
genic long-chain alkanes and confirming the substrate 
preferences and specialization within the hydrocarbon 
degrader guild [7]. Together, our data indicate that under 
both oxic and anoxic conditions, biogenic hydrocarbon 
degradation mostly implicates different microbial taxa 
than petroleum hydrocarbon degradation, with a previ-
ously unrecognized diversity of microorganisms. The 
presence of microorganisms with hydrocarbon-degrad-
ing potential, such as Alcanivorax, in apparently oil-free 
systems has been previously explained by their metabolic 
flexibility, allowing them to persist in natural environ-
ments by the use alternative substrates such as natural 
polyesters [48]. Therefore, this study would be usefully 
extended in the future by geochemical characterization 
of hydrocarbons in diverse aquatic environments, includ-
ing Lake A, and by the application of transcriptomics and 
experimental protocols to assess hydrocarbon cycling 
activities and rates.

Hydrocarbon short cycles connect to sulfur and nitrogen 
cycles
Genome analysis of hydrocarbon short cycle populations 
revealed a strong interconnection with nitrogen and sul-
fur cycles (Fig. 5, Supplementary Fig. S1). The most abun-
dant hydrocarbon-degrading lineages Nanopelagicales 
and Marinimicrobia were potentially involved in sulfide 
oxidation coupled to nitrate or nitrous-oxide reduc-
tion respectively. Genes coding for the transformation 
of sulfur cycle intermediates (sulfide, thiosulfate) were 
also frequently detected in hydrocarbon producer and 
degraders, including in potentially major hydrocarbon 
degraders related to Marinimicrobia and Schleiferiaceae 
lineages. The results suggest that these substrates fuel a 
large part of the hydrocarbon short cycle, further under-
scoring their ecological importance in aquatic ecosystem 
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functioning [25]. Neither nitrate nor nitrite accumulates 
in Lake A [30]. However, genomic data indicated that 
nitrite might also play a major role in the hydrocarbon 
cycle, fuelling the energetic metabolism of various major 
hydrocarbon producers (Planctomycetes, Myxococcota, 
and Nitrospina) and degraders (Sedimentisphaerales, 
Vicinamibacterales, Betaproteobacteria). These results 
suggest a rapid depletion by microbial communities and 
add another line of evidence for the central role of nitrite 
in ocean geochemistry [50, 51]. They also indicate that 
biogeochemical intermediates in oxidative and reductive 
processes may occupy a major place in the hydrocarbon 
short cycle. Although energetically less efficient than 
end products, utilization of sulfur and nitrogen cycle 
intermediates may allow the development of microor-
ganisms over a broader spectrum of environmental gra-
dients, supporting a wide distribution of the hydrocarbon 
short cycle in aquatic environments, as suggested by our 
observations.

Conclusions
Our metagenomic analysis of hydrocarbon cycling genes 
and populations focused on a petroleum-free model 
ecosystem that is physically, chemically, and microbio-
logically relevant to many aquatic biomes. The results 
show that the hydrocarbon short cycle is not limited to 
marine waters but likely occurs under a broad range of 
salinity and oxygen concentrations, from oxic freshwa-
ters to anoxic marine conditions (Fig. 5). Entangled with 
sulfur and nitrogen cycles, the hydrocarbon short cycle 
involved diverse microorganisms, including lineages that 
are common and often predominate in freshwater and 
marine ecosystems. Although Cyanobacteria were found 
as major potential drivers of the hydrocarbon production 
in the euphotic zone, our results also revealed that widely 
distributed lineages of the Flavobacteriaceae, PVC, Nitro-
spina, and Deltaproteobacteria phyla could contribute to 
biogenic hydrocarbon production (Fig.  5). Analysis of 
hydrocarbon degradation genes highlighted that the deg-
radation of bacterial alkanes involved a large diversity of 
microbial lineages that differ from petroleum hydrocar-
bon-degrading species. Since the efficiency and rapidity 
of the microbial response to oil inputs could be linked to 
the history of contamination [52], a major consequence 
of this decoupling is that hydrocarbons produced by bac-
teria might have little or no priming effect on attenuating 
oil spills. The ability of these microorganisms to degrade 
petroleum hydrocarbons should be investigated experi-
mentally to test this hypothesis. However, particular 
attention must be paid to pristine environments, such 
as High Arctic ecosystems that are increasingly threat-
ened by oil exploitation and shipping, to prevent any oil 

contamination that might remain undegraded by the 
native microbial population.

