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Deep aquifers (up to 2 km deep) contain massive volumes of water harboring large and diverse 
microbial communities at high pressure. Aquifers are home to microbial ecosystems that 
participate in physicochemical balances. These microorganisms can positively or negatively 
interfere with subsurface (i) energy storage (CH4 and H2), (ii) CO2 sequestration; and (iii) resource 
(water, rare metals) exploitation. The aquifer studied here (720 m deep, 37°C, 88 bar) is naturally 
oligotrophic, with a total organic carbon content of <1 mg.L−1 and a phosphate content of 
0.02 mg.L−1. The influence of natural gas storage locally generates different pressures and 
formation water displacements, but it also releases organic molecules such as monoaromatic 
hydrocarbons at the gas/water interface. The hydrocarbon biodegradation ability of the 
indigenous microbial community was evaluated in this work. The in situ microbial community 
was dominated by sulfate-reducing (e.g., Sva0485 lineage, Thermodesulfovibriona, 
Desulfotomaculum, Desulfomonile, and Desulfovibrio), fermentative (e.g., Peptococcaceae 
SCADC1_2_3, Anaerolineae lineage and Pelotomaculum), and homoacetogenic bacteria 
(“Candidatus Acetothermia”) with a few archaeal representatives (e.g., Methanomassiliicoccaceae, 
Methanobacteriaceae, and members of the Bathyarcheia class), suggesting a role of H2 in 
microenvironment functioning. Monoaromatic hydrocarbon biodegradation is carried out by 
sulfate reducers and favored by concentrated biomass and slightly acidic conditions, which 
suggests that biodegradation should preferably occur in biofilms present on the surfaces of 
aquifer rock, rather than by planktonic bacteria. A simplified bacterial community, which was 
able to degrade monoaromatic hydrocarbons at atmospheric pressure over several months, 
was selected for incubation experiments at in situ pressure (i.e., 90 bar). These showed that 
the abundance of various bacterial genera was altered, while taxonomic diversity was mostly 
unchanged. The candidate phylum Acetothermia was characteristic of the community 
incubated at 90 bar. This work suggests that even if pressures on the order of 90 bar do not 
seem to select for obligate piezophilic organisms, modifications of the thermodynamic equilibria 
could favor different microbial assemblages from those observed at atmospheric pressure.

Keywords: deep aquifer, BTEX, biodegradation, deep subsurface biosphere, high pressure, benzyl-succinate 
synthase, gas storage
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INTRODUCTION

Among the different deep continental environments containing 
high total biomass levels, estimated at 2 to 6·1029 cells 
(Magnobosco et  al., 2018), aquifers located in the uppermost 
two kilometers of the Earth’s crust are characterized by a diverse 
microbial biosphere (Wu et  al., 2016; Hershey et  al., 2018; 
Kadnikov et  al., 2020). Oligotrophic conditions result in low 
cell concentrations; however, these aquifers have a considerable 
volume, estimated to be  at 22.6 million km3 (Gleeson et  al., 
2015). Deep continental aquifers used as geological gas storage 
facilities are relevant ecosystems for studying the deep continental 
biosphere and the effect of human activity on it. These storage 
aquifers can be  found all around the world, but are primarily 
located in North America, although some also occur in Europe 
and the Commonwealth of Independent States (Russia, Armenia, 
Azerbaijan, and Belarus; Cornot-Gandolphe, 2017). An 
understanding of these ecosystems makes it possible to predict 
the effects of future developments on these deep aquifers 
depending on their use, which include (i) the sequestration 
of CO2 or carbon molecules in the broad sense to address 
climate change; (ii) the temporary energy storage of CH4, H2 
or air from renewable energy sources; (iii) rare metal mining; 
and (iv) exploitation of their water resources (De Silva et  al., 
2015; Flexer et al., 2018; Ranchou-Peyruse et al., 2019; Lemieux 
et  al., 2020). Deep porous geological structures may present 
advantages such as their size, relative ubiquity and safety for 
gas storage, along with the proven know-how regarding their 
operation. Because of the high pressures deep underground, 
the volume of gas stored is less than that at atmospheric 
pressure, allowing the storage of large amounts of gas.

While the influence of high pressure on microbes has been 
widely studied in the context of marine environments (Jebbar 
et  al., 2015; Zhang et  al., 2015), very few such studies have 
been conducted on their continental counterparts (Escudero 
et  al., 2018; Zhang et  al., 2018). Nevertheless, international 
projects have aimed to fill the knowledge gaps in this theme, 
most notably including the following programs: the U.S 
Department of Energy’s Subsurface Program, Deep Underground 
Science and Engineering (DUSEL), the international Continental 
Scientific Drilling Program, the Deep Carbon Observatory’s 
Census of Deep Life, and the Center for Dark Energy Biosphere 
Investigations (C-DEBI). To our knowledge, no obligate 
piezophiles have yet been isolated from a deep continental 
environment, whereas they have been observed in marine 
subsurface environments. The temperature gradient of 
approximately 30°C km−1 implies that temperatures reached 
in deep continental environments prevent microbial life at 
depths of 3–4 km. Multiple studies focusing on these environments 
were able to isolate and grow microorganisms at atmospheric 
pressure (Haveman and Pedersen, 2002; Baker et  al., 2003; 
Basso et al., 2009; Leandro et al., 2018; Karnachuk et al., 2019). 
However, although the pressure encountered in these 
environments does not seem to select obligate piezophiles, 
pressure can influence the structure of the microbial community 
(Nyyssönen et al., 2014). In particular, pressure induces increased 
solubilization of gases and volatile carbon elements and could 

modify transfer rates through the cell membrane and accessibility 
to essential elements, including H2, CO2, and organic molecules 
(Follonier et  al., 2012).

In the case of the geological storage of natural gas, deep 
aquifers are oligotrophic environments. The proximity of the 
stored gas has an impact on the microbial composition via the 
transfer of hydrocarbon molecules and other elements from the 
gas to water (Amigáň et al., 1990; Ranchou-Peyruse et al., 2019). 
Many of these environments contain sulfate, and heterotrophic 
sulfate-reducing microorganisms take advantage of this influx 
of organic molecules to prosper. In 2016, a study of the Pb_J_7 
site in the Paris sedimentary basin closest to gas storage 
demonstrated the prevalence of sulfate-reducing microorganisms, 
particularly Desulfotomaculum spp., on the degradation of so-called 
BTEX monoaromatic hydrocarbons (Aüllo et  al., 2016). These 
hydrocarbons are among the most soluble and thus the most 
likely ones to migrate in the aquifer. The study presented here 
concerns the Pb_J_6 site, which is part of the same Jurassic 
stratum as Pb_J_7 but is located at a distance of 1.3 km. The 
main reason for this work was to test whether the monoaromatic 
hydrocarbon biodegradation potential was similar and involved 
the same microorganisms despite the aquifer being located farther 
away from the gas reservoir than the Pb_J_7 well. Moreover, 
with regard to deep aquifers used for natural gas storage, all 
biodegradation assays conducted to date have been carried out 
at atmospheric pressure, without taking into account the possible 
effects of in situ pressure on biodegradation capacities and 
microbial diversity. In this study, the Pb_J_6 monitoring well 
was cleaned using the same protocol used for sampling Pb_J_7 
to prevent possible contamination by the biofilms developed in 
the pipes (Basso et al., 2005). The experiments carried out during 
this study combine classical microbiological approaches for 
assessing the BTEX biodegradation potential and molecular 
biology approaches for following changes of microbial diversity 
and understanding the behavior of these communities at 
atmospheric and in situ pressures.

