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A B S T R A C T   

The impact of piezosensitive microorganisms is generally underestimated in the ecology of underwater envi
ronments exposed to increasing hydrostatic pressure (HP), including the biodegradation of crude oil components. 
Yet, no isolated pressure-loving (piezophile) microorganism grows optimally on hydrocarbons, and no isolated 
piezophile at all has a HP optimum <10 MPa (e.g. 1000 m below sea water level). Piezosensitive heterotrophs are 
thus largely accountable for oil clean up < 10 MPa, however, they are affected by such a mild HP increase in 
ways which are not completely clear. In a first study, the application of a bioelectrochemical system (called “oil- 
spill snorkel”) enhanced the alkane oxidation capacity in sediments collected at surface water but tested up to 10 
MPa. Here, the fingerprint left on transcript abundance was studied to explore which metabolic routes are 1) 
supported by snorkels application and 2) negatively impacted by HP increase. Transcript abundance was com
parable for beta-oxidation across all treatments (also at a taxonomical level), while the metabolism of acetyl-CoA 
was highly impacted: at either 0.1 or 10 MPa, snorkels supported acetyl-CoA oxidation within the TCA cycle, 
while in negative controls using non-conductive rods several alternative routes for acetyl-CoA were stimulated 
(including those leading to internal carbon reserves e.g. 2,3 butanediol and dihydroxyacetone). In general, 
increased HP had opposite effects as compared to snorkels, thus indicating that snorkels could enhance hydro
carbons oxidation by alleviating in part the stressing effects imposed by increased HP on the anaerobic, respi
ratory electron transport chain. 16S rRNA gene analysis of sediments and biofilms on snorkels suggest a crosstalk 
between oil-degrading, sulfate-reducing microorganisms and sulfur oxidizers. In fact, no sulfur was deposited on 
snorkels, however, iron, aluminum and phosphorous were found to preferentially deposit on snorkels at 10 MPa. 
This data indicates that a passive BES such as the oil-spill snorkel can mitigate the stress imposed by increased HP 
on piezosensitive microorganisms (up to 10 MPa) without being subjected to passivation. An improved setup 
applying these principles can further support this deep-sea bioremediation strategy.   

1. Introduction 

Deep-sea life is featured by increased hydrostatic pressure (HP), 

which increases linearly with depth (∼1 MPa/100 m in the water col
umn; ∼3 MPa/100 m in sediments (Oger and Jebbar, 2010)). Microor
ganisms adapted to increased HP have their maximum growth rate 
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(μmax) at HPs higher than surface water (0.1 MPa) and are called pie
zophiles, as opposed to piezosensitive microorganisms. The structural 
and metabolic traits resulting from high HP adaptation in piezophiles 
inhabiting the abysso- and hadopelagic zone (from 4000 m below 
seawater level [bswl], i.e. from 40 MPa) have historically been of great 
scientific interest (Abe, 2007; Kato et al., 1998; Seckbach et al., 2013; 
Simonato et al., 2006; Yayanos, 1995). What specific traits define mi
croorganisms at milder HPs in epi- to bathypelagic waters (from surface 
up to 4000 m bswl) is less clear. This greatly limits our capacity to un
derstand at which HP piezophiles begin to predominate over piezo
sensitive microorganisms and how much the latter contribute to 
underwater nutrients cycling. For instance, ever since their discovery 40 
years ago (Yayanos et al., 1979), no piezophile has been isolated with a 
HP optimum <10 MPa (Scoma, 2021). This suggests that piezosensitive 
microorganisms are relevant but neglected players in the microbial 
ecology and biogeochemistry of waters and sediments <10 MPa (e.g. 
from surface to 1000 m bswl). The lack of microorganisms that grow 
optimally between 0.1 and 10 MPa is of particular concern for 
petroleum-contaminated underwater environments, as oil spills most 
commonly concern areas exposed to these mild HPs (NOAA/Hazardous 
Materials Response and Assessment Division Seattle, 1992). Since there 
is currently no isolated piezophile which requires hydrocarbons as sole 
carbon source to express piezophily (Scoma, 2021), this concern extends 
to cases such as the relatively recent British Petroleum spill at the 
Deepwater Horizon in the Gulf of Mexico in 2010 which originated at 
∼15 MPa (reviewed in (Joye et al., 2014; Kimes et al., 2014; King et al., 
2015; Scoma et al., 2016c)). The closest exception is the recently iso
lated Alcanivorax venustensis R-72943, the growth rate of which is still 
affected- albeit not dramatically- at 10 as compared to 0.1 MPa (at 20 ◦C 
(Van Landuyt et al., 2020)). Hence, piezosensitive heterotrophs, 
including those growing primarily on hydrocarbons (the so-called 
obligate oil degraders), appear to be majorly accountable for oil biore
mediation up to 10 MPa. Yet, they do suffer from a mild HP increase. 
Microbial communities collected up to 1000 bswl (thus theoretically 
adapted at least in part to in situ HPs up to 10 MPa) were repeatedly 
shown to suffer a reduction of 5–10% of their oil degradation capacity 
for every 1 MPa increase (Marietou et al., 2018; Nguyen et al., 2018; 
Scoma et al., 2018). Deep-sea bioremediation technologies working with 
petroleum-contaminated areas experiencing up to 10 MPa must thus 
find strategies to alleviate the negative HP effects on piezosensitive 
microorganisms. Most of the literature on the HP effects on oil biodeg
radation focuses on microbial community assembly (Barbato and 
Scoma, 2020; Fasca et al., 2017; Gontikaki et al., 2018; Marietou et al., 
2018; Noirungsee et al., 2020; Perez Calderon et al., 2019; Potts et al., 
2018; Van Landuyt et al., 2020), with the few studies on cell metabolism 
reported by this group (transcriptomics in pure cultures (Scoma et al., 
2016a; Scoma et al., 2016b) or meta-proteomics in mixed cultures 
(Scoma et al., 2018)). In general, the latter suggest that increased HP 
likely forces cells to use increasingly more energy for cell maintenance 
rather than growth. However, a much deeper understanding is required 
before technological solution can be applied to enhance microbial oil 
metabolism underwater. 

In a previous study ((Aulenta et al., 2021); Fig S2,S3) we reported on 
an enhanced oil bioremediation at increased HP using an electro
chemical system (snorkels, in the following). Microbial communities in 
pristine sediments collected at 30 m bswl were supplied with crude oil 
and subjected to ambient and increased HP (0.1 and 10 MPa). Reactors 
were provided with either 1) non-polarized electrodes (snorkels) 
bridging contaminated sediments with overlaying seawater; or 2) 
non-conductive glass rods (used as negative controls) (experimental set 
up in Fig. S1). Snorkels are electrically-conductive graphite rods not 
connected to electrical power. The lower portion of the rod is inserted in 
contaminated sediments and acts as an anode, while the upper portion is 
in contact with oxygen in overlying waters and functions as a cathode. 
Electrons derived from the microbial oxidation of contaminants and 
other reduced organic and inorganic species travel through this graphite 

electrode to reduce oxygen in the upper aerobic portion of the rod, 
thereby forming water (Viggi et al., 2015, 2017). Snorkels were shown 
to enhance oil bioremediation at ambient pressure ((Mapelli et al., 2017; 
Marzocchi et al., 2020; Matturro et al., 2017; Viggi et al., 2017; Viggi 
et al., 2015)), although the exact implications for microbial metabolism 
were not completely elucidated. Our experiments tested two crude oils, 
carrying either a high or a low concentration of alkanes (15 vs. 4%, 
Statfjord vs. DUC oil). In particular, in (Aulenta et al., 2021) we reported 
that when using the alkane-rich crude oil: A) the application of snorkels 
enhanced alkanes oxidation at both 0.1 and 10 MPa within only 7 weeks 
with respect to (wrt) glass controls (Fig. S2D); B) at 0.1 MPa, snorkels 
enhanced the removal of total petroleum hydrocarbons (TPH) wrt to 
glass controls (Fig. S2B); C) less TPH were removed at 10 wrt 0.1 MPa 
despite the application of snorkels (Fig. S2B). Besides, with either crude 
oil and HP, the application of snorkels left a clear fingerprint on the 
cycling of sulfur species in sediments (Fig. S3A-F), and a less evident 
fingerprint on the oxygen concentration in overlying seawaters 
(Fig. S3H). 

The present study aims to further elucidate snorkels fingerprint on oil 
bioremediation at increased HP when this was most improved (i.e. when 
using the alkane-rich [15%] Statfjord-oil-contaminated sediments), by 
focusing on: 1) microbial gene expression in sediments; 2) microbial 
community assemblage in sediments and in biofilms on the snorkels 
surface; 3) iron cycling in sediments; and 4) elemental composition on 
the snorkels surface. To support relevant observations on point 2 to 4, 
sediments and snorkels incubated with the alkane-poor (4%) DUC oil 
were used as controls. 

2. Materials and methods 

2.1. Sediment sampling and reactor configuration 

All information in (Aulenta et al., 2021). Briefly, sediment samples 
were collected from Aarhus Bay (Denmark) at 30 m bswl. The upper 
10–12 cm of sediment was discarded to exclude large burrowing ani
mals, with the remaining sieved (mesh 0.5 mm) to remove solid resi
dues. This pristine sediment was then contaminated in the lab with 
either Statfjord or DUC oil to a final concentration of 1% (v:w) as in 
(Viggi et al., 2015). 