Methods
Site description, sample collection, and nucleic acid 
extraction
Lake A is located at the far northern coast of Ellesmere 
Island, Nunavut, in the Canadian High Arctic (latitude 
82° 59.667′ N, longitude 75° 26.602′ W). It is a perenni-
ally ice-covered, highly stratified meromictic lake, with 
its bottom saline layer derived from Arctic Ocean seawa-
ter that was trapped by isostatic uplift of the land around 
3000 years ago [30]. The water column has an oxygenated 
freshwater layer (14.1 mg.L−1 of oxygen; salinity < 0.7 ppt) 
that extends from under the ice down to 12 m depth, a 
chemo- and halocline located below the freshwater down 
to 24 m, and anoxic marine-derived saline waters (salin-
ity > 30 ppt; oxygen below detection limit of the profiler) 
below 24  m, containing high concentrations of sulfate 
(~ 20  mM) and sulfide (~ 0.3  mM). Light penetrates 
through the ice to the water column beneath, with an 
oxygen-containing euphotic zone that extends to 22 m.

Water samples were collected in summer 2017 from 
three separate 24-cm-diameter holes drilled in the center 
of Lake A through its 0.6-m-thick ice cover. The sam-
pling strategy and experimental procedures used in this 
study were previously detailed [25]. Briefly, 1  l of water 
was collected at eight different depths (2 m, 6 m, 14 m, 
22  m, 34  m, 40  m, 55  m, and 65  m) in the three holes, 
spanning the oxygen, salinity, and temperature gradi-
ents of the water column. Triplicate water samples were 
filtered through separate 0.22-µm pore size Sterivex fil-
ters™ (Merck Millipore) and then stored below − 50  °C 
until nucleic acid extraction. Nucleic acids were extracted 
using the Qiagen Allprep DNA/RNA Mini Kit with mod-
ifications [53].

Metagenomic library preparation, sequencing, 
and analysis
One metagenomic library per sampled depth was pre-
pared using Illumina Nextera XT kit, and each library 
was sequenced in two Illumina MiSeq (2 × 300 bp) runs 
and one Illumina NexSeq run (2 × 150 bp) at the Institut 
de Biologie Integrative et des Systèmes (IBIS) sequenc-
ing platform (Université Laval, Canada) and at the CGEB 
— Integrated Microbiome Resource (Dalhousie Univer-
sity, Canada) respectively. Datasets were quality filtered 
using Trimmomatic v.0.39 [54]. Reads of ribosomal small 
subunit were extracted from metagenomic reads using 
Infernal v.1.1.4 [55], and taxonomic affiliation of the 
extracted 16S rRNA reads longer than 100 bp was deter-
mined using BLAST against Silva database release 138 
as reference [56]. Since metagenomic 16S rRNA reads 
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spanned various regions of the 16S rRNA gene, taxo-
nomic assignments were limited to the genus level. For 
each sample, quality-filtered metagenomic reads from 
the different sequencing runs were pooled and assem-
bled using SPAdes (option meta) [57]. Assembled contigs 
longer than 200 bp and mapping files (BAM files gener-
ated using BBmap [58]) were uploaded to the IMG/MR 
platform for gene calling and functional annotation using 
pipeline v.4.16.6 [59]. Genes involved in hydrocarbons 
degradation were also identified using HMM profiles of 
the CANT-HYD database with noise cut-off thresholds 
[11]. For additional information, the detailed descrip-
tion of hydrocarbon-degrading genes and pathways in 
the CANT-HYD database could be consulted [11]. To 
account for differences in sequencing depth between 
samples, metagenomes were normalized to the size of the 
smallest dataset (2 m: 559,162 genes).

For metagenome-assembled genome reconstruc-
tion, all quality-filtered sequences were pooled and co-
assembled using MEGAHIT v.1.2.9 [60]. Read coverage 
of the contigs was carried out using bwa-mem (http://​
bio-​bwa.​sourc​eforge.​net), followed by contig binning 
using MetaBAT-2 [61] with contigs longer than 2000 bp. 
The completeness and contamination level of the MAGs 
were evaluated using CheckM [62]. Only bins with a con-
tamination level under 5% and completeness above 40% 
were analyzed (Supplementary Fig. S1). Taxonomic affili-
ation of the MAGs was carried out using GTDB-tk [63]. 
Hydrocarbon cycling genes in the MAGs were identified 
using IMG/MR annotations and CANT-HYD HMM pro-
files as for metagenomic dataset. Relative abundance of 
the MAGs was estimated with the average coverage of 
the contigs determined using bwa-mem and averaged 
using the jgi_summarize_bam_contig_depths script. 
Genetic composition of the MAGs was determined using 
KEGG Orthologies (KO). A list of KOs detected per 
MAG is available in Supplementary dataset 1.

For phylogenetic analysis of hydrocarbon-producing 
genes, amino acid sequences of fatty aldehyde decarbon-
ylase, aldehyde deformylating oxygenase, and olefin beta-
lactone synthetase were recovered from the metagenomic 
dataset and compared against NCBI database. Sequences 
with the best hit of blast were downloaded and aligned 
with the metagenomic sequences using Clustal Omega 
[64]. Maximum likelihood tree of 145 sequences with 725 
amino acid sites was constructed using IQ-TREE with 
1000 bootstraps and the LG + F + I + G4 model [65].
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