MATERIALS AND METHODS

Sample Site
The well is located approximately 20 km west of Paris, and because 
it is a site of natural gas storage, it is classified as SEVESO-3.1 Its 
position with respect to other wells, particularly Pb_J_7, can be found 
in a publication by Ranchou-Peyruse et al. (2019). The well reaches 
a depth of 720 meters and has a temperature of 37°C. Depending 
on storage activity, the pressure can vary from 67 to 90 bar. Formation 
water is contained in porous Jurassic rock primarily composed of 
sandstone, with some carbonates. Geochemical analyses of the 
waters were carried out by the CARSO Laboratory (France). The 
obtained data are presented in Table  1. The pH measured at the 
wellhead (i.e., surface) was 7.8. Samples were taken from the Pb_J_6 
well located in the Paris sedimentary basin in September 2015 
using the same aseptic and anoxic procedure described previously 
(Basso et  al., 2005). Briefly, after brushing the entire well and 

1 https://www.hse.gov.uk/seveso/index.htm
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circulating sodium hypochlorite (4.2 L, 14% active chlorine) three 
times, the well was flushed (10 times the volume of the well, 
which is 2.4 m3). A total of 99 Sterivex™-GP  0.22 μm filter units 
(EMD Millipore, Molsheim, France) were used to filter the formation 
water and to concentrate the microbial biomass at a flow rate of 
1.5 m3  h−1 for 9 h. The continuous flow of water made it possible 
to maintain anoxia inside the filters. At the end of the sampling 
campaign, the filters were sealed and immediately transported to 
the laboratory at anoxic conditions (GasPak™ EZ, BD) at room 
temperature. Several liters of additional formation water were also 
taken from the wellhead and stored in glass flasks at room 
temperature, respecting the conditions of anoxia during transport 
back to the laboratory. In the laboratory, the concentrated microbial 
biomass was stored at appropriate anoxic and sterile conditions 
in a glovebox at room temperature until use on the following 
day. Glass flasks with formation water were stored at 4°C until 
use, particularly for culture on the next day.

Culture Methods
Most Probable Number
In the laboratory, the formation water was used for cell counting 
via the most probable number (MPN) technique. One liter of 
the mineral base used to simulate formation water contained 
0.0594 g CaCl2·2H2O, 0.135 g MgCl2·6H2O, 0.035 g NaCl, 0.0152 g 

SiO2, 0.02 g KCl, 0.2 g NH4Cl, 0.3 g KH2PO4, 0.3 g K2HPO4, 
0.882 g NaHCO3, 0.0013 g FeCl2·4H2O, 0.5 g cysteine as a reducing 
agent, 1 mg resazurin as a redox indicator, and 10 ml SL10 
trace elements from a stock solution (Pfennig et  al., 1981). 
Depending on the targeted metabolism (Table 2), the headspace 
of the basal medium was spiked with 1 bar of H2/CO2 (80/20) 
for hydrogenotrophic methanogens; 5 g of casein peptone, 1 g 
of yeast extract, 6.8 g of sodium acetate and 1.7 g of NaNO3 
for nitrate-reducing bacteria; or 15 g of casein peptone, 10 g 
of yeast extract and 2.5 g of glucose for fermentative bacteria 
without the addition of a terminal electron acceptor (TEA). 
Following autoclaving (120°C, 20 min), the various media were 
supplemented with 5 ml of vitamins from a filtered and anoxic 
V10 stock solution (Pfennig et  al., 1981). Finally, the pH was 
adjusted to 7.8. The media were then anoxically transferred 
into Hungate tubes. For MPN, 1 ml of formation water was 
added to 9 ml of medium. A series of successive dilutions 
were then performed until the final dilution of 10−6 (triplicate). 
All the cultures were incubated at 37°C. Growth was monitored 
daily by measuring turbidity (OD 600 nm; spectrophotometer, 
Spectronic 401, Spectronic Instruments) and was finally confirmed 
by observation under a microscope (BX60, Olympus). The 
culture medium used to select sulfate reducers was a commercial 
medium (SRB Labège® Test kit, CFG, France). To count the 
sulfate-reducing spores present in the formation water, the 
water was heated to 80°C for 10 min directly at the sampling 
site before being inoculated in the appropriate medium in the 
laboratory in accordance with the procedure described here.

Biodegradation Assays
Biodegradation assays of BTEXs were performed with site water 
supplemented with concentrated biomass, as described by Berlendis 
et al. (2010). A sample of this water enriched with microorganisms 
was stored (80 ml) at −20°C for molecular biology analyses. 
Between the sample being taken and the initiation of the 
biodegradation assays (less than 24 h), the water continued to 
change, primarily under the effect of degassing, resulting in a 
pH of 7.2. The biodegradation assays were performed with 4 
different media, A, B, C and D, to reveal the metabolic groups 
implicated in BTEX biodegradation (Table 2). Different conditions 
were tested in microcosms A, favoring sulfate-reducing 
microorganisms. The preparation of the different microcosms 
was carried out as follows: the formation water of microcosms 
A1 (pH 7.2; 37°C), A2 (pH 6.55; 37°C), A3 (pH 8.05; 37°C), 
A4 (pH 7.2; 42°C), and A5 (pH 7.2; 60°C) was supplemented 
with 10 mM Na2SO4; microcosm B was supplemented with 10 mM 
NaNO3; no TEA was added to microcosm C (beyond the TEAs 
potentially present in the formation water); and an H2/CO2 (80/20; 
1 bar) gas phase was added to microcosm D. The biomass that 
was concentrated on the 99 filters (Sterivex, EMD, Millipore, 
Molsheim, France) during sampling was resuspended in 200 ml 
of formation water in an anaerobic glovebox (Getinge La Calhene, 
France) before being used to inoculate the biodegradation assays 
(1:10, v/v). Finally, a mixture of benzene, toluene, ethylbenzene, 
and m-, o-, and p-xylenes (Sigma–Aldrich) was added to a final 
concentration of 10 ppm (v/v). Each condition was tested in 

TABLE 1 | Physicochemical parameters and components of the formation water 
from a deep aquifer analyzed at atmospheric pressure.

Temperature (°C) 37
Depth (m) 720
Pressure (bar) 88
pH 7.8
Conductivity (μS.cm−1) 2051
Eh (mV) −284
Total phosphorus (mg.L−1 P) <0.010
Total organic carbon, TOC (mg.L−1 C) <1
Total suspended matter (mg.L−1) 3.8

Gas analyses

H2S (mg.L−1) 0.70
Free CO2 (mg.L−1) 9.4

Cations

NH4
+ (mg.L−1) 2.5

Ca2
+ (mg.L−1) 17.0

Mg2
+ (mg.L−1) 17.01

Na+ (mg.L−1) 381.5
K+ (mg.L−1) 11.7

Anions

CO3
2− (mg.L−1) 0

HCO3
− (mg.L−1) 628

Cl− (mg.L−1) 178
SO4

2− (mg.L−1) 269
NO3

− (mg.L−1) <0.1
NO2

− (mg.L−1) <0.02
PO4

3− (mg.L−1) 0.02
F− (mg.L−1) 10
Dissolved silicates (mg.L−1) 14.3

Metals

Fetotal (mg.L−1) <0.010
Fe2+ (mg.L−1) 0.09
Mn2+ (mg.L−1) 0.059
Mineralogy: sandstone with some carbonates
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duplicate, and a third vial was used as an abiotic control following 
the addition of 0.5 ml of 10 N HCl. Subcultures were then prepared 
in formation water sterilized by filtration (0.2 μm porosity, cellulose 
nitrate filters, Sartorius Stedim) and appropriately supplemented 
to adapt them to the target metabolism. BTEX was monitored 
using a 7890A gas chromatograph (Agilent Technologies) equipped 
with a flame ionization detector, employing the same equipment 
and the same procedure described by Aüllo et  al. (2016).