Bioelectrochemical oil remediation was assessed in glass cylinders 
with either conductive graphite rods (snorkels) or non-conductive glass 
rods (negative controls), and applying either ambient or increased HP 
(0.1 or 10 MPa). The treatments tested: snorkels at increased HP (HPS); 
glass controls at increased HP (HPC); snorkels at ambient pressure 
(APS); and glass controls at ambient pressure (APC) (Fig. S1). Graphite 
and glass rods were inserted into the sediment for 8 cm, with the 
remaining 7 cm above the sediment surface. In each cylinder, the two 
rods were connected at the top by a carbon felt disc to extend the 
cathodic surface (also in negative controls). Glass cylinders were filled 
with 200 mL of sterile, artificial seawater, which was oxygenated at the 
beginning of the experiment (no gas phase was left). Cylinders were 
place in the dark at 14 ± 2 ◦C. At 10 MPa, cylinders were placed in a 5-L 
high-pressure reactor. HP was changed manually via a HP pump 
(Enerpac, Netherlands) following compression/decompression rates as 
in (Scoma et al., 2019). Experiments were conducted in three indepen
dent replicates. 

2.2. Metatranscriptomic analysis 

2.2.1. Sediment sampling and storage 
Sediment samples (two biological replicates for each experimental 

group) were collected, immediately frozen with liquid nitrogen and 
stored at − 80 ◦C until RNA extraction. 

2.2.2. RNA extraction and quantification 
RNA was extracted from 2 g of sediments with the RNeasy® 
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PowerSoil® Total RNA Kit (QIAGEN) following the manufacturer’s in
structions. Co-extracted DNA was depleted with the DNAse TURBO 
DNA-free™ Kit (Thermo Fisher Scientific, Waltham, MA, USA). The RNA 
concentration was measured in duplicate using the Qubit HS RNA assay 
kit (Thermo Fisher Scientific, Waltham, MA, USA) and DNA contami
nation was evaluated with the Qubit™ dsDNA HS (Thermo Fisher Sci
entific, Waltham, MA, USA). Extracted RNA samples were stored at 
− 80 ◦C before being submitted to DNASense ApS (Aalborg, Denmark) 
for sequencing. 

2.2.3. RNA quality, cDNA synthesis and illumina sequencing 
Prior to cDNA synthesis, RNA quality and integrity were confirmed 

for selected samples using 4200 TapeStation with RNA ScreenTape 
(Agilent Technologies). DNASense ApS received the extracted RNA and 
prepared the samples for sequencing using the NEB Next Ultra II RNA 
library preparation kit (New England Biolabs) according to the manu
facturer’s instructions. Library concentrations were measured using 
Qubit HS DNA assay and library size estimated using TapeStation D1000 
ScreenTapes (Agilent Technologies). The samples were pooled in equi
molar concentrations and paired-end sequenced (2 × 150 bp) on a HiSeq 
X (Illumina, USA). 

2.2.4. Processing of metatranscriptome data 
Sequencing read quality was assessed through the FastQC quality 

control pipeline Version 0.11.9 (Andrews, 2010). Reads were trimmed 
and quality-filtered with the Trimmomatic tool version 0.39 (CROP:150, 
HEADCROP:10, SLIDINGWINDOW = 4:30, MINLEN = 50; ILLUMINA
CLIP function was used to remove the adapters sequences) (Bolger et al., 
2014). Sequences were dereplicated with the BBtools/dedupe. sh tool 
(maxsubs = 0 int = t ac = f) and putative mRNA sequences were sepa
rated from ribosomal RNA sequences with SortMeRNA v2.1 which 
mapped all reads to the ribosome RNA databases: SILVA arc 16S, arc 
23S, bac 16S, bac 23S, euk 18S, euk 28S; RFAM 5S, 5.8S (Kopylova et al., 
2012). Only the putative mRNA reads were used for subsequent analysis. 
To increase efficiency of annotation, mRNA reads were de novo assem
bled with rnaSPAdes v3.14.1 (Antipov et al., 2019; Bushmanova et al., 
2019; Korobeynikov, 2019) using default settings. Genes were predicted 
with FragGeneScan (Rho et al., 2010) using default parameters. Func
tion and taxonomy of the reconstructed genes was annotated with 
EggNOG mapper v2 (Cantalapiedra et al., 2021; Huerta-Cepas et al., 
2019) and GhostKOALA v 2.2 (from the database Kyoto Encyclopedia of 
Genes and Genomes - KEGG) (Kanehisa et al., 2016). 

Reads were mapped on the de novo reconstructed contigs with the 
BBtools/bbmap. sh tool with default parameter and the pileup. sh tool 
was used to retrieve the abundance (fragments per kilobase per million 
mapped, fpkm) of each read from the file created by bbmap. 

2.2.5. Analysis of differential gene expression 
Two biological replicates were analyzed per each treatment (HPS, 

HPC, APS, APC). The fpkm of each read that corresponded to the same 
gene (based on the annotation procedure) were summed to have the 
total abundance of each gene transcript. The transcription level of each 
gene was investigated also at the taxonomical level, with the tax
onomical affiliation obtained after the gene annotation with both 
EggNOG mapper v 2 and GhostKOALA v 2.2. We calculated the fpkm 
average values and standard deviation for each sample group of each 
gene and taxonomical group associated to each gene. Comparison 
among different groups was performed with student T-test and log2 fold 
change (log2fc). T-test was calculated with the Calc Statistical Function 
of MicrosoftR Office. Transcription level was considered significative if 
P ≤0.05 and log2fc was used to determine higher/lower transcript 
abundance. 

2.2.6. Accession numbers 
The raw sequencing reads are available in the Sequence Read 

Archive (SRA) NCBI within the BioProject accession number 

PRJNA787061, BioSample number SAMN23768613 under the accession 
numbers SRR17165215-SRR17165222. 

2.3. Analysis of the 16 S rRNA gene amplicon in sediments and snorkels 
biofilm 

DNA extraction and 16S rRNA gene amplicon sequencing were 
conducted as in (Marzocchi et al., 2020) on one sample per condition. 
Concerning the biofilms on snorkels, they were collected by gently 
scratching the snorkel surface with a sterile knife (∼1 g of material). 

2.4. X-ray photoelectron spectroscopy (XPS) 

The surface chemical composition of graphite rods was determined 
using one sample per condition. Measurements were performed in an 
Escalab 250Xi spectrometer (Thermo Fisher Scientific, UK) equipped 
with a monochromatic Al Kα source and a 6-channeltron detection 
system. The photoemission spectra were collected at the base pressure of 
5 × 10-8 Pa, by using 40 eV pass energy of the analyzer and standard 
electromagnetic lens mode with ∼1 mm diameter of analyzed area. 
Spectroscopic data were processed with Avantage v.5 software. Shirley 
background and mixed Lorentzian/Gaussian peak shape (30%) with 
linked peak widths were used for the peak fitting. 

2.5. Chemical analysis 

Fe2+ was determined using the Ferrozine method (Stookey, 1070). 
Acid volatile sulfur (AVS) was determined on a wet sample after acidi
fication as in (Yücel et al., 2010). High-resolution depth profiles of pH 
were recorded with micro-electrodes built at Aarhus University, and 
conducted as described in (Marzocchi et al., 2020). Total petroleum 
hydrocarbons (TPH) and n-alkanes were measured as in (Aulenta et al., 
2021). 

2.6. Statistical analysis 

Chemical analysis results were expressed as mean values of three 
independent biological replicates. Bars in the graphs indicated standard 
deviation (st. dev.). Significant differences were analyzed with the Calc 
Statistical Function of MicrosoftR Office applying student T-test. Dif
ferences were considered significative if P ≤0.05. 

3. Results 

3.1. General overview of the meta-transcriptomic data 

Gene expression in the alkane-rich (15%), Statfjord-oil- 
contaminated sediments was analyzed (Figs. 1–6; Fig. S4-S28). 
112,995 gene transcripts were annotated (52.05% of the predicted 
genes), with the most diverse gene expression (i.e. transcripts in at least 
200 pathways, based on KEGG KO numbers) related to: carbohydrate, 
amino acid, energy, cofactors and vitamins and lipid metabolism 
(Table S1A-F; Fig. S4-S8). Within the xenobiotics biodegradation 
(Fig. 1), transcript abundance was highest (≥500 fpkm per sample) for 
the pathways: nitrotoluene, benzoate, naphthalene, chloroalkane and 
chloroalkene degradation, and drug metabolism and other enzymes 
(Fig. 1). In general, the increase in HP had no effect or significantly 
decreased (P <0.05) transcript abundance in otherwise similar sedi
ments (i.e. HPS vs. APS; or HPC vs. APC) (namely in: toluene, polycyclyc 
aromatic hydrocarbon, nitrotoluene, naphthalene, chloroalkane and 
chloroalkene, caprolactam and benzoate degradation; Fig. 1). On the 
other hand, application of snorkels rather than glass controls had a 
different impact depending on HP: at ambient pressure (APS vs. APC), 
snorkels enhanced the transcript abundance in benzoate, caprolactam, 
polycyclyc aromatic hydrocarbons and toluene degradation; at 
increased pressure (HPS vs. HPC), snorkels decreased the transcript 
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abundance in nitrotoluene and caprolactam degradation, and drug 
metabolism and cytochrome P450 (Fig. 1). 