Culture at 90 Bar Pressure
At the end of the biodegradation experiment conducted at 
atmospheric pressure, the two A2 replicates (sulfate-reducing 
conditions) were pooled and used as a 10% (v/v) inoculum 
in the formation water previously sterilized by filtration at 
0.2 μm porosity. As above, this water was supplemented with 
SL10 trace elements, vitamins, dithionite (0.2% w/v) as a 
reducing agent, 9 mM NH4Cl, 2 mM K2HPO4, 2 mM KH2PO4, 
10 mM Na2SO4, and BTEX (10 ppm each). When the initiation 
of degradation was observed for the p- and m-xylenes, 360 ml 
of the culture was transferred under sterile and anoxic conditions 
to a flask at atmospheric pressure and to a reactor in which 
the pressure was gradually increased up to 90 bar, both at a 
temperature of 37°C. The experiment was performed with an 
apparatus consisting of a one-liter stainless steel reactor in 
which it was possible to implement reactions at up to 300 bar 
and 200°C. This reactor had three potential feeders and one 
outlet line equipped with a gas–liquid separator (cyclonic to 
limit the drive of the liquid phase). A constant reaction 
temperature was maintained by the circulation of oil in an 
external jacket connected to a thermostat. A variable-speed 
stirrer agitated the mixture. Safety measures such as a rupture 

disc and high-temperature cutoff were also implemented. A 
complete description of the device is presented by Kriaa et  al. 
(2009). The reactor was sterilized with distilled water at 120°C 
for 4 h. Inside the reactor, BTEX levels were monitored using 
the same approach described above in the “Biodegradation 
assays” section. Sampling was conducted using a PEEK tube 
with a diameter of 0.22 mm and length of 4 m (calculated 
internal volume of 125 μl) and heat sterilized (100°C, overnight). 
A slight decrease in pressure was recorded throughout the 
experiment due to the uncompensated sample volumes (bacterial 
cell count and BTEX quantification).

Cell Counts
Twenty-four hours after sampling, the proportion of live cells 
was estimated by epifluorescence microscopy using a LIVE/
DEAD BacLight Bacterial viability kit (Thermo Fisher Scientific) 
from the formation water sampled to determine the possible 
impact of depressurization during ascent through the control 
well. For this purpose, 10 ml of formation water was spiked 
with 25 μl of the SYTO9/PI (v/v) mix. After 15 min in darkness, 
the sample was filtered through 0.2 μm pore-size black 
polycarbonate (25 mm, Millipore) under vacuum. Moreover, 
the total cell concentrations in the formation water and 
concentrated biomass were estimated using epifluorescence 
microscopy with DAPI staining (4',6'-diamidino-2-phenylindole, 
Sigma-Aldrich). Eighteen milliliters of the water was fixed with 
2 ml of 10% borax-buffered formaldehyde (37%, Sigma-Aldrich) 
before being stored at 4°C until observation. Next, 10 ml of 
the fixed sample was spiked with 900 μl of DAPI stock solution 
(200 μg.ml−1) before being filtered through 0.2 μm pore-size 
black polycarbonate (25 mm, Millipore) under vacuum. In the 

TABLE 2 | Results of metabolic group counts by MPN and BTEX degradation according to targeted metabolism.

Targeted 
metabolism in 
formation water

MPNa (cells.
ml−1)

Culture conditions for degradation assays Degradation profiles (days)c

Sulfate reducers

Sporulated sulfate 
reducers (pH 7, 
37°C)

2.5×101

0.9×101

Consortia
TEAb 

supplemented
pH T°C B T E m-X o-X p-X

A1 SO4
2− 7.2 37 ∞ 49/117 249/333 49/117 ∞ 49/117

Subcultured ∞ 35/139 139/210 35/139 35/* 39/139
A2 SO4

2− 6.55 37 250/502 49/118 159/250 49/118 159/502 49/118
Subcultured 210/373 35/139 35/373 35/139 35/373 35/139

A3 SO4
2− 8.05 37 ∞ ∞ ∞ ∞ ∞ ∞

Not subcultured
A4 SO4

2− 7.2 42 ∞ 49/122 ∞ 49/122 ∞ 49/122
Subcultured 35/211 35/140 211/715 1/140 35/211 35/140

A5 SO4
2− 7.2 60 ∞ ∞ ∞ ∞ ∞ ∞

Not subcultured

Nitrate reducers 4.5×102 B NO3
− 7.2 37 ∞ ∞ ∞ ∞ ∞ ∞

Not subcultured

No TEA 9.5×101 C None 7.2 37 ∞ 55/125 ∞ 55/125 ∞ 55/125
Subcultured ∞ 58/140 ∞ 1/58 ∞ 58/128

Hydrogenotrophic 
methanogens

0.9×101 D (+H2) CO2 7.2 37 ∞ ∞ ∞ ∞ ∞ ∞
Not subcultured

B, benzene; T, toluene; E, ethylbenzene; o-X, ortho-xylene; p-X, para-xylene; m-X, meta-xylene; ∞, no degradation observed. 
*after 210 days, degradation was still in progress but the assay was stopped.
aMPN, most probable number.
bTEA, terminal electron acceptor.
cNumbers indicate culture times at which degradation was detected/completed.
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experiment at 90 bar pressure, cell counting was conducted 
using 500 μl of culture fixed with 100 μl of a 10% borax-buffered 
formaldehyde stock solution and then spiked with 25 μl of 
DAPI before being filtered through 0.2 μm pore-size black 
polycarbonate (25 mm, Millipore) under vacuum. In each of 
the measurements, 10 randomly selected fields were used for 
cell counting which represented 202 to 507 microbial cells 
counted. The Zeiss Observer Z1c epifluorescence microscope 
was equipped with a mercury light source.

Molecular Biology Methods
Diversity of the Concentrated Biomass
Eighty milliliters of the water enriched with microorganisms 
used for the biodegradation tests was filtered (0.2 μm porosity, 
cellulose nitrate filters, Sartorius Stedim). The filters were then 
ground in liquid nitrogen to a fine powder, and DNA was 
extracted using the Mobio-Power Soil DNA isolation kit (Mobio 
Laboratories, Carlsbad, CA) in line with the supplier’s 
recommendations. The genomic DNA was sent to a commercial 
company (MR DNA, Shallowater, Texas, United States). Following 
the amplification of the V4 hypervariable region of the 16S 
rRNA gene (PCR primers 515/806), the amplicons were sequenced 
via MiSeq  2 × 300 bp sequencing (Illumina, California, 
United  States) in line with the supplier’s recommendations. 
The sequences were converted and demultiplexed with QIIME1. 
The sequences were analyzed using the software package DADA2 
(Callahan et  al., 2016) in the QIIME2 pipeline. With this 
package, the sequences were treated by quality filtering, merging, 
dereplicating, and removing chimeras to determine amplicon 
sequence variants (ASVs). Taxonomy was assigned using VSearch 
(Rognes et  al., 2016) against the SILVA SSU 138 NR database 
(Quast et al., 2013) without uncultured/environmental sequences. 
The raw data were deposited in the NCBI SRA under bioproject 
ID PRJNA739070.

Sequence Capture by Hybridization Experiment
The bssA gene encodes benzylsuccinate synthase, which initiates 
the anaerobic degradation of toluene and xylenes. A set of 
thirty-four 54- to 57-mer degenerate probes covering the bssA 
gene (Supplementary Table S1) was designed based on 17 
bssA nucleic sequences from strains belonging to the phylum 
Desulfobacterota, which was recently defined from delta-
Proteobacteria (EF123662, EF123663, EF123667, and EU780921), 
Firmicutes (EF123665, KJ398022, and GU357866), Geobacteraceae 
(AF123664, EF123666, and AF441130), and environmental 
sequences obtained with the 7772F/8546R primers set (KF995713, 
KF995719, KF995720, and KF995723). Three bssA sequences 
(KX576576, KX576577, and KX576575) were obtained from 
a previous study of deep aquifers (Ranchou-Peyruse et  al., 
2017). All of these sequences were processed using KASpOD 
software (Parisot et  al., 2012), and we  preferentially selected 
probes targeting the sequence encoding the Cys-loop (Funk 
et  al., 2015). Adaptor sequences were added at each end of 
the probe to enable PCR amplification, resulting in the sequences 
“ATCGCACCAGCGTGT-N(31–38)-CACTGCGGCTCCTCA,” where 
N(31–38) represents the bssA-specific capture probe. Biotinylated 

RNA capture probes were then synthesized as described  
by Ribière et  al. (2016).

A next-generation sequencing library was prepared from 
the DNA extracted from microcosm B using the Nextera XT 
Kit (Illumina) following the manufacturer’s instructions. Solution 
hybrid selection (SHS) was conducted according to the protocol 
described by Ribière et  al. (2016). Briefly, 500 ng of the heat-
denatured libraries was hybridized to the set of biotinylated 
RNA probes for 24 h at 65°C. Probe/target heterodimers were 
trapped by streptavidin-coated paramagnetic beads (Dynabeads 
M-280 Steptavidin, Invitrogen, Carlsbag, CA, United  States). 
After several washing steps, the captured targets were eluted 
from the beads using NaOH and purified using AMPure beads 
(Beckman Coulter Genomics, Takeley, Essex, United Kingdom). 
The enriched products were PCR amplified using primers 
complementary to the library adapters and purified again using 
AMPure beads (Beckman Coulter Genomics). To increase 
enrichment, a second round of hybridization and amplification 
was performed using the obtained captured products.

Captured DNA products were sequenced using a 
MiSeq 2 × 300 bp run (Illumina) according to the manufacturer’s 
specifications (Genoscreen). All raw reads were scanned for 
library adaptors and quality filtered using PRINSEQ-lite PERL 
script (Schmieder and Edwards, 2011) prior to assembly and 
analysis. The clean reads were assembled de novo using IDBA-UD 
(v1.1.1; Peng et al., 2012). The contigs generated were combined 
for a second round of assembly using CAP3 to generate longer 
contigs (Huang and Madan, 1999). The amino acid (AA) 
sequences were deduced from the final assembled nucleotide 
contigs and then aligned with reference open-reading frames 
sourced from public databases using MEGA version 6 (Tamura 
et  al., 2013). The two obtained bssA sequences were deposited 
in the NCBI database (MW762607 and MW762608).

Diversity of the Communities Cultivated at 90 Bar 
Versus Atmospheric Pressure
After 120 days of incubation, samples were taken from each 
of the two cultures kept at high pressure (220 ml) and atmospheric 
pressure (335 ml) and filtered through a 0.22 μm pore-size filter. 
The filters were immediately cut into three equal parts under 
sterile conditions and stored at −80°C for RNA conservation 
until use. Each piece of the filter was then ground in liquid 
nitrogen, and the RNA was extracted using the FastRNA® Pro 
Soil-Indirect kit (MP Biomedicals, Inc.) and separated from 
the DNA using the AllPrep DNA/RNA FFPE kit (Qiagen) in 
line with the manufacturer’s recommendations. Although only 
16S rRNA gene data were employed in this study, the whole 
meta-transcriptomic experiment was performed on 2 × 3 
replicates by a commercial company (Sequentia Biotech, 
Barcelona, Spain). Total RNA was quantified on a QUBIT 
fluorometer. The libraries were produced using retrotranscribed 
cDNA previously amplified with an Ovation Ultralow Library 
System V2 (NuGEN Technologies, Inc.). Library size and 
integrity were assessed using an Agilent Bioanalyzer (Santa 
Clara, CA). Sequencing was performed on the Illumina 
HiSeq  2,500 (Illumina, San Diego, CA), and 30 M paired-end 
reads (2×125) per sample were generated. Sequences that were 
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too small (<35 bp) or had low-quality scores (<25) were eliminated 
with BBDuk software (version 12/2015) to improve the analysis 
quality. The raw data were processed via SortmeRNA (Kopylova 
et  al., 2012) through the ASaiM framework with Galaxy2 to 
select the 16S rRNA gene sequences from the R1 and R2 files 
of each triplicate set of samples (Batut et  al., 2018). Next, the 
R1 and R2 sequences from each file were interlaced into a 
single file using FASTQ interlacer. The paired R1/R2 sequences 
were processed with DADA2 in the QIIME pipeline, as described 
earlier. The raw data were deposited in the NCBI SRA under 
bioproject ID PRJNA715357.

RESULTS

Physical Chemistry of the Aquifer Water
The formation water taken from a depth of 720 m (Table  1) 
evolved at a pressure of 88 bar in a rock formation composed 
of sandstone and carbonates dates back to the Jurassic period 
(Malm Kimmeridgian-Oxfordian). The water is mesothermal 
(37°C) with a pH of 7.8. It is brackish water with a conductivity 
of 2051 μS.cm−1. This salinity is primarily controlled by four 
predominant ions: Na+ and HCO3

− (381.5 and 628 mg.L−1, 
respectively), followed by SO4

2− (269 mg.L−1) and Cl− (178 mg.
L−1). The sum of these ions (1.456 g.L−1) represents 4% of 
marine salinity. According to the Langelier–Ludwig diagram, 
HCO3

−/Cl− > 1, Na+/Cl− > 1, and Na+/K+ = 32.6 ratios are 
characteristic of formation water under the influence of the 
rock composition. Free CO2 could be  detected (9.4 mg.L−1). 
With total organic carbon (TOC) < 1 mg.L−1 and Eh = −284 mV, 
the conditions are oligotrophic and highly reducing. The presence 
of oxygen, nitrate or nitrite could not be  demonstrated, but 
an H2S content of 0.70 mg.L−1 was recorded. The ammonium 
concentration was relatively high, at 2.5 mg.L−1, whereas the 
phosphate concentration was low, at 0.02 mg.L−1.