3.2. Alkanes activation and beta oxidation 

Application of snorkels to contaminated sediments at ambient pres
sure (APS vs. APC) significantly enhanced both TPH (C/C0, 0.64 ± 0.04 

vs. 1.03 ± 0.07, Fig. S2B) and alkanes biodegradation (C/C0, 0.65 ±
0.01 vs. 0.89 ± 0.02, Fig. S2D). Microbial alkane degradation initiates 
with the activation of alkanes into fatty acids, which then enter beta 
oxidation to form acetyl-CoA. Transcript abundance for alkanes acti
vation and beta oxidation pathway was however comparable among all 
treatments (Fig. S9), each enzyme expressed by the main taxa essentially 
in a comparable way (P >0.05; Fig. S10-S22). The observed difference in 

Fig. 1. Expression of genes in the Xenobiotics biodegradation and metabolism pathway (see KEGG database, https://www.genome.jp/kegg/) at the end of 7 weeks of 
incubation in sediments contaminated with Statfjord oil, in each of the treatment tested in the present study. Keys presented in the graph. Brackets and asterisks 
indicate statistically different levels of expression. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 2. Expression of genes in selected pathways of the Carbohydrate Metabolism and other pathways related to them (i.e., gluconeogenesis, and pyruvate, butanoate 
and methane metabolism; KEGG database, https://www.genome.jp/kegg/) at the end of 7 weeks of incubation in sediments contaminated with Statfjord oil, in APS 
and APC. Molecules which are enzymatically converted between one another are connected by arrows (multiple arrows between the same two boxes indicate 
different enzymes, see also KEGG database). Thin arrows indicate that the enzyme exists, but was not expressed in either APS or APC. Dotted lines indicate that the 
reaction is not enzymatic. Bold arrows in either black, red or purple indicate expression of the enzyme. In particular, purple arrows indicate an upregulation in APS, 
while arrows in red upregulation in APC. Up- or down-regulation refer to statistically different levels of expression. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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biodegradation may thus have depended on other metabolic pathways. 
The most recurrently impacted were: 1, carbohydrate metabolism (and 
the related pathways gluconeogenesis, and pyruvate, butanoate and 
methane metabolism); 2, xenobiotics biodegradation; and 3, energy 
metabolism (i.e. nitrogen and sulfur). The effects of either snorkel 
application or HP increase on such pathways is discussed hereafter 
(additional data in the Supplementary Information). 

3.3. The impact of snorkels on gene expression 

3.3.1. At ambient pressure (APS vs. APC) 

3.3.1.1. Carbohydrate metabolism. Application of snorkels in APS 
enhanced the transcript abundance of several genes in the TCA cycle wrt 
APC (Fig. 2A; Table S2,S3B), likely to support the high rate of acetyl-CoA 
generated after hydrocarbons oxidation. This is in agreement with the 
higher crude oil biodegradation (both alkanes and TPH) in APS wrt APC 
(Fig. S2B,D), and with the higher transcript abundance for alternative 
pathways processing acetyl-CoA in APC, namely, the conversion of 
diacetyl to 2,3 butanediol (K00004; P = 0.004, log2 fold change (log2fc) 
= 1.17, fpkm = 12 vs. 5; Table S2). K00004 was mainly expressed by 
Clostridia (50–35% of all fpkm, in APC and APS, respectively; Table S3J), 
and by Alphaproteobacteria (solely present in APC, ∼30% of all fpkm, P 
= 0.022; Table S3J). 

3.3.1.2. Xenobiotics biodegradation and metabolism. The most impacted 
xenobiotics biodegradation pathways in all treatments were benzoate, 
toluene, xylene, caprolactam (ciclohexane) and ethylbenzene (green 
boxes in Fig. 3). These are interconnected through some key in
termediates (e.g. benzoyl-CoA, catechol, 3-methylcatechol, orange 

boxes in Fig. 3) and lead to common products (i.e. pyruvate, and acetyl-, 
succinyl- and propanoyl-CoA, blue boxes in Fig. 3). There was only a 
negligible difference in the transcript abundance for xenobiotics 
biodegradation in APS wrt APC. In the benzoate degradation pathway, 
the transcript abundance in the benzoyl-CoA conversion to, eventually, 
acetyl-CoA entering the TCA cycle was higher in APS (in 4/15 genes; 
Fig. 3, Table S2,S3E). In the xylene degradation pathway, 12/14 genes 
for the conversion of p-xylene to propanoyl-CoA were annotated and just 
2/14 had higher transcript levels in APS (Fig. 3, Table S2,S3E). Within 
propanoate metabolism (KEGG map 00640), propanoyl-CoA can be 
converted into acetyl-CoA (e.g. via 3-oxopropionyl-CoA; 4/7 genes an
notated, 1/7 with higher transcript levels in APS) or to succinyl-CoA (e. 
g. via (R)-methyl-malonyl-CoA, 3/3 genes annotated) (Table S2,S3G), 
both products being intermediates of the TCA cycle (Fig. 2A). 
Notwithstanding these minor differences, TPH removal was higher in 
APS wrt APC (Fig. S2B). As for alkanes activation and beta oxidation, this 
suggests that the major impediment to a comparable TPH removal in 
APS and APC was likely due to processes related to xenobiotics meta
bolism, as for instance the TCA cycle which uses several of its products 
(e.g. pyruvate, and acetyl- and succinyl-CoA; Fig. 2A). 

3.3.2. At increased pressure (HPS vs. HPC) 

3.3.2.1. Carbohydrate metabolism. None of the TCA cycle genes was 
impacted at increased HP by the application of snorkels wrt glass con
trols (Fig. 2B, Table S4,S5A-K). However, a higher transcript abundance 
in HPC wrt HPS was found for two alternative pathways processing 
acetyl-CoA: one leading to its conversion to acetate (K01895; P = 0.016, 
log2fc = 0.35, fpkm = 404 vs. 317; Table S4,S5K); and another to carbon 
monoxide (CO) and eventually carbon dioxide (CO2) (namely, K00194, 

Fig. 3. Expression of genes in Xenobiotics metabolism (namely, benzoate, toluene, xylene, caprolactam [ciclohexane] and ethylbenzene; KEGG database, https:// 
www.genome.jp/kegg/) at the end of 7 weeks of incubation in sediments contaminated with Statfjord oil, in APS and APC. Molecules which are enzymatically 
converted between one another are connected by arrows (multiple arrows between the same two boxes indicate different enzymes, see also KEGG database, https:// 
www.genome.jp/kegg/). Thin arrows indicate that the enzyme exists, but was not expressed in either APS or APC. Bold arrows in either black, red or purple indicate 
expression of the enzyme. In particular, purple arrows indicate an upregulation in APS, while arrows in red upregulation in APC. Up- or down-regulation refer to 
statistically different levels of expression. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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P = 0.018, log2fc = 0.49, fpkm = 168 vs. 120; and K00198, P = 0.024, 
log2fc = 0.21, fpkm = 475 vs. 410; Table S4,S5K), providing reducing 
power in the form of reduced ferredoxin. In particular, in HPC acetyl- 
CoA conversion to acetate (K01895) was primarily due to Deltaproteo
bacteria (>45% of all fpkm, P = 0.006; Table S5K), while acetyl-CoA 
conversion to CO2 (K00194, K00198) was primarily due to Deltapro
teobacteria and Clostridia (>57% and 19% of all fpkm, respectively, P 
<0.046; Table S5K). Last, acetyl-CoA may have been used for the 
intracellular accumulation of dihydroxyacetone, with higher transcript 
levels for several genes involved in just 2/7 conversion steps (at the 
beginning and end of the pathway; K00169, K00172, K00171, K00189 
and K00863; Fig. 2B, Table S4). In all such transcripts, Clostridia rep
resented the most abundant taxa (generally 20–30% of all fpkm; 
Table S5B,K). The fact that alternative pathways to the TCA cycle to 
process acetyl-CoA had higher transcript levels in the absence of the 
snorkel (here, HPC wrt HPS) is in agreement with what observed in APC 
wrt APS with 2,3 butanediol generation (Fig. 2A). 

3.3.2.2. Energy metabolism: sulfur. SO4
2− was a primary electron 

acceptor in oil-contaminated marine sediments (Fig. S3E,F). In the 
assimilatory pathway, SO4

2− is part of an energy-consuming metabolism 
that eventually produces sulfur compounds and leads to the biosynthesis 
of sulfur-containing amino acids. In the dissimilatory pathway, energy is 
produced while SO4

2− is reduced to form sulfide (H2S). In our set up, H2S 

could be oxidized by snorkels (Fig. S3A-D) to form oxidized forms of 
sulfur (e.g. SO4

2− ; Fig S3E,F), as opposed to non-conductive glass con
trols were H2S accumulated (Fig. S3A-D). 

Transcript abundance in the dissimilatory pathway was much higher 
wrt the assimilatory, for both HPS and HPC (P ≤0.009, 1.26 < log2fc <

1.82; Table S6A,B). However, transcripts related to the energy- 
consuming assimilatory pathway were more abundant in HPC wrt HPS 
(P = 0.038, log2fc = 0.62, 699 vs. 454; Table S6A,B). This means that the 
application of snorkels did not favor the energy-consuming assimilatory 
pathways at increased HP (HPS vs. HPC). Overall, the most abundant 
microbial classes involved in SO4

2− metabolism were comparable in HPS 
and HPC (i.e. Deltaproteobacteria, Gammaproteobacteria and Clostridia, 
Fig. S23), however, in HPS some specific taxa were significantly more 
active on the assimilatory rather than dissimilatory pathway (i.e. 
Chloroflexi and Epsilonproteobacteria). Several transcripts in the assimi
latory pathway related to the activation of SO4

2− by reaction with ATP to 
form adenylyl SO4

2− (K00955, K00956) and the subsequent adenylyl 
SO4

2− conversion to 3′-phosphoadenylyl SO4
2− (PAPS) (K00955) were 

more abundant in HPS wrt HPC (Fig. 4, Table S5D). In particular, 
transcripts from Chloroflexia (K13811, K00860 and to a minor extent 
K00958) and Epsilonproteobacteria (K00955, K00956) were solely found 
in HPS (Fig. 4, Table S5D). The following conversion of PAPS into sulfite 
(SO3

2− ) within the assimilatory SO4
2− pathway (K00390) had comparable 

levels in HPS and HPC (P > 0.05, Table S4), however, transcripts from 

Fig. 4. Expression of genes in sulfur metabolism (KEGG database, https://www.genome.jp/kegg/) and their taxonomical composition at the end of 7 weeks of 
incubation in sediments contaminated with Statfjord oil, in HPS and HPC. Molecules which are enzymatically converted between one another are connected by 
arrows (multiple arrows between the same two boxes indicate different enzymes, see also KEGG database). Thin arrows indicate that the enzyme exists, but was not 
expressed in either HPS or HPC. Bold arrows in either black, blue or green indicate expression of the enzyme. In particular, blue arrows indicate an upregulation in 
HPS, while arrows in green upregulation in HPC. Up- or down-regulation refer to statistically different levels of expression. Concerning taxonomy, the lightning 
symbols on some arrows relate to the taxonomical distribution of the annotated sequences: the color of the lightning corresponds to that of the box where bar charts 
with taxonomical distributions are reported. Asterisks on top of bars indicate significant difference between the HPS and HPC for that specific taxa. Keys for the bar 
charts are reported in the figure, upper right. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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Chloroflexia were again only present in HPS (8% of all fpkm, P = 0.018; 
Table S5D). 