Composition of the Microbial Community 
From the Formation Water
Depending on the flow rate and the volume of the well, the 
rise of a microbial cell from the aquifer to the surface is 
estimated to last for approximately 100 min. The impact of 
decompression from 88 bar to atmospheric pressure during 
water wellhead sampling appears to be  relatively low given 
the microorganism survival rate of 80% estimated using the 
LIVE/DEAD microscopy technique 24 h after obtaining the 
sample. The cell number present in the water was 2.43·104 
cells.ml−1. This biomass was concentrated approximately 25 
times by the addition of biomass from Sterivex filters to reach 
a concentration of 6.10·105 cells.ml−1. Taxonomic diversity was 
then assessed based on the sequencing and analysis of 16S 
rRNA genes from the microbial community, and 10,741 amplicon 
sequence variants (ASVs) were generated (Figure  1). In total, 
23 bacterial and 5 archaeal phyla were revealed in the concentrated 
biomass from the formation water. The microbial community 

2 https://usegalaxy.eu

was largely dominated by bacteria, which showed a relative 
abundance of 99.4% of ASVs. Excluding unassigned bacteria 
(12.4%), the microbial community was mainly composed of 
10 different phyla: Firmicutes (19.7%), Desulfobacterota (17.4%), 
“Candidatus Acetothermia” (14.7%), Proteobacteria (10.4%), 
Nitrospirota (8.8%), Chloroflexi (3.3%), Sv0485 (3.0%), 
Actinobacteriota (1.6%), Bacteroidota (1.5%), and Elusimicrobiota 
(1.1%). The microbial community was driven by fermenters 
and sulfate reducers such as “Candidatus Acetothermia,” 
Peptococcaceae SCADC1_2_3, Anaerolineae, Desulfobacterota, 
Thermodesulfovibriona, and the candidate Sva0485 clade of 
the Deltaproteobacteria. Among the Proteobacteria, the 
microorganisms were mainly Nitrosococcaceae (6.7%), Acidovorax 
(1.6%), and Pseudomonas (1.0%).

The Archaean community was divided among Crenarchaeota 
(45.7%; represented by the Class Bathyarchaeia), 
Thermoplasmatota (23.7%; represented by the family 
Methanomassiliicoccaceae), Euryarchaeota (18.6%; represented 
by the family Methanobacteriaceae), Halobacterota (5%; 
represented by the family Methanosarcinaceae) and Hadarchaeota 
(3.4%; represented by the order Methanobacteriales).

When natural gas is stored in a deep aquifer, some of the 
BTEX contained in the gas can dissolve in the formation water 
and be  degraded by microorganisms if these organisms have 
the potential to do so. Thus, the enrichment of this microbial 
community under several different conditions (different TEAs, 
temperatures or pH levels) was subsequently carried out.

BTEX Enrichment Cultures at Atmospheric 
Pressure
The results of metabolic group enumeration in the on-site samples 
and the BTEX degradation profiles under various culture conditions 
are shown in Table  2. Counting using the MPN technique 
revealed a sulfate reducer concentration of 2.5·101 cells.ml−1. On 
site, the samples were boiled for 10 min to inactivate cells and 
evaluate the relative proportion of spores of sulfate-reducing 
bacteria, which showed a concentration of 0.9·101 cells.ml−1. 
Microorganisms capable of fermentation and those capable of 
lithoautotrophic growth based on hydrogen showed concentrations 
of 9.5·101 and 0.9·101 cells.ml−1, respectively. Even though no 
nitrate was detected in the formation water, the proportion of 
nitrate-reducing microorganisms was relatively high, with a 
concentration of 4.5·102 cells.ml−1. There was no growth in the 
presence of FeIII or oxygen in media targeting Pseudomonas, 
oligotrophs, methylotrophs and heterotrophs.

When selective enrichment conditions for the four metabolic 
groups for which growth had been demonstrated using the 
MPN technique were maintained, only sulfate-reducing 
(Conditions A) and fermentation (Condition C) conditions 
showed the capacity to degrade monoaromatic hydrocarbons. 
Without any TEA (fermentation, Condition C), only toluene, 
m- and p-xylene could be  degraded. These compounds 
disappeared completely after approximately 4 months. No 
degradation of benzene, ethylbenzene or o-xylene was observed.

Under sulfate-reducing conditions, several pH values and 
temperatures were tested. Degradation took place at 37 and 
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42°C but not at 60°C. While degradation was demonstrated 
at pH 7.2 and 6.55, no degradation was observed at pH 8.05. 
It should be  noted that the aromatic hydrocarbons that were 
degraded first (toluene, m-xylene, and p-xylene) were the same 
than those that degraded under fermentation conditions. In 
addition to these three molecules, ethyl-benzene, o-xylene, and 
benzene were biodegraded under sulfate-reducing conditions 
over longer periods exceeding 1 year.

While the anaerobic biodegradation capacity of BTEX has 
been the subject of numerous studies, the difficulty of accessing 
deep aquifers has caused these environments to be  much less 
studied in general, particularly with regard to this type of 
metabolism. It is therefore important to detect the genes involved 
in this biodegradation process to reveal their diversity to better 
understand the phenomena in situ.

bssA and bssA-Like Sequence Captured 
by Hybridization
The enzyme responsible for the anaerobic biodegradation of 
hydrocarbons such as toluene and xylene isomers is benzylsuccinate 
synthase, which is encoded by the bssA gene. This gene was 
targeted in a biodegradation assay selecting for sulfate-reducing 
conditions (A1: pH 7.2, 37°C, Table  2), in which all the TEXs 
were degraded after 210 days of incubation. Two amino acid 

sequences (contig456 with 522 AA and contig1660 with 807 AA) 
were related to bssA sequences. Figure  2 presents a phylogenetic 
tree constructed from fumarate-adding enzyme (FAE) amino acid 
sequences similar to enzymes reported to degrade hydrocarbons, 
particularly aromatics (2-methylnaphthalene, p-cresol, and toluene). 
Contig456 and contig1660 were in the same cluster as 
Desulfobacterium sp. (SPD74684), with 58% identity. This cluster 
was located between the bssA clades of p-cresol and toluene. 
While the Cys-loop, which plays a role in fumarate attachment, 
was clearly observed, the gly-loop contained the tyrosine (Y) 
amino acid characteristic of the p-cresol clade but the arginine 
(R) amino acid characteristic of the toluene clade.

Culture at 90 Bar vs. Culturing at 
Atmospheric Pressure
Using the same biodegradation assay employed for the gene 
capture technique previously described, incubation at 90 bar 
pressure and in the presence of the 6 aromatic hydrocarbon 
molecules was performed for a period of 120 days (Figure  3). 
Throughout this period, slow cell growth was observed from 
1.15·106 to 5.11·106 cells.ml−1 after 105 days of incubation, in 
parallel with the disappearance of monoaromatic hydrocarbons 
(between 20 and 40%) with the exception of benzene. The 
taxonomic diversity of the active microbial community was 

FIGURE 1 | Bacterial and archaeal community composition in the formation water from a deep aquifer used for natural gas storage (Pb_J_6, Parisian sedimentary 
basin). Based on the V4 region of the 16S SSU rRNA, the pie charts represent the relative abundance as the percentage of each taxon with the interior toward the 
periphery: phylum, class, family, and genus.
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FIGURE 2 | Phylogenetic tree based on the partial bssA-like amino acid sequences from a BTEX biodegradation assay (in bold; this study) compared with the 
fumarate-adding enzyme (FAE) sequences available in international databases. The evolutionary history was inferred using the neighbor-joining method (Saitou and 
Nei, 1987). The optimal tree with the sum of branch length = 6.67348502 is shown. The tree is drawn to scale, with branch lengths in the same units as the 
evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction method (Zuckerkandl and 
Pauling, 1965) and are presented in units of the number of amino acid substitutions per site. This analysis involved 34 amino acid sequences. All ambiguous 
positions were removed from each sequence pair (pairwise deletion option). There were a total of 914 positions in the final dataset. Evolutionary analyses were 
conducted in MEGA X (Kumar et al., 2018).