Besides, in HPS there was a higher transcript abundance for the 
metabolism of alternative sulfur-species to SO4

2− (i.e. trithionate 
[S3O6

2− ], thiosulfate [S2O3
2− ] and, potentially, alkanesulfonate) to 

generate SO3
2− , which is eventually reduced to H2S (Fig. 4, Table S5D). 

The alkanesulfonate transport system from the extracellular environ
ment is constituted by K15553, K15554 and K15555. Transcript abun
dance of K15555 was higher in HPS (all sequences related to 
Actinobacteria), and K15553 sequences from Clostridia were only 
detected in HPS (Fig. 4, Table S5D). However, the transcripts related to 
alkanesulfonate further conversion to SO3

2− (K04091, K00299) were not 
detected (Table S5D). S3O6

2− is converted to SO3
2− by the dissimilatory 

SO3
2− reductase (K11180 and K11181), with K11181 more abundant in 

HPS, and significantly more by Gammaproteobacteria (Fig. 4, Table S5D). 
Similarly, transcripts levels for the conversion of S2O3

2− to H2S (K08352, 
K08353 and K08354) were higher in HPS, namely, with K08354 (mainly 
due to the predominance of Deltaproteobacteria, 78% of all fpkm in HPS, 
P = 0.047; Table S5D). Deltaproteobacteria transcripts were also signifi
cantly more abundant and predominating the subunit K08352 (73% of 
all fpkm, P = 0.031; Fig. 4, Table S5D). 

Given the lower H2S levels in HPS wrt HPC (Fig. S3A-D), the higher 

transcript abundance for the uptake and conversion of alternative sulfur 
species than SO4

2− in HPS points to snorkels as electron sinks for a pool of 
diverse sulfur compounds at increased HP, which are then regenerated 
to SO4

2− (Fig. S3E,F). In line with these results, there was a different 
transcript abundance for polysulfide in HPC wrt HPS (Fig. 4). Poly
sulfide is generated abiotically by the reaction of H2S and sulfur, with 
the former highly accumulated in HPC (Fig. S3A-D). Sulfhydrogenase is 
a heterotetrameric complex formed by K17993, K17994, K17995 and 
K17996, and it catalyzes the (reversible) elongation of polysulfide using 
H2S as substrate and producing molecular hydrogen (H2) as subproduct. 
In particular, K17993 was more abundant in HPC wrt HPS (Fig. 4, 
Table S5D), predominantly due to Dehalococcoidia and Gammaproteo
bacteria (>60% and >20% of all fpkm, P = 0.047 and 0.011, respec
tively; Fig. 4, Table S5D). Besides, K17995 transcripts from Clostridia 
were significantly higher in HPC (>40% of all fpkm, P = 0.0001; Fig. 4, 
Table S5D). 

3.4. The impact of increased HP on gene expression 

3.4.1. With conductive graphite snorkels (HPS vs. APS) 

3.4.1.1. Carbohydrate metabolism. While the overall gene expression in 

Fig. 5. Expression of genes in selected pathways of the Carbohydrate Metabolism and other pathways related to them (i.e., gluconeogenesis, and pyruvate, butanoate 
and methane metabolism; KEGG database, https://www.genome.jp/kegg/) at the end of 7 weeks of incubation in sediments contaminated with Statfjord oil, in HPS 
and APS. Molecules which are enzymatically converted between one another are connected by arrows (multiple arrows between the same two boxes indicate 
different enzymes, see also KEGG database). Thin arrows indicate that the enzyme exists, but was not expressed in either HPS or APS. Dotted lines indicate that the 
reaction is not enzymatic. Bold arrows in either black, blue or purple indicate expression of the enzyme. In particular, blue arrows indicate an upregulation in HPS, 
while arrows in purple upregulation in APS. Up- or down-regulation refer to statistically different levels of expression. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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the TCA cycle pathway (ko00020 in KEGG) was comparable (P = 0.32, 
Fig. S4; Table S7), several specific transcripts were more abundant in 
APS wrt HPS (Fig. 5, Table S7), indicative of a negative effect of HP 
increase. Several transcripts were more abundant within the cycle itself 
in APS, however, the most interesting appear to be the transcripts for the 
conversion of acetyl-CoA to pyruvate (using reduced ferredoxin; 
K00169, K00170, and K00172) and its subsequent conversion to 
oxaloacetate (using ATP, K01960), all more abundant in APS (P ≤ 0.044, 
0.18 < log2fc < 0.43; Fig. 5, Table S7). This suggests that in APS 
oxaloacetate regeneration at the end of the TCA cycle was supported, 
likely to supply enough co-substrate to acetyl-CoA to initiate the cycle 
and form citrate. In agreement, transcript levels for the alternative 
conversion of pyruvate to malate (the precursor of oxaloacetate in the 
TCA cycle; K00027 and K00029) were also higher in APS (P = 0.025, 
log2fc = 0.34, fpkm = 135 vs. 107; and P = 0.013, log2fc = 0.32, fpkm =
123 vs. 99, respectively; Table S7). In agreement with sustained TCA 
cycle rates in APS, in HPS transcript levels for alternative pathways to 
process acetyl-CoA were higher, e.g. diacetyl and acetoin conversion to 
2,3 butanediol (K00004; P = 0.012, log2fc = 0.91, fpkm = 10 vs. 5, 
Fig. 5), with diacetyl deriving from the non-enzymatic conversion of 
acetolactate, which is connected to acetyl-CoA via pyruvate (all genes 
annotated, Fig. 5, Table S7). 

3.4.1.2. Xenobiotics biodegradation and metabolism. The higher removal 
of TPH in APS wrt HPS (C/C0 equal to 0.64 ± 0.04 vs. 0.87 ± 0.08; 
Fig. S2B) was generally confirmed by an enhanced transcript level in 
APS e.g. for benzoate, caprolactam, nitrotoluene and toluene degrada
tion pathways (P < 0.05, Fig. 1). For instance (Fig. 6), the conversion of 
benzoate into acetyl-CoA (entering the TCA cycle) involves 26 genes, of 
which only one could not be annotated (E.C.:1.1.1.259; however, 

K01782, K01825 and K07516 performing the same reaction were an
notated; Table S7). Of these 25 annotated genes, six genes involved in 
four conversion steps had higher transcript levels in APS (K04140, 
K04105, K01782, K01825, K01692 and K00626; P ≤0.037, 0.45 <
log2fc < 1.34; Fig. 6, Table S7). In particular, K04140 and K04105 were 
exclusively detected in APS, and entirely due to Clostridia (P = 0.001, 
fpkm = 6 vs. 0 for each gene; Table S8E). This also concerned the con
version of benzene to acetyl-CoA, via the initial conversion to phenol 
and then catechol: of the 19 annotated genes only a (non-essential) gene 
could not be annotated (E.C.:4.1.1.-), while the transcripts for three 
genes covering two conversion steps were more abundant in APS 
(K10217, K02554 and K18364; P ≤0.038, 2.02 < log2fc < 4.08; Fig. 6, 
Table S7). Gammaproteobacteria constituted 100% of all the sequences in 
APS for each of these three genes (Table S8E). The benzoate degradation 
pathway apparently also acted as a recipient of other metabolic routes at 
either HP, although higher transcript levels were only found in APS. For 
instance, 8/12 genes involved in the degradation of ethylbenzene into 
benzoyl-CoA and acetyl-CoA were annotated, with one transcript more 
abundant in APS over five conversion steps (K14747; P = 0.038, log2fc 
= 1.40, fpkm = 13 vs. 5; Fig. 6, Table S7). Similarly, 7/9 genes involved 
in the conversion of toluene to benzoyl-CoA entering the benzoate 
degradation pathway were annotated (Fig. 6, Table S7), with two more 
abundant in APS over six conversion steps (K05797; P = 0.018, log2fc =

2.97, fpkm = 7 vs. 1; and K04105; P = 0.001, fpkm = 6 vs. 0; Fig. 6, 
Table S7). However, toluene can also be converted to 3-methylcatechol 
and enter the xylene degradation pathway (9/18 genes annotated; of 
which K03380 more abundant in APS; P = 0.035, log2fc = 1.65, fpkm =
4 vs. 1; Fig. 6, Table S7). 

In the xylene degradation pathway, almost all the many genes 
involved in the degradation of either p-, o-, or m-xylene were detected 

Fig. 6. Expression of genes in Xenobiotics metabolism (namely, benzoate, toluene, xylene, caprolactam [ciclohexane] and ethylbenzene; KEGG database, https:// 
www.genome.jp/kegg/) at the end of 7 weeks of incubation in sediments contaminated with Statfjord oil, in HPS and APS. Molecules which are enzymatically 
converted between one another are connected by arrows (multiple arrows between the same two boxes indicate different enzymes, see also KEGG database). Thin 
arrows indicate that the enzyme exists, but was not expressed in either HPS or APS. Bold arrows in either black, blue or purple indicate expression of the enzyme. In 
particular, blue arrows indicate an upregulation in HPS, while arrows in purple upregulation in APS. Up- or down-regulation refer to statistically different levels of 
expression. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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(Fig. 6, Table S7). In particular, generation of 3-methylcatechol from 
toluene can continue with conversion of the former into acetyl-CoA to 
enter the TCA cycle (7/10 genes were annotated, with K02554 and 
K18364 involved in the same reaction which had higher transcript levels 
in APS, respectively: P = 0.038, log2fc = 2.02, fpkm = 5 vs. 1; and P =
0.002, log2fc = 4.08, fpkm = 5.5 vs. 0.3; Fig. 6, Table S7). Finally, in the 
caprolactam degradation pathway, the route specifically converting 
cyclohexane to eventually oxadipyl-CoA had also higher transcript 
levels in APS: 12/23 genes in this metabolic route were annotated, of 
which four with more abundant transcripts in APS (in three conversion 
steps, namely, K01692, K01782, K01825 and K03379; P ≤ 0.037, 0.59 
< log2fc < 2.55; Fig. 6, Table S7). In particular, Gammaproteobacteria 
were the predominant taxa in all of these four genes (up to 100% of all 
sequences), being significantly more abundant in APS in 3/4 cases (P ≤
0.017; Table S8I). Oxadipyl-CoA can then be converted to succinyl-CoA 
(via the annotated K00632) to enter the TCA cycle or to act as inter
mediate in the toluene degradation pathway (Fig. 6). 

3.4.1.3. Energy metabolism: sulfur. In both HPS and APS, transcript 
levels in the energy-generating dissimilatory SO4

2− reduction was higher 
wrt assimilatory (P ≤0.009, log2fc ≥1.65; Table S9A,B). However, 
transcript levels for the energy-consuming assimilatory SO4

2− reduction 
were lower in HPS wrt APS (P = 0.016, log2fc = 0.52, fpkm = 587 vs. 
411; Table S9B). In the context of a higher crude oil biodegradation 
(Fig. S2B,D) and enhanced expression of several key genes in the TCA 
cycle in APS wrt HPS (Fig. 5), this suggests that in the presence of 
snorkels, the increase in HP (HPS vs. APS) affected the energy man
agement by the cells, despite in HPS an active degradation of alkanes 
took place (Fig. S2D). In particular, in the assimilatory pathways tran
script levels for the conversion of SO4

2− to adenylyl SO4
2− and PAPS were 

higher in APS (K13811; P = 0.019, log2fc = 1.47, fpkm = 27 vs. 10; and 
K00860; P = 0.035, log2fc = 1.26, fpkm = 23 vs. 10; Table S7). Tran
script levels for the final reduction of SO3

2− into H2S in the assimilatory 
pathway was also higher in APS (log2fc = 0.61, fpkm = 218 vs. 143), 
albeit less significantly (P = 0.051; Table S7) (it was almost uniquely due 
to Gammaproteobacteria, >99% of all fpkm in either APS or HPS; 
Table S8D; overview in Fig. S24). 

3.4.2. With non-conductive glass controls (HPC vs. APC) 

3.4.2.1. Carbohydrate metabolism. Transcript levels in the TCA cycle 
were comparable in HPC and APC (Fig. S25). This was in sharp contrast 
with the negative effect of increased HP in the presence of snorkels 
(Fig. 5), and suggests that snorkels application can in fact stimulate 
microbial metabolism, particularly at ambient pressure. Nonetheless, 
slightly higher transcript levels for alternative pathways to metabolize 
acetyl-CoA were noted when increasing HP in HPC wrt APC (Fig. S25; 
Table S10,S11A-K). This effect on metabolism as induced by a HP in
crease was also noted with snorkels (HPS vs. APS; Fig. 5), but it also 
resulted from snorkels application at ambient pressure (APS vs. APC; 
Fig. 2A). One alternative pathway with higher transcript levels in HPC 
wrt APC was the acetyl-CoA pathway, leading to the oxidation of acetyl- 
CoA to CO (K00194; P = 0.025, log2fc = 0.38, fpkm = 168 vs. 129, HPC 
vs. APC) and then to CO2 (K00195; P = 0.044, log2fc = 0.32, fpkm = 23 
vs. 18, HPC vs. APC; Table S10). Another pathway with higher transcript 
levels was that transforming acetyl-CoA to acetaldehyde (K04021; P =
0.036, log2fc = 0.34, fpkm = 7 vs. 6; Table S10) and then to acetate 
(K00128; P = 0.007, log2fc = 0.27, fpkm = 61 vs. 51; Table S10). An 
additional pathway with slightly higher transcript levels converted 
acetyl-CoA to acetoacetyl-CoA (K00626; P = 0.012, log2fc = 0.16, fpkm 
= 461 vs. 413; Table S10), particularly due to Deltaproteobacteria (>30% 
of all fpkm, P = 0.017; Table S11J). Transcript levels for acetoacetyl- 
CoA conversion to (S)-3-Hydroxy-3-methylglutaryl-CoA via fusion via 
another acetyl-CoA were also slightly higher (K01641; P = 0.024, log2fc 
= 0.13, fpkm = 85 vs. 78; Table S10). (S)-3-Hydroxy-3-methylglutaryl- 

CoA can then enter the mevalonate pathway for the biosynthesis of 
terpenoids backbone. Finally, acetyl-CoA may have also fed the pathway 
leading to dihydroxyacetone: all the 16 genes involved in this pathway 
were detected, and the transcript levels of two were more abundant in 
HPC wrt APC, particularly the last reaction. These include K01689 (P =
0.030, log2fc = 0.17, fpkm = 170 vs. 151, Table S10) and K00863 (P =
0.036, log2fc = 0.75, fpkm = 59 vs. 35; Table S10). For either sequence, 
higher transcript levels in HPC were generally due to Clostridia (20–40% 
of all fpkm in both K01689and K00863; Table S11K). 

3.5. Microbial community assemblage in sediments, and biofilms on 
snorkels surface 

Alkane-rich (15%), Statfjord-oil-contaminated sediments were 
analyzed for their microbial community assemblage using 16S rRNA 
gene amplicon sequencing. The predominant bacterial taxa were 
Chloroflexi, Epsilonbacteraeota, Deltaproteobacteria, Firmicutes and Gam
maproteobacteria (each in general >5% and, altogether, >80% in any 
treatment; Table S12A). This is in agreement with meta-transcriptomic 
data indicating Deltaproteobacteria, Gammaproteobacteria and Clostridia 
(Firmicutes) as predominant taxa (~33, 23 and 19%, respectively, across 
all samples; Table S13). All taxa remained constant in each treatment 
wrt their initial concentration (T0; Table S12A,B), with the exception of 
Firmicutes whose relative abundance increased at the end of the exper
iment (log2fc ≥1.77 in either treatment; Table S12A). The deepest taxa 
forming a core community of recurrently present microorganisms 
(generally >5%) amounted to 40–50% in all treatments, and included 
the Dehalococcoidia SCGC-AB-539-J10, an uncultured Anaerolineaceae 
(Anaerolineae), Fusibacter (Clostridia), and Sulfurimonas and Sulfurovum 
(Epsilonproteobacteria) (Table S12B). In particular, the relative abun
dance of Sulfurimonas increased in contaminated sediments with snor
kels wrt glass controls, irrespective of the HP applied (log2fc = 1.10; 
Table S12B). 

Among the less abundant satellite microbial taxa (generally <3%) 
the contamination with Statfjord oil enriched an unclassified Clos
tridiales JTB215 (log2fc ≥2.99; Table S12B). The latter was generally 
enriched in glass controls wrt snorkels, and suppressed with increased 
HP (log2fc ≤-0.55; Table S12B). Oil contamination was consistent with a 
rearrangement of Deltaproteobacteria satellite species irrespective of HP 
or snorkels application: the enrichment of Desulfuromonas (log2fc ≥

1.18), Desulfuromusa (log2fc ≥1.71) and Desulfocapsa (log2fc ≥0.96 with 
the exception of APC; Table S12B) occurred in contrast to the reduction 
of Desulfatiglans (log2fc ≤-0.33; Table S12B). In particular, Desulfur
omusa was slightly higher in sediments with snorkels (log2fc ≥0.23; 
Table S12B). To confirm the impact of snorkels on microbial community 
assemblage in a comparable setup, the 16 S rRNA gene analysis was also 
conducted with the alkane-poor (4%), DUC-oil-contaminated sediments, 
and the same exact trends were noted (Table S12C,D; a deeper analysis 
in Supplementary Information). 