analyzed at the two different pressure conditions at the end 
of incubation following RNA extraction. This community capable 
of degrading BTEX was largely dominated by bacteria (99.97% 
of ASVs), and the archaeal component of the initial community 
(Figure 1) was considerably reduced during the two successive 
incubations of consortium A1 and its subculture under sulfate-
reducing conditions (Table  2) preceding incubation at 90 bar 
pressure. At atmospheric pressure, 10.8% of the ASVs could 
not be  assigned taxonomically when they represented only 
3.4% of the at high pressure. Among the 49 bacterial phyla 
identified in the community, the 6 phyla highlighted in Figure 4 
represented 83.6 and 90.9% of the taxonomic diversity at Patm 
and P90bar, respectively. The phylum “Candidatus Acetothermia,” 
which was almost absent at atmospheric pressure, was highly 
overrepresented at high pressure (Patm: 0.3% vs. P90bar: 27.8%). 
The phylum Acidobacteriota was predominantly represented 
by the class Aminicenantia (Patm: 2.8% vs. P90bar: 0.8%). The 
Chloroflexi phylum was dominated by bacteria belonging to 
the Anaerolineae lineage in the Anaerolinaceae family, which 
represented the major microorganisms at atmospheric pressure, 
accounting for 44.1% of ASVs versus 18.7% at 90 bar, as well 
as the SBR1031 lineage. The latter lineage was stable between 
the two culture conditions (2.9 vs. 2.5%). In the presence of 

10 mM sulfate, sulfate reducers were highlighted by the results 
as expected, particularly the phylum Desulfobacterota, which 
represented 14.9 and 24.9% of ASVs at Patm and P90bar, respectively. 
The Desulfobaccaceae (0.6 vs. 10.2%) and Desulfosarcinaceae 
(0.3 vs. 4.2%) families were favored by pressure, while to a 
lesser extent, the members of the Desulfomonilaceae family 
seemed to benefit from conditions involving atmospheric pressure 
(10.9 vs. 6.6%). Regarding the phylum Firmicutes, a not negligible 
proportion of the ASVs remained unassigned (4.6 vs. 1.9%). 
This phylum was dominated by the Peptococcaceae family, 
comprising the lineage SCADC1_2_3 (2.1 vs. 0.1%), but also 
the genera Desulfofarcimen (formerly Desulfotomaculum; 0.0 
vs. 5.6%) and Cryptanaerobacter (2.7 vs. 0.2%). The last major 
phylum was the candidate phylum Marinimicrobia_SAR406 
(1.5 vs. 0.5%). At least 13.2% at atmospheric pressure and 
21.5% at 90 bar of the ASVs were unassigned or assigned to 
candidate lineages.

DISCUSSION

Approximately 85 natural gas storage sites in aquifers can 
be  found around the world (Cornot-Gandolphe, 2017).  
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The current investigation focused on water from the Pb_J_6 
site, which forms part of a group of sites studied to examine 
the diversity of sulfate reducers and methanogens in 2019 by 
Ranchou-Peyruse and collaborators. This previous work showed 
the importance of the genus Desulfotomaculum within the 
family Peptococcaceae in the phylum Firmicutes as well as 
archaeal members of the family Methanosarcinaceae. The Pb_J_6 
site is located 1.3 km from another site (Pb_J_7; Ranchou-
Peyruse et  al., 2019) and has also been studied to evaluate 
the BTEX biodegradation capacity of its microbial community 
(Aüllo et  al., 2016). Although the two sites belong to the same 
geological gas storage structure, their distance is relatively 
significant given the estimated natural displacement of the 
water mass of 1 m/year, or possibly less (Jost et  al., 2007). As 
shown in Table 1, the only terminal electron acceptors (TEAs) 
present in these ecosystems in sufficient quantities to have a 
significant influence driving the functioning of these communities 
were sulfate (269 mg.L−1) and CO2 (9.4 mg.L−1)/bicarbonate 
(628 mg.L−1). A large part of the community is represented 
by microorganisms related to sulfate reducers: Desulfobulbaceae, 
Desulfomonile, Desulfovibrio, Desulforudaceae, Desulfofundulus, 
Desulfotomaculum, and Thermodesulfovibrio. Moreover, the 
candidate Sva0485 clade is assumed to be  a potential sulfate 
reducer (Tan et  al., 2019).

Taxonomic Diversity of the Microbial 
Community Found in Formation Water
During sampling and the 720-meter ascent to the surface, the 
dissolved gases escaped rapidly from the water and 
microorganisms. This degassing phenomenon was accentuated 
near stored natural gas and may lead to the deterioration of 
many cell membranes. By carrying out the ascent in approximately 
100 min, the objective was to limit microbial lysis, and the 
result was satisfactory, since 80% of the cells presented an 
intact membrane 24 h after sampling. Almost half of the cultivable 
sulfate reducers (0.9·101 cells.ml−1) could be  related to 
Peptococcaceae because of their capacity to sporulate and develop 
in sulfate-reducing conditions (Table  2). The presence of the 
microorganisms identified during this study is consistent with 
other studies relating to various deep continental environments, 
in particular deep aquifers (Basso et  al., 2009; Mu et  al., 2014; 
Frank et  al., 2016; Kadnikov et  al., 2017; Gulliver et  al., 2019; 
Karnachuk et  al., 2019; Soares et  al., 2019; Stemple et  al., 
2021). However, the discovery of several taxa of bacteria 
associated with aerobic or nitrate-reducing metabolism identified 
here does not seem to be  compatible with what we  currently 
know about the physicochemical conditions of deep aquifers. 
While numerous studies have alluded to microorganisms 
described as being strictly aerobic or as nitrate-reducers in 
deep continental environments, their presence remains 
controversial (Pedersen et al., 2008; Puente-Sánchez et al., 2018; 
Kadnikov et  al., 2020). Several examples of oxygen detection 
are described in the literature, even though this kind of 
environment is expected to be  deprived of it (Frank et  al., 
2016; Kadnikov et  al., 2018). In this study, no growth was 
revealed under oxic conditions. Conversely, nitrate-supplemented 

MPN presented higher concentrations of microorganisms (4.5·102 
cells.ml−1) than MPN supplemented with other TEAs or without 
TEAs (fermentation), which were all below or equal to 9.5·101 
cells.ml−1. The dissolution of nitrate salts in some rocks, such 
as siltstone and sandstone, is theoretically possible and was 
suggested as a possible explanation for the presence of nitrate 
in some groundwater from eastern Utah and other aquifers 
(Stewart and Peterson, 1914; Holloway and Dahlgren, 2002). 
In natural gas storage aquifers, the successive injection and 
withdrawal of natural gas could (i) increase the movement of 
the water mass; (ii) produce pressure variations inducing the 
displacement of mineral particles (i.e., geomechanics); and (iii) 
induce the dissolution of trapped nitrate salts consumed by 
nitrate reducers (Pseudomonas, Acidovorax, and Desulfurivibrio). 
On the other hand, microorganisms that are assumed to use 
oxygen, nitrate or nitrite as TEAs may be  maintained in these 
environments via the use of other TEAs yet to be  defined or 
by fermenting the rare organic molecules present. For example, 
the genus Pseudomonas has been suggested to carry out 
dissimilatory sulfate reduction (Kliushnikova et  al., 1992), and 
some members, such as P. aeruginosa, have shown the capacity 
to ferment amino acids (arginine) or pyruvate (Vander Wauven 
et  al., 1984; Schreiber et  al., 2006).