Microbial community assemblage was also analyzed on the biofilm 
of snorkels (Table 1, complete dataset in Table S13A-C). Since the 
assemblage in sediments was essentially equal with either crude oil 
(alkane rich or poor, 15 vs. 4%), these two data sets were analyzed 
together to better assess which taxa was recurrently more abundant on 
snorkels biofilms wrt the surrounding sediment. Three groups could be 
identified (Table 1; Table S13A-C): i) taxa enriched on snorkels biofilms 
at either HP (Table S13A-C), with the most relevant (enriched to ≥0.5%, 
log2fc ≥0.20) being Draconibacterium and Desulfuromusa; ii) taxa 
enriched on snorkels biofilms only at increased HP (Table S13B), with 
the most relevant an unclassified Oxyphotobacteria (Cyanobacteria), 
Sulfitobacter and Thiomicrorhabdus; and iii) taxa enriched on biofilms 
only at ambient pressure (Table S13C), with the most relevant an un
classified Bradymonadales (Deltaproteobacteria), Desulfoconvexum, Thi
oalkalispira, an unclassified Bacteria and Sulfurimonas. Notably, 
Sulfurimonas was the only OTU belonging to the core community in 
sediments (Table S12B,D) to be also enriched on snorkels, while the 
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relative abundance of the other four OTUs in the sediment core com
munity were typically lower on biofilms (Table 1). This clearly indicates 
that OTU abundance on snorkels biofilms was unrelated to OTU abun
dance in sediments. 

3.6. AVS and Fe2+ levels in sediments 

The dynamics of FeS (AVS) was correlated to that of reduced SO4
2−

and accumulated H2S. High SO4
2− depletion in the pore water of 

Statfjord-oil-contaminated sediments (Fig. S3F) was consistent with 
increasing AVS levels wrt T0 (Fig. S26A). Besides, the high levels of H2S 
oxidation when using snorkels wrt glass controls (Fig. S3C,D) were re
flected into lower AVS levels, at either HP (Fig. S26A). The pH minima in 
sediments were consistent with these trends (Fig. S27): with snorkels, 
sediments had lower pH values wrt glass controls, overall suggestive of 
mild acidification owing to snorkels anodic reactions. 

Fe2+ levels were generally higher at 10 wrt 0.1 MPa (Fig. S26B). Such 
HP impact was remarkable and no correlation with AVS was noted. Fe2+

was thus analyzed also on poor-alkane (4%), DUC-oil-contaminated 
sediments, where a similar trend was observed (Fig. S28). 

3.7. Elemental composition of the snorkels surface 

At the end of the incubation with crude oil, Aluminum (Al, 2.4 
atomic %), Fe (1.2 atomic %) and phosphorous (P, 2.1 atomic %) were 
found in snorkels exposed to increased HP but not at ambient pressure 
(Table 2). This was confirmed when analyzing snorkels applied to DUC- 

oil-contaminated sediments (0.8, 1.2 and 2.1 atomic %, respectively; 
Table 2). Fe was composed of both Fe2+ and Fe3+ species (with Statfjord 
oil) or only Fe3+ (with DUC oil). Silicon (Si) in the form of silicate (SiO2) 
was detected on the surface of all tested snorkels, however, its relative 
abundance was apparently higher at increased HP (3.8 vs. 2.1 atomic % 
with Statfjord oil; confirmed with DUC oil, 2.9 vs. 2.2 atomic %; 
Table 2). No elemental sulfur (S0) was detected on the surface of snor
kels. However, when using DUC oil about 1 atomic % was detected 
(owing to C–S compounds or SO4

2− ; Table 2). 

4. Discussion 

Bioremediation of marine environments exposed to mild HPs (e.g. 
10 MPa) is limited by the negative HP effects imposed on the predom
inant piezosensitive heterotrophs. Such limitations are further stressed 
in anaerobic sediments. Graphite rods (snorkels) bridging anaerobic 
sediments to aerobic overlaying waters allow microbial cells in sedi
ments to breath oxygen while physically residing close to the energy- 
rich electron donors (e.g. hydrocarbons). Snorkels can thus act as 
virtually inexhaustible electron acceptors either directly or via shuttle 
molecules (e.g. reduced sulfur species). Application of snorkels to 
remote, oil-contaminated deep-sea sediments is unlikely. However, 
snorkels are extremely handy tools to test in the laboratory if and how 
electrochemistry can enhance oil biodegradation at deep-sea conditions. 
In (Aulenta et al., 2021), we reported that snorkels can enhance alkanes 
oxidation at 10 MPa. Here, we show that this depends on the fact that 
both snorkels and increased HP impact the oxidation of acetyl-CoA in 

Table 1 
Relative abundance of 16S rDNA sequences, and log2 fold change in microbial communities collected from either the surface of graphite snorkels 
or from the sediment (see Table S10) after 7 weeks of incubation with either Statfrjod or DUC crude oil, at either increased or ambient hydrostatic 
pressure (10 or 0.1 MPa, respectively). Heatmaps represent high (green) or low (red) relative abundance, and high increase (blue) or high 
decrease (red) in log2 fold change in the tested condition. 
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the TCA cycle. 

4.1. Increased HP challenges the TCA cycle rather than beta oxidation 
also in anaerobic sediments 

Increased HP challenges cell homeostasis and slows down microbial 
metabolism (Bartlett, 2002; Bartlett et al., 1995). Transcriptomics and 
metaproteomics studies with aerobic, pure (Scoma et al., 2016a, 2016b), 
mixed or synthetic cultures (Scoma et al., 2018) repeatedly indicated 
that the main pathway for hydrocarbons oxidation (i.e. beta oxidation) is 
not impacted by increased HP. This is confirmed in the present meta
transcriptomic dataset in anaerobic sediments (Fig. S9-22). Reduced oil 
degradation at increased HP in piezosensitive microorganisms thus de
pends on other metabolic pathways, e.g. the following TCA cycle. 

The TCA cycle is negatively affected by a HP increase. Hydrocarbon- 
degrading synthetic communities (originally collected at 1000 m bswl) 
accumulated citrate and dihydroxyacetone intracellularly when exposed 
aerobically to in situ pressures of 10 MPa (Scoma et al., 2018). This 
indicated that the TCA cycle was slowed down and that the excess car
bon available by the cell was diverted to carbon reserves (dihydroxy
acetone) (Scoma et al., 2018). This response was also observed in 
controls only supplied with acetate (Scoma et al., 2018). 

The main aim of the TCA cycle is to fully oxidize acetyl-CoA to 
generate reduced electron carriers (NADH and FADH2) (Berg et al., 
2015). The TCA cycle itself does not require oxygen, and the several 
metabolic intermediates can leave the cycle and become the substrate of 
primary anabolic pathways (e.g. amino acid and carbohydrate meta
bolism). However, under aerobic conditions NADH and FADH2 can 
eventually use oxygen as ultimate electron acceptor in the subsequent 
oxidative phosphorylation to generate ATP (Berg et al., 2015). As beta 
oxidation is not impacted by increased HP and cells accumulate dihy
droxyacetone despite being tested aerobically (Scoma et al., 2018), ATP 
synthesis may not represent the main (or sole) process limiting cell 
metabolism (Scoma et al., 2016a, 2016b) (Scoma et al., 2018). It can 

rather be inferred that increased HP challenges the cell’s capacity to 
manage high levels of acetyl-CoA and/or the reducing power resulting 
from its oxidation in the TCA cycle. This is in agreement with our data 
showing that snorkels enhanced alkanes oxidation at increased HP 
under anaerobic conditions (Fig. S2D (Aulenta et al., 2021)). The role of 
snorkels is to act as major electron acceptors in sediments. The oxidation 
of e.g. reduced sulfur and iron species (Viggi et al., 2015, 2017) provides 
new oxidized electron carriers for the reducing power derived from the 
biological oxidation of organic matter, including crude oil (Viggi et al., 
2015, 2017). The metabolism of acetyl-CoA was thus investigated more 
in depth. 

4.2. Snorkels application is associated with higher transcript levels in the 
TCA cycle, or lower transcripts in alternative pathways for acetyl-CoA 

The application of conductive snorkels rather than non-conductive 
glass controls enhanced the transcript levels of TCA cycle genes at 
ambient pressure (APS vs. APC) (Fig. 2A), suggesting that this cycle 
remained the primary sink for the high amount of acetyl-CoA derived 
from hydrocarbons degradation (Fig. S2B,D). In glass controls (APC), 
acetyl-CoA was apparently diverted to 2,3 butanediol formation 
(Fig. 2A). The latter pathway is featured by the oxidation of reduced 
electron carriers (e.g. reduced ferredoxin or NADH; KEGG reaction 
numbers R01196, R02855, R02946 and R10504, see Supplementary 
Information). In the frame of comparable transcript levels for alkanes 
activation and beta oxidation (Fig. S9-22) and xenobiotics biodegrada
tion (Fig. 3), this suggests that: 1) microbial communities in anaerobic 
sediments were able to initially engage in hydrocarbons oxidation 
comparably well with and without snorkels; 2) the application of snor
kels allowed the intracellular reducing power generated from hydro
carbons oxidation (e.g. in the TCA cycle) to be quickly used by the cell; 
3) in the absence of snorkels, the high reducing power available by the 
cells eventually affected the TCA cycle itself, and stimulated alternative 
pathways which concomitantly used the accumulated reduced electron 

Table 2 
X-ray photoelectron spectroscopy (XPS) analysis of the elements present on the surface of the graphite snorkels after 7 weeks of incubation with either Statfjord or DUC 
crude oil, at either increased or ambient hydrostatic pressure (AP or HP, 10 or 0.1 MPa, respectively). Negative controls at time zero reports on XPS analysis prior to any 
biological process, that is, a standard snorkel as provided by the manufacturer.  