The studied environment is naturally oligotrophic (TOC < 1 mg.
L−1 C), and the only sources of organic carbon available for 
microorganisms are probably recalcitrant organic matter 
sequestered in the rock pore space following sedimentation 
as well as hydrocarbons from the stored gas (Parkes et  al., 
2000; Ranchou-Peyruse et  al., 2019). Several of the 
microorganisms identified in the community (Figures  1, 3) 
have representatives that have been found in hydrocarbon-rich 
deep subsurface environments. For example, the lineage 
Peptococcaceae SCADC1_2_3, the genus Thermodesulfovibrio 
and the phylum “Ca. Acetothermia” have been identified in 
oil fields (Nunn, 2015; Hu et  al., 2016; Liang et  al., 2016). 
The genera Pelotomaculum, Desulfotomaculum, Desulfovibrio, 
Desulfomonile, Acidovorax, and Methanobacterium have been 
detected in contaminated aquifers and/or coal-bearing sediments 
(Ulrich and Edwards, 2003; Penner et  al., 2010; Gründger 
et  al., 2015; Aüllo et  al., 2016; Ranchou-Peyruse et  al., 2019). 
The sulfate-reducing bacterial group Sva0485 and the genus 
Thermodesulfovibrio have been shown to be  responsible for 
the degradation of monoaromatic hydrocarbons such as benzene 
and alkanes, which is consistent with our observations (Ulrich 
and Edwards, 2003; Liang et  al., 2016).

Deep subsurface environments have been shown to favor 
the sporulating sulfate-reducing and fermentative microorganisms 
of the Firmicutes phylum (nearly 20% of the observed community 
here), which were represented at the Pb_J_6 site by Peptococcaceae 
SCADC1_2_3 and the genera Pelotomaculum and 
Desulfotomaculum in particular (Aüllo et  al., 2013). Beyond 
the phylum Firmicutes, sulfate reducers and fermenters dominated 
the community, as the taxa “Ca. Acetothermia,” Desulfobacterota, 
and Nitrospirota and the Sva0485 lineage were abundant. In 
addition, fermentative microorganisms may also have the 
capability to produce hydrogen. In such energy-poor 
environments, hydrogen is assumed to be  rapidly consumed 
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by other community members, such as hydrogenotrophic 
methanogens (with less than 0.55% ASVs), syntrophic acetate-
oxidizing bacteria (Firmicutes DTU014; Dyksma et  al., 2020), 
homoacetogens (“Ca. Acetothermia”; Youssef et  al., 2019), or 
hydrogenotrophic sulfate-reducing bacteria (Desulfomonile, 
Desulfovibrio, and Desulfotomaculum; DeWeerd et  al., 1991; 
Voordouw, 1995; Aüllo et  al., 2013). Although the Pb_J_6 site 
is located farther from the stored gas than the Pb_J_7 site, 
the presence of stored gas may still be  a key factor in the 
structuring of the community, particularly since it is a source 
of organic molecules. Sulfate reducers and fermenters may lead 
to the degradation of organic compounds ranging from short-
chain alkanes to more complex polymers via monoaromatic 
hydrocarbons (Table  2) and other polyaromatic compounds.

Monoaromatic Hydrocarbon Degradation
Sulfate reducers (e.g., Desulfotomaculum and Desulfovibrio) and 
fermenters (e.g., Pelotomaculum) are known to belong to the 
key metabolic groups involved in the degradation of BTEX 
in deep aquifers (Berlendis et  al., 2010; Kleinsteuber et  al., 
2012; Aüllo et  al., 2016; Ranchou-Peyruse et  al., 2019). In this 
study, BTEX compounds were used to model the transfer of 
organic molecules from the geologically stored gas phase to 
the aquifer. BTEX compounds were selected because these 
compounds, particularly benzene, are the most soluble 
hydrocarbons. In addition to fermentative microorganisms 

(degrading toluene, m-xylene, and p-xylene; Table  2), sulfate-
reducing microorganisms may also degrade benzene, 
ethylbenzene and o-xylene if environmental factors are favorable. 
The Sva085 taxon consists of sulfate reducers, which have been 
shown to be capable of degrading benzene (Ulrich and Edwards, 
2003). This capacity is consistent with the existence of these 
microorganisms in an oligotrophic environment near stored 
natural gas, in which hydrocarbons, particularly benzene, may 
be  present and serve as nutrient resources. When BTEX 
compounds represent the only sources of carbon and energy 
accessible to this community, the microbial community undergoes 
simplification, with the disappearance of almost the entire 
archaeal fraction in particular (<0.03% of ASVs; Figure  4). 
The simplified microbial community remained capable of 
degrading all of the BTEX compounds but did so sequentially. 
The most rapidly degraded molecules were toluene, m- and 
p-xylene, with very similar degradation times. Once these three 
molecules disappeared, ethylbenzene and o-xylene were degraded. 
In the past, it has been demonstrated that while the presence 
of toluene does not interfere with the degradation of m-xylene 
(and inversely), the presence of one of these molecules delays 
the degradation of o- and p-xylene (Meckenstock et  al., 2004; 
Morasch et  al., 2004). Under certain pH and temperature 
conditions, benzene may finally be  degraded by the microbial 
community. The positive effect of a pH of 6.5 on benzene 
degradation has already been demonstrated in a microbial 

FIGURE 3 | Degradation of BTEX by the bacterial community at 90 bar with monitoring of the cell concentration by microscopic counting.
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community from another deep aquifer (Berlendis et  al., 2010). 
Previous work suggested that biofilm growth should be  largely 
dominant in deep subsurface environments, thus allowing 
microorganisms to benefit from more minerals by being in 
close contact to them (Wu et  al., 2017; Casar et  al., 2021). 
Based on these suggestions, we  deduce that the degradation 
of BTEX compounds, particularly benzene, in deep aquifers 
should preferentially take place in biofilms at the rock–water 
interface, which less involvement of planktonic microorganisms 
in formation water at higher pH levels. It has been established 
that microorganisms can influence the pH in their immediate 
environment (Liermann et  al., 2000). For example, research 
conducted on Desulfovibrio fructosovorans has shown that in 
medium with a pH of 8.5, this microorganism releases acid, 
thereby maintaining a pH of 6.7  in the close vicinity of its 
cells (Daumas et  al., 1993).