Negative control STATFJORD oil DUC oil 

Time zero HPS APS HPS APS 

Peak Atomic 
% 

State Peak Atomic 
% 

State Peak Atomic 
% 

State Peak Atomic 
% 

State Peak Atomic 
% 

State    

Al 2.4 Al2O3    Al 0.8 Al2O3    

C 95.9 C–C C 45.9 C–C C 70.9 C–C C 59.3 C–C C 66.6 C–C    
C 12.0 C–O C 12.9 C–O          
C 5.2 C=O C 3.9 C=O          
C 1.3 carboxyl             
Ca 1.5  Ca 0.7  Ca 0.8           

Cl 0.3 Cl- Cl 2.1  Cl 7.7     
Fe 0.5 Fe(II)    Fe 1.2 Fe(III)       
Fe 0.7 Fe(III)             
Mg 0.6     Mg 1.1  Mg 2.9           

N 2.4  N 1.4           
Na 1.3  Na 2.9  

O 2.0 C–O, OH- O 17.7 C–O, OH- O 9.2 H2O, 
C––O 

O 24.8  O 15.4     

O 5.7 H2O, 
C––O          

O 0.9 SiO2                

P 2.1     P 2.1              
S 0.8 C–S S 0.2 C–S          
S 0.4 sulphates S 0.7 sulphates    

Si 0.6 SiC Si 2.1 SiO2 Si 2.9  Si 2.2 SiO2 
Si 0.9 SiO2 Si 3.2 SiO2             

Si 0.6 SiO2          

Cl 0.3 chloride             

Total 100.0  Total 100.0  Total 100.0  Total 100.0  Total 100.0   
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carriers and acetyl-CoA. Microbial taxa such as Clostridia and Alphap
roteobacteria appear particularly involved in this alternative pathway 
(Table S3J). 

Results at increased HP confirm this hypothesis (HPS vs. HPC): while 
snorkels application did not result into higher transcript levels of TCA- 
related genes, in glass controls (HPC) transcript levels of genes pro
cessing acetyl-CoA via alternative routes were higher (Fig. 2B). These 
generated either reducing power (i.e. reduced ferredoxin, via oxidation 
to CO2) or ATP (via conversion to acetate; see Supplementary Infor
mation). Deltaproteobacteria and Clostridia mainly engaged in these 
pathways at increased HP (Table S5K). The fact that reduced electron 
carriers were generated (rather than dissipated) in HPC wrt HPS may 
appear contradictory, as these could directly result from acetyl-CoA 
oxidation in the TCA cycle itself. However, microbial needs at 
increased HP may differ wrt ambient pressure, e.g. in the case of energy 
management. It could be speculated that regulation of reducing power 
by the cells in HPC may have been controlled via intracellular accu
mulation of dihydroxyacetone, particularly in Clostridia which pre
dominated these sequences (Table S5B,K). The reactions connecting 
acetyl-CoA to dihydroxyacetone generation entail no net ATP con
sumption; and while consuming acetyl-CoA and reducing power they 
store a carbon and energy reserve intracellularly (see Supplementary 
Information for all reaction steps). The intracellular accumulation of 
dihydroxyacetone in cells with an impaired TCA cycle under similar 
conditions supports this hypothesis (i.e. hydrocarbon-degrading cells at 
10 wrt 0.1 MPa (Scoma et al., 2018);). 

Concerning 2,3 butanediol, its exact metabolic role remains uncer
tain (Ji et al., 2011). It was proposed to prevent intracellular acidifica
tion and balance NADH/NAD+ levels (as pyruvate fermentation would 
shift from acetate or ethanol generation to 2,3 butanediol, which is a 
neutral metabolite and regenerates NAD+) (Johansen et al., 1975; 
Magee and Kosaric, 1987; Tsau et al., 1992; Van Houdt et al., 2007). 
Owing to its reversible reaction to acetoin, 2,3 butanediol is regarded as 
a carbon and energy reserve for the cell (Xiao and Xu, 2007). 2,3 
butanediol also acts as an anti-freezing compound due to its low freezing 
point (− 60 ◦C (Li et al., 2010);). Low temperature and increased HP may 
impose similar effects on cells, such as an increased packing of phos
pholipid fatty acids on the membrane (reviewed in (Capece et al., 
2013)), affecting protons influx/efflux thus intracellular pH (Abe and 
Horikoshi, 1998; Diomande et al., 2015; Enns et al., 1965; Oger and 
Jebbar, 2010). Cells normally maintain a slightly more alkaline pH wrt 
to the extracellular environment. Increased membrane damage in pie
zosensitive bacteria as resulting from a reduced membrane fluidity can 
thus increase cell acidification, as protons may leak back into the cell 
(Abe and Horikoshi, 1998; Diomande et al., 2015; Enns et al., 1965; 
Oger and Jebbar, 2010). Cells at increased HP actively degrading al
kanes but with an increasingly impaired TCA cycle may thus find ad
vantageous to slightly accumulate 2,3 butanediol as a potential 
piezolyte and carbon reserve, which also regulates NADH/NAD+ levels 
and counterbalances intracellular pH acidification. This possibility 
should be investigated further. 

The confirmation that both snorkels and increased HP affect the TCA 
cycle, and that snorkels may to some extent compensate the negative 
effects of HP, is found when assessing the impact of HP alone. In high oil- 
degrading cultures equipped with snorkels (HPS vs. APS, Fig. S2B,D), 
the sole increase of HP decreased the transcript levels of TCA-cycle- 
related genes and increased those in the last conversion steps of 
acetyl-CoA to 2,3 butanediol (Fig. 5). In low oil-degrading cultures not 
equipped with snorkels (HPC vs. APC, Fig. S2B,D), transcript levels in 
the TCA cycle were comparable, but at increased HP transcript abun
dance in alternative routes for acetyl-CoA was higher (to CO2, acetate 
and to dihydroxyacetone; Fig. S25). 

Overall, this data indicates that snorkels can stimulate the oxidation 
of acetyl-CoA through the TCA cycle, thereby supporting hydrocarbons 
biodegradation in contaminated sediments. In anaerobic microorgan
isms, the standard electron transport chain for microbial respiration and 

ATP generation is highly branched, allowing the interaction of a broad 
range of electron donors and acceptors. The exact nature of such elec
tron carriers inside the cell, how they relate to acetyl-CoA metabolism 
and to snorkels application must be clarified, but it may be hypothesized 
that they interact with sulfur metabolism (Marzocchi et al., 2020). Pri
mary electron donors are both alkanes (Fig. S2D; Fig. S9-22) and aro
matics (Fig. S2B; namely, via benzene, toluene, xylene and ciclohexane 
oxidation pathways; Figs. 6 and 1) which generate acetyl-CoA. As the 
negative impact of 10 MPa on the TCA cycle was here only partially 
compensated by snorkels, a new set-up should be tested to further 
stimulate these processes. 

4.3. Snorkels shape sulfur metabolism at increased HP 

Sulfur compounds were the main electron shuttles linking the 
intracellular reducing power generated by the cell to extracellular 
snorkels. Both assimilatory and dissimilatory SO4

2− reduction pathways 
eventually generate H2S, which can leave the cell. The energy- 
consuming SO4

2− assimilatory pathway was much less expressed wrt 
the dissimilatory one across all treatments (Table S6,S9). Several sulfur 
compounds can be channeled into these two pathways and be reduced to 
H2S (e.g. S3O6

2− , S2O3
2− , S4O6

2− , Fig. 4). However, H2S accumulation in 
sediments was always offset by snorkels application wrt glass controls 
(Fig. S3C,D), with subsequent regeneration of SO4

2− (Fig. S3E,F). This 
maintained high levels of the main electron acceptor (SO4

2− ) while 
removing the product of anaerobic respiration (H2S), possibly support
ing the generation of more reducing power by the cell ultimately via 
hydrocarbons oxidation. 

The sole increase of HP in the absence of snorkels (HPC vs. APC, 
Fig. S29) or the sole application of snorkels at ambient pressure (APS vs. 
APC, Fig. S30) did not alter sulfur metabolism transcript abundance. 
However, when both increased HP and snorkels presence/absence were 
considered together, a clear impact of snorkels emerged. For instance, 
the higher transcript abundance for several genes in sulfur metabolism 
at ambient wrt increased HP (APS vs. HPS; Fig. S24) reflects the fact that 
snorkels application could only partially compensate for the negative 
effects of increased HP. At increased HP, snorkels application (HPS vs. 
HPC) reduced the transcript abundance of the energy-consuming SO4

2−

assimilatory pathways (Table S6A,B), a remarkable feature when cell 
homeostasis and energy balance are challenged (Scoma et al., 2016a, 
2016b, 2018). Besides, snorkels application at increased HP led to a 
higher transcript abundance of genes related to the conversion of mul
tiple sulfur compounds (i.e. S3O6

2− , S2O3
2− and potentially alkanesulfo

nate, Fig. 4) into SO3
2− . As transcript levels for the conversion of SO3

2− to 
H2S were also higher (Fig. 4), snorkels at increased HP (HPS) likely acted 
as electron sinks for a wider pool of sulfur compounds wrt HPC. These 
pathways involved the most represented bacterial taxa in sediments 
(Deltaproteobacteria, Clostridia, Gammaproteobacteria, Table S14). Over
all, the positive impact of snorkels on both energy balance and diversity 
of sulfur-containing electron acceptors may have contributed to the 
enhanced alkane biodegradation in HPS wrt HPC (Fig. S2D). Last, the 
higher accumulation of H2S in HPC sediments wrt HPS (Fig. S3C) was 
consistent with the higher transcript abundance for polysulfide forma
tion (Fig. 4). Surprisingly, the latter was not observed at ambient pres
sure (APS vs. APC, Fig. S30) despite a large difference in H2S 
accumulation (Fig. S2D), possibly because the lowest H2S levels in APS 
were however almost three times higher wrt HPS (32.6 + 11.9 vs. 13.3 ±
2.7 μM; Fig. S2D). 

4.4. Sediment core community assemblage suggests a cross-talk between 
oil-degraders and sulfur oxidizers, while snorkels biofilms are selectively 
enriched in sulfur-oxidizing and often electroactive bacteria 

The known core community members found in this study were either 
oil-degraders (Dehalococcoidia and Fusibacter) or chemolithoautotrophs 
(Sulfurovum and Sulfurimonas; Table S12A). The formers are found in the 
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most diverse hydrocarbon-contaminated environments (i.e. Dehalo
coccoidia, (Cheng et al., 2019; Hao et al., 2021; Karthikeyan et al., 2020; 
Pavlova et al., 2021; þorsteinsdóttir et al., 2020); Fusibacter (Agrawal 
et al., 2010; dos Santos et al., 2011; Hasegawa et al., 2014; Perez Cal
deron et al., 2019; Viggi et al., 2017; Wang et al., 2021)). The latter are 
also found in diverse oil-contaminated environments, but they are un
able to use hydrocarbons directly; rather, they use CO2 as carbon source 
and reduced sulfur species as electron donors (i.e. Sulfurovum (Lormieres 
and Oger, 2017; Marziah et al., 2016; Mu et al., 2021; Yeung et al., 
2011); and Sulfurimonas (Kimak et al., 2019; Lormieres and Oger, 2017; 
Obi et al., 2017; Rubin-Blum et al., 2014; Tian et al., 2017; Watanabe 
et al., 2000; Yeung et al., 2011)). Irrespective of snorkels and HP effects, 
this confirms that sulfur species acted as electron shuttles in sediments 
between hydrocarbon-oxidizing, sulfur-reducing bacteria and 
sulfur-oxidizers. 

Snorkels were selectively colonized by several species whose con
centration was low in sediments, which together made up 17–35% of all 
the bacteria found on snorkel biofilms (Table 1; Table S13B,C). Irre
spective of HP, a significant enrichment on snorkels biofilms was 
observed for Draconibacterium and Desulfuromusa (Table S13A). There is 
little information on Draconibacterium (Du et al., 2014), a facultatively 
anaerobic chemoorganotroph. It was enriched in the liquid phase of a 
bioelectrochemical reactor for anaerobic ammonium oxidation (Song 
et al., 2019) and in biofilms developed on biodegradable plastics 
(Denaro et al., 2020). Desulfuromusa (Liesak and Finster, 1994) uses 
several organic compounds to reduce sulfur and iron species (Liesak and 
Finster, 1994; Vandieken et al., 2006). It is an electroactive bacterium 
(Нnatush et al., 2019), and it has been enriched on graphite felt anodes 
treating wastewaters (Carmona-Martinez et al., 2015), and on anodes in 
sediment microbial fuel cells without (Holmes et al., 2004; Jung et al., 
2014) and with hydrocarbons (particularly when spiking Fe3+ (Hamdan 
and Salam, 2020)). 

Increased HP specifically enriched snorkels biofilms in Thiomicro
rhabdus and Sulfitobacter (Table S13B). Thiomicrorhabdus was introduced 
by (Boden et al., 2017), by reclassifying several Thiomicrospira species. It 
is an obligate chemolithoautotroph using S2O3

2− , S4O6
2− , H2S and, 

sometimes, S0 as electron donors (but not thiocyanate [SCN− ], SO3
2− , 

and Fe) and it fixes CO2. Hence it may have been involved in cycling 
sulfur species on the snorkels surface. The heterotrophic Sulfitobacter 
was isolated at the H2S/O2 interface of the Black Sea (Sorokin, 1995), 
and was enriched on graphite (Erable et al., 2017), carbon cloth (Paitier 
et al., 2017) and stainless-steel anodes (De La Fuente et al., 2020), where 
it was inferred to either directly oxidize organic compounds, SO3

2−

and/or S2O3
2− (Erable et al., 2017; Paitier et al., 2017). Genes for aro

matic hydrocarbons degradation were indeed found in the draft genome 
of two Sulfitobacter sp. (Mas-Llado et al., 2014), which is frequently 
enriched or abundant in oil-contaminated environments at ambient 
(Kostka et al., 2011; Krolicka et al., 2019; Marietou et al., 2018) and 
increased HP (22 MPa (Fasca et al., 2017)). 

At ambient pressure, known genera selectively enriched on snorkel 
biofilms (Table S13C) were Desulfoconvexum, Thioalkalispira and Sul
furimonas. Little is known about Desulfoconvexum (Konneke et al., 2013), 
whose type species (D. algidus) is strictly anaerobic. Chemo
organotrophically, it can degrade fatty acids and aromatics to CO2 while 
reducing either SO4

2− , S2O3
2− or S0 to H2S (Konneke et al., 2013). Che

molithotropically, it uses H2 as electron donor and CO2 or bicarbonate as 
acceptors. Thioalkalispira (Sorokin, 2002) is an obligate chemo
lithoautotroph which can deposit intracellular sulfur globules. It can 
oxidize H2S, polysulfide, S0 and S2O3

2− to SO4
2− , it is considered an 

electrotroph which is recurrently found on cathodes (graphite felt (Zhu 
et al., 2021), granular activated carbon (Jugnia et al., 2021), carbon felt 
(Li et al., 2021) and stainless steel (Oldham et al., 2017)). Its presence on 
the anodic portion of the snorkel may have been related to its capacity to 
reduce S0 to H2S (while not growing (Sorokin, 2002)). The facultatively 
anaerobic Sulfurimonas (introduced by (Inagaki et al., 2003); amended 
by (Takai et al., 2006)) grows chemolithoautotrophically with H2S, S0, 

S2O3
2− and H2 as electron donors using NO3

− , NO2
− or O2 as electron ac

ceptors, and CO2 as carbon source. It can corrode Fe0 to Fe3(PO4)2 when 
supplied with H2S and NO3

− as electron donor and acceptor (Lahme 
et al., 2019) and has been detected on graphite fiber brush anodes (Dai 
et al., 2020). 

Overall, the microbial genera selectively enriched on snorkel bio
films were sulfur-oxidizing bacteria already known to colonize anodes, 
and often recognized as electroactive (e.g. Desulfuromusa, Sulfitobacter, 
Thioalkalispira). 

4.5. Snorkels are not passivated by sulfur compounds, but increased HP 
facilitates the deposition of oxidized metals 

No sulfur species was found to deposit on snorkels surface at either 
HP (Table 2). This indicates that oxidation of H2S on snorkels (Fig. S3A- 
D (Aulenta et al., 2021)) did not generate S0 which could potentially 
reduce the snorkels available surface for further electroactive reactions, 
and it rather regenerated SO4

2− , as indeed detected in bulk SO4
2− levels in 

the sediment pore water (Fig. S3E,F (Aulenta et al., 2021)). The selective 
enrichment of sulfur-oxidizing species on the snorkel biofilms suggests 
that such bacteria cooperated with snorkels’ abiotic reactions to the full 
regeneration to SO4

2− , e.g. via a potential S0-scavenging activity on the 
snorkels surface. 

However, at increased HP snorkels accumulated Al, Fe and P 
(Table 2). Accumulation of Fe species on electroactive snorkels applied 
to oil-contaminated sediments has been reported at ambient pressure 
(Viggi et al., 2015, 2017), but never specifically for increased HP. 

In the present set up, Fe2+ in the sediment pore water accumulated 
wrt T0 at increased HP, while at ambient pressure Fe2+ was equal or 
lower (Fig. S28). High Fe2+ levels in the pore water at increased HP are 
thus consistent with Fe deposition only on snorkels at increased HP, 
where Fe2+ can eventually be oxidized (abiotically) to Fe3+ (Table 2). It 
remains unexplained why Fe2+ levels in the pore water were HP- 
dependent. Fe2+ can abiotically react with H2S to form FeS (AVS). In 
our set-up, H2S accumulation owing to hydrocarbons oxidation by SO4

2-- 
reducing bacteria was indeed consistent with increasing AVS levels 
(Fig. S26). Besides, the lower H2S levels in snorkels treatments was 
consistent with lower AVS levels (Fig. S26). However, the high Fe2+

levels at increased HP were unrelated to both snorkels presence 
(compare snorkels vs. controls, Fig. S28) and enhanced oil metabolism 
(compare alkane-poor vs. -rich crude oil, Fig. S28). This limits the 
relationship solely to increased HP and Fe metabolism, the exact 
mechanism of which should be investigated further. 

5. Conclusions 

Bioelectrochemical systems (i.e. snorkels) can enhance hydrocarbons 
oxidation at 10 MPa in piezosensitive communities collected from 0.1 
MPa and affected by such a HP increase (Aulenta et al., 2021). Here, we 
show that: 1) increased HP impairs the TCA cycle and has no effect on 
transcript abundance and taxonomical composition in beta oxidation; 2) 
snorkels support the TCA cycle, thereby partially counterbalancing the 
negative effects of increased HP; 3) low oil-degrading cultures at 
increased HP and/or without snorkels show enhanced transcript abun
dance for pathways metabolizing acetyl-CoA via alternative routes to 
the TCA cycle (e.g. accumulation of intracellular carbon reserves); this 
suggests that high levels of acetyl-CoA and/or reduced electron carriers 
cannot be efficiently handled by these cells; 4) snorkels partially offset 
this limitation by stimulating the anaerobic respiration of hydrocarbons, 
e.g. via a larger pool of sulfur compounds used as intermediate electron 
acceptors, all using H2S as electron shuttle to the snorkel; 5) snorkels’ 
biofilms are selectively enriched in sulfur-oxidizing, often electroactive 
bacteria, possibly contributing to scavenge all sulfur species on the 
snorkel’s surface; 6) no passivation owing to sulfur cycling is observed 
on snorkels after seven weeks. 
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