The enzyme involved in anaerobic TEX degradation is 
benzylsuccinate synthase. Interestingly, previous studies of 
isolated bacterial strains capable of TEX degradation suggest 
that this enzyme can degrade toluene (TRM1 and TOL2 
strains) and sometimes other alkylbenzenes (e.g., o- and 
p-xylene for the PRTOL1 strain; Rabus and Widdel, 1995; 
Heider et  al., 2016). The metagenomic method applied in 
this study to evaluate the diversity of bssA-carrying organisms 
was shown to be  very stringent and even made it possible 
to reveal rare diversity (Ranchou-Peyruse et  al., 2017). 
Although the frequent degradation of methyl-substituted 
aromatic compounds was observed in this study, only two 
different, phylogenetically similar, benzylsuccinate synthase 
genes were identified within the low-diversity bacterial 
community. The two identified bssA genes were found to 
group closely with a bssA gene (SPD74684) affiliated with 
an uncultured Desulfobacterium species from a natural deposit 
of asphalt. They clustered between the BssA clade related 
to the degradation of toluene or other alkylbenzenes and 
the BssA clade related to p-cresol degradation. In the latter 
group, the model microorganisms Desulfobacula toluolica 
and D. phenolica are both capable of degrading toluene and 
p-cresol, while only D. phenolica can degrade phenol (Rabus 
and Widdel, 1995; Kuever et  al., 2001). D. toluolica has 
also been shown to be  capable of degrading o- and p-xylene 
but incapable of degrading m-xylene (Beller et  al., 1996). 
It has been further demonstrated that this microorganism 
possesses an operon enabling the degradation of p-cresol 
and another operon enabling the degradation of toluene 
(Wöhlbrand et  al., 2012). Like all glycyl radical enzymes, 
the two new BssA sequences described here possess a well-
conserved Cys-loop. It should be  noted that thse amino 
acid “methionine” directly following the “cysteine” active 
site is replaced by a “valine” in the case of contig456. The 
Gly-loop presents a “tyrosine” immediately after the “glycine” 
site, as do the BssA sequences of the clades of p-cresol, 
methylnaphthalene and alkanes. The ability to degrade 
aromatic compounds may represent a competitive advantage. 
Under pristine conditions, microbial degraders could use 
recalcitrant organic molecules trapped in rocks. Under natural 
gas storage conditions, a few ppm or even ppb of monoaromatic 

hydrocarbons available from the gas could feed 
these microorganisms.

Cultivation at High Pressure
In the context of BTEX degradation in deep subsurface 
environments, no study simulating in situ pressure conditions 
has ever been conducted to our knowledge. Here, the selected 
bacterial community capable of BTEX degradation was 
cultivated at a pressure of 90 bar (Figure  3). Throughout the 
120-day incubation period, alkylbenzene degradation was 
demonstrated, along with slow bacterial cell growth 
characteristic of deep oligotrophic ecosystems (Chapelle and 
Lovley, 1990; Hoehler and Jørgensen, 2013). The incubation 
time may have been insufficient to observe benzene degradation 
at the applied pressure conditions, since the degradation of 
benzene in the biodegradation assays began after 200 days. 
Samples of the liquid phase necessary to monitor BTEX and 
microorganism concentrations led to a slow decrease in 
pressure, and the incubation stopped when the pressure was 
80 bar. At atmospheric and high-pressure conditions, the 
relative abundances of the active microbial populations 
presented in Figure  4 highlight the dominance of Bacteria. 
Independent of the pressure condition, the community was 
dominated by fermenters and sulfate reducers. These fermenters, 
which produce acetate and hydrogen, belonged to the phylum 
Chloroflexi, specifically to the Anaerolinae lineage, 
Anaerolinaceae family and SBR101 group, and to the phylum 
Firmicutes and family Peptococcaceae, comprising specific 
members of the genus Cryptanaerobacter and the group 
SCADC1_2_3 (Kunapuli et  al., 2007; Tan et  al., 2014; Liang 
et  al., 2015; Xia et  al., 2016). Sulfate reducers were mainly 
grouped together in the phylum Desulfobacterota, with the 
families Desulfobaccaceae, Desulfomonilaceae, and 
Desulfosarcinaceae, but also in the phylum Firmicutes, with 
the genus Desulfofarcimen (family Peptococcaceae), and the 
phylum Acidobacteriota (Hausmann et  al., 2018). Members 
of Desulfobaccaceae and Desulfosarcinaceae have been reported 
to use acetate as the sole source of carbon and electron 
donors (Galushko and Kuever, 2019, Watanabe et  al., 2020). 
Likewise, the genus Desulfofarcimen, formerly 
Desulfotomaculum, includes the type species D. acetoxidans 
and D. intricatum, both of which are capable of oxidizing 
acetate (Spring et  al., 2009; Watanabe et  al., 2013, 2018). 
Most of these sulfate-reducers or fermenting microorganisms 
have already been shown to be  involved directly or indirectly 
in the degradation of aliphatic and/or aromatic hydrocarbons 
(Kunapuli et  al., 2007; Tischer et  al., 2013; Tan et  al., 2014; 
Liang et  al., 2015; Watanabe et  al., 2017). In particular, the 
genus Cryptanaerobacter, formerly Desulfotomaculum subcluster 
Ih, has already been shown to be  involved in the degradation 
of monoaromatic hydrocarbons via isotopic approaches 
(Kunapuli et  al., 2007; Kleinsteuber et  al., 2008; Herrmann 
et  al., 2010; Taubert et  al., 2012). The degradation of these 
compounds via fermentation pathways leads to the production 
of acetate, CO2 and H2 in particular. It is therefore probable 
that monoaromatic hydrocarbons could have fueled acetotrophic 
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and/or hydrogenotrophic bacteria. Here, the candidate phylum 
Acetothermia, described as a producer of acetate from CO2 
and H2 or via fermentation (Hao et  al., 2018; Youssef et  al., 
2019), was characteristic of the community incubated at 90 bar. 
While this phylum was not existent at atmospheric pressure 
(0.3%), its relative representativeness rose to 27.8% at high 
pressure. This lineage has been described in several oligotrophic 
thermal environments, such as hot springs, deep-sea sediments 
or deep aquifers (Takami et  al., 2012; Badhai et  al., 2015; 
Kadnikov et  al., 2017; Zaitseva et  al., 2017; Varliero et  al., 
2019). Although it is not possible to determine how incubation 
at 90 bar could have favored the growth of these microorganisms, 
it is obvious that this condition favored its activity and is a 
parameter that must be  considered to isolate bacteria of this 
candidate group. The majority of studies that have detected 
the presence of this lineage focused on taxonomic diversity 
analyses carried out directly on environmental samples. 
Nevertheless, a study carried out on anaerobic digesters, which 
contain a complex community, also identified these 
microorganisms (Hao et  al., 2018). We  show that these 
microorganisms can be  maintained and active in a simplified 
community cultivated at oligotrophic conditions and high 

pressure. These elements should be  taken into account in 
future procedures to isolate the first representative(s) from 
this candidate group.

CONCLUSION

The results showed that even at sites located away from stored 
gas, the microbial communities in deep aquifers retained the 
ability to degrade the 6 monoaromatic compounds at sulfate 
and/or fermentation conditions.

The experiment simulating the in situ pressure confirmed 
the maintenance of the biodegradation capacity when BTEX 
was the only source of carbon and electrons. On the other 
hand, the results showed that the pressure could influence the 
structure of the microbial community. Even at pressures below 
100 bar, the application of pressure seems to allow the culture 
of microorganisms that are not necessarily obligate piezophiles 
but have thus far been identified only through the observation 
of candidate lineages.

Finally, all the indicators led to the hypothesis that the 
driving force behind BTEX degradation in these environments 

FIGURE 4 | Relative abundance of active BTEX-degrading bacterial populations from a deep aquifer with or without pressure (90 bar). The percentage is shown on 
the X-axis. Total RNA was extracted from both communities, and taxonomic diversity analysis was performed based on 16S rRNA transcripts. The archaeal fraction 
accounted for less than 0.03% of ASVs.
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should be  biofilms. It is therefore necessary to study these 
processes in biofilm conditions and, hence, take into consideration 
a mineral phase colonized by microorganisms.
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